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CAPITULO 1

Estructura general de la tesis:

Introduccion general, hipotesis y objetivos

Resumen

El presente capitulo tiene la finalidad de mostrar la estructura de la presente tesis, proporciona
una introduccion general de las habilidades y limitaciones fisioldgicas de los peces para utilizar
los carbohidratos y lipidos como fuente de energia, asi como una breve descripcion del estado
general del robalo blanco Centropomus undecimalis y el pargo canané Ocyurus chrysurus. Esta
tesis se encuentra conformada por cinco capitulos en total. El primer capitulo lleva como titulo
“Estructura general de la tesis” y contiene informacién general de los diferentes temas. El
segundo capitulo tiene como objetivo evaluar la habilidad de C. undecimalis y O. chrysurus para
utilizar los carbohidratos en el alimento a través de un estudio comparativo y se titula: “Efecto de
los carbohidratos en el alimento sobre el crecimiento, la eficiencia alimentaria y el
metabolismo de la glucosa en juveniles de rébalo comin (C. undecimalis) y pargo canané
(O. chrysurus)”. En este capitulo se utilizaron indicadores zootécnicos (p. €j. crecimiento y
consumo de alimento), asi como herramientas bioquimicas (p. ej. andlisis bromatologicos,
actividad in vitro de enzimas digestivas y del metabolismo intermediario en el higado) y
moleculares (expresion de genes). El tercer capitulo se titula “Evaluacion de la relacion
proteina: lipidos sobre el crecimiento, la eficiencia alimentaria y la respuesta metabdlica en
juveniles de pargo cola amarilla (O. chrysurus, Bloch, 1791)”. El cuarto capitulo es titulado”
Efectos fisiologicos y metabolicos del efecto de ahorro de proteina por lipidos en el alimento
en juveniles de rébalo blanco C. undecimalis (Bloch, 1792)”. Tanto el tercero y cuarto capitulo,
utilizaron indicadores zootécnicos (p. €j. crecimiento y consumo de alimento) y herramientas
bioquimicas (p. ¢j. analisis bromatologicos y actividad in vitro de enzimas digestivas y del
metabolismo intermediario en el higado). Y finalmente, el quinto capitulo comprende una

discusion general y conclusiones.



Abstract

This chapter aims to show the structure of this thesis, provide a general overview of the
physiological skills and limitations of fish to use carbohydrates and lipids as an energy source, as
well as a brief description of the general status of common snook Centropomus undecimalis and
yellowtail snapper Ocyurus chrysurus. This thesis consists of five chapters in total. The first
chapter name is "General structure of the thesis" and contains general information. The
second chapter aimed to evaluate the ability of C. undecimalis and O. chrysurus to use dietary
carbohydrates through a comparative study and is name: " Effect of dietary carbohydrates on
growth performance, feed efficiency and glucose metabolism in common snook
(Centropomus undecimalis) and yellowtail snapper (Ocyurus chrysurus) juveniles”. This
chapter used growth performance indicators (e.g. food growth and consumption), as well as
biochemical analyses (e.g. proximal composition, in Vitro activity of digestive enzymes and
intermediate metabolism in the liver) and molecular (gene expression). The third chapter is
name " Evaluation of protein: lipid ratio on growth, feed efficiency and metabolic response
in juvenile yellowtail snapper (Ocyurus chrysurus, Bloch, 1791)". The fourth chapter was
titled " Physiological and metabolic protein-sparing effects of dietary lipids on common
snook Centropomus undecimalis (Bloch, 1792) juveniles”). Both the third and fourth chapters
used growth performance indicators (e.g. food growth and consumption) and biochemical
analyses (e.g. proximal composition and in vitro activity of digestive enzymes and intermediate

metabolism in the liver). Finally, the fifth chapter includes a general discussion and conclusions.



Introduccion general

La proteina es por lo general el mayor componente dietético en la formulacion de alimentos
balanceados para peces en la acuicultura, particularmente para las especies con habitos carnivoros
(Tacon, 2004; Tacon & Metian, 2008). La demanda de proteina en los alimentos balanceados por
los peces varia entre 24 y 70%, dependiendo de la etapa de vida, nivel tréfico, salinidad y
temperatura del agua (Oliva-Teles, Couto, Enes, & Peres, 2020). En peces, la proteina ademas de
ser necesaria para propositos plasticos (crecimiento, mantenimiento, reparacion de tejido),
sintesis de enzimas, hormonas y otros metabolitos, cumplen funciones energéticas (NRC, 2011;
Wilson, 2002). La proteina es considerada el sustrato primario de los peces para la obtencion de
energia, aproximadamente el 80% de la produccion total de adenosin trifosfato (ATP) en peces
proviene del catabolismo de proteina (Cowey & Walton, 1988; Jia, Li, Zheng, & Wu, 2017). El
uso de la proteina con fines energéticos por los peces en la acuicultura es indeseable debido a su
alto costo en comparacion con otros componentes dietéticos altamente energéticos como son los
lipidos y carbohidratos (NRC, 2011; Sargent, Tocher, & Bell, 2002; Wilson, 1994). Por otra
parte, la liberacion de amonio, producto directo del catabolismo de la proteina, impacta
negativamente el medio ambiente, debido a que es uno de los principales componentes
nitrogenados responsables de la eutrofizacion del agua (Van Waarde, 1983). El catabolismo de
proteina con fines energéticos es inevitable en peces, pero puede reducirse con un nivel de
inclusion apropiado de energia digestible no proteica reemplazado por carbohidratos y lipidos, un

efecto comtinmente referido como ahorro de proteina (Kaushik & Seiliez, 2010; NRC, 2011).
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1. Generalidades del uso de carbohidratos por peces

Los carbohidratos son la fuente de energia dietética mas barata en vertebrados terrestres (Wilson,
1994). En peces, no existe un requerimiento de carbohidratos debido a su eficiente habilidad para
sintetizar glucosa a partir de precursores de origen proteinico y lipidico (glicerol, piruvato,
aminoacidos y lactato) (NRC, 2011). Por otra parte, en algunos peces se ha observado que un
nivel de inclusion adecuado de carbohidratos en la formulacién de alimentos balanceados reduce
el catabolismo de proteina con fines energéticos (ahorro de proteina), lo cual a su vez promueve
la retencion de proteina con fines de crecimiento (NRC, 2011). Sin embargo, la habilidad de los
peces para utilizar los carbohidratos es limitada con respecto a los vertebrados terrestres
(Panserat, Rideau, & Polakof, 2014), estos experimentan prolongados periodos de hiperglicemia
después de consumir carbohidratos, especialmente las especies con habitos carnivoros (Bergot,
1979; Enes, Peres, Almeida, Couto, & Oliva-Teles, 2011; Hutchins, Rawles, & Gatlin, 1998;
Lee, Kim, & Lall, 2003; Panserat et al., 2001), a pesar de poseer un sistema homeostatico de
glucosa activo (Polakof, Panserat, Soengas, & Moon, 2012). Las bases fisiologicas de la aparente
intolerancia de glucosa en los peces es un tema polémico complicado por la extrema diversidad
de habitos alimenticios, hébitats, caracteristicas anatomicas y fisiologicas (Kamalam, Medale, &

Panserat, 2017).

Varias hipotesis han sido propuestas para tratar de explicar la baja habilidad de algunos peces
para utilizar la glucosa de origen dietético en comparacion con otros vertebrados: 1) una baja
potencia de la glucosa como secretagogo de insulina en comparaciéon con los aminoacidos
(Mommsen & Plisetskaya, 1991); 2) una baja fosforilacion de glucosa en tejidos sensibles a la
insulina como lo es el musculo blanco (pobre transporte de glucosa) (Navarro et al., 1999; West,
Arthur, Suarez, Doll, & Hochachka, 1993); 3) la ausencia de inhibicion de la produccion de
glucosa enddgena (gluconeogénesis) (Enes, Panserat, Kaushik, & Oliva-Teles, 2009; Panserat et
al., 2001). Polakof et al. (2012) sugieren que la relativa habilidad de los peces para utilizar los
carbohidratos con respecto a otros vertebrados se encuentra estrechamente relacionado con su
estilo de vida ectotérmico (una baja tasa metabdlica y un metabolismo adaptado a largos periodos

de ayuno).
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2.1. Habilidad de los peces para utilizar carbohidratos

La relativa habilidad de los peces para utilizar los carbohidratos como fuente de energia varia
ampliamente entres especies, pero depende de sus hébitos alimenticios (Stone, 2003; Wilson,
1994). Los peces con habitos herbivoros y omnivoros pueden tolerar porcentajes de inclusion de
carbohidratos en el alimento entre 20 y 42%, sin efectos adversos en su crecimiento o
supervivencia, mientras que los porcentajes de inclusion de carbohidratos en especies con héabitos
carnivoros puede varia entre 6 y 32% (Kamalam et al., 2017). Los peces con habitos herbivoros y
omnivoros en comparacion con los carnivoros presentan una mayor actividad de las enzimas a
amilasa, sacarasa y maltasa (Harpaz & Uni, 1999; Hidalgo, Urea, & Sanz, 1999), mayor tasa de
absorcion de glucosa en el intestino (Buddington, Chen, & Diamond, 1987), mayores receptores
de insulina en el musculo esquelético (Parrizas, Planas, Plisetskaya, & Gutierrez, 1994), mejor
regulacion de la sintesis de glucosa endogena (gluconeogénesis) (Enes, Panserat, Kaushik, &
Oliva-Teles, 2006, 2008; Figueiredo-Silva et al., 2013; Panserat et al., 2001) y una mayor
velocidad de respuesta en la induccidon de la enzima hepatica glucoquinasa (GK) o hexoquinasa
IV (HK 1V) después de consumir carbohidratos (Boonanuntanasarn et al., 2018; Panserat et al.,
2001; Ren et al., 2015), lo que posiblemente explica el mejor control de la glucosa postprandial
en las especies herbivoras y omnivoras, respecto a las carnivoras (Furuichi & Yone, 1981;

Panserat et al., 2000).
2.2. Enzima GK en la homeostasis de la glucosa en peces

La enzima GK o HK IV al igual que la HK I, HK II y HK III, cataliza la primera reaccion de la
ruta de glucolisis (fosforilacion de glucosa a glucosa-6 fosfato), pero la GK a diferencia del resto
de isoenzimas se caracteriza por su baja afinidad por la glucosa (Km 10 mM) y por no ser inhibida
por su producto (glucosa-6 fosfato) (Iynedjian, 2009). La enzima GK juega un papel central
como sensor de glucosa en la regulacion de homeostasis de la glucosa (Panserat et al., 2014). La
glucosa-6 fosfato, producto de la activacion de la enzima GK, es utilizada en la ruta de glucélisis,

pentosa fosfato o la sintesis de glucogeno (glucogénesis) (Figura 1).

En la ruta de glucdlisis, la glucosa-6 fosfato es transformada a través de una serie de reacciones a
piruvato y adenosin trifosfato (ATP), esta ruta es regulada por la actividad de tres enzimas claves:

hexoquinasas (HKs), fosfofructoquinasa-1 (PFK-1) y piruvato quinasa (PK) (Figura 1). La
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enzima fosfofructoquinasa-1 (PFK-1) cataliza la conversion de fructosa 6-fosfato a fructosa-1, 6-
fosfato. La enzima PK cataliza la conversion de fosfoenolpiruvato a piruvato y la Gltima etapa de
glucolisis (Rui, 2014). Por otra parte, la glucosa-6 fosfato por estimulacion alostérica, inactiva la
enzima glucogeno fosforilasa (degradacion de glucogeno) y activa la enzima glucogeno sintasa
(sintesis de glucogeno) (Figura 1). El almacenamiento de glucégeno funciona como reserva para
la producciéon de glucosa-6 fosfato, sustrato metabdlico para la via de glucdlisis (Agius, 2008).
La ruta de la pentosa fosfato, es una ruta metabolica alterna a la via de glucolisis que al igual que
la sintesis de glucogeno, contribuye al mantenimiento de la glucosa postprandial a partir de la
molécula glucosa-6 fosfato (Agius, 2008) (Figura 1). En la ruta de la pentosa fosfato, la glucosa-6
fosfato se utiliza para la sintesis de ribosa para la formacion de nucledtidos, asi como también
para la formacion de nicotinamida adenina dinucleotido fosfato reducido (NADPH), necesario en
la sintesis de 4cidos grasos, el cual es formado por accion de las enzimas glucosa-6-fosfato
deshidrogenasa (G6PDH) y 6-fosfogluconato deshidrogenasa (6PGDH) (Mayes & Bender,
2003).

En vertebrados, la enzima GK se expresa en una gran cantidad de tejidos, pero principalmente en
el higado (Li, Xu, Zhang, Jiang, & Liu, 2016; Panserat et al., 2014; Zhou et al., 2018). En peces,
la enzima hepatica GK puede ser inducida bioquimica y molecularmente por largos o cortos
periodos de alimentacion con carbohidratos, como ocurre en mamiferos (Panserat et al., 2000;
Tranulis, Dregni, Christophersen, Krogdahl, & Borrebaek, 1996); sin embargo, la velocidad de
induccion de esta enzima por los carbohidratos varia ampliamente entre grupos. En peces, la
induccion de la enzima hepatica GK ocurre 1 hora después de consumir carbohidratos en las
especies con habitos herbivoros y omnivoros, en las especies carnivoras ocurre después de 4-6
horas (Boonanuntanasarn et al., 2018; Caseras, Metd, Fernandez, & Baanante, 2000; Panserat et
al., 2001; Ren et al., 2015), mientras que en mamiferos (ratas) ocurre en cuestion de minutos (15
minutos) (Khu, Goncharova, & Rubtsov, 2015). La diferencia en el tiempo de activacion de la
enzima hepatica GK entre mamiferos y peces, es atribuido al estilo de vida ectotérmico de los

peces (baja tasa metabolica) (Polakof et al., 2012).

A pesar de que los peces con héabitos omnivoros poseen una mayor habilidad para utilizar los
carbohidratos respecto a las especies carnivoras, las especies omnivoras exhiben una menor

expresion bioquimica y molecular de la enzima hepatica GK en comparacion con las especies
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carnivoras (Capilla et al., 2004; Panserat et al., 2000). Panserat et al. (2014) sugiere que la
inducciéon de la enzima hepatica GK no es un factor limitante en la utilizaciéon de los
carbohidratos por los peces, al menos para las especies de habitos omnivoros (Boonanuntanasarn
et al., 2018; Capilla et al., 2004). Por otra parte, la relativa habilidad de los peces con habitos
carnivoros para metabolizar carbohidratos se encuentra directamente relacionado con la
induccion de la enzima hepatica GK. Por ejemplo, en el mero rojo (Epinephelus morio) se reporto
una dependencia positiva de las enzimas G6PDH y 6PGDH hacia la regulacién metabolica de la
enzima GK en el higado por los carbohidratos en el alimento (Castillo, Alvarez-Gonzélez, Cuzon,
Suarez, & Gaxiola, 2018; Castillo, Callejas, et al., 2018). Por otra parte, en la dorada (Sparus
aurata) (Couto, Enes, Peres, & Oliva-Teles, 2008) y lubina Europea (Dicentrarchus labrax)
(Enes, Sanchez-Gurmaches, Navarro, Gutiérrez, & Oliva-Teles, 2010) se observo una
dependencia positiva en la concentracion de glucogeno en el higado (glucogénesis) y la actividad
de la enzima hepatica PK con respecto a la regulacion metabolica de la enzima GK por los

carbohidratos en el alimento.
2.3. Enzima GK en peces con habitos carnivoros

En mamiferos, la enzima hepética GK es activada por una alta proporcion insulina/glucagon, lo
cual ocurre inmediatamente después de consumir carbohidratos, pero es inhibida por una baja
proporcion insulina/glucagon, lo cual ocurre en periodos de ayuno (Enes et al., 2009). En peces
con habitos carnivoros, la activaciéon de la enzima hepatica GK depende del porcentaje de
inclusion de carbohidratos en el alimento. Por ejemplo, en especies como la dorada (Enes et al.,
2008), el denté comun (Dentex dentex) (Pérez-Jiménez et al., 2015), la lobina negra (Micropterus
salmoides) (Lin, Shi, Mu, Chen, & Luo, 2018), la lubina europea (Enes et al., 2006) y el mero
rojo (Castillo, Alvarez-Gonzalez, et al., 2018; Castillo, Callejas, et al., 2018), se ha observado
que un nivel de inclusion de carbohidratos en el alimento entre 18-20% result6 en una inducible
expresion bioquimica de la enzima hepatica GK respecto a porcentajes de inclusion de
carbohidratos inferiores a este valor. Zhou et al. (2018) reportaron en el pompano dorado
(Trachinotus ovatus) una maxima expresion bioquimica y molecular de la enzima hepatica GK en
un nivel de inclusion de carbohidratos en el alimento de 28%, respecto a 0 y 12%. Por otra parte,
Couto, Enes, Peres, & Oliva-Teles (2008) en la dorada y Pérez-Jiménez et al. (2015) en el denton

comun, reportaron una disminucién en la expresion bioquimica de la enzima hepatica GK cuando
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utilizaron porcentajes de inclusion de carbohidratos en la dieta, superiores a 20, 30 y 24%,
respectivamente. Enes, Sanchez-Gurmaches, Navarro, Gutiérrez, & Oliva-Teles (2010)
reportaron en la lubina europea que un nivel de inclusion de carbohidratos en el alimento de 30%
estimuld la secrecion de insulina, respecto a un nivel de inclusion de carbohidratos de 0 y 10%.
Lo anterior sugiere que el efecto de los carbohidratos (glucosa dietética) como secretagogo de
insulina y activacion de la enzima hepatica GK, ocurre en porcentaje de inclusion alrededor del

20% de carbohidratos en el alimento, al menos en las especies aqui citadas.
2.4. Gluconeogénesis en peces carnivoros

La gluconeogénesis, es la ruta metabdlica responsable de la sintesis de novo de glucosa a partir de
precursores como el glicerol, piruvato, aminoacidos y lactato (NRC, 2011) (Figura 1). En
vertebrados carnivoros, la homeostasis de glucosa esta especificamente relacionado con la
gluconeogénesis (Moon, 1988; Suarez & Mommsen, 1987). La regulacion de esta ruta
metabolica depende de la actividad de tres enzimas claves: fosfoenolpiruvato carboxiquinasa
(PEPCK), fructosa-1,6-bisfosfatasa (FBPasa) y glucosa-6-fosfatasa (G6Pasa). La enzima PEPCK
cataliza la conversion de oxalacetato a fosfoenolpiruvato, la primera etapa de gluconeogénesis.
La enzima FBPasa cataliza la conversion de fructosa-1,6-bifosfatasa a fructosa-6-fosfatsa. La
enzima Go6Pasa cataliza la conversion de glucosa-6-fosfato a glucosa, la tultima etapa de

gluconeogénesis (Rui, 2014).

Una de las hipdtesis que se han planteado para explicar la relativa baja capacidad de los peces
para utilizar los carbohidratos, particularmente de aquellos con habitos carnivoros, es
parcialmente atribuido a la persistente produccion de glucosa enddgena, esto independientemente
de la ingesta de carbohidratos, un desbalance entre la gluconeogénesis y la glucolisis (Enes et al.,
2009). Por ejemplo, en peces como la trucha arcoiris (Oncorhynchus mykiss) (Panserat et al.,
2001), lubina Europea (Enes et al., 2006) y dorada (Enes et al., 2008), a pesar de exhibir una
adaptacion de la enzima hepatica GK a los carbohidratos en el alimento (20-24%), las actividades
de las enzimas hepaticas claves G6Pasa y FBPasa permanecieron constantes en comparacion a un
alimento control (0% carbohidratos). Sin embargo, en el salmoén atlantico (Salmo salar) se
reportd una relacion positiva entre la actividad de la enzima hepatica GK y el nivel de inclusion

de carbohidratos en el alimento (0, 5, 10, 20, 30%), mientras que la actividad de la enzima
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hepatica FBPasa mostr6 una relacion negativa, pero fue considerada despreciable para los autores

(Borrebaek & Christophersen, 2000).

En la tltima década, el interés por explorar el efecto de los carbohidratos en el metabolismo
intermediario en peces ha crecido, particularmente en aquellas especies con habitos carnivoros,
los cuales, debido a su importancia econdmica, son considerados una prometedora propuesta para
la acuicultura. Por ejemplo, en el mero rojo, se observo una regulacion nutricional en la actividad
de las enzimas hepaticas involucradas en la glucolisis (GK y PK) y gluconeogénesis (FBPasa)
por la presencia de carbohidratos en el alimento (Castillo et al., 2018; Castillo et al., 2018). Asi
mismo, Ma et al. (2019) reportaron en la lobina negra, que la presencia de carbohidratos en el
alimento regul6 la actividad de las enzimas hepaticas de la glucolisis (GK y PK) y
gluconeogénesis (PEPCK, FBPasa y Go6Pasa). Por otro lado, en la cobia (Rachycentron
canadum) la presencia de carbohidratos en la dieta reguld a nivel molecular la expresion de
enzima PK y PEPCK; sin embargo, a nivel bioquimico sélo la enzima PEPCK fue regulada, la
enzima PK permanecié constante, independiente del nivel de inclusion de carbohidratos en el
alimento (12, 22 y 34%) (Li et al., 2019). Los resultados obtenidos en los estudios mencionados
sugieren que algunas especies de peces con habitos carnivoros son capaces de regular o inhibir en

cierto punto la produccion de glucosa enddgena en presencia de carbohidratos en el alimento.

Generalidades del uso de lipidos por peces

En peces, los lipidos cumplen diversas funciones, entre las cuales destacan las hormonales,
estructurales y energéticas, ademas son fuente de acidos grasos esenciales (AGE) (Leaver et al.,
2008). La deficiencia de AGE en el alimento genera problemas de salud en los peces (Oliva-
Teles, 2012). El requerimiento de AGE en los peces varia ampliamente entre especies por la
extrema diversidad de habitos alimenticios, habitats, caracteristicas anatdmicas y fisiologicas,
pero algunas generalidades en funcion de la temperatura del agua han sido descritas. Por ejemplo,
los peces que habitan zonas frias requieren altas cantidades de estos AGE, sobretodo del tipo
omega 3 para mantener la flexibilidad y permeabilidad de las membranas celulares, mientras que
los peces de zonas tropicales requieren AGE del tipo omega 3 y 6 (Webster & Lim, 2001). Por
otra parte, algunos peces dulceacuicolas son capaces de elongar y desaturar acidos grasos del tipo
omega 3 de 18 carbonos, especificamente el acido linolenico (18:3), asi como, de 20 y 22

carbonos: el acido eicosapentaenoico (20:5) y docosahexaenoico (22:6), respectivamente
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(Sargent et al., 2002). Bowyer et al. (2013) a través de una extensa revision bibliografica
reportaron en funcion de la temperatura tres clasificaciones en el requerimiento de lipidos en
peces: (1) especies de agua fria (< 20°C); (i1) especies templadas (20-25°C); (iii) especies de
aguas calidas (> 25°C). En las primeras observaron un requerimiento general de lipidos en la

dieta de 35-40%, en las segundas de 15-20%, mientras que en las terceras fue de 10-14%.

En peces, los lipidos juegan un importante role como fuente de energia, en particular en aquellas
especies con habitos carnivoros, donde los carbohidratos juegan un menor papel como fuente de
energia debido a su baja abundancia en su dieta natural (Sargent et al., 2002). La obtencion de
energia por los peces a partir del catabolismo de lipidos ocurre por la  oxidacion de los AG y
por gluconeogénesis (Li et al., 2016; Nanton et al., 2003; Peng et al., 2014; Stubhaug et al.,
2007).

La B oxidacion de AG ocurre en la mitocondria y los perixomas de la célula, principalmente en el
higado. En la B oxidacion, los AG son convertidos a acetil-CoA, este proceso es catalizado por un
grupo de enzimas acetil-CoA sintetasas. Los AG que son utilizados como sustratos en la 3
oxidacién sufren la remocion de un par de atomos de carbono por oxidacion, hasta que el AG se
descompone por completo. En el proceso de oxidacion de los AG, ademéas de obtener moléculas
de acetil-CoA, también se obtiene poder reductor en forma de nicotin adenin dinucledtido
reducido (NADH) y flavin adenin dinucleétido reducido (FADHb»). Las moléculas de acetil-CoA
son oxidadas para la obtencion de ATP, mientras que las coenzimas reducidas NADH y FADH»

pueden ingresar a la cadena respiratoria (Schulz, 1991).

La obtencion de energia de los lipidos por gluconeogénesis ocurre a traves del glicerol (Figura 1).
El glicerol se obtiene por hidrolisis de los triglicéridos, reaccion que es catalizada por lipasas.
Posteriormente el glicerol es convertido a fosfato de dihidroxiacetona, el cual es convertido a
glicerol 3-fosfato por la enzima triosa fosfato isomerasa para posteriormente ingresar a la ruta de

gluconeogénesis para la sintesis de novo de glucosa (Suarez & Mommsen, 1987).

3.1. Habilidad de los peces para utilizar lipidos

El uso de lipidos como fuente de energia por los peces ha sido ampliamente documentado. En
general, un incremento en el contenido de lipidos en el alimento reduce el catabolismo de

proteinas con propdsitos energéticos en los peces, lo cual a su vez promueve la retencion de
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proteina con fines de crecimiento (Guo et al., 2019; Lee & Kim, 2009; Li et al., 2016; Li et al.,
2016; Wang et al., 2005); sin embargo, altos porcentajes de inclusion de lipidos en el alimento
genera problemas negativos en el crecimiento y promueve la deposicion de lipidos de reserva en
el pez (Peres & Oliva-Teles, 1999; Regost et al., 2001). Por otra parte, un decremento en la
energia digestible del alimento a través de la reduccién de los niveles de proteina con un
incremento concomitante de energia digestible suplido por lipidos genera en algunos peces una
extrema eficiencia en el uso de la proteina para el crecimiento, lo cual presiona a los peces a
utilizar los lipidos como sustratos energéticos para cubrir sus requerimientos de energia (Abdo de
la Parra, Rodriguez-lIbarra, Herndndez, C., Herndnez, K., Gonzilez-Rodriguez, Martinez-
Rodriguez, & Garcia-Ortega, 2010; Catacutan, Pagador, & Teshima, 2001; Wang et al., 2017,
Wang et al., 2018).
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4. Descripcion de las especies

5. Robalo blanco Centropomus undecimalis

5.1. Taxonomia

La familia Centropomidae se encuentra constituida por 12 especies (Figura 2), representadas por
un solo género Centropomus, la cual estd confinada en la zona tropical y subtropical de América.
Habita ambientes costeros, salobres y dulceacuicolas, en el Atlantico Occidental se encuentran
las especies: C. undecimalis, C. mexicanus, C. paralellus, C. poeyi, C. pectinatus y C. ensiferus;
por otra parte, en el Pacifico Oriental encontramos a C. viridis, C. unionensis, C. robalito, C.

medius, C. armatus y C. nigrescens (Rivas, 1986)

\

Figura 2. Distribucion Geografica del género Centropomus en el continente Americano (Rivas,

1986).
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A continuacion, se desglosa la descripcion taxondémica de la familia Centropomidae y género

Centropomus (Nelson, 2006):

Phylum Chordata
Subphylum Craniata
Superclace Gnatostomata
Clase Actinopterygii
Subclase Neopterygii
Dvision Teleostei
Orden Perciforme
Suborden Percoidei
Familia Centropomidae
Género Centropomus

Especie C. undecimalis (Bloch, 1792)



5.2. Ecologia

El robalo blanco se distribuye geograficamente desde Carolina del Norte, Estados Unidos hasta
Rio de Janeiro, Brasil, incluyendo las Bahamas, el Golfo de México y algunas islas de las
Antillas. Su abundancia y distribucién tiene una estrecha relacion con la presencia de ambientes
costeros, salobres y dulceacuicolas donde la fluctuacion de salinidad va de O hasta 45 ppm

(Figura 3 y 4), la salinidad es un factor importante en su distribucion (Rivas, 1986).

Hermafrodita protindrica

Primer talla de madures
Machos: 50 cm (4 afios)
Hembras: 80 cm (7.5 afios)

Pesca recreativa
=S

Huevos

| Luna llena
s \_o0 nueva

‘\\ N

Reproduccién Temporada de reproduccién
25-30°C abril-septiembre
Relacién hembra-macho con un pico en

julio-agosto
Fotoperiodo
13 horas

= Pesca comercial

Figura 3. Ciclo de vida del robalo blanco C. undecimalis.

Es un depredador visual, de habitos carnivoros con tendencia piscivora (McMichael et al., 1989),
se considera un depredador oportunista debido a su alimentacion en el medio natural, el cual
comprende 48 taxones dentro de los cuales encontramos organismos pelagicos, demersales y
bentonicos (Blewett et al., 2006). Es un forrajero de comportamiento crepuscular-nocturno, posee
una adaptacion morfologica ocular que le permite detectar a sus presas en poca presencia de luz,

debido a que posee una vision de tipo escotopica (Eckelbarger et al., 1980).

Es una especie hermafrodita protandrica (Taylor et al., 1996), diadroma, eurihalina (Perez-Pinzon
& Lutz, 1991) y estenoterma (Gilmore et al., 1978). La zona de reproduccion de esta especie es
en las costas y la época en la cual se lleva a cabo en el Golfo de México es en el mes de Abril a
Septiembre con un pico de mayor actividad en Junio y Agosto cuando las temperaturas alcanzan
los 25-30°C; similar ocurre en las costas de Florida, EUA (Taylor et al., 1998; Loran-Nufiez et

al., 2012). La talla de primera madures para los machos es de aproximadamente 50 cm (4 afios) y
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para hembras es de 80 cm (7.5 afios), iniciando la reversion sexual macho-hembra después de los

primeros desoves (Perera-Garcia et al., 2011; Taylor et al., 2000).
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Figura 4. Distribucion horizontal y alimentacion de robalo blanco C. undecimalis (Gilmore et al.,
1983).

En el medio natural, los huevos una vez fecundados permaneces cerca de las costas hasta su
eclosion (peldgicos), una vez que los juveniles presentan comportamientos peldgicos,
fisiologicamente son mas tolerantes a los cambios de salinidad (Tsuzuki et al., 2007), lo que les
permite ocupar diversos ambientes acudticos durante su primer afio de vida, los juveniles
tempranos (11-156 mm) ocupan ambientes salobres y dulceacuicolas, donde su alimentacion esta
compuesta por peces y camarones; los juveniles (10-174 mm) en zonas de marismas consumen
principalmente crustdceos y peces; los juveniles (150-300 mm) en praderas marinas prefieren

peces y camarones en su dieta (Gilmore et al., 1983b; McMichael et al., 1989).

5.3. Reproduccion en cautiverio y desarrollo larvario

Noyola Regil et al. (2015) reportan en juveniles de robalo blanco temperaturas preferenciales
entre los 27 y 29 °C. En cautiverio, robalo blanco alcanza la maduracion sexual y desarrollo
gonadal ocurren, sin embargo, la fase de maduracién final de los ovocitos en la gonada femenina
no finaliza, esto evita que se lleve a cabo el desove natural. La maduracion final de los ovocitos

no se lleva a cabo debido al bloqueo en la secrecion de la hormona luteinizante por parte de la
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glandula pituitaria (Mylonas et al., 1997). La reproduccion en cautiverio de robalo banco se ha
logrado con el uso de hormona liberadora de gonadotropina (Ibarra-Castro et al., 2011), ésta
hormona estimula la secreciéon de la hormona luteinizante por parte de la glandula pituitaria,
permitiendo la maduracidon final de ovocitos y posteriormente el desove (Mylonas & Zohar,
2000).

Las larvas eclosionan 48 horas después de la fertilizacién y 36 horas después de la eclosion, el
saco vitelino es completamente absorbido, en ese momento las larvas ya presentan boca e
intestino funcionales (Ibarra-Castro et al., 2011). El desarrollo de larvas a juvenil comprende un
periodo de aproximadamente 35 dias (16.4 mm LT) (Ibarra-Castro et al., 2011; Lau & Shafland,
1982), por otra parte, Jimenez-Martinez et al. (2012) reportan en el dia 35 post-eclosion, una

maxima actividad de la enzima pepsina, lo que indica un estdbmago funcional.

24



5.4. Pesquerias

En México, las capturas de robalo blanco se reportan en conjunto con el robalo prieto (C. poeyi) y
chucumite (C. parallelus), los estados con mayor captura son Campeche (33.7 %) Tabasco (28.1
%) y Veracruz (31.2 %), los estados con las menores capturas son Tamaulipas (3.3 %), Quintana
Roo (1.3 %) y Yucatan (2.4 %) (SAGARPA, 2017), es una de las pesquerias riverefias mas
importantes en México. La pesca de robalos se encuentra reglamentada desde 1993, ese afio se
establecio el primer periodo de veda en Soto La Marina en el estado de Tamaulipas hasta Barra
de Chachalacas en el estado de Veracruz, del 15 de mayo al 30 de junio y del 1 de julio al 15 de
agosto del mismo afio, desde Barra de Chachalacas a Barra de Tonala en el estado de Veracruz
(SAGARPA, 2014). Posteriormente, en los estados de Tabasco y Campeche en el afio 2007, la
NOM-037-PESC-2004 (SAGARPA, 2007), establecio para el sistema lagunar compuesto por los
humedales de Usumacinta, en los municipios de Jonuta, Emiliano Zapata y Balancan en el estado
de Tabasco, Ciudad del Carmen y Palizadas en el estado de Campeche, las especificaciones de
captura para robalo son: “Redes de enmalle con luz de malla minima de 140 mm (5.5 pulgadas) e
hilo de monofilamento poliamida (PA) con didmetro de 1.7 mm, como maximo o de
multifilamento poliamida (PA) en los numeros comerciales del 15 o 18”. En los estados de
Tabasco, Campeche, Yucatan y Quintana Roo no existe un periodo de veda establecido en la
pesqueria de robalos. Por otra parte, la NOM-017-PESC-1994 establece en el caso particular de
la pesca recreativa de robalos, permite un volumen méaximo de captura por persona de cinco
ejemplares por dia, considerando las medidas de manejo existentes y periodos de veda
(SAGARPA, 2007a). A pesar de que existe un plan de manejo sobre la pesqueria de robalos,
Caballero-Chavez (2012) indica que desde el 2001 las poblaciones de robalo blanco se

encuentran sobreexplotadas.

5.5. Nutricion

Los requerimientos nutricionales en robalo blanco han sido de poco interés para los
investigadores, los estudios que se han llevado a cabo se han enfocado en establecer el
requerimiento de proteina en diferentes condiciones de salinidad, estableciendo un requerimiento
de proteina dietética de aproximadamente 53% en diferentes condiciones de salinidad (Gracia-

Lopez et al., 2003; Souza et al., 2011; Tucker, 1987). Lemus et al. (2017) a través de ensayos de
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digestibilidad in vitro e in vivo recomienda utilizar harinas protiblend y subproductos de ave
como sustitutos de proteina alterna a la harina de pescado en la formulacion de alimentos
balanceados para juveniles de robalo blanco. Arenas-Pardo (2015) establecié en juveniles de
robalo blanco un requerimiento de proteina dietética de 57% en 35 ups y 52% en 3 ups,
remplazando totalmente la harina de pescado como fuente de proteina por fuentes de proteina
alternas (harina de subproductos de ave y protiblend). Investigaciones sobre los requerimientos
nutricionales en otros miembros del género Centropomus son limitadas. Recientemente, en C.
viridis se reportd que un reemplazo del 15-45% de harina de pescado por harina de soya, no

afecta el crecimiento de esta especie (Arriaga-hernandez et al., 2021).

El barramundi (Lates calcarifer) es una especie de gran interés para la acuicultura, los
requerimientos nutricionales de esta especie han sido ampliamente estudiados. Barramundi,
anteriormente se encontraba taxondmicamente clasificado dentro del género Centropomus, pero
posteriormente fue reclasificado al género Lates (Rivas, 1986). Catacutan & Coloso, (1995)
reportaron en barramundi que una disminucién en la cantidad de energia digestible suplido por
proteina acompafiado con un incremento en la energia digestible suplido por lipidos en la dieta (5
a 10%), permitié reducir la demanda de proteina de 50% a 42%, sin efectos adversos en el
crecimiento. Por otra parte, Catacutan & Coloso (1997) en esta misma especie, reportaron que un
incremento en el nivel de carbohidratos en la dieta de 15 a 20% en la dieta mejoro el factor de

conversion alimenticia (FCA) y la tasa de eficiencia proteica (TEP).
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6. Pargo canané Ocyurus chrysurus.

6.1. Taxonomia

La familia Lutjanidae estd conformada por ciento y cinco especies, setenta géneros, los cuales
estan organizados en cuatro subfamilias. Su distribucion geografica comprende el océano
Atlantico, Indico y Pacifico. Habitan zonas tropicales y subtropicales, se les encuentra en

condiciones de salinidad dulce acuicolas, salobres y marinas.

A continuacion, se desglosa la clasificacion taxondmica de la familia Lutjanidae y el género

Ocyurus (Nelson, 2006).

Phylum Chordata
Subphylum Craniata
Superclace Gnatostomata
Clase Actinopterygii
Subclase Neopterygii
Dvision Teleostei
Orden Perciforme
Suborden Percoidei
Familia Lutjanidea
Género Ocyurus

Especie O. chrysurus (Bloch, 1791)
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Figura 5. Distribucion geografica de pargo canané O. chrysurus (Autor desconocido).
6.2. Ecologia

El pargo canané se distribuye geograficamente desde Massachusetts, Estados Unidos hasta el
sureste de Brasil, es una especie de importancia comercial en el Caribe (Cummings, 2004)
(Figura 5). Durante su ciclo de vida habita diferentes ambientes costeros, tamafios de tallas de 2.5
cm hasta 25 cm ocupan zonas de manglares y pastos marinos (Nagelkerken & Van der Velde,
2004) (Figura 6), por otra parte, tamafios de tallas de 25 cm hasta 35 cm ocupan zonas de
arrecifes, donde alcanzan su madurez sexual y llevan a cabo su reproduccion (De La Morinicre et

al., 2002; Verweij et al., 2008).

Es considerado un depredador de tipo zooplanctivoro y zoobentivoro, su presa principal esta
compuesta por peneidos, los peces son considerados como presas secundarias dentro de sus
habitos alimenticios (Rincén-Sandoval et al., 2009) (Figura 7). El pargo canané es una especie
gonocorica, catalogado como un desovador asincrénico, la primera talla de maduracioén sexual
promedio en las hembras y machos es de 24.5 cm de longitud total, aproximadamente 2 a 3 afos
de edad, su reproduccion se lleva a cabo en los meses de enero a septiembre, con mayor actividad
en abril y mayo, en las costas de Yucatan (Garcia et al., 2003; Trejo-Martinez et al., 2011).
2009).

28



Figura 6. Ciclo de vida del pargo canané. Migracion del ciclo de vida posterior al asentamiento,

namero 2 para el pargo canané (De La Moriniére et al., 2002).
6.3. Reproduccion en cautiverio y desarrollo larvario

Noyola Regil et al. (2015) reportan en juveniles de pargo canané temperaturas preferenciales
entre los 25 y 27 °C. La reproduccion de pargo canané en cautiverio se ha llevado a cabo de
manera natural (Gutiérrez-Sigeros et al., 2018; Turano et al., 2000) y por induccién hormonal,
utilizando gonadotropina corionica humana (hCG) (Soletchnik et al., 1989). Los huevos de pargo
canané son de tipo pelagicos, la eclosion de los huevos fertilizados se lleva a cabo entre las 18 y
24 horas, en una temperatura de 27 °C. Las reservas del saco vitelino son consumidas 48 horas
post-eclosion, la transformacion de larvas a juveniles se completa en un periodo de tiempo de 14
a 28 dias en 27 °C (Faulk et al., 2007; Gutiérrez-Sigeros et al., 2018; Riley et al., 1997), sin
embargo, Ahumada-Hernandez et al. (2014) sugieren que el pargo canané alcanza su desarrollo
de larva a juvenil hasta el dia 34 post-eclosion, debido a una maxima actividad de la enzima

pepsina, indicador de una eficiente digestion de proteinas y un completo desarrollo del estomago.
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Figura 7. Representacion grafica del régimen alimenticio de pargo canané por temporada
climatica, a) fria (noviembre-abril) y b) céalida (mayo-octubre) en la costa de Yucatan (Rincon-

Sandoval et al., 2009).
6.4. Pesquerias

Por otra parte, el pargo canané se encuentra en la lista roja de especies amenazadas de la Union
Internacional para la Conservacion de la Naturaleza (IUCN por sus siglas en ingles), catalogado
como “Data deficient” (Lindeman et al., 2016). En México no existe un plan de manejo pesquero
para esta especie. Brulé et al. (2008) sefialan que el complejo mero-pargo, entre ellas el pargo
canang, constituyen el componente principal de la pesqueria de escama del estado de Yucatan. El
pargo canané es considerado como pesca incidental o de acompafamiento en las pesquerias de
otras especies marinas (SAGARPA, 2017), no obstante, esta pesqueria se encuentra en una fase
de explotacion creciente (Arcos-Huitron & Arreguin-Sanchez, 2011; Brulé et al., 2008), lo

anterior es alarmante debido a la ausencia de una regulacion de pesca del recurso.
6.5. Nutricion

Existen muy pocos estudios enfocados en determinar los requerimientos nutricionales en pargo
canané. Faulk et al. (2007) observaron que el uso de Isochrysis galbana y Nannochloris oculata
como alimento de rotifero y artemia, los cuales a su vez son utilizados como alimento en pargo
canan¢ durante el periodo larval, no cubren eficientemente los requerimientos de 4cidos grasos

altamente insaturados, por lo que recomiendan enriquecer rotiferos y artemia con emulsiones
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ricas en acido araquidonico, docosahexaenoico y eicosapentaenoico. Barreto-Altamirano (2016)
propuso el uso de harina de ave y canola como fuentes de proteina alternas a la harina de pescado
en la formulacion de alimentos balanceados para juveniles de pargo canané, debido a la elevada
hidrélisis y digestibilidad aparente obtenidos en ensayos de digestibilidad in vitro e in vivo,
respectivamente. Enriquez-Reyes (2018) establecid el requerimiento de proteina de juveniles de
pargo canané entre 53 y 58 %, utilizando harina de canola y ave como sustituto parcial de la

harina de pescado.

Integrantes de la familia Lutjanidae como el pargo cordero (Lutjanus analis), el pargo lunarejo
(L. guttatus) y pargo de manglar (L. argentimaculatus) son de gran interés para la acuicultura.
Los estudios relacionados en la nutricion de los pargos anteriormente mencionados se han
enfocado principalmente en evaluar la habilidad de estas especies para utilizar las proteinas y
lipidos en la dieta. Watanabe, Ellis, & Chaves (2001) reportaron en el pargo cordero que un nivel
de lipidos en la dieta entre 6 y 9% es ideal para un eficiente crecimiento utilizando un nivel de
proteina de 40%. Catacutan et al. (2001) reportaron que un nivel de proteina de 42.5% con 6 o
12% de lipidos en la dieta en pargo de manglar proporcioné un similar rendimiento en cuanto a
crecimiento y eficiencia alimenticia (FCA y TEP), respecto a un nivel de proteina de 50% con 6 y
12% lipidos. Similarmente, Abdo de la Parra et al. (2010) reportaron en ¢l pargo lunarejo que un
nivel de proteina de 45% en la dieta con 9, 12 y 15% lipidos proporciondé un rendimiento
zootécnico y alimenticio similar a un nivel de 50% proteina; sin embargo, un nivel de proteina de

40% redujo el crecimiento de esta especie e increment6 los valores de FCA.

7. Justificacion e importancia

La acuicultura, posiblemente es el sector de produccion de alimentos de crecimiento mas
acelerado que existe, actualmente representa casi el 50 % de los productos pesqueros mundiales
destinados a la alimentacion (FAO, 2018). Por otra parte, la acuicultura se cataloga como una
estrategia que permite disminuir la presion pesquera de los recursos naturales que se encuentran

destinados a ésta actividad, permitiendo la recuperacion de sus poblaciones.

El pargo canané y robalo blanco son especies econdmicamente importantes desde un punto de
vista pesquero y recreativo en el Este del continente de América (Brulé et al., 2008; Caballero-

Chéavez, 2012). Sin embargo, el robalo blanco es considerado como una pesqueria en
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sobreexplotacion a pesar de contar con un plan de manejo (Caballero-Chévez, 2012), por otra
parte, el pargo canané es un recurso en fase de explotacion creciente (Brulé et al., 2008), pero no
cuenta con un plan de manejo, lo que es alarmante. Estas especies han sido catalogadas como
candidatos para la acuicultura, se adaptan facilmente al cautiverio, al consumo de alimento inerte
y su reproduccion es posible llevarla en condiciones de cautiverio (Ibarra-Castro et al., 2011;
Gutiérrez-Sigeros et al., 2018; Tucker, 1987; Turano et al., 2000). Sin embargo, uno de los
componentes mas importante en el establecimiento de una tecnologia de cultivo, es la
formulacion de un alimento balanceado, elaborada a partir de una seleccion y proporcion
apropiada de ingredientes que permitan ser aprovechados eficientemente por los peces. La
literatura existente sobre los requerimientos nutricionales del pargo canané y robalo blanco son
escasos, las investigaciones solo se han enfocado en determinar su requerimiento de proteina en
el alimento, el cual ha sido establecido en un valor entre 50-58% (Arenas, 2015; Concha-Frias et

al., 2018; Enriquez, Gaxiola, & Pacheco, 2017; Gracia-Lopez et al., 2003; Tucker, 1987).

La proteina es el ingrediente mas costoso en la formulacion de alimentos balanceados en peces,
ademas su produccion depende de las pesquerias de otras especies de peces, las cuales se
encuentran en el limite de su maximo rendimiento sostenible (Tacon, 2004; Tacon & Metian,
2008). Por otra parte, la liberacion de amonio, producto directo del catabolismo de la proteina,
impacta negativamente el ambiente, debido a que es uno de los principales componentes
nitrogenados responsables de la eutrofizacion del agua (Van Waarde, 1983). Por lo tanto, desde
una perspectiva econdmica y ambiental, es necesario llevar a cabo investigaciones sobre la
capacidad del pargo canané y el robalo blanco para utilizar carbohidratos y lipidos como sustratos
energéticos, lo que permitird entender aspectos sobre su fisiologia nutritiva y a su vez desarrollar
estrategias nutricionales para optimizar el uso de proteina en la formulacién de alimentos

balanceados para estas especies.
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9.

ii.

10.

Hipotesis

La presencia de carbohidratos en el alimento como fuente de energia digestible en
juveniles de pargo canané (Ocyurus chrysurus) y el robalo blanco (Centropomus
undecimalis) promovera la expresion de la enzima glucocinasa (hexoquinasa IV),
reorganizara el metabolismo digestivo e intermediario hepatico a favor del metabolismo
de este nutriente, lo cual reducira el uso de la proteina con fines energéticos y promovera
la retencion de la proteina para el crecimiento.

El incremento del nivel de lipidos en el alimento como fuente de energia digestible en
juveniles de pargo canané (O. chrysurus) y el robalo blanco (C. undecimalis) reorganizara
el metabolismo digestivo e intermediario hepatico a favor del metabolismo de este
nutriente, lo cual reducira el uso de la proteina con fines energéticos y promovera la

retencion de la proteina para el crecimiento.

Objetivo general

Determinar el efecto de la presencia de carbohidratos y el incremento de lipidos en el alimento

como fuente de energia digestible sobre el desempefio zootécnico, eficiencia alimenticia,

indicadores fisiologicos, composicion proximal, enzimas digestivas y enzimas claves del

metabolismo intermediario del higado en juveniles de pargo canané (O. chrysurus) y el robalo

blanco (C. undecimalis).

11.

Objetivos particulares

Evaluar el efecto de la presencia de carbohidratos en la dieta (20% versus 0%) sobre el
desempeflo zootécnico, eficiencia alimenticia, indicadores fisiologicos, composicion
proximal, actividad de enzimas digestivas (pepsina, proteasas alcalinas totales y o amilasa) y
enzimas claves del higado involucradas en la ruta de glucélisis (glucoquinasa, GK [actividad
y expresion de RNA mensajero]; hexoquinasas, HK; piruvato quinasa, PK), pentosa fosfato
(glucosa-6-fosfato deshidrogenasa, G6PDH; 6-fosfogluconato deshidrogenasa, 6PGDH),
gluconeogénesis (glucosa-6-fosfatasa, FBPasa) y catabolismo de aminoécidos (Alanina
aminotransferasa, ALT) en juveniles de pargo canané (O. chrysurus) y el robalo blanco (C.

undecimalis), a través de un estudio comparativo.
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ii.

1il.

Evaluar el efecto de dos niveles de lipidos (6 y 12%) y proteina (40 y 50%) en el alimento
sobre el desempeio zootécnico, eficiencia alimenticia, indicadores fisioldgicos, composicion
proximal, actividad de enzimas digestivas (proteasas alcalinas totales, tripsina, quimotripsina
y lipasas) y enzimas claves del higado involucradas en la ruta de glucdlisis (PK), pentosa
fosfato (G6PDH y 6PGDH), gluconeogénesis (FBPasa) y catabolismo de aminoécidos (ALT)
en juveniles de pargo canané (O. chrysurus).

Evaluar el efecto de dos niveles de lipidos (6 y 12%) y proteina (40 y 50%) en el alimento
sobre el desempeino zootécnico, eficiencia alimenticia, indicadores fisiologicos, composicion
proximal, actividad de enzimas digestivas (proteasas alcalinas totales, tripsina, quimotripsina
y lipasas) y enzimas claves del higado involucradas en la ruta de glucolisis (PK), pentosa
fosfato (G6PDH y 6PGDH), gluconeogénesis (FBPasa) y catabolismo de aminoécidos (ALT)

en juveniles de robalo blanco (C. undecimalis).
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12. Esquema general de la tesis

A continuacidn, se presenta la estructura general de la tesis. Se define el nimero de capitulos, asi

como su respectivo titulo.

Capitulo 1. Estructuracion general de la tesis.

Capitulo 2. Efecto de los carbohidratos de la dieta sobre el rendimiento del crecimiento, la
eficiencia alimentaria y la regulacion del metabolismo de la glucosa en juveniles de Centropomus

undecimalis (Bloch, 1792) y Ocyurus chrysurus (Bloch, 1791).

Capitulo 3. Evaluacion de la relacion proteina: lipidos en el crecimiento, la eficiencia alimentaria

y la respuesta metabolica en juveniles de pargo cola amarilla (Ocyurus chrysurus, Bloch, 1791).

Capitulo 4. Efectos fisiologicos y metabdlicos de los lipidos de la dieta en la conservacion de

proteinas en los juveniles de rébalo Centropomus undecimalis (Bloch, 1792).

Capitulo 5. Discusion general y conclusiones.
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CAPITULO 2

Articulo 1

Sometido a: Aquaculture

Effect of dietary carbohydrates on growth performance, feed efficiency and glucose metabolism
in common snook (Centropomus undecimalis) and yellowtail snapper (Ocyurus chrysurus)
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Abstract

In recent years, interest in commercial farming of the common snook Centropomus undecimalis
and yellowtail snapper Ocyurus chrysurus has been increasing in the Atlantic West; however,
these species are carnivorous with a high protein requirement in the diet. The effect of dietary
carbohydrates on growth performance, feed efficiency, glycemic response, digestive and key
liver enzymes of intermediary metabolism for catadromous C. undecimalis and marine O.
chrysurus were investigated and the capability of these two species to utilize carbohydrates was
compared. Two diets were formulated to contain 51.6% digestible protein, 7.9% digestible lipid
and 0% corn starch (Control diet, C) or 20% corn starch (High carbohydrates diet, HC). The
results showed that no effect of dietary carbohydrates on growth performance was found in both
species. Feed efficiency, protein efficiency ratio and liver glycogen were higher in C.
undecimalis fed the HC diet, but this does not happen in O. chrysurus. Intestinal amylase activity
was induced by the HC diet in both species. Blood glucose peaked in C. undecimalis six hours
after being fed with the HC diet (7.8 mmol/L), whereas in O. chrysurus the peak was reached
until nine hours (14.1 mmol/L). Hepatic glucokinase activity was induced by the HC diet in both
species; however, at the molecular level, GK mRNA expression was higher in C. undecimalis fed
the HC diet, but for O. chrysurus, no effect of the HC diet on GK mRNA expression was
observed. Also, glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase
activities increased only in C. undecimalis fed the HC diet. Pyruvate kinase activity increased and
fructose-1, 6-bisphosphatase decreased in both species fed the HC diet. Alanine aminotransferase
activity was unaffected by the experimental diets, but O. chrysurus showed higher activity than
C. undecimalis. Data shown indicated that both fish species were able to adapt to the presence of
carbohydrates in the diet by reorganizing digestive and hepatic glucose metabolism, but C.
undecimalis demonstrated a greater capacity to utilize and storage carbohydrates than O.
chrysurus. Fish with similar food habits, but different life cycles showed different capacities to

utilize carbohydrates.
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Resumen

En afios recientes, el interés por cultivar robalo blanco Centropomus undecimalis y pargo canané
Ocyurus chrysurus ha incrementado en la costa del Atlantico Este; sin embargo, estas especies
son carnivoras con un requerimiento alto de proteina en el alimento. Por esta razon, en el presente
estudio, se investigd el efecto de la presencia de carbohidratos en el alimento en el pez catadromo
C. undecimalis y la especie marina O. chrysurus a través de un estudio comparativo, sobre la
respuesta del rendimiento de crecimiento, la eficiencia alimenticia, respuesta glucémica, enzimas
digestivas y del metabolismo intermediario. Dos dietas fueron formuladas para contener 51.6%
de proteina y 7.9% de lipidos digeribles con 0% de almidoén de maiz (alimento control, C) 0 20%
(alimento rico en carbohidratos, HC). Los resultados mostraron que en ambas especies no se
encontrd ningln efecto de los carbohidratos de la dieta sobre el rendimiento del crecimiento. La
eficiencia alimenticia, el indice de eficiencia proteica y el glucégeno hepatico fueron mas altos en
C. undecimalis alimentados con HC, lo que no sucediéo en O. chrysurus. La actividad de la
amilasa intestinal fue inducida por el alimento HC en ambas especies. La glucosa en sangre
alcanzo su punto maximo en C. undecimalis seis horas después de haber sido alimentado con HC
(7,8 mmol / L), mientras que en O. chrysurus el pico se alcanz6 hasta las nueve horas (14,1 mmol
/ L). La actividad de la glucoquinasa hepatica fue inducida por HC en ambas especies; sin
embargo, a nivel molecular, la expresion de RNAm de GK fue mayor en C. undecimalis
alimentado con HC, pero en O. chrysurus, no se observo ningun efecto de HC sobre la expresion
de RNAm de GK. Ademés, las actividades de glucosa-6-fosfato deshidrogenasa y 6-
fosfogluconato deshidrogenasa aumentaron so6lo en C. undecimalis alimentado con HC. La
actividad de la piruvato quinasa aumentd y la fructosa-1, 6-bisfosfatasa disminuyé en ambas
especies alimentadas con HC. La actividad de alanina aminotransferasa no se vio afectada por las
dietas experimentales, pero O. chrysurus mostr6 una actividad mas alta que C. undecimalis. Los
datos mostrados indicaron que ambas especies de peces se adaptaron a la presencia de
carbohidratos en el alimento por reorganizacién del metabolismo de la glucosa digestiva y
hepatica, pero C. undecimalis demostr6 una mayor capacidad para utilizar y almacenar
carbohidratos que O. chrysurus. Especies de peces con habitos alimenticios similares
(carnivoros), pero con ciclos de vida diferentes, mostraron diferentes capacidades para utilizar los

carbohidratos en el alimento.
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In recent years, interest in commercial farming of the common snook Centropomus
undecimalis and yellowtail snapper Ocyurus chrysurus has been increasing in the
Atlantic West. however, these species are carnivorous with a high protein requirement
in the diet. The effect of dietary carbohydrates on growth performance, feed efficiency,
glycemic response, digestive and key liver enzymes of intermediary metabolism for
catadromous C. undecimalis and marine O. chrysurus were investigated and the
ability of these two species to utilize carbohydrates was compared. Two diets were
formulated to contain 51.6% digestible protein, 7.9% digestible lipid and 0% corn
starch (Control diet, C) or 20% corn starch (High carbohydrates diet, HC). The results

showed that no effect of dietary carbohydrates on growth performance was found in
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both species. Feed efficiency, protein efficiency ratio and liver glycogen were higher in
C. undecimalis fed the HC diet, but this does not happen in O. chrysurus. Intestinal
amylase activity was induced by the HC diet in both species. Blood glucose peaked in
C. undecimalis six hours after being fed with the HC diet (7.8 mmol/L), whereas in O.
chrysurus the peak was reached until nine hours (14.1 mmol/L). Hepatic glucokinase
activity was induced by the HC diet in both species; however, at the molecular level,
GK mRNA expression was higher in C. undecimalis fed the HC diet, but for O.
chrysurus, no effect of the HC diet on GK mRNA expression was observed. Also,
glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase
activities increased only in C. undecimalis fed the HC diet. Pyruvate kinase activity
increased and fructose-1, 6-bisphosphatase decreased in both species fed the HC
diet. Alanine aminotransferase activity was unaffected by the experimental diets. Data
shown indicated that both fish species were able to adapt to the presence of
carbohydrates in the diet by reorganizing digestive and hepatic glucose metabolism,
but C. undecimalis demonstrated a greater capacity to utilize and storage
carbohydrates than O. chrysurus. Fish with similar food habits, but different life

cycles showed different capacities to utilize carbohydrates.
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Highlights of the manuscript:

Feed efficiency improved by dietary carbohydrates in C. undecimalis but not in O.
chrysurus.

e Dietary carbohydrates effected digestive enzymes activities in both fish species.

e Dietary carbohydrates effected key glucose metabolic enzymes in both fish species.
e Hepatic GK plays a crucial role in glucose metabolism between O. chrysurus and C.

undecimalis.
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ABSTRACT

In recent years, interest in commercial farming of the common snook Centropomus
undecimalis and yellowtail snapper Ocyurus chrysurus has been increasing in the Atlantic
West; however, these species are carnivorous with a high protein requirement in the diet.
The effect of dietary carbohydrates on growth performance, feed efficiency, glycemic
response, digestive and key liver enzymes of intermediary metabolism for catadromous C.
undecimalis and marine O. chrysurus were investigated and the capability of these two
species to utilize carbohydrates was compared. Two diets were formulated to contain
51.6% digestible protein, 7.9% digestible lipid and 0% corn starch (Control diet, C) or 20%
corn starch (High carbohydrates diet, HC). The results showed that no effect of dietary
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carbohydrates on growth performance was found in both species. Feed efficiency, protein
efficiency ratio and liver glycogen were higher in C. undecimalis fed the HC diet, but this
does not happen in O. chrysurus. Intestinal amylase activity was induced by the HC diet in
both species. Blood glucose peaked in C. undecimalis six hours after being fed with the HC
diet (7.8 mmol/L), whereas in O. chrysurus the peak was reached until nine hours (14.1
mmol/L). Hepatic glucokinase activity was induced by the HC diet in both species;
however, at the molecular level, GK mRNA expression was higher in C. undecimalis fed
the HC diet, but for O. chrysurus, no effect of the HC diet on GK mRNA expression was
observed. Also, glucose-6-phosphate  dehydrogenase and  6-phosphogluconate
dehydrogenase activities increased only in C. undecimalis fed the HC diet. Pyruvate kinase
activity increased and fructose-1, 6-bisphosphatase decreased in both species fed the HC
diet. Alanine aminotransferase activity was unaffected by the experimental diets, but O.
chrysurus showed higher activity than C. undecimalis. Data shown indicated that both fish
species were able to adapt to the presence of carbohydrates in the diet by reorganizing
digestive and hepatic glucose metabolism, but C. undecimalis demonstrated a greater
capacity to utilize and storage carbohydrates than O. chrysurus. Fish with similar food

habits, but different life cycles showed different capacities to utilize carbohydrates.

KEY WORDS: Centropomus undecimalis; Ocyurus chrysurus; Dietary carbohydrates;

Glucose metabolism; Carnivorous fish species.
1. Introduction

Fish, particularly carnivorous species require high-protein diets to obtain amino acids for
protein synthesis and for energy purposes (Jia et al., 2017; Oliva-Teles et al., 2020; Walton
and Cowey, 1982). However, the use of proteins as dietary source of energy by fish is
considered undesirable because it usually represents the most expensive dietary component,
and protein catabolism by-products account for the major source of nitrogen waste, one of
the main factors responsible for water pollution (Tacon and Metian, 2008; Waarde, 1983).
Thus, from an economic and environmental perspective, it is recommended to reduce the
catabolism of amino acids for energy purposes (protein sparing effect) by increasing the use
of non-protein energy sources such as carbohydrates or lipids (Bowyer et al., 2013; Tacon,

2004).

58



Carbohydrate is usually the least expensive form of dietary energy for animal production
(Wilson, 1994). Fish do not have a specific requirement for dietary carbohydrates, although
the major mechanisms involved in their digestion and metabolism are found in them (Enes
et al., 2009; Krogdahl et al., 2005); however, in some species, the inclusion of
carbohydrates in the diet may reduce catabolism of protein for energy purposes and
increase protein retention for growth (Cui et al., 2010; Hung et al., 1989; Hutchins et al.,
1998; Ma et al., 2018). The ability of fish to use dietary carbohydrates as energy source
varies widely among species. Generally, herbivores and omnivores fish have higher
capacity to use carbohydrates than carnivorous species (Furuichi et al., 1986; Panserat et
al., 2000; Polakof et al., 2012), just as freshwater and warmwater appear to be better able to
seem use carbohydrates than marine and coldwater (Kamalam et al., 2017). In general, it
has been stablished that a dietary inclusion level of 20% carbohydrates is the maximum
recommended for carnivorous fish, and 40% for herbivores or omnivores species (Stone,

2003; Wilson, 1994).

The catadromous common snook Centropomus undecimalis and marine yellowtail snapper
Ocyurus chrysurus are distributed throughout the tropical and subtropical western Atlantic
Ocean from the United States of America to Brazil (De La Morini¢re et al., 2002; Gilmore
et al., 1983). These species are high-market value and support an economically important
commercial and recreational fishing industry in the Atlantic West (Caballero-Chavez, 2012;
McClellan and Cummings, 1998). In recent years, interest in commercial farming of these
fish species in American countries has been increasing (Alvarez-Lajonchere and Ibarra-
Castro, 2013). C. undecimalis and O. chrysurus have been described as carnivorous species
(Ahumada-Hernandez et al., 2014; Concha-Frias et al., 2016; Jimenez-Martinez et al.,
2012). To date, studies of the nutritional requirements of C. undecimalis and O. chrysurus
are limited. Previous studies reported that the optimum protein requirement of both fish
species ranged from 50% to 55% (Concha-Frias et al., 2018; Enriquez, 2018; Gracia-Lopez
et al., 2003; Tucker, 1987). In addition, alternative protein sources to fishmeal have been
proposed only for C. undecimalis (Lemus et al., 2017; Silvao and Nunes, 2017). However,
to our knowledge, no studies have been conducted to evaluate the capability of C.

undecimalis and O. chrysurus to utilize dietary carbohydrates as energy source.
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Therefore, the objetive of this study was to evaluate the effect of dietary carbohydrates on
growth performance, feed efficiency, glycemia response, digestive enzymes (pepsin,
alkaline proteases and amylase) and key liver enzymes of intermediary metabolism of C.
undecimalis and O. chrysurus juveniles. Given the similarity in terms of thermal
physiology (Noyola Regil et al., 2015) and nature of the eating habits (Blewett et al., 2006;
Rincoén-Sandoval et al., 2009), but different cycle life of both species (De La Moriniére et
al., 2002; Gilmore et al., 1983), a comparative study was carried out to increase knowledge
and understand changes in the nutritional response and potential of the mechanisms

involved in glucose metabolism to obtain information about their nutrition.
2. Materials and methods
Experimental diet

Two diets with a similar content of digestible protein (51%) and lipid (8%) (Abdo de la
Parra et al., 2010; Catacutan and Coloso, 1995) were formulated to contain 20% starch
(High carbohydrates diet, HC) or no starch (Control diet, C). To adjust the total energy of
diet C, 20% wheat bran was used (Table 1). It was used as control because it contains
starch resistant to digestion (Xie et al., 2008) and also non-digestible protein that requires a
pH of 12.5 for hydrolysis (Balandran-Quintana et al., 2015), such that fiber and minerals
make the principal dietary contribution. The ingredients were sieved through a 250-um
mesh and then mixed for 30 min in a common blender. The dough was extruded at 120°C
and broken down to a size of 3-mm in particle diameter using a Bonnot-Model
2EXTWPKR (Ohio, USA) extruder. Next, the dough was dried via ventilation at 60°C for

three hours, and the feed was sealed in vacuum-packed bags and stored at -20°C until use.
Experimental animals and experimental design

Juvenile C. undecimalis and O. chrysurus were obtained from the Marine Fish
Reproduction Laboratory at Unidad Multidisciplinaria de Docencia e Investigacion,
Universidad Nacional Auténoma de México (UNAM), Sisal, Yucatdn, Mexico, using the
methodology described by Gutiérrez-Sigeros et al. (2018) and Ibarra-Castro et al. (2011),
respectively. The feeding trial was performed in a thermoregulated recirculating water

system (Resun CW 1000 chillers, Guangdong Risheng Group Co. LTD, Shenzheng, China)
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that maintained the temperature of eight rectangular fiberglass tanks with a 100-L water
capacity (73-cm length, 44-cm width and 33-cm height). At the beginning of trial, 13
juvenile C. undecimalis of four-month old (mean + standard deviation (SD) =53+ 02 g
initial wet weight and 9.4 £+ 0.1 cm total length) and 10 juvenile O. chrysurus of five-month
old (11.6 = 0.2 g initial wet weight and 10.1 + 0.2 cm SD) were placed in each tank; four
replicate groups of fish were used to test each randomly assigned diet. Tanks were supplied
with continuous air and seawater flow (5.0 L/min). During the experimental period, water
temperature was 28.1 = 0.5°C SD; 36 + 0.5 ups salinity; 8.1 = 0.3 pH; 0.01 £ 0.0 mg/L
ammonia concentration; and 4.5 = 0.2 mg L! dissolved oxygen concentration. Before the
experiment, the fish were acclimated to the experimental diet and conditions for two weeks.
The fish were fed ad libitum thrice a day (09:00 h, 13:30 h and 18:00 h) (Garcia-Galano et
al., 2003). Uneaten feed was collected and then dried until it reached a constant weight

(AOAC, 1990).

Sampling and Glycemic measurement

Three fish were randomly sampled from each tank six hours after the morning meal at the
end of the 75-day trial. The fish were anesthetized with 0.1 mg/mL clove oil according to
Castillo et al. (2018), then the fish were killer according to the recommendations of the
Helsinki Convention and the Official Mexican Norm NOM-062-ZO0-1999 (SAGARPA,
1999). The liver, stomach, pyloric cecum and intestine were immediately frozen in liquid
nitrogen and stored at -80°C for later use. The liver was divided into three parts to assess

glycogen, metabolic enzymes and mRNA expression.

For blood glucose measurement, 42 fish for each dietary treatment were individualized. The
fish were food-deprived for 24 h and then food was supplied. Three fish per treatment were
sampled at 0, 3, 6, 9, 12, 18 and 24 h. Blood was collected from the caudal artery using a
BD Ultra-Fine™ syringe (BD, New Jersey, US) that was previously dipped in heparin;
glucose was tested using a FreeStyle Optimo Neo device (Abbott, New Jersey, USA). At 0,
6, 12 and 24 h, the fish were euthanized by an anesthesia overdose as previously

mentioned. Then, the liver was frozen in liquid nitrogen and stored at -80°C until analysis.

Proximate analysis, growth and feed efficiency
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Crude protein content was determined by flash combustion; then N> was quantified by
thermal conductivity detection using a CHNS elemental analyzer (Costech ECS-4010,
Valencia, USA); N2 was converted to protein using a conversion factor of 6.38 (Lynch and
Barbano, 1999). Crude lipid levels were determined using the hexane extraction method
with a Goldfish system (Nielsen and Carpenter, 2017). Moisture content was determined
after the sample was oven-dried and brought to a constant dry weight (60°C for 120 h). Ash
content was determined by combusting the sample in a muffle furnace at 550°C for six
hours (AOAC, 1990). Glycogen content was determined according to the method described
by Carroll et al. (1956).

To evaluate fish performance, the following parameters were calculated: Survival rate (SR
as percentage) = (final number/initial number of live fish) *100; weight gain (WG as wet
weight) = (final weight — initial weight); specific growth rate (SGR as percentage) = [In
(final mean body wet weight — initial mean body wet weight)/days of culture] *100; feed
efficiency (FE) = WG/dry feed intake; protein efficient ratio (PER) = WG/ dry protein

intake.

Digestive enzyme activities

The stomach was homogenized (dilution 1:5) with an Ultra Turrax IKA T18 homogenizer
(North Chase, Wilmington, USA) in 100 mmol/L glycine-HCI ice-cold at pH 3, whereas
the pyloric cecum and intestine were homogenized (dilution 1:2) in 30 mmol/L tris-HCI +
12.5 mmol/L CaCl2 ice-cold at pH 7.5 and centrifuged at 1670 g for 30 min at 4°C (5420R-
Eppendorf, DE). The resulting supernatant was separated to measure pepsin activities in

stomach, and alkaline proteases, alpha amylase in the pyloric cecum and intestine.

Pepsin activity in the stomach was measured using hemoglobin (0.5%) in 100 mmol/L
glycine-HCI at pH 2 (Anson, 1938). Total alkaline protease activities were evaluated using
Hammarsten-grade casein (0.05%) in 100 mmol/L tris-HC] and 10 mmol/L CaCl, at pH 9
with the method reported by Kunitz (1947) and modified by Walter (1984). One unit of

enzyme activity was defined as 1 pg of tyrosine released per min at 280 nm.

Alpha amylase activity was measured using soluble starch (2%) in 100 mM/L citrate

phosphate and 50 mmol/L NaCl at pH 7.5 with the Somoyi-Nelson procedure described by
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Robyt and Whelan (1968). One unit of amylase activity was defined as 1 pmol of maltose

released per min at 600 nm.

Hepatic key intermediary enzyme activities

Fish livers were homogenized (dilution 1:5) in ice-cold buffer (50 mmol/L tris-HCI, 0.5
mmol/L phenylmethyl sulfonyl fluoride (PMSF), 4 mmol/L ethylenediaminetetraacetic acid
(EDTA), 50 mmol/L sodium fluoride (NaF), 250 mmol/L sucrose and 500 mmol/L
dithiothreitol (DTT) at pH 7.5) and centrifuged at 1670 g at 4°C for 30 min. The resulting
supernatant was separated to assess PK, FBPase, G6PDH and 6PGDH activities.

Pyruvate kinase (PK, EC 2.7.1.40) activity was evaluated in a 0.25 mL reaction containing
250 mmol/L glycyl-glycine, pH 7.4, 10 mmol/L MgCl,, 100 mmol/L KCI, 0.15 mmol/L
NADH, 2.8 mmol/L phosphoenolpyruvate, and 21 U/mL lactate dehydrogenase. Adenosine
diphosphate (ADP) was added at the end of the experiment (Bonamusa et al., 1992).
Fructose-1,6-bisphosphatase (FBPase, EC 3.1.3.11) activity was evaluated in a 0.2 mL
reaction containing 85 mmol/L imidazole-HCI, pH 7.7, 5 mmol/L MgCl, 0.5 mmol/L
NADP, 12 mmol/L 2-mercaptoethanol, 0.05 mmol/L fructose-1,6-diphosphate, 25 U/mL
phosphoglucose isomerase, and 0.48 U/mL glucose-6-phosphate dehydrogenase. Glucose-
6-phosphate dehydrogenase (G6PDH, EC 1.1.1.43) was evaluated in a 0.2 mL reaction
containing 77 mmol/L imidazole HCI, pH 7.7, 5 mmol/L MgCl>, 1 mmol/L NADP, and 10
mmol/L glucose 6-phosphate. 6-phosphogluconate dehydrogenase (6PGDH, EC 1.1.1.44)
activity was evaluated in a 0.2 mL reaction containing 83 mmol/L imidazole HCI, pH 7.7, 3
mmol/L MgClz, 0.5 mmol/L NADP, and 2 mmol/L gluconate 6-phosphate (P7877-SIGMA-
ALDRICH, St. Louis, MO, USA) (Bonamusa et al. 1992). Alanine aminotransferase (ALT,
EC 2.6.1.2) was measured using a commercial kit (Linear Chemical assay kit ALT/GPT BR

opt.).

Additionally, a frozen liver sample was homogenized (dilution 1:5) in ice-cold buffer (80
mmol/L tris-HCI, 5 mmol/L EDTA, 2 mmol/L DDT, 1 mmol/L PMSF and 1 mmol/L KClI,
and 1 mmol/L sucrose, pH 7.6) and centrifuged at 1670 g at 4°C for 30 min to evaluate the
hexokinase (HKs, EC 2.7.1.1) and glucokinase (GK, EC 2.7.1.2) activities. The supernatant
was filtered through a Sephadex G-25 column (G25150-SIGMA-ALDRICH, St. Louis,
MO, USA) (Caseras et al., 2000). For the analysis of HKs/GK activities, low K, HK and
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high Kn GK were measured using 1 and 100 mmol/L glucose, respectively. The
determination of GK activity needed correction by measuring the glucose dehydrogenase

(GDH, EC 1.1.1.47) activity (Tranulis et al., 1996).

Low Km HK activity was evaluated in a 0.2 mL reaction containing 100 mmol/L tris-HCI,
7.5 mmol/L MgClz, 100 mmol/L KCl, 2.5 mmol/L DDT, 2 mmol/L NADP, 0.48 U/mL
glucose-6-phosphate dehydrogenase, 2 mmol/L. ATP and 1 mmol/L glucose. High K GK
activity was evaluated in a 0.2 mL reaction containing 100 mmol/L tris-HCI, 7.5 mmol/L
MgCl, 100 mmol/L KCI, 2.5 mmol/L DDT, 2 mmol/L NADP, 0.48 U/mL glucose-6-
phosphate dehydrogenase, 2 mmol/L ATP and 100 mmol/L glucose. Glucose
dehydrogenase was evaluated in a 0.2 mL reaction containing a 100 mmol/L tris-HCI, 7.5
mmol/L MgCl,, 100 mmol/L KCI, 2.5 mmol/L DDT, 2 mmol/LL. NADP and 100 mmol/L
glucose (Borrebaek et al., 1993; Tranulis et al., 1996).

Enzyme assays were monitored spectrophotometrically by observing the changes in
NADH/NAD and NADP/NADPH absorbance at 340 nm at 37°C (Borreback et al., 1993;
Tranulis et al., 1996). All enzymatic activities were reported as mg of soluble protein
(specific activity). Protein concentration was determined according to Bradford (1976)
using a commercial protein of bovine serum albumin as standard (B2064, SIGMA-

ALDRICH, St. Louis, MO, USA).
Primer design and RNA expression of hepatic glucokinase

GK primers were designed using published sequences of a conserved region of the GK
homologous gene enzymes from different fish species obtained from the GenBank database
[www.ncbi.nlm.nih.gov/genbank] using free-access Bio-tools software
[http://biotools.nubic.northwestern.edu/OligoCalc.htm]. The GK oligonucleotides were
designed with the following features: length of 20-21 nucleotides, an alignment temperature

of 55°C and 40-60% cytosine-guanine content (Table 2).

The RNA extractions and preparation of homogenates were performed by pooling three fish
per replicate using the TRIzol reagent (TRIzol®, ThermoFisher Scientific, Waltham, MA,
USA). Then, the extracted RNA was quantified using a NanoDrop spectrophotometer
(ThermoFisher Scientific, Waltham, MA, USA) at 260-280 nm; RNA samples were treated
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with DNAsel® (ThermoFisher Scientific, Waltham, MA, USA) to remove any DNA
contamination. cDNA was generated with a commercial kit (Hig-capacity cDNA Reverse
Transcription Kit, ThermoFisher Scientific, Waltham, MA, USA). A quantitative
polymerase chain reaction (qQPCR) analysis of mRNA gene expression was performed using
an 1Q5 fluorometric thermocycler (BIO-RAD®, Hercules, CA, USA) with SYBR® Green
Supermix (Bio-Rad, Hercules, CA, USA). Real-time PCR efficiencies were determined for
each primer pair using standard curves obtained from serial dilution of the cDNA pool.
Relative expression of the GK gene was calculated with a comparative 24T method
(Schmittgen and Livak, 2008), and the 18S rRNA gene was used as internal control (Leung
and Woo, 2012).

Statistical analysis

Data were shown as the mean + standard error (SE). The data of postprandial blood glucose
and hepatic GK activity were analyzed with Analysis of Variance (ANOVA) test utilizing
time, diet and specie as factors. The rest of the analyses were performed with two-way
ANOVA, when the interaction of carbohydrate level and species kind resulted significant, a
Tukey's test was applied. Prior to these analyses, normality and homogeneity of residuals

were verified. The analyses were performed with R statistical (Team, 2019).
3. Results
Growth performance, feed utilization and liver glycogen

SR, WG and SGR were not significantly affected by dietary carbohydrate level in both
species (Table 3). O. chrysurus showed higher WG than C. undecimalis, but a lower SGR
(p < 0.05). FE and PER were higher in C. undecimalis fed the HC diet than the others
groups. Among these groups, FE and PER were significantly lower in O. chrysurus fed the
C and HC diets than in C. undecimalis fed the C diet. Liver glycogen content was
significantly higher in C. undecimalis fed the HC diet than in the other groups (p < 0.05)
(Figure 1).

Digestive enzymes and glycemic response
Proteolytic enzyme (pepsin and alkaline proteases) activities were higher in the C than the

HC diet (p < 0.05) groups (Table 2 and 3). Amylase activity was not affected by the
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carbohydrate level in the diet in the pyloric cecum (Figure 3A), but in intestine the activity
of amylase was higher in fish fed the HC diet (p < 0.05) (Figure 3B). O. chrysurus showed
higher proteolytic and amylase activities than C. undecimalis (p < 0.05).

Glucose level in blood of C. undecimalis fed the HC diet peaked at 6:00 h (7.8 mmol/L)
after feeding (Figure 4A), then decreased; whereas O. chrysurus fed the HC diet peaked at
9:00 h (14.1 mmol/L) after feeding, then decreased (p < 0.05).

Liver enzymes

GK activity was higher in fish fed the HC diet and peaked at 6:00 h after feeding, then
decreased (Figure 4B and 5). The GK mRNA expression was higher in C. undecimalis fed
HC diet (p < 0.05), while the rest of groups were similar to each other (Figure 5). HK
activity was significantly higher in O. chrysurus fed the HC diet than in the other groups
(Figure 5). Among these groups, HK activity was lower in C. undecimalis fed diet HC than
in the O. chrysurus fed diet C, except for C. undecimalis fed diet C (p < 0.05). G6PDH and
6PGDH activities were higher in C. undecimalis fed the HC diet than the others groups (p
< 0.05) (Figure 6). PK activity increased in the fish group fed HC diet, while activity of
FBPase decreased (p < 0.05) (Figure 5 and 7). ALT activity was higher in O. chrysurus
than C. undecimalis (p < 0.05) (Figure 7).

4. Discussion

The results of this comparative study showed a great variety of physiological response to
dietary carbohydrates between C. undecimalis and O. chrysurus with potential consequence

on their capacity to use them.
Growth performance, feed utilization efficiency and liver glycogen

Previous studies have shown that an inclusion level of 20% of carbohydrate in the diet can
improve growth performance in some carnivorous fish species (Cui et al., 2010; Hung et
al., 1989; Hutchins et al., 1998). The results of this study showed that compared with the
control (C), no growth improvement (WG and SGR) was observed due to incorporating
20% carbohydrate in the diet (HC) for both species. However, C. undecimalis showed
better feed and protein utilization efficiencies (FE and PER) when fed HC compared with

C, indicating a clear protein sparing effect of dietary carbohydrates, as previously reported
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in carnivorous Dentex dentex (Pérez-Jiménez et al., 2015) and Dicentrarchus labrax (Enes
et al., 2006). The incorporation of carbohydrates in the diet did not affect O. chrysurus feed
efficiency. The differences in carbohydrate utilization between C. undecimalis and O.
chrysurus, both carnivorous species, may be related to dietary composition of their natural
habitats (Blewett et al., 2006; Rincon-Sandoval et al., 2009) since C. undecimalis is
catadromous (Gilmore et al., 1983) and O. chrysurus is marine species (De La Moriniére et
al., 2002).

In line with our observations, the SGR values in both fish species are within the range
reported in previous studies (Concha-Frias et al., 2018; Enriquez et al., 2017; Gracia-Lopez
et al., 2003). On the other hand, the superior WG in O. chrysurus compared to C.
undecimalis may be attributed to the differences in initial weight and stocking density.
However, the high SGR values shown in C. undecimalis indicated that this specie has faster
growth rate, which is consistent to its greater eficiency to assimilate food (FE and PER),

resultanting in more available energy for growth.
Digestive enzymes

The adaptive response of fish digestive enzymes to the nutrient content in the diet can be
considered as an indicator of their digestive potential (Lundstedt et al., 2004). In this study,
the nutritional response of digestive enzymes by dietary carbohydrate levels showed the
same tendency in both carnivorous species. The activities of proteolytic enzymes (pepsin
and alkaline proteases) decreased in the fish group fed HC diet. In contrast to this study,
some authors have reported that the increase in dietary carbohydrate content induced an
increase in the activity of these enzymes in some carnivorous fish (Liu et al., 2020; Pérez-
Jiménez et al., 2009), while in others no effect had been found (Guerrero-Zarate et al.,
2019; Ren et al., 2011). The low proteolytic activity recorded in O. chrysurus and C.
undecimalis fed HC diet suggested that protein digestion could have been negatively
affected by carbohydrate inclusion in the diet, as previously reported in other studies for
Oncorhynchus mykiss (Storebakken et al., 1998) and Sparus aurata (Couto et al., 2012;
Enes et al., 2008).

For amylase, adaptability to dietary carbohydrate level was observed although the activity

was only recorded in the intestine. The nutritional adaptation of amylase activity to dietary
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carbohydrates has been also observed in other carnivorous fish, such as Epinephelus
coioides (Liu et al., 2020), Rachycentron canadum (Ren et al., 2011) and S. aurata
(Fountoulaki et al., 2005). On the other hand, the non-inducible effect of dietary
carbohydrates on amylase at the pyloric cecum in this study differed from that reported in
D. dentex (Pérez-Jiménez et al., 2009). In fish, the distribution of amylase production
through the gastrointestinal tract depends on pancreas tissue diffusion, which greatly varies
among species (Chesley, 1925). Thus, it was not surprising that carbohydrate digestion of
O. chrysurus and C. undecimalis occurred mainly in the intestine than in the pyloric cecum.
Nonetheless, dragging digestive fluid secreted in the pyloric cecum to the intestine by the

effect of chyme displacement cannot be discarded.

In general, amylase digestive potential -different from that of proteolytic enzymes- has
been found to depend on the natural diet of each fish species; herbivorous and omnivorous
species have shown more amylase activity than carnivorous fish (Hidalgo et al., 1999).
Likewise, those digestive variations found within each feeding group were considered a
reflection of each individual digestive strategy, which could have been associated to habitat
and environmental condition (Chakrabarti et al., 1995; Fernandez et al., 2001). In this
study, O. chrysurus showed greater proteolytic and amylase activity than those of C.
undecimalis. These results indicated that O. chrysurus has a digestive system better adapted

to protein and carbohydrate digestion than C. undecimalis.
Glycemic response

Glucose homeostasis regulation is directly related to the response of the hormonal and
enzymatic mechanisms involved in carbohydrate metabolism of each species (Furuichi and
Yone, 1981; Polakof et al., 2012). In this study, the glycemic response was consistent with
the dietary carbohydrate content in both species, as previously reported for other
carnivorous fish (Castillo et al., 2018a; Hutchins et al., 1998; Lee et al., 2003). However,
the glycemic pattern differed between the two species. In C. undecimalis, the blood glucose
level reached a maximum of 7.8 mmol/L six hours after being fed HC diet, which was
consistent with that found in the carnivorous Dicentrarchus labrax fed with the same level
of corn starch (Enes et al., 2011). Whereas glucose absorption in O. chrysurus persisted

until reaching a maximum value of 14.1 mmol/L nine hours after being fed. Considering
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the high amylase potential compared to the low glucose uptake speed recorded in O.
chrysurus, a deficient adaptive response of the mechanisms should have been involved in
glucose absorption (Buddington et al., 1997). In the same way, the high and prolonged
levels of glucose in blood indicated that O. chrysurus has a poor glycemic control

compared with other carnivorous species.
Liver enzymes

The liver plays a central role in the regulation of numerous intermediary metabolism
processes in response to nutritional status (Walton and Cowey, 1982). Hepatic GK plays a
key role as glucose sensor in glucose homeostasis regulation, and it is the first and limiting
step in excess glucose storage (Iynedjian, 2009). In this study, hepatic GK expression of
both molecular and enzymatic levels were induced in fish fed HC (Figure 3). The result in
this study was consistent with previous research studies in carnivorous fish species, such as
Salmo salar (Tranulis et al., 1996), S. aurata, O. mykiss (Panserat et al., 2000), D. labrax
(Enes et al., 2006) and Trachinotus ovatus (Zhou et al., 2018). Nevertheless, it is important
to emphasize that the GK mRNA expression and activity in C. undecimalis liver was
greater than O. chrysurus (Figure 2B and 3B). These data could explain the poor glycemia
control and lack of liver glycogen storage observed in O. chrysurus. However, the absence
of significant differences in GK activity between the species recorded after six hours also
suggested that the low glucose phosphorylation by GK can be related with an effect of
insulin resistance (Parrizas et al., 1994) or as a consequence of low glucose-stimulated

insulin secretion (Mommsen and Plisetskaya, 1991).

HK catalyzes the conversion of glucose to glucose 6-phosphate, but in contrast to GK, this
enzyme allows glycolysis to be carried out under fasting conditions. In fish, the nutritional
regulation of hepatic HK by dietary carbohydrates is controversial whereas no significant
effect on HK activity was reported in S. aurata, O. mykiss (Panserat et al., 2000) and D.
labrax (Enes et al., 2006). On the contrary, in other species, such as E. coioides (Liu et al.,
2020), Perca fluviatilis (Borrebaek and Christophersen, 2000) and Salmo gairdneri (Fideu
et al., 1983) a significant increase of HK activity by dietary carbohydrates was shown. In
this study, HK activity increased in O. chrysurus when fed the carbohydrate-rich diet,

whereas no significant effect was observed in C. undecimalis. It is also interesting to

69



observe that the HK enzymatic expression was higher in O. chrysurus than C. undecimalis.
These results indicated that HK enzyme in O. chrysurus was under nutrition regulation;
however, it is difficult to propose a physiological purpose to the HK activity increase,
considering that the GK enzyme was also nutritionally induced by dietary carbohydrates in

this species.

PK catalyzes the last step of glycolysis and controls the rate of pyruvate and ATP
formation. Several authors have shown that no specific modulatory effect of dietary
carbohydrates has been observed on hepatic PK nutritional activity regulation in some
carnivorous fish species (Borrebaek and Christophersen, 2000; Enes et al., 2008; Li et al.,
2019). The data showed hepatic PK activity adaptability to dietary carbohydrates in both
fish species, indicating that PK enzyme contributed to the postprandial glucose utilization
in O. chrysurus and C. undecimalis. In addition, an induction of hepatic PK activity by
dietary carbohydrates was also observed in E. morio (Castillo et al., 2018a) and
Micropterus salmoides (Lin et al., 2018; Ma et al., 2018).

The pentose phosphate pathway is an alternative to glycolysis, which contributes to
maintain postprandial glucose homeostasis from glucose 6-phophate oxidation (Panserat et
al., 2009). In this study, G6PDH and 6PGDH, both key enzymes of the pentose phosphate
pathway showed an activity enhancement in C. undecimalis fed the carbohydrate-rich diet,
as previously reported in other carnivorous fish (Enes et al., 2008; Lin et al., 1977; Liu et
al., 2020). However, the activity of these enzymes was unaffected in O. chrysurus when
they were fed the same diet. Accordingly, in E. morio, a positive dependence of the hepatic
enzymes G6PDH and 6PGDH was recorded towards the metabolic regulation of hepatic
GK by dietary carbohydrates (Castillo et al., 2018a, 2018b). Therefore, current data suggest
that the lack of induction of the hepatic GO6PDH and 6PGDH enzymes observed in O.
chrysurus was a consequence of the low expression of hepatic GK at both molecular and

enzymatic levels.

Amino acids are assumed as the main gluconeogenic substrate for fish (Jia et al., 2017,
NRC, 2011) In this study, the hepatic ALT activity, one of the major aminotransferase
enzymes in the amino acid catabolism was not affected by the presence or absence of

digestible carbohydrates in the diet. In contrast to this study, hepatic ALT activity was
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depressed in S. aurata (Enes et al., 2008) and Seriola quinqueradiata (Shimeno et al.,
1996) after being fed with a carbohydrate-rich diet. These data suggested that the amino
acid catabolism was an important metabolic pathway for O. chrysurus and C. undecimalis
to obtain energy, as reported in the same manner for the carnivorous D. labrax by other
authors (Enes et al., 2006). Interestingly, a significantly higher hepatic ALT activity was
observed in O. chrysurus, which indicated that the carnivorous O. chrysurus has a greater

metabolic dependence on protein than C. undecimalis.

Regarding gluconeogenesis, some fish have shown that regardless of the carbohydrate
intake level, a high and persistent activity is observed in the key enzymes involved in the
gluconeogenic pathway (FBPase, G6Pase and PEPCK) (Enes et al., 2006; Liu et al., 2020;
Panserat et al., 2001). In this study, hepatic FBPase activity decreased as dietary
carbohydrates level increased, indicating that the mechanisms involved in gluconeogenic
pathway control in C. undecimalis and O. chrysurus are strongly sensitive to dietary
glucose phosphorylation. These results agree with those previously reported in the same
manner for other carnivorous fish, such as R. canadum (Li et al., 2019) and E. morio
(Castillo et al., 2018a). On the other hand, the unaffected hepatic ALT activity with respect
to low FBPase activity in both fish groups fed HC diet suggested that an alternative
gluconeogenic substrate to the amino acids was metabolically depressed by the

carbohydrate supplement in the diet, such glycerol (Rui, 2014).

As a whole the effects of high carbohydrates diet (HC) in glucose metabolism in juvenile C.
undecimalis and O. chrysurus, such as stimulation of digestive and glycolytic potential, and
suppression of gluconeogenic potential suggest that these species are able to adapt dietary
carbohydrates. During the last decades, researchers have shown increased interest in
exploring new strategies to improve the use of carbohydrates in the diet by fish through
nutritional programming. For example, in O. mykiss was observed that a nutritional early
stimulation by dietary carbohydrates leads to persistent changes (or enhancement) at
juvenile stage in genes and enzymes involved in carbohydrate digestion, glucose transport
and metabolism (Geurden et al., 2014, 2007; Liu et al., 2017). The immediate question is to

address the possibility of enhancing glucose metabolic pathways in juvenile or adult stages
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of C. undecimalis and O. chrysurus by a specific nutritional programming with dietary

carbohydrates at early-life stages in both fish species.

5. Conclusion

To our knowledge, this study evaluated for the first time in C. undecimalis and O.
chrysurus the parameters and mechanisms related to glucose metabolism in response to the
presence and absence of digestible carbohydrates in the diet. These data indicated that C.
undecimalis was able to metabolize digestible carbohydrates efficiently while O. chrysurus
showed poor ability. Both fish species were able to adapt to the presence of carbohydrates
in the diet by reorganizing digestive and hepatic glucose metabolism, but apparently
hepatic GK played a crucial role in the utilization and storage of dietary carbohydrates
between O. chrysurus and the C. undecimalis. The knowledge gathered from this study
may be helpful for nutritionists to formulate feed based on more sustainable and cheaper
feedstuffs. However, additional studies should pay attention to the relationships between

the optimal level of carbohydrate sources, particularly in O. chrysurus.
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List of tables

Table 1 Formulation and proximate analysis of the experimental diets.

Diet
Ingredients (% dry weight) C HC
Fish meal® 52.0 |52.0
PbP prime meal ? 20.0 |[20.0
Corn starch® 0 20.0
Wheat bran* 20.0 10
Fish oil® 1.0 | 1.0

DSM vitamin and mineral pre-mix® | 2.0 | 2.0
Pregelatinized gelatin 5.0 5.0
Proximate analysis (% dry weight)

Dry matter 975 197.2
Crude protein 54.1 | 51.6
Crude lipid 8.1 7.9

Ash 14.7 | 133
Gross energy kl/g 17.6 | 17.0

*Wheat bran was used as control diet because it contains digestion-resistant starch (Xieje et
al. 2008) and also non-digestible protein due to a requirement for pH = 12.5 for digestion
(Balandran-Quintana et al. 2015), so it was used to adjust the total energy of the diets.
Proximate composition: 14% protein, 4% lipid and 86% carbohydrate.

*Proteinas Marinas y Agropecuarias S.A. de C.V.

®Productos Quimicos de Yucatan S.A. de C.V., Mérida, Yucatan, Mexico.

“Donated by DMS (tropical fish), Nutritional Products Mexico S.A. de C.V.: A, D3, E, K,
Bi1, B2, Bio, folic acid, Bs, pantothenic acid, niacin, biotin, choline C, iron, manganese,
sodium, copper, iodine, zinc, cobalt, selenium, molybdenum, calcium, phosphorus,
magnesium, sodium, potassium, carophyll®, lysine, threonine, calcium carbonate,
methionine, tryptophan, sodium lasalocid, monensin, tylosin, salinomycin, avoparcin,

flavomycin arsanilic acid, amprolium, zinc bacitracin, virginiamycin, calcium propionate,
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silicic acid, lignosulfonate, lecithin, the preservatives butylated hydroxytoluene (BHT) and
butylated hydroxyanisole (BHA); probiotics, glutase keta, lipase, proteases, amylase,

cellulase and Acemita tocuyama.
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Table 2 Nucleotide sequences of the primers used to amplify glucokinase (GK) and 18S r
RNA genes (Leung and Woo, 2012).

Primer Forward/reverse sequence

GK 5"-AATGTTGTGGGTTTACTCAG-"3
5'-CCAACAATCATCCCAACTTC-"3

18S rRNA | 5"-CTTGGATGTGGTAGCCGTTT-"3

5-GGATGCGTGCATTTATCAGA-"3
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Table 3. Growth performance, feed efficiency and survival rate of juvenile C. undecimalis and O. chrysurus fed diets with (HC) or

without (C) carbohydrates. Values represent the mean + standard error (SE) (N = 4).

O 00 N o uu b~ W N Bk

L O Y
A W N R, O

Species C. undecimalis O. chrysurus p-value!
Diet C HC C HC Diet Species Interaction
WG? 153+£08 | 14704 | 184+1.8 | 183£1.5 NS 0.01 (O.ch>C. un) NS
SGR 1.70+0.0 | 1.68+0.0 | 1.26 £0.1 | 1.25+0.1 NS 0.01 (C.un>0.ch) NS
FE 0.69 +£0.0° | 0.81+0.0° | 0.43+£0.0° | 0.44+0.0°| 0.00 0.00 0.00
PER 1.32£0.0° | 1.56 £ 0.0* | 0.82£0.0° | 0.86 = 0.0° 0.00 0.00 0.00
SR 100£0.0 | 100+0.0 [ 97.5+£0.2 | 97.5+0.2 NS NS NS

"Means with different superscripts in the same rows indicate significant interaction between diet and species (p < 0.05).

2Abbreviations: WG, weight gain; SGR, specific growth rate; FE, feed efficiency; PER, protein efficient ratio; SR, survival rate; O. ch,

O. chrysurus; C. un, C. undecimalis.
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Figure legends

Figure 1. Liver glycogen in C. undecimalis and O. chrysurus fed diets with (HC) or without (C)
carbohydrates. Values represent the mean = standard error (SE) (N = 4). Columns with different

superscripts indicate significant interaction between diet and species (p < 0.05).

Figure 2. Specific activity of stomach pepsin in C. undecimalis and O. chrysurus fed diets with
(HC) or without (C) carbohydrates. Values represent the mean + standard error (SE) (N = 4).
Columns with different superscripts indicate significant interaction between diet and species (p <

0.05).

Figure 3. Specific activities of digestive enzymes in C. undecimalis and O. chrysurus fed diets
with (HC) or without (C) carbohydrates. (A) The pyloric cecum. (B) Intestine. Values represent
the mean + standard error (SE) (N = 4). Columns with different superscripts indicate significant

interaction between diet and species (p < 0.05).

Figure 4. Postprandial blood glucose (A) and specific activities of hepatic glucokinase-GK (B) in
C. undecimalis and O. chrysurus fed diets with (HC) or without (C) carbohydrates. m: C.
undecimalis fed with HC diet; ®: C. undecimalis fed with C diet; ¥: O. chrysurus fed with HC
diet; A: C. chrysurus fed with C diet. Values represent the mean + standard error (SE) (N = 3).
Individual means or groups of means with different superscripts indicate significant interaction

between diet and species (p < 0.05).

Figure 5. Specific activities and mRNA expression of key hepatic enzymes involved in
glycolysis (glucokinase (GK), hexokinase (HK) and pyruvate kinase (PK)) pathway in C.
undecimalis and O. chrysurus fed diets with (HC) or without (C) carbohydrates. Values represent
the mean =+ standard error (SE) (N = 4). Columns with different superscripts indicate significant

interaction between diet and species (p < 0.05).
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Figure 6. Specific activities of key hepatic enzymes involved in the pentose phosphate pathway
in C. undecimalis and O. chrysurus fed diets with (HC) or without (C) carbohydrates. Values
represent the mean + standard error (SE) (N = 4). Columns with different superscripts indicate

significant interaction between diet and species (p < 0.05).

Figure 7. Specific activities of key hepatic enzymes involved in gluconeogenesis and amino acid
catabolism pathways in C. undecimalis and O. chrysurus fed diets with (HC) or without (C)
carbohydrates. Values represent the mean + standard error (SE) (N = 4). Columns with different

superscripts indicate significant interaction between diet and species (p < 0.05).
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Abstract

This study was conducted evaluate the ability of juveniles Ocyurus chrysurus (13.7 £ 0.45 g) to
utilize lipid as energy source on growth, feed efficiency, body composition, digestive and hepatic
enzyme activities. Four diets of two protein levels (40 and 50%) with two lipid levels (6 and
12%) and 2% of digestible carbohydrates were formulated. Fish were fed for 60 days to apparent
satiation at a stocking density of 10 fish per tank (100 L). Growth gain of fish fed 50% dietary
protein was higher than of fish fed 40% dietary protein (P < 0.05). However, feed efficiency was
significantly higher at 12% than 6% of dietary lipid. Whole body lipid and glycogen in the liver
significantly increased with dietary lipid content. Alkaline protease activity trend to increase as
dietary protein increased. Trypsin activity increased significantly as dietary lipid decreased,
whereas chymotrypsin activity showed the opposite trend (P < 0.05). Bile salt-dependent lipase
activity trend to increase as dietary energy decreased. Glucose-6-phosphate dehydrogenase
(G6PDH), 6-phosphogluconate dehydrogenase (6PGDH) and fructose-1, 6-biphosphatase
(FBPase) significantly increased with increasing dietary lipid levels. However, alanine
aminotransferase (ALT) activity increased with dietary protein content. By the other side,
pyruvate kinase (PK) activity increased with both dietary protein and lipid content. The results of
this study indicate that high dietary lipid (12%) improved the feed efficiency, but did not reduce

dietary protein demand in juveniles O. chrysurus.
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Resumen

Este estudio se llevd a cabo para evaluar la capacidad de los juveniles de Ocyurus chrysurus
(13,7 = 0,45 g) para utilizar lipidos como fuente de energia en el crecimiento, la eficiencia
alimentaria, la composicion corporal y las actividades enzimaticas digestivas y hepaticas. Se
formularon cuatro dietas con dos niveles de proteinas (40 y 50%), dos niveles de lipidos (6 y
12%) y 2% de carbohidratos digeribles. Los peces se alimentaron durante 60 dias hasta la
aparente saciedad a una densidad de poblacion de 10 peces por tanque (100 L). La ganancia de
crecimiento de los peces alimentados con un 50% de proteina dietética fue mayor que la de los
peces alimentados con un 40% de proteina dietética (P <0.05). Sin embargo, la eficiencia
alimenticia fue significativamente mayor al 12% que al 6% de los lipidos de la dieta. Los lipidos
corporales y el glucogeno en el higado aumentaron significativamente con el contenido de
lipidos de la dieta. La actividad de la proteasa alcalina tiende a aumentar a medida que aumenta
la proteina de la dieta. La actividad de la tripsina aumentd significativamente a medida que
disminuyeron los lipidos de la dieta, mientras que la actividad de la quimotripsina mostré la
tendencia opuesta (P <0,05). La actividad de la lipasa dependiente de sales biliares tiende a
aumentar a medida que disminuye la energia alimentaria. La glucosa-6-fosfato deshidrogenasa
(G6PDH), la 6-fosfogluconato deshidrogenasa (6PGDH) y la fructosa-1, 6-bifosfatasa (FBPasa)
aumentaron significativamente con el aumento de los niveles de lipidos en la dieta. Sin embargo,
la actividad de la alanina aminotransferasa (ALT) aument6 con el contenido de proteinas de la
dieta. Por otro lado, la actividad de la piruvato quinasa (PK) aument6 con el contenido de
proteinas y lipidos de la dieta. Los resultados de este estudio indican que un alto contenido de
lipidos en la dieta (12%) mejord la eficiencia de la alimentacion, pero no redujo la demanda de

proteinas en la dieta en los juveniles de O. chrysurus.
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Abstract

This study was conducted evaluate the ability of juveniles Ocyurus chrysurus (13.7 £ 0.45 g) to
utilize lipid as energy source on growth, feed efficiency, body composition, digestive and hepatic
enzyme activities. Four diets of two protein levels (40 and 50%) with two lipid levels (6 and
12%) and 2% of digestible carbohydrates were formulated. Fish were fed for 60 days to apparent
satiation at a stocking density of 10 fish per tank (100 L). Growth gain of fish fed 50% dietary
protein was higher than of fish fed 40% dietary protein (P < 0.05). However, feed efficiency was
significantly higher at 12% than 6% of dietary lipid. Whole body lipid and glycogen in the liver
significantly increased with dietary lipid content. Alkaline protease activity trend to increase as
dietary protein increased. Trypsin activity increased significantly as dietary lipid decreased,
whereas chymotrypsin activity showed the opposite trend (P < 0.05). Bile salt-dependent lipase
activity trend to increase as dietary energy decreased. Glucose-6-phosphate dehydrogenase

(G6PDH), 6-phosphogluconate dehydrogenase (6PGDH) and fructose-1, 6-biphosphatase
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(FBPase) significantly increased with increasing dietary lipid levels. However, alanine
aminotransferase (ALT) activity increased with dietary protein content. By the other side,
pyruvate kinase (PK) activity increased with both dietary protein and lipid content. The results of
this study indicate that high dietary lipid (12%) improved the feed efficiency, but did not reduce

dietary protein demand in juveniles O. chrysurus.

Keywords: Ocyurus. chrysurus, Lutjanidae, dietary lipid, protein-sparing effect, carnivorous
fish.

Introduction

Protein is the main component in fish feed formulation and the most expensive dietary
component (Oliva-Teles et al. 2020). In fish, protein is not only important for growth (protein
synthesis), but also plays a central role in energy balance (ATP production) (Jia et al. 2017),
especially when the protein supply in the diet is excessive or / and the energy level from non-
protein sources is insufficient (NRC 2011). Therefore, it is important to develop diets with an
adequate protein: energy balance (Catacutan et al. 2001, Kim et al. 2004, Abdo de la Parra et al.
2010).

Lipids are the main non-protein energy source for fish and also provide essential fatty acids,
which play an important role in growth and health condition (Tocher 2003). For energy purposes,
an adequate inclusion of lipid levels in the diet can help reduce the catabolism of dietary protein
in fish (Shimeno et al. 1996, Lee et al. 2002, Guo et al. 2019). Conversely, excessive and / or
deficient dietary lipid levels could adversely affect growth performance, increase factor
conversion ratio (FCR), and lead to fat deposition (Peres & Oliva-Teles 1999, Tuan & Williams
2007). On the other hand, the ability of fish to use dietary lipid as non-protein energy source can
be influenced by the content of dietary carbohydrates, which can also serve as sources of non-

protein energy (Shimeno et al. 1981, Zhou et al. 2016, Guerrero-Zarate et al. 2019).

Yellowtail snapper (Ocyurus chrysurus, Bloch 1791) (Pisces: Lutjanidae) is a highly valued
tropical carnivorous marine fish in the east coast of America (McClellan & Cummings 1998,
Brulé¢ et al. 2008, Cladis et al. 2014). O. chrysurus is considered a good candidate for
aquaculture due this specie has the advantages of spawns without the use of hormones, is tolerant

of handling, and accepts artificial feed (Watanabe et al. 1998, Turano et al. 2000, Gutiérrez-
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Sigeros et al. 2018). Thus, it is necessary to develop commercial diet for this specie. Previous
reports revealed that O. chrysurus have a high dietary protein requirement (>50%) (Enriquez et
al. 2017). To date, no studies concerning the ability of O. chrysurus to utilize dietary lipids as
energy sources have been carried out. Therefore, the purpose of the present study was to evaluate
the effect of different dietary protein and lipid levels with a minimal dietary digestible
carbohydrates inclusion level (2%) on growth performance, feed utilization, proximate

composition, digestive and hepatic enzyme activities.
Methodology

Four experimental diets were formulated to contain either 40 and 50% crude protein combined
with either 6 and 12% fat (Table 1). The ingredients were sieved through a 250-pm mesh and
then mixed for 30 min in a common blender. The dough was extruded and broken down to a size
of 3-mm in particle diameter using a Bonnot-Model 2EXTWPKR (Ohio, USA) extruder. Next,
the dough was dried via ventilation at 60 °C for 3 h, and the feed was sealed in vacuum-packed

bags and stored at -20 °C until use.
Experimental procedures

O. chrysurus juveniles were obtained from Marine Fish Reproduction Laboratory at Unidad
Multidisciplinaria de Docencia e Investigacion Sisal (Yucatan, México) following the
methodology described by Gutiérrez-Sigeros et al. (2018). The trial was performed in a
thermoregulated recirculating water system (Resun CW 1000 chillers, Guandong Risheng. Co
LTD, China) operated with 12 rectangular fiberglass tanks with a 100 L water capacity (73 cm x
44 cm x 33 cm). Ten fish were placed in each tank (13.7 + 0.45 g initial weight and 10.5 + 0.25
cm total length), and 3 replicate groups of fish were used to test each diet. Each diet was
randomly assigned. Tanks were supplied with continuous air and seawater flows (5.0 L min™).
During the experimental period, the water temperature was 28.1 + 0.6°C, salinity was 36 £ 0.4 g
L', pH was 8.2 = 0.1, ammonia concentration was 0.01 = 0.0 mg L' and dissolved oxygen was
4.1 £ 0.4 mg L', Before the experiment, the fish were acclimated to the experimental diet for 2
weeks. The fish were fed 2 times a day (10:00 and 18:00 h) at ad libitum. Uneaten feed was
collected half an hour after each feeding and then dried (AOAC 1997).
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Sample collection

The growth trial lasted 60 days. The fish were anesthetized with 0.1 mg/mL clove oil according
to Castillo et al. (2018) then the fish were killer (according to of recommendations of NOM-062-
700-1999, from México) (SAGARPA 1999). Immediately, the pyloric caeca, intestine, liver
and mesenteric fat were sampled. The liver and mesenteric fat were used to determine the
hepatosomatic and fat mesenteric indices. The pyloric caeca, intestine and liver were frozen in
liquid nitrogen and stored at -80°C. The liver was divided into two parts to assess glycogen and
metabolic enzymes. Three fish per tank were sampled and pooled to assess the whole body

proximate composition.
Growth performance

At the end of the experiment, survival (S, %), weight gain (WG, g), specific growth rate (SGR,
% day™), feed intake (FI, g fish), feed conversion ratio (FCR), protein efficiency ratio (PER) and

hepatosomatic index (HSI) were calculated as follow:

final number of live fish
- ( ) 00

initial number of live fish

WG = final mean body wet weight (g) — initial mean body wet weight (g)

SGR = Ln[final mean body wet weight (g) — initial mean body wet weight (g)]
B time (days)

[— (dr],r food consumer per tank [gj)

number oflive fish per tank

Fl
FCER = (—)
WG

PER = (

WG )
dry protein intake (g)

wet weight liver (g)

HSI = ( ))-( 100

wet body weight (g)
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Proximate analysis

Crude protein content was determined by flash combustion, then N> was quantified by thermal
conductivity detection using a CHNS elemental analyzer (Costech ECS-4010, Valencia, US), N»
was converted to protein using a conversion factor of 6.38 (Lynch & Barbano 1999). Crude lipid
levels were determined using the hexane extraction method with a Goldfish system (Nielsen &
Carpenter 2017). The moisture content was determined after the sample was oven-dried and
brought to a constant dry weight (60°C for 120 h). The ash content was determined by
combusting the sample in a muffle furnace at 550°C for 6 hr (AOAC 1997). The glycogen
content was determined using the method reported by Carroll et al. (1956).

Digestive enzyme activity

The pyloric caeca and intestine were homogenized with an Ultra Turrax IKA T18 homogenizer
(North Chase, Wilmington, US) in 30 mM L tris-HCI + 12.5 mM L CaCl, at pH 7.5, and
centrifuged at 1670 g for 30 min at 4°C (5420R-Eppendorf, Germany).

Total alkaline protease activities were evaluated using Hammarsten-grade casein (0.05%) in 100
mM L tris-HCI and 10 mM L' CaCl, at pH 9 with the method reported by Kunitz (1947) and
modified by Walter (1994). One unit of enzyme activity was defined as 1 pug of tyrosine released
per min at 280 nm.

Trypsin activity was assayed using N-a-benzoyl-DL-arginine 4-nitroanilide hydrochloride
(BAPNA) 3.5 mM L as substrate in 100 mM L' tris at pH 8 following the method of Erlanger
et al. (1961). Chymotrypsin was evaluated using N-succinyl- ala—ala-pro-phe p-nitroanilide
(SAAPNA) 1 mM L as substrate in 100 mM/L tris at pH 8 following the method of DelMar et
al. (1979). One unit of enzyme was defined as 1 uM of p-nitroanilide released per min using a
coefficient of molar extinction of 8800 at 410 nm.

Bile salt-dependent lipase activity was measured using the method described by Gjellesvik et al.
(1992) with 4-nitrophenyl octanoate (1 mM L) in 500 mM/L tris and 6 mM/L sodium
taurocholate at pH 7.4. One unit of lipase activity was defined as 1 pM L of nitrophenol

hydrolysed per min using a molar extinction coefficient of 16300 at 415 nm.

Hepatic key intermediary enzyme activities

The livers were homogenized (dilution 1:5) in ice-cold buffer (50 mM L tris-HCI, 0.5 mM L!
phenylmethyl sulfonyl fluoride (PMSF), 4 mM L ethylenediaminetetraacetic acid (EDTA), 50
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mM L sodium fluoride (NaF), 250 mM L' sucrose and 500 mM/L dithiothreitol (DTT, at pH
7.5) and centrifuged at 1670 g for 30 min at 4°C. The resulting supernatant was separated to
assess PK, FBPase, G6PDH and 6PGDH activities. Pyruvate kinase (PK) activity was evaluated
in a 0.25 mL reaction containing 250 mM L' glycyl-glycine, pH 7.4, 10 mM L' MgCl, 100
mM L' KCI, 0.15 mM L' NADH, 2.8 mM L' phosphoenolpyruvate, and 21 U mL™"! lactate
dehydrogenase. ADP was added at the end of the experiment (Bonamusa et al. 1992). Fructose
1,6 bisphosphatase (FBPase) activity was evaluated in a 0.2 mL reaction containing 85 mM L!
imidazole-HCI, pH 7.7, 5 mM L MgCl,, 0.5 mM L' NADP, 12 mM L' 2-mercaptoethanol,
0.05 mM L fructose-1,6-diphosphate, 25 U mL™! phosphoglucose isomerase, and 0.48 U mL"!
glucose-6-phosphate dehydrogenase. Activity of glucose-6-phosphate dehydrogenase (G6PDH)
was evaluated in a 0.2 mL reaction containing 77 mM L imidazole HCI, pH 7.7, 5 mM L
MgCl,, 1 mM L' NADP, and 10 mM L glucose 6-phosphate. 6-Phosphogluconate
dehydrogenase (6PGDH) activity was evaluated in a 0.2 mL reaction containing 83 mM L
imidazole HCI, pH 7.7, 3 mM L' MgCl,, 0.5 mM L' NADP, and 2 mM L gluconate 6-
phosphate (Bonamusa et al. 1992). Alanine aminotransferase (ALT) was measured using a
commercial kit (Linear Chemical assay kit ALT/GPT BR opt.).

Enzyme activity was measured using a microplate spectrophotometer (BioTek, Vermont, US) at
37°C. Enzyme assays were monitored spectrophotometrically by observing the changes in the
absorbance of NADH/NAD and NADP/NADPH at 340 nm (Borrebaek et al. 1993, Tranulis et
al. 1996). Digestive and metabolic enzyme activities were reported as mg of soluble protein
(specific activity). Protein concentration was determined according to Bradford (1976) using a

Sigma protein assay kit with bovine serum albumin as standard

Statistical analysis

Data are presented as the mean + standard error (SE). The rest of analysis were performed with
two-way ANOVA test (P < 0.05), when the interaction of protein and lipid level resulted

significant a Tukey’s test was applicate. Prior to theses analysis, the normality and homogeneity

of residuals were verified. The analyses were performed with R statistical (Core Team 2019).
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Results

The growth performance and feed efficiency of O. chrysurus fed with different protein: lipid
ratios for 60 days is shown in Table 2. Survival was not significantly affected by experimental
diets. FW, WG and SGR improved significantly as protein level increased from 40% to 50%, but
no significant differences were observed to lipid level. FI, PER and FCR were affected by
dietary lipid level (P < 0.05), but not dietary protein level (P > 0.05). FI and FCR increased

significantly as dietary lipid level decreased; whereas, PER showed an opposite trend.

Whole fish composition, liver glycogen, hepatosomatic index are listed at Table 3. Moisture and
ash contents of whole-body were significantly affected by both protein and lipid levels (P <
0.05). Moisture content increased significantly as protein level increased and lipid level
decreased; whereas, ash content showed an opposite trend (P < 0.05). Protein content of whole
body was significantly influenced by dietary protein level, but not by dietary lipid level. The
content of protein of fish fed 40% dietary protein was significantly higher than that of fish fed
50% dietary protein (P < 0.05). Whole body lipid and liver glycogen contents were significantly
affected by dietary lipid level, and tended to increase with increasing dietary lipid level (P <

0.05). HSI did not differ among experimental fish group.

Digestive enzymes activities in the pyloric caeca and intestine of O. chrysurus are presented in
Table 4 and Table 5, respectively. A significant interaction between dietary protein and lipid
levels was observed in alkaline proteases and lipase activities in both digestive organs (P < 0.05).
In the pyloric caeca, alkaline protease activity was significantly higher for fish fed the 50:12 diet
than the rest of dietary treatments. In intestine, the alkaline protease activity of fish fed diet 50:12
was significantly higher than that of fish fed the 40:12 diet, but not significantly different from
those of fish fed the 40:6 and 50:6 diets. For lipase, fish fed the 40:6 diet showed significantly
higher activity than the rest of dietary treatments in both digestive organs, whereas that of fish
fed the 40:12 diet showed the lower lipase activity (P < 0.05). Trypsin and chymotrypsin
activities were significantly affected by dietary lipid level, but not by dietary protein level.
Trypsin activity increased significantly as dietary lipid level increased; whereas, chymotrypsin

activity showed an opposite trend (P < 0.05).

Hepatic metabolic enzymes activities are shown in Table 6. PK activity was significantly

affected by the dietary levels of protein and lipid, and increased with increasing dietary protein
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and lipid levels. G6PDH, 6PGDH and FBPase activities were influenced by dietary lipid level,
but not by dietary protein level. The activities of the G6PDH, 6PGDH and FBPase enzymes of
the fish fed 12% dietary lipids were significantly higher than those of the fish fed 6% lipids. ALT
activity was significantly affected by dietary protein level, and increased as protein level

increased.
Discussion

This study examined the ability of O. chrysurus to utilize dietary lipid as energy source. This was
achieved through four experimental diets with two graded levels of protein (40% and 50%) and
lipid (6% and 12%) each, which containing a minimal level of digestible carbohydrates (2% corn

starch).
Growth, feed efficiency and biochemical composition

Dietary protein content decrement with or without a concomitant increase of non-protein energy
content (lipid or carbohydrates) provides an extremely efficient improvement in protein
utilization without impacting growth in numerous species of fish (NRC 2011). However, in this
study, SGR and WG were not affected by the level of lipid in the diet. The lack of protein
optimization for growth performance by dietary lipid increasing effect observed in this study is
in line with other species of the same family, such as mutton snapper (Lutjanus analis)
(Watanabe et al. 2001), spotted rose snapper (Lutjanus guttatus) (Abdo de la Parra et al. 2010),
red porgy (Pagrus pagrus) (Schuchardt et al. 2008), mangrove red snapper (Lutjanus
argentimaculatus) (Catacutan et al. 2001) and red snapper (Lutjanus campechanus) (Miller et al.
2005). According to these data, dietary lipid appears to be provide a poor impact on

improvement efficiency of protein utilization on growth performance in Lutjanidae species.

Dietary energy ranged from 13.6 to 18.6 KJ g'!, and the maximum growth (SGR and WG) was
observed in the diets 50:6 and 50:12, which containing 16.6 and 18.6 KJ g!, respectively. On the
other hand, diet 40:12 contained a similar energy content that diet 50:6 (16.4 and 16.6 KJ g,
respectively), but fish fed with the diet 40:12 showed a lower growth (SGR and WG) compared
to fish fed with the diet 50:6. These data suggest that the lower growth of the O. chrysurus
registered in the 40:12 diet was due to a deficiency in protein and not energy. In L.

argentimaculatus (Catacutan et al. 2001), P. pagrus (Schuchardt et al. 2008) and L. guttatus
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(Abdo de la Parra et al. 2010), it was also observed that a dietary protein level of 40% induced

poor growth.

In this study, PER and FCR improved with increasing the inclusion of lipids in the diet from 6%
to 12%. In contrast to the present results, no differences in PER or FCR with dietary lipid level
increasing from 6% to 15% in L. analis (Watanabe et al. 2001), 6% to 12% in L.
argentimaculatus (Catacutan et al. 2001), 9% to 15% in L. guttatus (Abdo de la Parra et al. 2010)
and 8% to 14% in red snapper (Miller et al. 2005). This data suggest that O. chrysurus has a

relative higher ability to utilize dietary lipid as energy source than other snapper species.

In the present study, whole body lipids increased with dietary lipid content, as previously
reported in malabar grouper (Epinephelus malabaricus) (Tuan & Williams 2007) and rockfish
(Sebastes schlegeli) (Lee et al. 2002). The protein composition of the whole body is a relevant
indicator to determinate the optimal dietary protein requirement in fish. For example, Abbas et
al. (2005) in L. argentimaculatus and Mohanta et al. (2008a) in silver barb (Puntius gonionotus),
found a maximum whole body protein content at the minimum dietary protein level for
maximum growth for these species, then it decreased to higher dietary protein levels. In this
study, the protein content of the whole body decreased when dietary protein level increased from
40% to 50%. These data suggest that the protein requirement for O. chrysurus could be less than
50%, but greater than 40%. On the other hand, whole body moisture content incresed with
dietary protein levels and decreased with dietary lipid levels. The decrease of body moisture
content could be explicated to the increase in the content of proteins and lipids in the whole body
at the level of protein and lipid in the diet, respectively. In addition, the whole body ash content
increased with decreased protein and increased lipid levels in the diet, which agrees with the

findings of other workers in several other fishes (Alam et al. 2008, Mohanta et al. 2008b).

Digestive enzymes

The ability of a fish to use a diet successfully in terms of growth and energy, probably depends
in principle on its set of digestive enzymes and their response to the composition and
digestibility of the nutrients in a given diet (Lemieux et al. 1999, Furné et al. 2005, Papoutsoglou
& Lyndon 2006). Thus, an inducible effect on the activity of alkaline protease by the increase in

dietary protein content has been documented in fish species, such as Asian sea bass (Lates
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calcarifer) (Eusebio & Coloso 2002) and hybrid catfish (Clarias batrachus x C. gariepinus)
(Giri et al. 2003), as well as by increasing dietary lipids in European sea bass (Dicentrarchus
labrax) (Garcia-Meilan et al. 2016). This could explain the higher alkaline protease activity
observed in fish fed the 50:12 diet, which contained the highest levels of protein and lipid in this
study

Trypsin and chymotrypsin are considered the main constituents of alkaline protease enzymes and
the most important enzymes in the process of protein digestion (Rungruangsak-Torrissen et al.
2006, Sunde et al. 2004). In the present study, trypsin and chymotrypsin activities were not
affected by dietary protein content, suggesting that O. chrysurus is well suited to protein
digestion regardless of its concentration in the diet, as reported by Lundstedt et al. (2004) for
pintado (Pseudoplatystoma corruscans). However, the activity of trypsin and chymotrypsin was
affected at the lipid level. For trypsin, the increase of dietary lipid resulted in a decrease in its
activity, as previously observed in D. labrax (Garcia-Meilan et al. 2016). This fact could be due
to the action of cholecystokinin (CCK), a potent hormone that regulates pancreatic enzymes
secretion. Dietary lipid represent an important stimulus for the release of CCK in fish (Li et al.
2016, Murashita et al. 2008). Einarsson & Davies (1996) and Tillner et al. (2013) reported an
antagonistic effect of CCK on trypsin secretion in Atlantic salmon (Salmo salar) and larvae of
Atlantic cod (Gadus morhua), respectively. Therefore, it is probably that the decrease in trypsin
activity can be attributed to the effect of CCK due to increased lipids in the diet. This remains a
speculative statement. An improvement in digestion and utilization of protein cannot be
discarded due to trypsin increased in 6% lipid in the diet (Krogdahl et al. 1994). In contrast to
trypsin, chymotrypsin activity increased with dietary lipid, indicating that these enzymes were
affected in a different way by dietary lipids in O. chrysurus. One possible explanation for these
results is that the effect of CCK on chymotrypsin secretion could be opposite to observed for
trypsin (Wicker & Puigerver 1987). However, further research is needed to prove this fact. In
addition, the disproportionate behavior of trypsin and chymotrypsin activities with respect to
alkaline proteases suggests that other constitutive alkaline proteases were affected by dietary

lipid and protein contents.

Pancreatic bile salt-dependent lipase have a high substrate specificity for triacylglycerols

containing long chain polyunsaturated fatty acids, which are abundant in the marine food chain
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(Gjellesvik et al. 1992). Therefore, this enzyme could be considered to principal lipase in marine
fish (Kurtovic et al. 2009). Gémez-Requeni et al. (2013) found that in silverside (Odontesthes
bonariensis) an adaptive response of bile salt-dependent lipase to fish oil inclusion in the diet. In
this study, bile salt-dependent lipase activity trend to decreased with dietary lipid level increase;
however, is interesting note to that fish fed the lowest energy diet showed a significantly high
bile salt-dependent lipase activity and vice versa, suggesting that the digestive performance of

this enzyme was primarily modulated by energy than by lipid content in the diet.
Liver enzymes

Although amino acids are the preferential energy substrate for fish (Jia et al. 2017), it has been
shown that an increase of non-protein energy (lipid or carbohydrates) in the diet can reduce
dietary amino acid catabolism in some fish (Fernandez et al. 2007, Enes et al. 2008, Wang et al.
2018). In the present study, the amino acid catabolism enzyme ALT was not affected by the
change in dietary lipid content, whereas an increase of dietary protein level resulted in an
upregulation of ALT activity. These data suggest that the capacity of O. chrysurus to catabolize
amino acids depends of protein availability instead gross energy from the diet, as was found in

milkfish (Chanos chanos) (Coloso et al. 1988).

As for the gluconeogenesis pathway, there was not effect of dietary protein content on the
activity of O. chrysurus hepatic FBPase. In contrast, FBPase activity increased with dietary lipid
content. Kirchner et al. (2003) in rainbow trout (Oncorhynchus mykiss), hepatic gluconeogenesis
(FBPase activity) did depress with dietary lipid content increase due an effectively oxidation of
them. The increased of FBPase activity with dietary lipid level found in this study suggests that
lipids were driven by O. chrysurus to gluconeogenesis pathway (Rito et al. 2019), as previously
observed in largemouth bass (Micropterus salmoides) (Guo et al. 2019) and tropical gar
(Atractosteus tropicus) (Guerrero-Zarate et al. 2019). These findings match with the higher feed
efficiency (FI, PER and FCR) found for O. chrysurus fed high dietary lipid level.

Besides to key gluconeogenesis enzyme FBPase, the activity of the key enzyme of glycolysis PK
of O. chrysurus was also nutritionally stimulated by dietary lipid increased; however, there was
no consistent effect of increasing PK activity over unaffected FBPase activity when dietary

protein level increased. Imbalances between glycolysis and gluconeogenesis pathway has been
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also reported for numerous fish species (Coloso et al. 1988, Castillo et al. 2018, Guerrero-Zarate
et al. 2019, Liu et al. 2020). The upregulation of PK shown in this study could be associated to
glucose budget. Although that the ALT activity was higher for fish fed 50% dietary lipid, it was
not reflected on FBPase performance, particularly at 50:6 diet. However, the high dietary protein
dependence of O. chrysurus shown in this study (growth), it is possible suppose an active ATP

production by oxidation of amino acids at 50% dietary protein level (Walton & Cowey 1982).

G6PDH and 6PGDH are key enzymes of the pentose phosphate pathway involved in the
production of NADPH necessary for fatty acid synthesis (Tocher, 2003). In this study, G6PDH
and 6PGDH activity did not change by dietary protein content, whereas an increase of dietary
lipid content resulted in an activity enhancement for both enzymes. These data indicate that
lipogenesis was stimulated by a high dietary lipid content, which also was reflected to high
whole body lipid. Lipogenesis as well glycogen synthesis are adaptive mechanisms of
homeostasis glucose (Enes et al. 2009). Therefore, the high stimulation of lipogenesis and
hepatic glycogen content at 12% dietary lipids indicate that endogenous glucose synthesis rate

was higher than its oxidation rate, as was described by Guo et al. (2019) for M. salmoides.

The result from the present study indicate that an increase in dietary lipid level from 6% to 12%
enhanced liver gluconeogenesis, glycolytic and lipogenic pathways, but did not depress amino
acid catabolism in juvenile O. chrysurus. The high dietary lipid level (12%) improved feed

efficiency, but did not reduce protein demand in the diet in juvenile O. chrysurus.
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List of tables

Table 1. Formulation and proximate analysis of the experimental diets (% dry matter) (40-6: diet
with 40% protein and 6% lipids; 40-12: diet with 40% protein and 12% lipids; 50:6: 50% protein
and 6% lipids; 50-12: 50% protein and 12% lipids).

Ingredients (%) 40-6 | 40-12 | 50-6 | 50-12
Fish meal' 46.5 | 46.5 |57.0 | 57.0
Poultry by product meal PRIME! | 8.0 | 8.0 10.0 | 10.0
Soy protein concentrate? 12.0 | 12.0 | 15.0 | 15.0
Corn starch’ 20 |20 |20 |20
Fish oil' 1.35 172 0.09 | 6.0
Premix* 20 |20 20 |20
Filler (talc)? 22.1 1163 791 |2.0
Wheat bran® 50 |50 |50 |50
Carboxymethylcellulose® 1.0 | 1.0 1.0 [ 1.0
Proximate analysis (%)

Dry matter 98.8 [97.8 |98.7]98.2
Crude protein 40.1 | 39.8 |50.1 | 50.9
Lipid 6.7 [122 |6.1 |12.7
Ash 3511293 |21.1 |163
Gross energy (kJ g!)’ 13.6 | 164 | 16.6 | 18.6

Protein: energy ratio (mg kJ™) 294 1243 |30.1 |273
Lipids: energy ratio (mg kJ ™) 49 |74 |37 |68

'Proteinas Marinas y Agropecuarias S.A. de C.V. Jalisco, México.

2Vimifos, S.A. de C.V. Jalisco, México.

’MaltaCleyton S.A. de C.V. Yucatan, México.

*DMS Peces Tropicales de Engorda, Nutritional Products México S.A. de C. V. Composition:
vitamin A, vitamin D3, vitamin E, vitamin K3, vitamin B1, vitamin B2, vitamin B12, folic acid,
vitamin B6, pentothenic acid, niacin, biotin, choline, vitamin C, iron, manganese, sodium,
copper, iodine, zinc, cobalt, selenium, molybdenum, calcium, phosphorus, magnesium, sodium,
potassium, carophyll, lysine, threonine, calcium carbonate, methionine, tryptophan, sodium
lasolacid, monensin, tylosin, salinomycin, avoparcin, flavomycin arsanilic, amprolium, zinc
bacitracin, virginiamicin, calcium propinate, silicic acid, lignosulfanate, lecithin, BHT, BHA,
probiotics, glutase keta, lipase, proteases, amylases, cellulases and acemita.
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>Talc was used as filler (Dias et al. 1998), it is an inorganic substance almost insoluble powder in
aqueous solution, the transfer across biological membranes is unlikely, this substance is not toxic
to aquatic life (ECHA 2020).

SWheat bran was used as fiber because it contains digestion-resistant starch (Xie et al. 2008) and
also non digestible protein, due it a requirement for a pH = 12.5 for digestion (Balandran-
Quintana et al. 2015). Proximate composition: 14% protein, 4% lipid and 86% carbohydrate.
"Energy was calculated using a calorimetric bomb (PARR, Moline, IL, US).

Abbreviations: 40-6, diet with 40% protein and 6% lipids; 40-12, diet with 40% protein and 12%
lipids; 50:6, 50% protein and 6% lipids; 50-12, 50% protein and 12% lipids
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Table 2. Growth performance of yellowtail snapper fed diets containing different protein: lipid ratio. Values are shown as means +

SEM (n = 3).
Diet name® CP! CL FW WG SGR FI PER FCR S
(%) | (%) (2 (2 (%) (g fish™) (o)
40:6 40 6 20.1+£0.1 6.1+£0.2 ]0.66+0.0 20804 0.74 +£0.1 341+£0.3 100+ 0.0
40:12 40 12 | 195+04 [63+06 |0.77+0.1 17.1+£1.1 0.92+0.1 2.76 £0.2 96.6 £3.3
50:6 50 6 205+13 [69+09 |0.74+0.1 222+09 0.74+£0.2 326+ 0.4 96.6 £3.3
50:12 50 12 [234+£12 |9.8+1.1 0.96 +£0.1 173+ 1.4 1.13+£0.0 1.77+£0.1 96.6 £3.3
Means of main effects?
40 20.0+02% | 62+03% |0.68+0.0% [18.9+09 0.83+£0.1 3.10+£0.2 98.3 £1.6
50 21.9+1.0% [ 83+09* |0.85+0.1% [19.7+1.3 0.88 £0.2 2.52+04 96.6 £2.1
6 203+0.6 |65+0.5 |0.69+0.0 21.5+£0.5Y |0.68+£0.17 |3.33+£0.2Y [983=1.6
12 [21.7£09 |80+09 |0.82+0.1 172+0.8% |1.03+0.1Y [2.67+02% |96.6+2.1
Two-way ANOVA*
Dietary protein * * * NS NS NS NS
Dietary lipid NS NS NS *x *x ok NS
Interaction NS NS NS NS NS NS NS

' CP denotes crude protein and CL denotes crude lipid. The number bellowing the letters denotes the level (%) of protein and lipid

formulated for each test diet.

2 Single capital letters indicate significant difference between main effect means (Dietary protein = A > B; Dietary lipid = Y > Z).

3 Diet names represent the average values of three tanks per treatment.

4 Significance terms: NS =P > 0.05; * =P < 0.05; ** =P < 0.01.
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773  Abbreviations: IW, initial weight; FW, final weight; WG, weight gain; SGR, specific growth rate; S, survival; FI, food intake; PER,

774  protein efficiency ratio; FCR, feed conversion ratio
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Table 3. Whole body composition (wet matter), liver glycogen and hepatosomatic index of yellowtail snapper fed diets containing

different protein: lipids ratio. Values are shown as means + SEM (n = 3).

Diet name® CP! | CL | Moisture Protein Lipid Ash Liver glycogen HSI
(%) | (%) (o) (%) (o) (o) (g/100g liver)
40:6 40 |6 699+03 | 183+02 |3.55+£0.0 |504+0.1 |0.22+0.02 1.59+0.1
40:12 40 |12 |684+03 |18.0+£0.1 [523+£0.2 |[514+0.1 |0.25+0.02 1.55+0.1
50:6 50 |6 71.2+£02 |16.7£02 |3.75+02 |[4.89+0.0 |0.22+0.01 1.34+£0.1
50:12 50 |12 [69.2+0.2 |16.8+0.2 |583+£0.1 [495+0.0 [0.28+0.01 1.52+0.0
Means of main effects’
40 69.2+0.48 | 182+0.14[439+0.3 |5.09+0.1% | 0.24 £ 0.01 1.57+0.1
50 70.2+£0.54 [ 16.7£0.18 | 479+ 0.4 | 4.92+0.08 | 0.25=0.02 1.43+0.1
6 70.6+03Y | 17.5+£04 |3.65+0.12|4.97+£0.12|0.22+0.01% 146 +£0.1
12 1 68.8+0.2%|174+03 |553+0.1Y |5.04+0.2Y[026+0.01Y 1.54+£0.1
Two-way ANOVA*
Dietary protein oH ok NS ok NS NS
Dietary lipid kK NS ok ok * NS
Interaction NS NS NS NS NS NS

' CP denotes crude protein and CL denotes crude lipid. The number bellowing the letters denotes the level (%) of protein and lipid

formulated for each test diet.

2 Single capital letters indicate significant difference between main effect means (Dietary protein = A > B; Dietary lipid = Y > Z).

3 Diet names represent the average values of three tanks per treatment.
4 Significance terms: NS =P > 0.05; * =P < 0.05; ** =P < 0.01; *** =P < 0.001.

Abbreviations: HSI, hepatosomatic index.

127



784
785

786

787

788

789

790

791

792

793

794

795

796
797
798
799
800
801

different protein: lipids ratio. Values are shown as means + SEM (n = 3).

Table 4. Specific activities (in U/mg of protein) of digestive enzymes in the pyloric caeca of yellowtail snapper fed diets containing

Diet name® CP! | CL | Alkaline proteases® | Trypsin | Chymotrypsin | Lipase
(%) | (%)
40:6 40 6 16.1 £0.6° 149+3.1 |577+0.2 6.90 £0.8°
40:12 40 12 |157+1.1° 328+0.5 |636+0.5 1.68 + 0.2°¢
50:6 50 6 |17.4+1.0° 18.6+2.4 |5.06+0.2 3.62+0.2°
50:12 50 12 | 242+2.3? 357+0.2 |8.19+£0.9 0.54 +0.0°
Means of main effects?
40 15.9+0.5% 9.08+29 |6.07+0.2 429+ 1.24
50 20.8£1.94 11.1+£3.5 |6.63+0.8 2.08+£0.78
6 16.7+0.6 16.7+1.9Y [ 5.42+0.2 5.26 £0.8Y
12 120.0£2.2 3.42+0.3%2|7.28+0.6Y 1.11+£0.3%
Two-way ANOVA*
Dietary protein *x NS NS otk
Dietary lipid NS otk ok otk
Interaction * NS NS *

formulated for each test diet.

Single lower letters indicate significant difference between diets at p < 0.05 by Tukey's test (a > b).

! CP denotes crude protein and CL denotes crude lipid. The number bellowing the letters denotes the level (%) of protein and lipid

2 Single capital letters indicate significant difference between main effect means (Dietary protein = A > B; Dietary lipid = Y > Z).
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802  *Diet names represent the average values of three tanks per treatment.

803  “*Significance terms: NS =P > 0.05; * =P < 0.05; ** =P < 0.01; *** = P < 0.001

804  ° Alkaline proteases activities are expressed at 102 U mg protein™. Trypsin, chymotrypsin and lipase activities are expressed at 10 U

805 mg

806
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protein: lipids ratio. Values are shown as means = SEM (n = 3).

Diet name® CP! | CL | Alkaline proteases® | Trypsin | Chymotrypsin | Lipase
(%) | (%)
40:6 40 |6 17.6 +2.6% 183+£2.6 |629+0.7 8.16+£0.12
40:12 40 |12 |124+0.7° 279+0.1 [7.09+0.5 1.95+0.1¢
50:6 50 |6 19.1 £ 0.4% 232+1.6 |[557+09 4.48 +0.1°
50:12 50 |12 [29.5+4.9% 575+1.7 |11.02+0.0 1.01 +0.2¢
Means of main effects’
40 149+ 1.78 10.5+3.6 | 7.09+0.5 5.06+ 1.44
50 243 +324 145+4.0 |829+0.0 2.74+£0.78
6 184+1.2 20.7+1.8Y | 5.93 +0.5% 6.32 +0.8Y
12 1209+4.4 427+1.0% | 9.46 +0.9Y 1.48 £ 0.2%
Two-way ANOVA*
Dietary protein * NS NS ok
Dietary lipid NS ok ok ok
Interaction * NS NS oA

formulated for each test diet.

Table 5. Specific activities (in U/mg of protein) of digestive enzymes in intestine of yellowtail snapper fed diets containing different

' CP denotes crude protein and CL denotes crude lipid. The number bellowing the letters denotes the level (g kg™!) of protein and lipid
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823 2 Single capital letters indicate significant difference between main effect means (Dietary protein = A > B; Dietary lipid = Y > Z).
824  Single lower letters indicate significant difference between diets at p < 0.05 by Tukey’s test (a > b).
825 3 Diet names represent the average values of three tanks per treatment.

826  “*Significance terms: NS =P > 0.05; * =P <0.05; ** =P < 0.01; *** = P < 0.001

827 5 Alkaline proteases activities are expressed at 102 U mg protein™. Trypsin, chymotrypsin and lipase activities are expressed at 10 U

828 mg
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Table 6. Specific activities (in U/mg of protein) of intermediary metabolic enzymes in liver of yellowtail snapper fed diets containing

different protein: lipids ratio. Values are shown as means + SEM (n = 3).

Diet name® CP!' | CL PK G6PDH 6PGDH FBPase ALT?
(%) | (%)
40:6 40 |6 4.00+02 |[224+03 |12.1+04 [634+0.1 |[557+£02
40:12 40 |12 |109+£0.5 [23.8+04 |13.9+05 |832+0.5 [554+03
50:6 50 |6 104+£09 [22.1+£0.5 |[12.6+0.7 |6.41+£0.1 |7.55+0.1
50:12 50 (12 [ 149+05 |244+14 |[16.1+0.8 |[8.10£04 |8.05+£0.0
Means of main effects?
40 746+£15%(23.1+£04 [13.0£05 [734+0.5 |555+0.28
50 127+1.14 [232+0.8 |144+09 |726+04 |7.80+0.1*
6 7.21+£1.52(222+0.3%[123+£0.4% | 6.38+0.4% | 6.54+0.5
12 |129+0.9Y [241+£0.6Y | 15.1+0.6Y | 8.21+£0.5¥ [ 6.81£0.6
Two-way ANOVA*
Dietary protein ok NS NS NS ok
Dietary lipid otk * * ot NS
Interaction NS NS NS NS NS

' CP denotes crude protein and CL denotes crude lipid. The number bellowing the letters denotes the level (g kg™!) of protein and lipid

formulated for each test diet.

2 Single capital letters indicate significant difference between main effect means (Dietary protein = A > B; Dietary lipid = Y > Z).

3 Diet names represent the average values of three tanks per treatment.

4 Significance terms: NS =P > 0.05; * = P < 0.05; *** = P < 0.001
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> ALT activities are expressed at 102 U mg protein™.

Abbreviations: PK, Pyruvate kinase; G6PDH, glucose-6-phosphate dehydrogenase; 6PGDH, 6-phosphogluconate dehydrogenase;

FBPase, fructose-1, 6-biphosphatase; ALAT, alanine aminotransferase.
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Abstract

Carnivorous common snook (Centropomus undecimalis) has potential for aquaculture, but its
protein requirement in diet is 500 g kg™! and the energetic role of lipids in this species has not
been explored. Thus, this study investigated the ability of juvenile common snook (8.7 = 1.2 g)
to use dietary lipids as an energy source. The fish were fed four practical diets with two protein
levels (400 and 500 g kg!) associated with two lipid levels (60 and 120 g kg™) for 12 weeks.
Growth performance significantly improved with increasing dietary lipid levels, but no
significant difference was observed at the protein level. Fish fed the 400:60 (protein: lipid level)
diet exhibited significantly higher feed conversion ratios than those fed 400:120, 500:60, and
500:120 diets, but fish fed the 400:120 diet had significantly higher protein efficiency ratios.
Juvenile common snook showed the ability to modulate digestive protease and lipase secretion
when dietary protein or lipid levels were modified. The activity of alanine aminotransferase
decreased as the dietary lipid level increased (p < 0.05), while fructose-1, and 6-bisphosphatase
activities were not significantly affected by dietary protein or lipid levels. Glucose-6-phosphate
dehydrogenase, 6-phosphogluconate dehydrogenase, and pyruvate kinase activities increased as
dietary protein and lipid levels increased (p < 0.05). The results of this study indicate that an
increase in dietary lipid level has a protein-sparing effect, and that the diet containing 400 g kg™!
protein with 120 g kg™ lipid is suitable for growth and effective protein utilisation in common

snook.
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Resumen

El carnivoro robalo comtn (Centropomus undecimalis) tiene potencial para la acuicultura, pero
su requerimiento de proteinas en la dieta es de 500 g kg™!, y el papel energético de los lipidos en
esta especie aun no se ha explorado. Por lo tanto, este estudio investig6 la capacidad de juveniles
de rébalo comun (8,7 £ 1,2 g) para utilizar los lipidos de la dieta como fuente de energia. Los
peces fueron alimentados con cuatro dietas practicas con dos niveles de proteina (400 y 500 g
kg-1) asociados con dos niveles de lipidos (60 y 120 g kg-1) durante 12 semanas. El rendimiento
del crecimiento mejoro significativamente con el aumento de los niveles de lipidos en la dieta,
pero no se observaron diferencias significativas a nivel de proteinas. Los peces alimentados con
la dieta 400: 60 (proteina: nivel de lipidos) exhibieron indices de conversion alimenticia
significativamente mas altos que los alimentados con las dietas 400: 120, 500: 60 y 500: 120,
pero los peces alimentados con la dieta 400: 120 tuvieron indices de eficiencia proteica
significativamente mas altos. El robalo comun juvenil mostré la capacidad de modular la
secrecion de proteasa y lipasa digestiva cuando se modificaron los niveles de proteinas o lipidos
de la dieta. La actividad de la alanina aminotransferasa disminuy6 a medida que aumentaba el
nivel de lipidos en la dieta (p <0,05), mientras que las actividades de fructosa-1 y 6-bisfosfatasa
no se vieron afectadas significativamente por los niveles de proteinas o lipidos en la dieta. Las
actividades de glucosa-6-fosfato deshidrogenasa, 6-fosfogluconato deshidrogenasa y piruvato
quinasa aumentaron a medida que aumentaban los niveles de proteinas y lipidos de la dieta (p
<0,05). Los resultados de este estudio indican que un aumento en el nivel de lipidos en la dieta
tiene un efecto ahorrador de proteinas, y que la dieta que contiene 400 g kg™' de proteina con 120
g kg'! de lipido es adecuada para el crecimiento y la utilizacién efectiva de proteinas en el robalo

comun.
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Abstract

Carnivorous common snook (Centropomus undecimalis) has potential for aquaculture, but its
protein requirement in diet is 500 g kg'! and the energetic role of lipids in this species has not
been explored. Thus, this study investigated the ability of juvenile common snook (8.7 + 1.2 g)
to use dietary lipids as an energy source. The fish were fed four practical diets with two protein
levels (400 and 500 g kg!) associated with two lipid levels (60 and 120 g kg™!) for 12 weeks.
Growth performance significantly improved with increasing dietary lipid levels, but no
significant difference was observed at the protein level. Fish fed the 400:60 (protein: lipid level)
diet exhibited significantly higher feed conversion ratios than those fed 400:120, 500:60, and
500:120 diets, but fish fed the 400:120 diet had significantly higher protein efficiency ratios.

Juvenile common snook showed the ability to modulate digestive protease and lipase secretion
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when dietary protein or lipid levels were modified. The activity of alanine aminotransferase
decreased as the dietary lipid level increased (p < 0.05), while fructose-1, and 6-bisphosphatase
activities were not significantly affected by dietary protein or lipid levels. Glucose-6-phosphate
dehydrogenase, 6-phosphogluconate dehydrogenase, and pyruvate kinase activities increased as
dietary protein and lipid levels increased (p < 0.05). The results of this study indicate that an
increase in dietary lipid level has a protein-sparing effect, and that the diet containing 400 g kg!
protein with 120 g kg™! lipid is suitable for growth and effective protein utilisation in common

snook.

Keywords: Centropomus undecimalis, dietary protein, dietary lipid, digestive enzymes,

metabolic enzymes, protein-sparing effect

Introduction

Proteins are usually the main constituent of fish feeds and the most expensive dietary component
(Oliva-Teles, Couto, Enes, & Peres, 2020). In fish, proteins contribute not only to growth
(protein synthesis) but also energy production (amino acid catabolism) (Jia, Li, Zheng, & Wu,
2017). The use of dietary protein as a source of energy by fish is considered undesirable because
of its high cost. Additionally, ammonia release, associated with amino acid catabolism,
negatively impacts the environment because nitrogen is one of the main nutrients responsible for
water eutrophication (Cowey, 1995). Catabolism of dietary amino acids by fish is reduced when
other energy-yielding nutrients, such as lipids and carbohydrates, are found in adequate amounts
in the diet (Guerrero-Zarate et al., 2019; Sagada et al., 2017; Welengane, Sado, & Bicudo, 2019).
However, excessive energy can lead to the deposition of excess lipids in the flesh, reducing feed
intake (Lee, Jeon, & Lee, 2002; Peres & Oliva-Teles, 1999; Tuan & Williams, 2007).
Conversely, a low non-protein energy content in the diet may reduce fish growth due to the use
of protein as a source of dietary energy (Catacutan, Pagador, & Teshima, 2001; Kim, Lim, Kang,
Kim, & Son, 2012; Kim, Wang, Choi, Park, & Bai, 2004). Therefore, protein and non-protein
energy in the diet should be kept in balance. As nutrients, lipids are an important energy source

in fish, especially carnivorous species, where carbohydrates play little role as energy. The
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common snook (Centropomus undecimalis) has been described as a carnivorous species
(Concha-Frias et al., 2016; Jimenez-Martinez et al., 2012; Machado et al., 2013) that is a high-
market-value species with high aquaculture potential in the tropical and subtropical east of the
American continent (Alvarez-Lajonchére & Ibarra-Castro, 2013; Caballero-Chavez, 2012;
Tucker, Matthew, Landau, & Faulkner, 1985). This specie is one of the largest body size
members of the genus Centropomus (Tringali, Bert, Seyoum, Bermingham, & Bartolacci, 1999).
Common snooks have the advantages of fast growth (Tucker, 1987), low feed conversion ratio
(Alvarez-Lajonchére & Ibarra-Castro, 2013), and they mature and spawn in captivity (Ibarra-
Castro et al., 2011). Regarding the nutritional requirements, previous reports have revealed that
common snook has a protein requirement in the diet of 500 g kg™! (Concha-Frias et al., 2018;
Gracia-Lopez, Garcia-Galano, Gaxiola-Cortes, & Pacheco-Campos, 2003; Tucker, 1987).
Additionally, in a recent study, Lemus et al. (2018) proposed a selection of marine and terrestrial
ingredients as an alternative source to fishmeal protein for common snook feeds. To date, no
studies have been performed on the ability of common snooks to utilise lipids as energy sources.
Therefore, the purpose of this study was to evaluate the effect of different dietary protein and
lipid levels on common snook growth performance, feed utilisation, and digestive and hepatic

enzyme activities.

Methodology

Diets

Four experimental diets were formulated to contain either 400 or 500 g kg crude protein
combined with either 60 or 120 g kg™ crude lipid (Table 1). The ingredients were sieved through
a 250-um mesh and then mixed in a blender for 30 min. The dough was extruded and broken
down to pieces 3-mm in particle diameter using a Bonnot-Model 2EXT-W/PKR (Bonnot
Company, Akron, Ohio, USA) extruder. Next, the dough was dried via ventilation at 60°C for 3

h, and the feed was sealed in vacuum-packed bags and stored at -20°C until use.
Experimental procedures

Common snook juveniles were obtained from the Marine Fish Reproduction Laboratory at
Unidad Multidisciplinaria de Docencia e Investigacion de Sisal, Yucatan, México, following the

methodology described by Ibarra-Castro et al. (2011). Trials were performed in a
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thermoregulated recirculating water system (Resun CW 1000 chillers, Guandong Risheng. Co.,
Ltd., ROC) operated with 12 rectangular 100-L fibreglass tanks (73 ¢cm x 44 cm x 33 cm).
Eleven fish were selected and randomly placed in each tank (mean + standard deviation [SD] =
8.7 = 1.2 g initial wet weight [ww], and 10.8 = 05 cm total length). Three replicate groups of fish
were used to test each randomly assigned diet. Tanks were supplied with continuous air and
seawater flow (5.0 L min™!). During the experimental period, water parameters were 28.4 + 0.4°C
temperature, 36 + 0.9 g L! salinity, 8.2 = 0.1 pH, 0.01 + 0.0 mg L' ammonia concentration, and
42 + 0.3 mg L' dissolved oxygen. Before the experiment, the fish were acclimated to the
experimental diet for two weeks and fed twice a day (10:00 and 18:00 h) at 40 g kg™! of their total
biomass (Garcia-Galano et al., 2003). The feed ration was adjusted every 15 days in relation to

the increase in fish weight. Uneaten feed was collected half an hour after each feeding and then

dried (AOAC, 1997).
Sample collection

The growth trial lasted 12 weeks. Three fish were randomly sampled from each tank 6 h after the
morning meal. The fish were anesthetised with 0.1 mg mL"! clove oil according to Castillo,
Alvarez, Cuzon, Sudrez, & Gaxiola (2018); then, the fish were killed humanely according to the
recommendations of the Helsinki Convention and the Official Mexican Norm NOM-062-Z0OO-
1999 (SAGARPA, 1999). Immediately, the pyloric caeca, intestine, liver, and mesenteric fat
were sampled. Both liver and mesenteric fat were used to determine the hepatosomatic index
(HIS). The pyloric caeca, intestine, and liver were frozen in liquid nitrogen and stored at -80°C.

Three fish per tank were sampled and pooled to assess the whole-body proximate composition.
Growth performance

At the end of the experiment, survival rate (S), wet weight (ww) weight gain (WQ), specific
growth rate (SGR), feed intake (FI), protein intake (PI), lipid intake (LI), energy intake (EI),
protein efficiency ratio (PER), feed conversion ratio (FCR), condition factor (CF), and HSI were
calculated as follows:

S = (final number of fish/initial number of fish) X 100;

WG = ww final fish weight — ww initial fish weight;

SGR = [In(ww final fish weight —ww initial fish weight)/days of culture | x 100
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FI = food intake per tank/number of fish per tank
Pl = FI x percent of protein per diet

LI = FI X percentage of lipid per diet;

El = (FI X energy content per diet)/days;

PER = WG [/ FI;

FCR = dray FI / GW;

CF = (ww body weight X 100)/body length?.

HSI = (ww liver weight X 100 )/ww weight of fish.

Proximate analysis

Crude protein content was determined by flash combustion; then, N> was quantified by thermal
conductivity detection using a CHNS elemental analyser (Costech ECS-4010, Valencia, USA);
N> was converted to protein using a conversion factor of 6.38 (Lynch & Barbano, 1999). Crude
lipid levels were extracted with hexane using a Goldfish system (Nielsen & Carpenter, 2017).
The moisture content was determined after the sample was oven-dried and brought to a constant
dry weight (60°C for 120 h). Ash content was determined by combustion of the sample in a
muffle furnace at 550°C for 6 h (AOAC, 1997).

Digestive enzyme activity

The pyloric caeca and intestine were homogenised with an Ultra Turrax IKA T18 homogeniser
(North Chase, Wilmington, U.S.A.) in 30 mmol/L Tris-HCl (1186-53-1-Fisher Scientific,
Hampton, NH, USA) + 12.5 mmol/L CaCl; (223506-Sigma-Aldrich, St. Louis MO, USA) at pH
7.5 and centrifuged at 1670 g at 4°C for 30 min (5420R-Eppendorf, DE, USA). Total alkaline
protease activities were evaluated using casein (0.05%) (9000-71-9-Fisher Scientific, Hampton,
NH, USA) in 100 mmol/L Tris-HCI and 10 mmol/L CaCl, at pH 9 with the method reported by
Kunitz (1947) and modified by Walter (1994). One unit of enzyme activity was defined as 1
mmol/L of tyrosine released per min using a molar extinction coefficient of 1280 at 280 nm.
Trypsin activity was assayed using N-a-benzoyl-DL-arginine 4-nitroanilide hydrochloride

(BAPNA, B4875-Sigma-Aldrich, St. Louis, MO, USA) 3.5 mmol/l as substrate in 100 mmol/l
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Tris (T1503-Sigma-Aldrich) at pH 8 (Erlanger, Kokowsky, & Cohen, 1961). Chymotrypsin was
evaluated using N-succinyl- ala-ala-pro-phe p-nitroanilide (SAAPNA, S7388-Sigma-Aldrich, St.
Louis, MO, USA) 1 mmol/l as substrate in 100 mmol/l Tris at pH 8 (DelMar, Largman,
Brodrick, & Geokas, 1979). One unit of enzyme was defined as 0.001 mM of p-nitroanilide
released per min using a molar extinction coefficient of 8800 at 410 nm. Lipase activity was
measured with 4-nitrophenyl octanoate (21742-Sigma-Aldrich) (1 mmol/L) in 500 mmol/L Tris
and 6 mmol/L sodium taurocholate (86339; Sigma-Aldrich, St. Louis, MO, USA) at pH 7.4
(Gjellesvik, Lombardo, & Walther, 1992). One unit of lipase activity was defined as 0.001
mmol/L of nitrophenol hydrolysed per min using a molar extinction coefficient of 16300 at 415

nm.

Hepatic metabolic enzyme activities, glycogen and triglycerides content

The livers were homogenised (dilution 1:5) in ice-cold buffer (50 mmol/L Tris-HCI, 0.5 mmol/L
phenylmethyl sulfonyl fluoride (PMSF, P7612-Sigma-Aldrich, St. Louis, MO, USA), 4 mmol/L
ethylenediaminetetraacetic acid (EDTA, E9884-Sigma-Aldrich), 50 mmol/L sodium fluoride
(NaF, 215309- Sigma-Aldrich, 250 mmol/L sucrose, and 500 mmol/L dithiothreitol (DTT,
43819-Sigma-Aldrich) at pH 7.5) and centrifuged at 1670 g at 4°C for 30 min. The resulting
supernatant was separated to assess PK (pyruvate kinase), FBPase (fructose-1, and 6-
bisphosphatase), G6PDH (glucose-6-phosphate dehydrogenase), 6PGDH (6-phosphogluconate
dehydrogenase) and ALT (alanine aminotransferase) activities. PK (EC 2.7.1.40) activity was
evaluated in a 0.25 mL reaction containing 250 mmol/L glycyl-glycine (G1002-Sigma-Aldrich),
pH 7.4, 10 mmol/L MgCl> (M2676-Sigma-Aldrich), 100 mmol/L KCI (P3911-Sigma-Aldrich),
0.15 mmol/L NADH (N8129-Sigma-Aldrich), 2.8 mmol/L phosphoenolpyruvate (P7127-Sigma-
Aldrich), and 21 U/mL lactate dehydrogenase (L2500-Sigma-Aldrich). ADP (A5285-Sigma-
Aldrich) was added at the end of the experiment (Bonamusa, Garcia de Frutis, Fernandez, &
Baanante, 1992). FBPase (EC 3.1.3.11) activity was evaluated in a 0.2 mL reaction containing 85
mmol/L imidazole-HCI (12399-Sigma-Aldrich), pH 7.7, 5 mmol/L MgCl,, 0.5 mmol/L NADP
(93205-Sigma-Aldrich), 12 mmol/L 2-mercaptoethanol (M3148- Sigma-Aldrich), 0.05 mmol/L
fructose-1,6-diphosphate (47810-Sigma-Aldrich), 25 U/mL phosphoglucose isomerase (F2668-
Sigma-Aldrich), and 0.48 U/mL glucose-6-phosphate dehydrogenase (G7877-Sigma-Aldrich).
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G6PDH (EC 1.1.1.43) was evaluated in a 0.2 mL reaction containing 77 mmol/L imidazole HCI,
pH 7.7, 5 mmol/L MgCl,, 1 mmol/L NADP, and 10 mmol/L glucose 6-phosphate (G7879-
Sigma-Aldrich). 6PGDH (EC 1.1.1.44) activity was evaluated in a 0.2 mL reaction containing 83
mmol/L imidazole HCI, pH 7.7, 3 mmol/L MgClz, 0.5 mmol/L NADP, and 2 mmol/L gluconate
6-phosphate (P7877-Sigma-Aldrich) (Bonamusa et al., 1992). ALT (EC 2.6.1.2) was measured
using a linear chemical assay kit (ALT/GPT BR opt., Barcelona, ES).

Liver enzyme assays were monitored spectrophotometrically by observing changes in the
absorbance of NADH/NAD and NADP/NADPH per min at 340 nm for 10 min (Borrebaek,
Waagbg, Christophersen, Tranulis, & Hemre, 1993; Tranulis, Dregni, Christophersen, Krogdahl,
& Borrebaek, 1996). All enzyme activities were measured at 37°C (Bonamusa et al., 1992;
Concha-Frias et al., 2018; Gjellesvik, Lombardo, & Walther, 1992). Digestive and metabolic
enzyme activities were reported as mg of soluble protein (specific activity). Protein
concentration was determined according to Bradford (1976) using a Sigma-Aldrich protein assay
kit with bovine serum albumin as a standard.

Liver glycogen content was determined using the method reported by Carroll, Longley, & Roe
(1956). Triglycerides were analysed by the enzymatic colorimetric method using a commercial

kit (ELITechGroup, Paris, France).

Statistical analysis

Data are presented as the mean + standard error of the mean (SEM). Growth assessment of the

common snook was performed with a linear mixed model, as shown below in Eq. (1).

Weight,; = a; + Time; + Time! + Time,. X Protein, X Lipid, + e;;

1

where | is the tank corresponding to weight i, and tank;j is the random slope, which is assumed to
be normally distributed with mean 0 and variance 6°. The data exploration and model analysis
were carried out following the protocol described by Zuur, Ieno, Walker, Saveliev, & Smith
(2005) and Zuur, Ieno, Walker, Savelieve, & Smith (2009), respectively. The package nlme
(Pinheiro, Bates, DebRoy, Sarkar, & Team, 2019) in R software (Team, 2019) was used to fit the
models. Akaike information criterion (AIC) and Bayesian information criterion (BIC) values and

likelihood ratio (L. ratio) tests were used to compare the difference between the log likelihoods
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of the models and fitted by restricted maximum likelihood. A random slope was included for the
tank (AIC = 302.84, L. ratio = 113.24; p < 0.001) and structure variance (gij~ o°[Time;]*)
determined a parameter constant 6 = 1.97, in which this variability value increased in weight
over time (AIC = 275.9; L. ratio = 28.94; p < 0.001). The correlation structure was determined
(h[k,®]=0*) where K is the absolute difference in time units between weight measurements, e.g.
time lag and @ represents the correlation between two weight measurements separated by two
weeks estimated at 0.83 (AIC = 251.40; L. ratio = 26.50; p < 0.001). Model assumptions were
validated by visual inspection of residual plots versus fitted values and the residuals for temporal
dependency. The package nlme (Pinheiro et al., 2019) in R software (Team, 2019) was used to fit

the models.

The rest of the analysis was performed with a two-way ANOVA test (p < 0.05); when protein
and lipid interactions were significant, a Tukey’s test was applied. Prior to these analyses,
normality (Shapiro-Wilk) and homogeneity (Bartlett) residual tests were verified. The analyses

were performed using R statistical software.

Results

At the end of the trial, the survival rate of every experimental group was 100%. Growth rate,
FW, WG, and SGR were significantly and positively affected by increased lipid levels in the diet
(Figure 1, Table 2, and Table 3), but no significant effect was observed by dietary protein level.

Table 4 shows FI, PI, L1, EI, PER, and FCR results. FI and LI were significantly and positively
affected by increased lipid levels in the diet, but no significant effect was observed due to dietary
protein level. PI increased as dietary protein and lipid levels (p < 0.05) increased. The interaction
between dietary protein and lipid levels was significant for EI, PER, and FCR. Fish fed with the
500:120 (protein:lipid level) diet showed a significantly higher EI value and those fed with the
400:600 diet showed the lowest EI value. The PER value was significantly higher in fish fed
with the diet 400:120, whereas those fish fed with the 400:60 diet showed the significantly
highest value of FCR.
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Whole body composition and condition indices of fish

Final whole-body composition and condition indices are shown in Tables 5 and 6. The
interaction between dietary protein and lipid levels was significant for fish whole-body moisture,
protein, and ash. In the 400:60 diet, whole-body moisture was significantly lower than the rest of
dietary treatments, but it showed a significantly higher whole-body protein value. Whole-body
ash of the fish fed with the 400:120 diet showed a significantly lower value than the other diets;
no significant differences were found among the rest of the experimental diets. Liver glycogen
and CF were not significantly affected by the experimental diets. HSI and triglycerides were
significantly and positively affected by increasing levels of dietary lipids, however no significant
effect was observed due to dietary protein level and the interaction between dietary protein and

lipid levels.

Digestive enzymes

Digestive enzyme activities of the pyloric caeca and intestine are shown in Tables 7 and 8.
Alkaline protease activity was not affected by diet in the pyloric caeca (p > 0.05). However, in
the intestine, alkaline protease activity was significantly and positively affected by increasing
levels of dietary protein, however an opposite effect on the activity of this enzyme was observed
when dietary lipid level increased from 60 to 120 g kg™!'. The interaction between dietary protein
and lipid levels was significant for trypsin, chymotrypsin, and lipase activities in both the pyloric
caeca and intestine. Diet 400:120 showed significantly higher trypsin and lipase activities,
whereas the diets of 500:60 and 500:120 showed the lowest activities for these enzymes (p <
0.05). Chymotrypsin activity was significantly higher in the 400:60 diet than in the rest of the
experimental diets; however, no significant differences were observed in the activity of

chymotrypsin among the rest of the diets.

The activities of key liver enzymes are shown in Table 9. FBPase activity was not affected by the

experimental diets (p > 0.05). ALT activity was significantly and negatively affected by
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increasing levels of dietary lipids from 600 to 1200 g kg™'. No significant effect was found on the
dietary protein level and the interaction term on ALT activity. The activities of PK, G6PDH, and
6PGDH enzymes were significantly and positively affected by increasing both dietary protein
and lipid levels.

Discussion

To gain a better understanding of the ability of the common snook to use lipids as an energy
source, this study measured changes in growth performance, feeding efficiency, and activities of
digestive protease and lipase enzymes, as well as hepatic enzymes including glycolysis,
lipogenesis, amino acid catabolism, and gluconeogenic enzymes. This result was achieved
through four experimental diets with two graded protein (400 and 500 g kg!) and lipid (60 and
120 g kg!) levels each, which contained a minimal level of digestible carbohydrates (20 g kg’!

corn starch).

In this study, increasing dietary lipid content from 60 to 120 g kg™ improved the growth
performance of the common snook, which indicated that the increasing dietary energy level by
lipids provided a more efficient utilisation of dietary protein for the growth of the common
snook. The protein-sparing effects of lipids have been reported in several fish species, such as
catfish (Pseudobagrus fulvidraco) (Kim & Lee, 2005), hybrid tambatinga (% Colossoma
macropomum x JdPiaractus brachypomus) (Welengane et al., 2019), rockfish (Sebastes
schlegeli) (Lee et al., 2002), and snakehead fish (Channa argus) (Sagada et al., 2017).
Furthermore, in this study, a decrease in protein level in common snook from 500 to 400 g kg™! at
120 g kg'! lipid level in the diet did not affect growth performance and FCR, but improved PER,
which indicated a more efficient dietary protein utilisation for growth. These data suggest that a
dietary protein level of 400 g kg™ with 120 g kg! lipid could meet the needs for optimal growth
of the common snook. However, Concha-Frias et al. (2018) previously observed relatively lower
growth (based on SGR) in common snook (3.15 g initial weight) fed 400 g kg! protein with 151
g kg! lipid and 300 g kg™! wheat and corn meal, compared to 500 g kg™ protein with 154 g kg!
lipid and 140 g kg™' wheat and corn meal. The differences between studies could have been
attributed to those in dietary formulation, particularly digestible carbohydrate inclusion as a
dietary non-protein energy source, which were supplied in a minimal percentage in the test diets

of this study (20 g kg™!' corn starch). In general, the dietary carbohydrate level recommended for
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carnivorous fish is <200 g kg! (Wilson, 1994), and if it exceeds fish tolerance, their growth may
decrease (Ma et al., 2019; Wang et al., 2016).

On the other hand, common snook has shown the capability of adjusting to voluntary feed intake
to meet the needs for maximal growth (Garcia-Galano, Pérez, Gaxiola, & Sanchez, 2003), as
previously reported in other fish species, such as European sea bass (Dicentrarchus labrax)
(Boujard et al., 2004), rainbow trout (Oncorhynchus mykiss) (Boujard et al., 2004), and seabream
(Sparus aurata) (Santinha, Medale, Corraze, & Gomes, 1999). This result could explain the

significantly higher FI observed as dietary lipid level increased.

An increase in lipid and protein levels in the diet in common snook induced lipid deposition in
the whole body. These trends seem to be closely related to dietary energy content. The positive
relationship between dietary energy content and whole-body lipid deposition has also been
demonstrated in other fish species, such as the malabar grouper (Epinephelus malabaricus)
(Tuan & Williams, 2007), olive flounder (Paralichthys olivaceus) (Kim et al., 2004), and
rockfish (Sebastes schlegeli) (Lee et al., 2002). Meanwhile, moisture, protein, and ash in the
whole body were affected by the interaction of dietary protein and lipid levels; however, no clear

tendency was observed.

HSI and CF are indicators used to assess the nutritional status of fish. In this study, HSI
increased by 12% with an increase in dietary lipid levels from 60 to 120 g kg'. The changes in
the HSI reflect alterations in glycogen and lipid deposition in fish liver (Guerrero-Zarate et al.,
2019; Guo et al., 2019). However, data in this study showed that liver glycogen deposition was
not affected by protein or lipid dietary levels, but liver triglycerides increased with dietary lipid
content, indicating that the HSI was affected by lipid deposition, as reported in Manchurian trout
(Brachymystax lenok) (Chang, Niu, Jia, Li, & Xu, 2018), meagre (Argyrosomus regius)
(Chatzifotis et al., 2010), and turbot (Psetta maxima) (Regost et al., 2001) after consuming lipid-
rich diets for a long time. On the other hand, several studies have shown that there is a strong
linkage between CF and whole-body lipid content in fish (Lambert & Dutil, 1997; Li, Liu, Jiang,
Zhu, & Ge, 2010). CF was not significantly affected by either dietary protein or lipid level in this
study, indicating that the increased whole-body lipid content of common snook fed high dietary
protein and lipid levels did not alter the body mass with respect to length.
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The digestive response of a fish to nutrient composition in the diet reflects its digestive capacity
and probably determines the effectiveness of a given diet in optimising fish growth
(Papoutsoglou & Lyndon, 2006; Tsuzuki, Sugai, Maciel, Francisco, & Cerqueira, 2007; Woo &
Kelly, 1995). In this study, alkaline protease activity was unresponsive to diet in the pyloric
caeca, while in the intestine it decreased with increased lipids and decreased protein levels in the
diet. This heterogeneous distribution of alkaline protease activity along the digestive section has
also been reported in other species of fish (Almeida, Lundstedt, & Moraes, 2006; Rodiles et al.,
2012). Digestive variation of alkaline protease might have been associated with the specific
function of digestive structure (Pérez-Jiménez et al., 2009). Although no data were available on
the distribution of pancreatic tissue in the common snook or any other member of the genus
Centropomus, Borges et al. (2010) reported that in the fat snook (Centropomus parallelus),
protein absorption occurs only in the rectum. Machado et al. (2013) found no histological and
histochemical differences in the digestive tract between both common and fat snooks. In this
sense, the lack of differences in alkaline protease activity in the pyloric caeca lead to the
assumption that this organ is well suited for protein digestion regardless of its concentration in
the diet. In contrast, a decrease in alkaline protease activity in the intestine could be a response to
an absorption process of proteases by intestinal cells in the posterior region rather than digestive
adaptation of this enzyme to dietary composition (Garcia-Meilan et al., 2016; Sire & Vernier,

1992).

Trypsin and chymotrypsin are considered the major constituents of alkaline proteases because of
their key role in the protein digestion process (Rungruangsak-Torrissen, Moss, Andresen, Berg,
& Waagbg, 2006). In this study, trypsin and chymotrypsin activities showed a homogeneous
distribution along the pyloric caeca to the intestine, suggesting an adaptative digestive response
of these enzymes to dietary composition (Almeida et al., 2006; Lundstedt, Melo, & Moraes,
2004). Trypsin and chymotrypsin activities increased when dietary protein level decreased from
500 to 400 g kg!, however, a diet with 120 g kg lipid induced higher activity of trypsin,
whereas 60 g kg'! lipid in diet induced higher chymotrypsin activity. Considering the absence of
significant differences in common snook growth at the protein level, lower protein content may
have triggered an increase in trypsin and chymotrypsin activities to digest and utilise the
available protein more effectively (El-Saidy, Dabrowski, & Bai, 2000; Krogdahl, Lea, & Olli,
1994; Olli, Hjelmeland, & Krogdahl, 1994; Rodiles et al., 2012). On the other hand, a
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disproportional increase in trypsin and chymotrypsin activities at 400 g kg™, protein with respect
to lipid content in diet, suggests that lipids play a regulatory effect on the secretion and activation
mechanisms of these enzymes, as well as the protein digestion process when protein content is
limited to the diet (Murashita, Fukada, Rennestad, Kurokawa, & Masumoto, 2008), which

requires further investigation.

Usually, carnivorous fish consume fat-rich food; thus, the presence of lipase in their digestive
tract is justified (Chakrabarti, Gani, Chaki, Sur, & Misra, 1995). Lipase adaptation to high-fat
diets has been observed in some carnivorous fish, such as the orange-spotted grouper (E.
coioides) (Liu et al., 2020), sea bass (Garcia-Meilan et al., 2016), and snakehead fish (Sagada et
al., 2017). In contrast, Guerrero-Zarate et al. (2019) found no adaptation of lipase in tropical gar
fed with a graded level of dietary lipids (62.4-183 g kg! diet). In this study, a linear relationship
between lipase activity and lipid level was found at 400 g kg™! protein level, but at 500 g kg
protein level, lipase activity was unresponsive to lipid content. These data suggest that lipid
utilisation to the digestive level by common snook is determined by the protein content in the

diet.

Hepatic ALT is one of the major degrading enzymes in amino acid catabolism (Walton &
Cowey, 1982). In this study, hepatic ALT activity decreased as dietary lipid increased,
confirming the protein-sparing effect of lipids. Similar results were also observed in yellowtail
(Seriola quingueradiata) (Shimeno, Hosokawa, & Takeda, 1996) and rainbow trout (Kirchner,
Kaushik, & Panserat, 2003). On the contrary, the activity of hepatic ALT was not affected by the
dietary protein level, indicating that protein catabolism was the same irrespective of the dietary
protein level. This observation is not in line with data reported by other authors, who described a
positive relationship between amino acid degradation by hepatic ALT and dietary protein intake
(Fernandez et al., 2007; Gaye-Siessegger, Focken, & Becker, 2006; Wang et al., 2018). The
unresponsiveness of the hepatic ALT enzyme to the different protein levels in this study may
have been related to the fact that protease trypsin and chymotrypsin activities were enhanced by

lower dietary protein levels.

Regarding gluconeogenesis, the results of this study showed that the activity of the hepatic

gluconeogenic enzyme FBPase was not affected by dietary protein or lipid levels. Changes in
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gluconeogenic potential have been used to emphasise the role of dietary proteins or lipids as
gluconeogenic substrates in fish (Cowey, Cooke, Matty, & Adron, 1981). For example, hepatic
FBPase enzyme activity has been reported to correlate positively with dietary lipid level in
largemouth bass (Micropterus salmoides) (Guo et al., 2019) and in tropical gar (Guerrero-Zarate
et al., 2019). In addition, Pérez-Jiménez, Guedes, Morales, & Oliva-Teles (2007) and Kirchner et
al. (2003) found a linear relationship between FBPase enzyme activity and dietary protein level
in European sea bass and rainbow trout, respectively. The unresponsive activity of hepatic
FBPase found in this study suggested that (1) common snook can control glucose synthesis
regardless of dietary protein or lipid content; and (2) in contrast to decreased amino acid
catabolism (hepatic ALT) with lipid level, the possibility of an additive effect of lipids on the

gluconeogenesis pathway cannot be excluded.

In this study, experimental diets were formulated to contain a minimal level of digestible
carbohydrates (20 g kg!' corn starch). Interestingly, the PK and pentose phosphate pathways
(G6PDH and PGDH) increased as dietary protein and lipid levels were increased. No regulatory
factor in FBPase activity was detected among the dietary treatments (Table 5). Walton and
Cowey (1982) pointed out that the role of liver glycolysis in fish is most likely to supply
precursors for the biosynthetic process rather than pyruvate for oxidation, because the oxidation
of amino acids is the main energy production route with some contribution from B-oxidation of
fatty acids. In this sense, our results suggest that the snook fed high dietary protein and lipid
levels utilised glucose for the generation of metabolic precursors through glycolysis (pyruvate),
as well as the pentose phosphate pathway with specific molecules such as reduced NADPH
necessary for the synthesis of unsaturated fatty acids and ribose 5-phosphate for the synthesis of
nucleotides. In addition, Qin et al. (2020) concluded that the enhancement of G6PDH activity
and the accumulation of NADPH play an essential role in protecting cells from oxidative stress.
This scenario is consistent with the higher growth and whole-body lipid content observed in

these treatments.

In conclusion, this study indicates that an increase in dietary lipids led to a protein sparing effect
in common snook. Increasing lipid levels from 60 to 120 g kg! improved fish growth, however it
led to the deposition of excess lipids in the whole body. Even though dietary protein

requirements of common snook have been established as 500 g kg! in diet, the results in this
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study regarding growth and feed efficiency were not negatively affected by a decrease in dietary
protein from 500 to 400 g kg™ at 120 g kg! lipid level with 20 g kg™' corn starch and thus this

diet may be suitable for effective protein utilisation in the common snook.
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1634  List of tables

1635  Table 1. Formulation and proximate analysis of the experimental diets (% dry matter): 400:60
1636 (400 g kg'! protein and 60 g kg™ lipid); 400:120 (400 g kg™ protein and 120 g kg™! lipid); 500:60
1637 (500 g kg'! protein and 60 g kg™! lipid); and 500:120 (500 g kg! protein and 120 g kg™! lipid).

Ingredients (g kg™) 400:60 | 400:120 | 500:60 | 500:120
Fish meal® 465 465 570 570
Poultry by product meal PRIME® | 80 80 100 100
Soy protein concentrate® 120 120 150 150
Corn starch® 20 20 20 20
Fish oil® 13.5 72 0.9 60
Premix® 20 20 20 20
Filler (talc) 221.5 | 163 79.1 |20
Wheat bran® 50 50 50 50
Carboxymethylcellulose® 10 10 10 10
Proximate analysis (%)

Dry matter 988 978 937 982
Crude protein 401 398 501 509
Lipid 67 122 61 127
Ash 351 293 211 163
Gross energy (kJ g™h)b 136 164 166 186
Protein: energy ratio (mg kJ!) 294 243 301 269
Lipids: energy ratio (mg kJ ™) 49 74 37 68

1638  “Proteinas Marinas y Agropecuarias S.A. de C.V. Jalisco, MX.

1639  °Vimifos, S.A. de C.V. Jalisco, MX.

1640  “MaltaCleyton S.A. de C.V. Yucatan, MX.

1641  “Productos Quimicos de Yucatan S.A. de C.V. Yucatan, MX.

1642  °DMS Peces Tropicales de Engorda, Nutritional Products México S.A. de C. V. Composition:
1643  vitamin A, vitamin D3, vitamin E, vitamin K3, vitamin B1, vitamin B2, vitamin B12, folic acid,
1644  vitamin B6, pentothenic acid, niacin, biotin, choline, vitamin C, iron, manganese, sodium,

1645  copper, iodine, zinc, cobalt, selenium, molybdenum, calcium, phosphorus, magnesium, sodium,

163



1646
1647
1648
1649
1650
1651
1652
1653
1654
1655
1656
1657
1658

potassium, carophyll, lysine, threonine, calcium carbonate, methionine, tryptophan, sodium
lasolacid, monensin, tylosin, salinomycin, avoparcin, flavomycin arsanilic, amprolium, zinc
bacitracin, virginiamicin, calcium propinate, silicic acid, lignosulphonate, lecithin, BHT, BHA,
probiotics, glutase keta, lipase, proteases, amylases, cellulases, and acemita.

Talc is used as a filler (Dias, Huelvan, Dinis, & Métailler, 1998); it is an inorganic substance
that is almost insoluble in aqueous solution; transfer across biological membranes is unlikely,
and this substance is not toxic to aquatic life (ECHA, 2020).

fWheat bran was used as fibre because it contains digestion-resistant starch (Xie, Cui, Li, &
Tsao, 2008) and also non digestible protein because it is a requirement for pH = 12.5 for
digestion (Balandran-Quintana, Mercado-Ruiz, & Mendoza-Wilson, 2015). Proximate
composition: 14% protein, 4% lipid, and 86% carbohydrate.

"Energy was calculated using a calorimetric bomb (PARR, Moline, IL, USA).
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1659  Table 2. Estimated regression parameters in growth (mean =+ standard error of the mean [SEM])

1660  of the common snook fed diets containing different protein:lipid ratios.

: 1661
Diet name* CPf CL Slope
4 4 1§62
(gkg™) |(gkg)| (g da%'ﬁga
400:60 400 60 0.22+0.01
1664
400:120 400 120 0.29 +0.02
1665
500:60 500 60 0.27 +£0.02
1666
500:120 500 120 0.29 +0.02
. 1667
Means of main effects®
1668
400 0.26 £0.01
1669
500 0.28 £0.02
1670
60 0.24 +0.01%
1671¥
120 0.29 £ 0.02
1672
Parameters Estimates | SEM p-value
1673
Intercept 8.58 0.16 ko]
1674
Time 0.10 0.02 oAk
1675
Protein -0.06 0.23 NS
1676
Lipid -0.12 0.22 NS
1677
Time 0.0013 0.0001 | ***
1678
Time : Protein 0.04 0.02 NS
1679
Time : Lipid 0.08 0.02 ok
1680
Protein : Lipid 0.10 0.32 NS
1681
Time : Protein : Lipid | -0.05 0.03 NS
1682
AICH 251.40
1683
BIC 281.52
1684
1.97
1685
@ 0.83
1686
o 0.0039
1687

1688  'CP = crude protein; CL = crude lipid. The superscript number denotes the level (g kg™') of
1689  proteins and lipids formulated for each test diet.
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1691
1692
1693
1694
1695
1696

%Single superscript capital letters indicate significant difference between main effect means
(Dietary lipid = Y > Z); single subscript small letters indicate significant difference between
diets at p < 0.05 by Tukey's test (a > b).

‘Diet names represent the average values of three tanks per treatment.

ISignificance terms: NS = p > 0.05; * = p < 0.05; ** =p < 0.01; *** = p < 0.001.

3, variance structure parameter; @, correlation structure parameter; o residual standard error.

166



1697
1698

1699

1700

Table 3. Growth performance (mean =+ standard error mean [SEM]) of the common snook fed

diets containing different protein:lipid ratios.

Diet name* CPf CL FW WG SGR S
(gkg) | (gkg (2) (2 (o) (%)
)
400:60 400 60 27.7+0.56 |19.1£0.45 1.43 £0.01 100
400:120 400 120 36.7+0.87 | 28.1+1.01 1.79 £ 0.05 100
500:60 500 60 347+1.93 |26.0+1.95 1.70 £ 0.07 100
500:120 500 120 383+432 |29.6+4.13 1.81£0.11 100
Means of main effects®
400 322+2.05 |23.6+2.07 1.61 +0.08 100
500 36.5+£226 |27.8+2.19 1.76 + 0.06 100
60 31.2+1.79% | 22.5+1.78% | 1.57+0.07* | 100
120 37.5+2.00Y | 28.8+1.93Y | 1.80+0.05Y | 100
Two-way ANOVA
Dietary protein NS NS NS NS
Dietary lipid * * * NS
Interaction NS NS NS NS

t.+3:9 see footnotes 1 §* § and 9 in Table 2.
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1701
1702

1703

1704

Table 4. Feed intake and feed efficiency (mean =+ standard error mean [SEM]) of the common snook fed diets containing different

protein:lipid ratios.

Diet name* CP? CL FI NI LI El PER FCR
(gkg | (gkg (g fish™) (g fish™) (g fish™!) (KJ fish'! day
N N D
400:60 400 60 33.9+0.3 142+0.1 204+002 |549+0.05 |1.34+0.02> |1.77+0.03*
400:120 400 120 356+ 0.6 149+0.2 427+0.08 |6.95+0.13°> | 1.88+£0.04* | 1.26+0.02°
500:60 500 60 33.8+0.9 17.6 + 0.4 2.04+0.05 |6.69+0.18" |1.47+0.05° |1.31+0.01°
500:120 500 120 36.7+1.3 19.1+0.6 441+0.15 |12.03+0.43* | 1.53+0.06° | 1.27+0.14°
Means of main
effects’ 400 347+050 |146+0218 [3.15£050 |[622+033 |1.61+012 |1.52+0.11
500 353+0.96 | 183+0.504 [322+053 936121 |151+0.03 |1.29+0.06
60 33.9+0.45% |159+0.78% [2.03+0.03” [6.09+028 |1.41+004 |1.54=0.11
120 36.1£0.71Y | 17.0+£0.98Y |4.34+0.08Y [9.49+1.15 |1.71+0.08 1.27 +0.00

Two-way ANOVA
Dietary protein
Dietary lipid

Interaction

NS

k

NS

oKk

NS

NS

skksk

NS

koksk

skksk

skksk

skksk

skksk

kk

459 see footnotes 1 1+ § and 9 in Table 2.
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1706

1707

1708

1709

1710

1711

1712

1713

1714

1715

1716

1717

1718

1719

1720

1721

1722

1723

1724

1725

different protein:lipid ratios.

Diet name? CPf CL Moisture Protein Lipid Ash
(gkg") | (gkg™h)
400:60 400 60 637.5+5.2% [300.1+4.7* |32.5+0.7 71.7+0.7%
400:120 400 120 656.2+£22% |257.9+5.0° |55.0+0.6 65.1+0.3°
500:60 500 60 657.1 £2.3% [269.7+5.1° |395+1.2 73.8+0.2°
500:120 500 120 645.5+4.1" | 268.6+7.3" |60.4+1.0 72,9+ 1.5%
Means of main
effects® 400 646.8+49.1 |279.0+99.2 |43.8+50.58 |68.4+153
500 651.3+33.4 [269.2+39.9 |50.0+47.1% |73.4+75
60 647.3+£509 |2849+74.6 |36.1+£16.9% |72.8+58.5
120 6509124 |2633+464 |57.7+13.1Y |69.0+19.0
Two-way ANOVAT
Dietary protein NS NS ke ok
Dietary lipid NS ok ke ok
Interaction * *x NS *

489 see footnotes 1 1 § and 9 in Table 2.

Table 5. Whole body composition (g kg™!) (mean + standard error of the mean [SEM]) of common snook feed diets containing
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1727
1728
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1731
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1734

1735

1736

1737

1738

1739

error of the mean [SEM]) of common snook feed diets containing different protein:lipid ratios.

Diet name* CP' CL CF HSI Liver Liver
(gkg) | (gkg™) glycogen | triglycerides
400:60 400 60 0.64+0.0|0.56+0.02 [2.02+£0.1 |527+0.4
400:120 400 120 0.66+0.0|0.67+0.02 [2.54+02|7.01+0.2
500:60 500 60 0.63+0.0|0.61+0.03 [246+0.2|4.57+0.8
500:120 500 120 0.66+0.0 | 0.66+0.02 [2.37+£0.2|7.01£0.6
Means of main
effects? 400 0.66+0.0 | 0.64+0.02 |2.28+0.16.14+0.6
500 0.64+0.0|0.61+0.03 [242+0.1|5.66=%0.5
60 0.63+0.0 | 0.58+0.02% | 2.24+0.1 | 4.92 £ 0.5%
120 0.64+0.0 | 0.66+0.01Y | 2.46+0.1 | 6.88+0.7Y
Two-way ANOVAT
Dietary protein NS NS NS NS
Dietary lipid NS roHk NS **
Interaction NS NS NS NS

7189 see footnotes 1* 1+ § and 9 in Table 2.

Table 6. Condition factor (CF), hepatosomatic index (HSI), glycogen (g kg™!), and triglycerides (mmol/l) in the liver (mean + standard
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1756

Table 7. Specific activities (U mg protein!) (mean + standard error mean [SEM]) of digestive enzymes in the pyloric caeca in
common snook fed diets containing different protein:lipid ratios.
Diet name? CP' CL | Alkaline proteases’™ | ~ Trypsin | Chymotrypsin Lipase
(gkeg™) | (gkeg™)
400:60 400 60 7.91+0.31 4.14+0.27° | 7.77+1.29* | 3.39+0.49
400:120 400 120 7.67+0.15 8.52+0.37° | 3.23+£0.32° [ 4.93+£0.212
500:60 500 60 7.19 +£0.04 1.81 +£0.09° | 1.35£0.29° | 0.48+0.01°¢
500:120 500 120 7.37+0.12 1.74+0.08° | 1.20+0.13°> | 1.57+0.01¢
Means of main effects®
400 7.79 £0.16 6.33+1.00 |550+1.17 4.16 £0.41
500 7.28 £0.19 1.78£0.06 |1.27+0.14 1.02+0.24
60 7.55+0.27 298+1.55 |4.56+1.55 1.93 +£0.68
120 7.52+£0.11 513+048 |2.21+£0.48 3.25+0.75
Two-way ANOVA
Dietary protein NS otk otk otk
Dietary lipid NS otk *x otk
Interaction NS ok * ot
.39 see footnotes 1 1* § and g in Table 2.
T Alkaline protease activities are expressed at 10—2 U mg protein™'. Trypsin, chymotrypsin, and lipase activities are expressed at 10—4
U mg protein™’.
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Table 8. Specific activities (U mg protein!) (mean + standard error mean [SEM]) of digestive enzymes in intestine in common snook

fed diets containing different protein:lipid ratios.

Diet name* CPY CL | Alkaline proteases’" Trypsin Chymotrypsin Lipase
(gkgh) | (gke™h)
400:60 400 60 6.86 +0.19 483+0.22°| 7.10+1.08 |4.03+0.08°
400:120 400 120 5.97+0.03 7.81+0.31% | 2.02+0.28° | 10.4 +0.38?
500:60 500 60 791+0.15 1.63+£0.07° | 1.01+£0.17° | 0.40+0.07¢
500:120 500 120 6.71 £0.19 2.04+0.22° | 1.32+0.60° | 1.81+0.09"
Means of main effects®
400 6.41 £0.218 6.32+0.68 |4.56+1.28 6.65+1.77
500 7.31+0.284 1.84+£0.13 | 1.20+0.27 1.11 £0.31
60 7.39 +0.25Y 323+£0.72 |4.06+1.44 1.54 £0.57
120 6.34 +0.18% 493+1.30 |1.70+0.46 6.13+1.94
Two-way ANOVAT
Dietary protein ok ok ok ok
Dietary lipid oAk oAk * oAk
Interaction NS o ok oA

58917 see footnotes 1> 1* § 9 7 in Table 2 and Table 6.
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Table 9. Specific activities (U/mg of protein) (mean =+ standard error mean [SEM]) of hepatic intermediary metabolism enzymes in the

common snook fed containing different protein:lipid ratios.

Diet name* CP? CL PK G6PDH 6PGDH FBPase ALT'
(gkg™) | (gkeg™)
400:60 400 60 149+051 [251+0.59 |143+091 |7.73+0.87 |4.17+0.22
400:120 400 120 17.0+0.17 [35.8+0.58 |159+0.09 |7.73+0.02 | 3.27+0.12
500:60 500 60 17.1£039 [294+£048 |153+0.19 |7.62+0.06|5.41+0.54
500:120 500 120 19.1£031 [329+£0.79 |17.7+£0.61 |7.99£0.09|3.27+0.05
Means of main effects®
400 159+0.528 [ 29.0£1.80% | 15.1£0.548 | 7.73 £0.08 | 3.72 £ 0.22
500 18.1+0.49% | 32.6 £ 1.49% | 16.6 +0.62" | 7.80 +0.09 | 4.34 +0.53
60 16.0 £0.55% | 27.2£10.3% | 14.8 £ 0.47% | 7.67+£0.09 | 4.79 £ 0.38Y
120 18.1£0.47Y | 34.4+£0.78Y | 16.9 £ 0.49Y | 786+ 0.07 | 3.27 + 0.06%
Two-way ANOVAT
Dietary protein otk ok * NS NS
Dietary lipid roHk ok *x NS oxck
Interaction NS NS NS NS NS

58917 see footnotes 1 1* § 9 7 in Table 2 and Table 6.
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Figure legends

Figure 1. Growth of common snook fed with two dietary protein levels (400 g kg™ and 500 g kg™
1 associated to two dietary lipid levels (60 g kg™ and 120 g kg!) for 84 days. (1) 400:60 (400 g
kg! protein and 60 g kg! lipid); (2) 400:120 (400 g kg! protein and 120 g kg™! lipid); (3) 500:60
(500 g kg™! protein and 60 g kg! lipid); and (4) 500:120 (500 g kg™ protein and 120 g kg™ lipid).
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CAPITULO 5

Discusion general

En la acuicultura, una de las etapas mdas importantes en el establecimiento de una nueva
tecnologia de cultivo, es la formulacion de un alimento balanceado a partir de una seleccion y
proporcion apropiada de ingredientes que permitan ser aprovechados eficientemente por el
organismo que se desea cultivar. En la presente tesis, se evalud por primera vez la habilidad de
C. undecimalis y O. chrysurus para metabolizar carbohidratos y lipidos. A pesar de que ambas
especies de peces poseen habitos alimenticios carnivoros con un requerimiento similar de
proteina en el alimento (Concha-Frias et al., 2018; Enriquez, 2018; Gracia-Lopez, Garcia-
Galano, Gaxiola-Cortes, & Pacheco-Campos, 2003; Tucker, 1987), los resultados obtenidos en el
presente estudio revelaron diferentes respuestas fisioldgicas a la presencia de estos nutrientes en

el alimento entre especies, con potenciales consecuencias en su aprovechamiento.
El efecto de los carbohidratos en el alimento

A pesar de que la habilidad de los peces para metabolizar carbohidratos se encuentra clasificado
primariamente por sus habitos alimenticios (p. €j. herbivoros, omnivoros y carnivoros) (Stone,
2003; Wilson, 1994), la amplia diversidad morfoldgica y fisioldgica existente en los peces,
incluso en aquellos categorizados dentro de un grupo alimenticio particular, da lugar a una
amplia variedad de respuestas intrinsecas en el metabolismo de este nutriente (Kamalam,

Medale, & Panserat, 2017).

En la presente tesis, se evalud la habilidad de dos especies de peces tropicales para metabolizar
carbohidratos, C. undecimalis y O. chrysurus, que desde una perspectiva bioquimica y ecologica
han sido catalogadas como peces carnivoros (Ahumada-Hernandez et al., 2014; Concha-Frias et
al., 2016; Jimenez-Martinez et al., 2012), los cuales ademds presentan un tracto digestivo similar
(p. €. estdbmago, ciegos piloricos e intestino); sin embargo, poseen diferentes ciclos de vida (De
La Moriniere et al., 2002; McMichael et al., 1989). Los resultados obtenidos demostraron que
ambas especies de peces se adaptaron a la presencia de carbohidratos en el alimento (20%

almidén de maiz), esto a través de una reorganizacion metabolica (p. €j. amilasa, PK y GK). Sin
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embargo, a pesar de qué O. chrysurus presentdé una mayor actividad digestiva de la enzima
amilasa respecto a C. undecimalis, esta especie exhibié una menor expresion bioquimica y
génica de la enzima hepatica GK. La baja expresion de la enzima GK observada en O. chrysurus
podria explicar: 1) la prolongada condicion de hiperglucemia observada en esta especie, y 2) la
ausencia o falta de estimulacion de los mecanismos involucrados en la homeostasis de la glucosa
en estado postprandial post-absorcion (p. ej. sintesis de glucdgeno y la ruta de la pentosa
fosfato). Por otra parte, un efecto aditivo de la enzima amilasa a la prolongada hiperglucemia
registrada en O. chrysurus por efecto de una mejor digestion del almidon de maiz no puede ser

descartado.

El catabolismo de aminoacidos no fue afectado por la presencia de carbohidratos en el alimento
en ambas especies de peces; sin embargo, O. chrysurus presenté un metabolismo mejor adaptado
al catabolismo de proteinas respecto a C. undecimalis. Interesantemente, a pesar de que el
catabolismo de aminoacidos no fue afectado por los carbohidratos, la actividad de la enzima
hepatica FBPasa disminuyo, indicando que el potencial de gluconeogénesis decreci6 en ambas
especies. Estos resultados indican que la presencia de carbohidratos en el alimento reprimid
sustratos gluconeogénicos alternos a los aminoacidos. La FBPasa es clave en la incorporacion
del glicerol (producto de hidrolisis de triglicéridos) a la ruta de gluconeogénesis (Figura 1), por

lo tanto, posiblemente el glicerol fue el sustrato reprimido en esta ruta metabolica.

El crecimiento no fue afectado por los carbohidratos en ambas especies de peces, pero en C.
undecimalis mejoro la eficiencia alimenticia, indicando que C. undecimalis a diferencia de O.
chrysurus sustituyo parcialmente las proteinas y lipidos por la glucosa de origen exdgeno para
cubrir sus necesidades energéticas. La pobre habilidad de O. chrysurus para utilizar los
carbohidratos como sustratos energéticos podria ser atribuido a su baja capacidad para almacenar
la glucosa exdgena en forma de glucogeno, efecto de una baja expresion bioquimica y génica de
la enzima hepatica GK (explicacion extensa en capitulo 2). El glucogeno funciona como reserva
de glucosa-6 fosfato para la produccién de ATP via glucélisis en condiciones de ayuno. La baja
disponibilidad de glucdégeno hepatico en condiciones de ayuno, pudo generar en O. chrysurus
una mayor demanda de proteina para cubrir sus necesidades energéticas via gluconeogénesis, lo

cual a su vez explicaria el elevado catabolismo de aminoécidos observado en esta especie.
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El efecto de los lipidos en el alimento

Un aumento en el contenido de energia digestible por incremento del porcentaje de lipidos en el
alimento acompafiando con o sin una reduccion concomitante en el contenido de energia
digestible por proteina, ha demostrado ser extremadamente eficiente para reducir el catabolismo
de aminoacidos con propositos energéticos y mejorar su uso para el crecimiento en algunas

especies de peces (NRC, 2011).

En la presente tesis, el incremento del porcentaje de lipidos en el alimento de 6 a 12%, permitid
reducir el catabolismo de aminoacidos en C. undecimalis; no obstante, el potencial de
gluconeogénesis permanecié constante. Por el contrario, en O. chrysurus, el catabolismo de
aminoacidos no fue afectado por el contenido lipidos en el alimento, pero el potencial de
gluconeogénesis incremento cuando se alimentd con 12% de lipidos. Lo anterior indica que C.
undecimalis reemplazo los aminoacidos por los lipidos en la via de gluconeogénesis, mientras
que O. chrysurus los incorporé de forma aditiva. A nivel de proteina, en O. chrysurus el
catabolismo de aminoécidos decrecié cuando el nivel de proteina en el alimento disminuy6 de 50
a 40%, mientras que en C. undecimalis permanecio constante. Interesantemente, el potencial de
gluconeogénesis fue constante a nivel de proteina en ambas especies de peces. En C.
undecimalis, la respuesta del potencial de gluconeogénesis fue equilibrado respecto al
catabolismo de aminoacidos; sin embargo, en O. chrysurus la reduccion del catabolismo de
aminoacidos en 40% proteina sugiere que esta especie incorporo a la via de gluconeogénesis un
sustrato alterno a los aminoacidos, lipidos (glicerol; considerando que la formulacion fue a base
proteinas y lipidos), lo cual ademds es consistente con la elevada actividad de la enzima lipasa
observada en O. chrysurus en los niveles mas bajos de proteina (indicador de una mayor

digestion de lipidos), particularmente en la combinacion 40% proteina y 6% lipidos.

La eficiencia alimenticia mejord por el incremento del porcentaje de lipidos en el alimento de 6 a
12% en ambas especies de peces, indicando que tanto C. undecimalis como O. chrysurus fueron
capaces de utilizar los lipidos como sustratos energéticos. Respecto al crecimiento, en C.
undecimalis éste increment6 cuando los niveles de proteina se combinaron con 12% lipidos,
mientras que en O. chrysurus el mayor crecimiento se registro en el nivel de proteina de 50%,

esto independientemente del contenido lipidos en el alimento. Cuando los peces son alimentados
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con un exceso de proteina, ésta puede ser utilizada como sustrato energético en el metabolismo
intermediario, convertida en glucosa o almacenada como lipidos (depoésitos de energia) (Jia et al.,
2017; Oliva-Teles et al., 2020; Walton & Cowey, 1982). A nivel de proteina, el potencial de
glucdlisis presentd un comportamiento similar en ambas especies de peces; sin embargo, el
potencial de pentosa fosfato o produccion de NADH (poder reductor para la biosintesis de
lipidos) y el contenido de lipidos totales de todo el cuerpo incrementd soélo en C. undecimalis
cuando se alimentd con 50% proteina. Por otra parte, el catabolismo de aminoacidos fue
constante en C. undecimalis, pero en O. chrysurus decrecid en el nivel de proteina de 40%.
Estos resultados indican que la ausencia de diferencias en crecimiento a nivel de proteina en C.
undecimalis se debid a su bajo requerimiento de proteina, mientras que la reduccion del
crecimiento de O. chrysurus en 40% proteina correspondid a un alto requerimiento de este

nutriente por la especie.
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Conclusion

La incorporacion de un 20% de carbohidratos en el alimento mejora la eficiencia
alimenticia (factor de conversion alimenticia y la tasa de eficiencia proteica) en C.

undecimalis; sin embargo, esto no ocurre en O. chrysurus.

Tanto C. undecimalis como O. chrysurus, son capaces de adaptarse a la presencia de
carbohidratos en el alimento a través de una reorganizacion metabolica, por estimulacion
del potencial digestivo y de la glucolisis, e inhibicion del potencial de gluconeogénesis;
sin embargo, la habilidad de éstas especies para aprovechar los carbohidratos de forma
eficiente como sustrato energético depende de su capacidad para incorporarlos a las rutas

metabolicas de almacenamiento (p. €j. glucogenosis y pentosa fosfato).

La induccién nutricional de la enzima hepatica GK por los carbohidratos es un factor
clave en el almacenamiento y aprovechamiento de este nutriente para C. undecimalis y O.

chrysurus.

La incorporaciéon de carbohidratos en el alimento suprime el potencial de
gluconeogénesis en C. undecimalis y O. chrysurus, sin embargo, no afecta el catabolismo
de aminodcidos, por lo tanto, la presencia de carbohidratos en el alimento suprime la

incorporacion de los lipidos a la via de gluconeogénesis.

El incremento de lipidos en el alimento de 6 a 12% mejora la eficiencia alimenticia
(factor de conversion alimenticia y la tasa de eficiencia proteica) tanto en C. undecimalis

como en O. chrysurus.

En C. undecimalis y O. chrysurus, el incremento de lipidos en el alimento de 6 a 12%
promueve la incorporacion de lipidos (glicerol) a la via de gluconeogénesis; sin

emebargo, solo en C. undecimalis se suprime el catabolismo de aminoacidos.

Para C. undecimalis, un contenido de proteina del 40% en el alimento es apropiado para
un adecuado crecimiento y eficiente utilizacién de este nutriente; sin embargo, para O.

chrysurus es limitante.
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