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RESUMO

Para apresentar um bom desempenho, as larvas devem conseguir assimilar os nutrientes da
dieta, e para isso é necessario, entre alguns fatores, a presenga de enzimas digestivas e
metabolicas. A temperatura da dgua, além de ser um dos principais sincronizadores do ritmo
circadiano, também ¢ um dos fatores ambientais que mais influenciam no desenvolvimento
embriondrio e larvario dos peixes. Ela pode influenciar na expressdo enzimatica de enzimas
digestivas e metabolicas, secre¢do de hormonios, desempenho e sobrevivéncia dos animais.
Os fatores ambientais apresentam variacdes ciclicas ao largo do dia. Entre essas variacoes, as
altas temperaturas aparecem durante o dia e as baixas temperaturas durante a noite, formando
assim um termociclo. Sendo assim, o objetivo desse estudo foi avaliar a influéncia de
diferentes temperaturas (termociclo e constante) no comportamento fisioldgico, e
crescimento de larvas de tilapia do Nilo (Oreochromis niloticos). Para isso, ovos de tilapia
foram fecundados e colocados imediatamente em incubadoras em dois sistemas distintos.
Um sistema com temperatura constante (CTE) de 28°C e um com termociclo (TC) de 31°C:
25°C. Ambos os sistemas ligados em um sistema de recirculagdo de agua com filtro
mecanico e bioldgico. O fotoperiodo foi de 12:12 LD (claro/escuro), com luzes acesas as
9:00h (Zeitgeber 0). As larvas eram alimentadas em horarios fixos, quatro vezes ao dia, como
uma dieta semi purificada contendo 42% de proteina bruta e 4,100 Kcal/kg de energia bruta.
Larvas com 4, 8 e 13 dias p0s fertilizagao (dpf) foram coletadas em ambos os tratamentos,
em um intervalo de 4 horas ao longo de um ciclo de 24 hora para posteriores analises. O nivel
de expressao genica relativa das enzimas, foi analisada por qPCR. O crescimento das larvas
foi avaliado através do seu comprimento padrdo (experimento 1). Experimento 1: As larvas
mantidas em TC apresentam um maior crescimento (teste-t, p<0.05) quando comparadas
com as larvas mantidas em CTE. Os ritmos dirios (Cosinor, p <0,05) da expressdo dos
genes quimiotripsina, lipase, maltase, isomaltase, colecistoquinina (cck) e neuropeptideo y
(npy) foram demostrados para larvas com 13dpf mantidas em TC, com picos de expressdes
(acrofase p <0,05) proximos as fases de alimentagdo. Experimento 2: As larvas com 13 dpf,
mantidas em um TC apresentam diferencas significativas (Cosinor, p <0,05), nos ritmos
didrios na expressdo relativa do gene alanina aminotransferase (alt), aspartato
aminotransferase (ast), enzima malica, glicose-6-fosfato deseidrogenase (g6pd), piruvato
quinase (pk) e fosfofrutoquinase (pfk). Enquanto as larvas mantidas em CTE, com a mesma

idade, ndo apresentam ritmos diarios (Cosinor, p >0,05). Além disso, a expressao enzimatica



(p<0,05) das larvas mantidas em TC, apresentaram acrofase entre o periodo de alimentagao.
Podemos concluir que o termociclo melhora a maturagdo do sistema circadiano das larvas, o
que melhora sua eficiéncia digestiva e metabolica. Estes resultados podem ser uteis para
melhorar os protocolos usados na larvicultura de tildpias aumentando o desempenho da

producao.

Palavras-Chave: Expressao genica. Fisiologia metabodlica. Peixes. Nutrigdao. Larvicultura.



ABSTRACT

Larvae have to assimilate the nutrients from the diet to get adequate growth rates and, for
that purpose, it is necessary, among other factors, the presence of digestive and metabolic
enzymes. Water temperature is one of the main synchronizers of biological rhythms and one
of the most influential environmental factors for fish embryonic and larval development.
Water temperature can influence the expression of digestive and metabolic enzymes,
hormone secretion, growth and survival of animals. The environmental factors display cyclic
variations along the day. Among them, high water temperature occurs during the day and
low temperatures during the night, generating the thermocycle. Therefore, the objective of
the present research was to evaluate the influence of different temperature regimes
(thermocycle vs. constant) on the physiology and growth of Nile tilapia (Oreochromis
niloticus) larvae. For that purpose, tilapia eggs were fertilized and immediately placed in
incubators in two different rearing systems: one system with constant temperature (CTE) and
one system with a thermocycle of 31°C: 25°C. Both were water recirculation systems
equipped with mechanical and biological filters. Photoperiod was set at 12:12 LD
(light/dark), with lights on at 9:00h (Zeitgeber time 0 h). Larvae were fed at fixed times, four
times a day, with a semipurified diet of 42% of crude protein and 4,100 Kcal/kg of gross
energy. Larvae at 4, 8 and 13 days postfertilization (dpf) were collected from both
temperature treatments every 4 h along a 24 h cycle for further analyses. The levels of
relative expression of all genes were analyzed by qPCR. Larval growth was measured
through their standard length (experiment 1). Experiment 1: Larvae maintained at TC
showed higher growth (t-test, p <0.05) than larvae kept at CTE. Daily rhythms (Cosinor, p
<0.05) in the expression of chymotrypsin, lipase, maltase, isomaltase, cholecystokinin (cck)
and neuropeptide Y (npy) were shown in 13dpf larvae reared in TC, with expression peaks
close to the feeding phase. Experiment 2: larvae at 13 dpf and maintained at TC showed
significant rhythms (Cosinor, p <0.05) of relative expression of the genes alanine
aminotransferase (alt), aspartate aminotransferase (ast), malic enzyme, glucose-6-
phosphate dehydrogenase (g6pd), pyruvate kinase (pk) and phosphofructokinase (pfk). On
the other hand, larvae reared at CTE at the same stage did not present daily rhythms (Cosinor,
p >0.05). The acrophase of expression of the enzymes in larvae maintained at TC appeared
around mealtime. Therefore, it can be concluded that, under a thermocycle, tilapia larvae

improve the maturation of their circadian system, which would thus improve their digestive



and metabolic efficiency. These results can be helpful for improving protocols used in tilapia

temperature and increasing production performance.

Keywords: Gene expression. Metabolic physiology. Fish. Nutrition. larviculture.
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Figura 4. Variagoes didrias na expressao relativa do mRNA (mudanga de enovelamento) de
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temperatura diferentes: um termociclo (TC) de 31 © C: 25 °© C (representado por circulos
pretos, @) ou temperatura constante (CTE) de 28 © C (representada por quadrados brancos,
0). A linha tracejada sinusoidal representa o ajuste a um ritmo sinusoidal sempre que o teste
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diferengas significativas entre os grupos no mesmo ponto de tempo (ANOVA de dois
fatores). As barras brancas e pretas acima de cada grafico representam a fase clara e a fase

escura, respectivamente. As setas acima dos graficos de 8 e 13 dpf indicam os tempos de
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Figura 5. Variagdes didrias na expressao relativa do mRNA (mudancga de enovelamento) de
fosfofrutoqginase (pfk) em larvas de tilapiaem 4 (A), 8 (B) e 13 (C) dias pos fertilizagao (dpf)
em um ciclo de LD 12:12. As larvas foram submetidas a dois regimes de temperatura
diferentes: um termociclo (TC) de 31 © C: 25 ° C (representado por circulos pretos, ) ou
temperatura constante (CTE) de 28 ° C (representada por quadrados brancos, ). A linha
tracejada sinusoidal representa o ajuste a um ritmo sinusoidal sempre que o teste de Cosinor
foi significativo. As barras brancas e pretas acima de cada grafico representam a fase clara
e a fase escura, respectivamente. As setas acima dos graficos de 8 e 13 dpfindicam os tempos
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Figura 6. Variacdes didrias na expressao relativa do mRNA (mudancga de enovelamento) de
piruvato quinase (pk) em larvas de tilapia em 4 (A), 8 (B) e 13 (C) dias p6s fertilizacao (dpf)
em um ciclo de LD 12:12. As larvas foram submetidas a dois regimes de temperatura
diferentes: um termociclo (TC) de 31 © C: 25 © C (representado por circulos pretos, @) ou
temperatura constante (CTE) de 28 °© C (representada por quadrados brancos, 0). A linha
tracejada sinusoidal representa o ajuste a um ritmo sinusoidal sempre que o teste de Cosinor
foi significativo. Letras mailGsculas e mintsculas diferentes indicam diferencas
estatisticamente significativas entre os pontos de tempo dentro dos grupos TC ou CTE,
respectivamente, no mesmo grafico (ANOVA bidirecional). Os asteriscos indicam
diferencas significativas entre os grupos no mesmo ponto de tempo (ANOVA de dois
fatores). As barras brancas e pretas acima de cada grafico representam a fase clara e a fase
escura, respectivamente. As setas acima dos graficos de 8 e 13 dpf indicam os tempos de
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Figura 7. Mapa das acrofases dos fatores digestivos e hormonios analisados em larvas de
tilapia de 4, 8 e 13 dias pos-fertilizagao (dpf) em um ciclo LD 12:12 e por dois regimes de
temperatura diferentes: um termociclo (TC) de 31 ° C: 25 ° C ou temperatura constante
(CTE) de 28 ° C. As acrofases das larvas criadas no grupo TC em 4, 8 e 13 dpf sdo
representadas por quadrados pretos, triangulos e circulos, respectivamente. As acrofases das
larvas criadas no grupo CTE em 4, 8 ¢ 13 dpf sdo representadas por quadrados brancos,
triangulos e circulos, respectivamente. A acrofase ¢ indicada apenas para os ritmos

estatisticamente significativos (Cosinor, p <0,05). O nome de cada gene representado ¢



indicado a esquerda. As barras brancas e pretas acima do grafico representam as fases de
claro e escuro, respectivamente. As setas acima do grafico indicam os tempos de alimentagao
para grupos de 8 e 13 dpf. A escala de tempo (eixo x) ¢ expressa como Tempo Zeitgeber

(ZT),em que ZT 0 h corresponde ao iniciodaluz...............cooiiiiiiiiiiiii 90
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1. INTRODUCAO GERAL

A tilapia ¢ a quarta espécie de peixe mais produzida mundialmente, devido aos seus
excelentes indices produtivos, como ciclo de produgao curto, rapido crescimento e tolerancia a
condi¢des sub-6timas de cultivo.

O crescimento dos peixes ¢ um processo complexo e pode ser afetado por fatores
ambientais, fisioloégicos, comportamentais, entre outros. Um dos fatores ambientais que mais
influéncia no crescimento destes animais € a temperatura, uma vez que eles sdo organismos
ectotérmicos. A temperatura tem grande impacto na fisiologia animal, podendo atuar no
metabolismo, absor¢do de nutrientes e outros fatores relacionados diretamente ao crescimento
dos peixes.

A eficiéncia da conversao de alimentos em nutrientes pode depender da disponibilidade
de enzimas envolvidas nesse processo (Jobling 1995; Perez-Casanova et al., 2006). Portanto, o
conhecimento das principais enzimas envolvidas na digestdo e metabolismo, bem como seus
mecanismos de atuacdo no organismo dos peixes nos permite entender diversos aspectos de sua
fisiologia.

Os animais apresentam ritmos bioldgicos resultantes de um longo processo evolutivo,
causado por mudancas climaticas e pela rotacdo da terra (dia/noite). Os ritmos biologicos sao
controlados por sincronizadores, € no caso dos peixes, os mais evidenciados na literatura sdo
luz, temperatura e alimentacao.

O conhecimento sobre a fisiologia digestiva ¢ metabdlica dos peixes e os fatores que
podem influencié-la, nos permite ajustar os protocolos de producdo, adequando-os para cada
estagio de crescimento, resultando assim, em maiores indices produtivos e maior rentabilidade

da atividade.

2. REVISAO DE LITERATURA

2.1 Tilapia (Oreochromis niloticus)

Segundo a FAO (2018), a produgdao mundial aquicola em 2016, incluindo as plantas
aquaticas, chegou a 110,2 milhdes de toneladas, atingindo um valor de venda de
243.500 milhdes de dolares. Dentro desse montante, a produgdo de peixes foi de 54,1 milhdes

de toneladas (138.500 milhdes de dodlares) (Figura 1). De 2001 a 2016 foi observado um
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crescimento anual na aquicultura mundial de 5,8%.
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Figura 1. Produ¢do aquicola mundial de 1990-2016 (Adaptado de FAO, 2018).

A tilapia (Oreochromis niloticus) e outros ciclideos apresentaram um aumento constante
na producdo mundial, alcangando 1,6 milhdes de toneladas em 2016, duplicando os valores
registrados no ano de 2005. A tilapia aparece como a quarta espécie mais produzida
mundialmente (Tabela 1), sendo as trés primeiras posi¢des ocupadas pelas carpas, que apesar
de serem mais cultivadas, t€ém a producdo considerada estavel (FAO, 2018).

No Brasil, a tilapia foi introduzida pela primeira vez em 1971, pelo DNOCS —
Departamento Nacional de Obras Contra a Seca; porém. Apenas na década de 1990, com a
difusdo das técnicas de cultivo, a produgdao comegou a se estruturar (Nogueira e Rodrigues,
2007).

A tilapia apresenta excelentes indices produtivos (Schwarz et al., 2011), como ciclo de
produgdo curto, rapido crescimento (Nandlal e Pickering, 2004), tolerancia a condi¢des sub-
otimas de cultivo, como variagdes no pH, temperatura e oxigénio, e possui, ainda, excelente
carne e Otima aceitacdo no mercado. Além disso, € uma espécie que aceita uma grande
variedade de alimentos (Nogueira e Rodrigues, 2007; Nandlal e Pickering, 2004), respondendo
com eficiéncia a ingestdo de proteinas de origem vegetal e animal, além de serem resistentes a
doengas, superpovoamentos e desovarem durante todo ano (Nogueira e Rodrigues, 2007).

A tilapia se destaca das demais espécies por adequar-se a industria de filetagem, devido
a auséncia de espinhos intramusculares em “Y” (Meurer et al., 2003), possuir rendimento de

filé de aproximadamente 33%, apresentar carne de textura firme, branca e de elevado valor
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nutricional.

Tabela 1. Principais espécies de peixes produzidas na aquacultura mundial.

Espécies 2010 2012 2014 2016
Carpa herbivora 4.362 5.018 5.539 6.068
Ctenopharyngodon idellus
Carpa prateada 4.100 4.193 4.968 5.301
Hypophthalmichthys molitrix
Carpa comum 3.421 3.753 4.161 4.557
Cyprinus carpio
Tilapia do Nilo 2.537 3.260 3.677 4.200
Oreochromis niloticus
Carpa 2.587 2.901 3.255 3.527
Hypophthalmichthys nobilis
Adaptado de FAO (2018).

2.2 Processos digestivos e metabdlicos em peixes

O crescimento dos peixes ¢ um processo complexo, afetado por fatores
comportamentais, fisiolégicos, nutricionais ¢ ambientais (Martinez et al., 1996). Por serem
ectotérmicos, os peixes encontram uma grande variedade de habitats e sdo expostos a mudancgas
frequentes nas condigdes ambientais (Dutta et al., 1994).

A temperatura ambiental tem um impacto direto sobre os aspectos fisioldgicos
(Koumoundouros et al., 2002) e bioquimicos, podendo aumentar o metabolismo dos peixes
(Blier et al., 1997). Com a diminui¢do da temperatura, diminui-se também o consumo de
alimento, taxa digestiva, absor¢do de nutrientes, excre¢ao de nitrogénio, sintese de proteinas e
taxa de crescimento (Fauconneau, 1985).

Em ambientes totalmente controlados o crescimento dos animais ¢ limitado pela
capacidade do organismo em digerir e transportar os nutrientes (Blier et al., 1997). Uma
nutricdo adequada durante o periodo larval dos peixes ¢ fundamental para o sucesso das fases
subsequentes (Hayashi et al., 2002). Sendo assim, o conhecimento do comportamento alimentar
dos animais, assim como sua fisiologia digestiva, contribuird para a otimizagao de dietas e
protocolos alimentares, melhorando as taxas de crescimento e sobrevivéncia.

A eficiéncia da conversao de alimentos em nutrientes pode depender da disponibilidade
de enzimas envolvidas nesse processo (Jobling 1998 e Perez-Casanova et al., 2006). Estudos
sobre secrecoes digestivas em peixes podem elucidar alguns aspectos fisioldgicos e contribuir

para solucionar problemas nutricionais, como por exemplo, a correspondéncia de uma dieta
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artificial que supra as necessidades nutricionais do peixe (Furné et al., 2005).
Em seguida comento sobre algumas das enzimas envolvidas na digestdo e metabolismo

de proteinas, lipidios e carboidratos.

Proteinas

A pepsina ¢ a principal protease acida presente no estdmago (Malik et al., 2005),
facilitando a digestdo por hidrélise e desnaturagdo das proteinas (Lauff e Hofer, 1984),
rompendo as cadeias polipeptidicas no lado aminoterminal dos residuos de aminoacidos
ciclicos (tirosina, fenilalanina e triptofano), para transforma-las em peptideos menores
(Baldisserotto et al., 2014). A pepsina ¢ responsavel pela hidrolise inicial e parcial das proteinas,
juntamente com o acido cloridrico (Baldisserotto, 2002, Baldisserotto et al., 2014). A digestao
tem continuidade no intestino, com auxilio da quimiotripsina e tripsina, principais enzimas
secretadas na por¢ao anterior do intestino (Bougatef, 2013, Baldisserotto et al., 2014), sendo
responsaveis por continuarem a reducgao dos peptideos (Lehninger e Cox, 2006).

A tripsina ¢ responsavel pela hidrolise das ligagdes envolvendo os grupos carbonila da
arginina e da lisina (Bougatef, 2013). E considerada uma enzima chave no processo de digestio
proteica, pois ativa sua propria forma precursora juntamente com outras proteases, incluindo a
quimiotripsina (Baldisserotto et al., 2014).

A quimiotripsina hidrolisa liga¢des peptidicas cujo grupos carbonila sdo oferecidos por
residuos de fenilalanina, tirosina e triptofano. Este estagio de digestao proteica ¢ realizado com
muita eficiéncia, uma vez que cada enzima possui diferentes especificidades por aminoacidos
(Lehninger, e Cox, 2006).

Outras peptidases, continuam a hidrolise dos peptideos no intestino. Entre elas a
carboxipeptidase, que remove os residuos carboxiterminais dos peptideos, transformando-os
em aminoacidos livres, para que possam ser transportados através das células epiteliais, pelo
sangue até o figado (Champe et al., 2006). No figado, os aminoacidos podem ser transaminados
pela alanina aminotransferase e aspartato aminatrasferase, formando L-glutamato e um o-
cetoacido correspondente (Champe et al., 2006).

s

Lipidios

As lipases, embora possam ser encontradas no estobmago de alguns peixes, apresentam
seu sitio primario de hidrdlise na por¢do anterior do intestino e cecos pildricos (quando

existentes), continuando em menor propor¢ao em outros sitios intestinais (Baldisserotto et al.,
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2014).

Os lipidios da dieta sdo emulsificados pela agao dos sais biliares, permitindo, assim, sua
dispersdao no meio aquoso. A lipase hidrolisa os triacilglicerdis em glicerol e 4cidos graxos.
Outras enzimas estdo envolvidas neste processo, permitindo a estabilizag@o da lipase e hidrélise
dos residuos de acidos graxos (Motta, 2003).

Para a sintese dos acidos graxos, que ocorre principalmente no figado, ¢ necessario a
incorporacdo de carbonos, a partir de moléculas de acetil-CoA, na cadeia do acido graxo,
utilizando ATP e NADPH reduzido (Champe et al., 2006). A via das pentoses-fosfato ¢ a maior
fornecedora de NADPH para a sintese de acidos graxos, sendo dois NADPHs produzidos para
cada molécula de glicose metabolizada nesta via. O NADPH pode ser produzido por meio da
conversao citossolica do malato em piruvato, onde o malato ¢ oxidado e descarboxilado pela
acdo da enzima malica, uma das enzimas envolvidas na sintese de acidos graxos (Champe et
al., 2006). Outra forma da obtengdo do NADPH ¢ por meio da oxidagdo da glicose-6-fosfato
(G6P) em 6-fosfogulono-o-lactona, reacdo catalisada pela glicose-6-fosfato-desidrogenase

(G6PD), redugdo de NADP+ a NADPH (Champe et al., 2006).

Carboidratos

A digestao dos carboidratos acontece em quase todo trato gastrointestinal dos peixes
(Baldisserotto et al., 2014). Os carboidratos provenientes da dieta sdo hidrolisados pela agao da
amilase, em maltose e isomaltose. Em seguida, estes compostos sao hidrolisados em glicose
por meio de enzimas como maltase e isomaltase, para assim serem absorvidos pelo intestino. A
glicose entra nas células por difusdo facilitada, independente de Na+, ou num sistema de co-
transporte dependente de Na+ (Champe et al., 2006).

Na via glicolitica, a molécula de glicose passa por uma série de reagdes até ser convertida
em piruvato. Essas reac¢des estdo divididas em dois estagios, o primeiro (fase preparatoria),
a glicose ¢ fosforilada por dois ATPs e clivada, produzindo duas moléculas de gliceraldeido-3-
fosfato. Uma das enzimas envolvida nesta fase ¢ a fosfofrutoquinase (PFK), que catalisa a
transferéncia de um grupo fosfato do ATP para a frutose-6-fosfato, liberando frutose-1,6-
bifosfato (Lehninger e Cox, 2006; Motta, 2003). J4 no segundo estagio, as duas moléculas de
gliceraldeido-3-fosfato sdo oxidadas e fosforiladas, as reagdes envolvidas no processo
rearranjam os fosfatos em compostos fosforilados de alta energia, que ao serem hidrolisados
liberam energia livre para sintetizar ATP. Uma das enzimas envolvidas nesse estagio ¢ a

piruvatoquinase (PK), que catalisa a reagdo de transferéncia do grupo fosfato do
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fosfoenolpiruvato para o ADP, formando piruvato e ATP (Lehninger e Cox, 2006; Motta,
2003).

2.3 Ritmo biologico

Segundo Kulczykowska et al. (2010), ritmos diarios de luz e escuridao e ciclos sazonais
de mudancas climaticas, causados pela rotacao da terra, tém deixado marcas na evolugdo dos
animais. Estas marcas sdo conhecidas como ritmos bioldgicos e s6 ndo tém influéncia em
animais que vivem em cavernas e nas profundidades do oceano.

A caracteristica basica dos ritmos bioldgicos é que eles persistem sob condigdes
ambientais constantes, na auséncia de qualquer efeito externo. Os ritmos, portanto, sao
denominados enddgenos, que surgem dentro organismo e nao sao impostos pelo meio ambiente
(Cymborowski, 2010).

A ritimicidade bioldgica foi observada pela primeira vez em 1729, quando o astronomo
francés Jean Jacques d’Ortous de Marian relatou que os movimentos das folhas de uma planta,
conhecida como mimosa, permaneciam oscilando, num periodo de 24 horas, mesmo sem a
presenca de luz (Aratjo e Marques, 2002; Roenneberg e Merrow, 2005). A persisténcia dos
ritmos da planta significa que o reldgio bioldgico ¢ “enddgeno” e mesmo sem um estimulo
externo a movimentacao persiste (Wulund e Reddy, 2015). Portanto, ritmos biologicos sao
definidos como qualquer evento endogeno, que se repete de maneira regular num organismo
(Tavares-Dias e Mariano, 2015), ou seja, a capacidade dos seres vivos de expressarem seus
comportamentos e controlarem sua fisiologia de forma recorrente e periddica (Aralijo e
Marques, 2002).

Os ritmos mais estudados estdo relacionados as mudangas ambientais, aos quais o0s
animais devem se adaptar (Morgan, 2004). A ritmicidade dos fatores ambientais impde aos
animais o desafio de antecipar esses eventos ciclicos, preparando-os para lidar com tais eventos,
tornando 0s mecanismos antecipatorios uma caracteristica inerente dos organismos vivos
(Volpato e Trajano, 2006).

Os ritmos biologicos tém sido classificados de acordo com sua periodicidade. Os ciclos
que se repetem em intervalos de até 20 horas sdo conhecidos como ultradianos (respiragao,
batimentos cardiacos, disparos de neurdnios, entre outros) (Gongalves e Marques, 2012); os
infradianos se repetem em intervalos maiores que 28 horas (reprodugao) (Caperl et al., 2003);
e o ritmo circadiano, que se repete em intervalos entre 20 a 28 horas (Herrero et al., 2009;

Schulz e Leuchtenberger, 2006). O ritmo circadiano (ciclo claro/escuro) ¢ um dos mais
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estudados, e mais bem compreendido nos seres vivos (Volpato e Trajano, 2006).

Normalmente o ritmo bioldgico ndao ¢ exatamente o mesmo que o do ciclo do meio
ambiente (Cymborowski, 2010). Os periodos dos ritmos enddgenos na verdade diferem
daqueles na natureza, mas sinais de sincronizagdo exdgenos ajustam ou “arrastam” o ritmo
bioldgico, para que os organismos permane¢am em sintonia com o ambiente (Cymborowski,
2010; Vera et al., 2007). Alguns sincronizadores estudados para peixes sdo luz, temperatura e
alimentacdo, e estes podem influenciar, como por exemplo, na natacao, liberacdo de hormonios
(Bromage et al., 2001), interacao social (Nejdi et al., 1996), entre outros.

Como a maioria dos ritmos esta sincronizada com os ciclos ambientais, os
cronobioldgicos se referem ao tempo, como definido por esses ciclos ambientais, chamando-o
de Zeitgeber (ZT). Quando o animal ¢ mantido num ciclo de 24 horas, sendo 12 horas de luz e
12 horas de escuro (LD 12:12), a zeitgeber zero ou ZTO corresponde ao momento que a luz se
acende e ZT12 corresponde ao momento que a luz se apaga. Assim, todos os pontos de tempo
entre 0 e 12 se referem as horas diurnas, enquanto os pontos de 13 a 24 (o mesmo que o ponto
0), se referem a horas noturnas (Cymborowski, 2010).

Em mamiferos a sincronizagdo ocorre por meio do nicleo supraquiasmatico (NSQ) do
hipotadlamo, no sistema nervoso central, considerado o marcapasso central do organismo neste
grupo de animais (Maitra et al., 2013). Em peixes, a existéncia e localiza¢ao de um marcapasso
central similar ao NSQ dos mamiferos ainda ndo foi descrito, porem alguns estudos sugerem
que a glandula pineal teria um papel similar (Falcon et al., 2010).

A glandula pineal (Figura 1), esta localizada abaixo do cranio, e em peixes ¢ coberta por
uma fina e pouco pigmentada camada de pele (Kulczykowska et al., 2010). Ela possui células
fotorreceptoras que se assemelham aos cones da retina dos vertebrados e permitem a
transmissdo de informagdes nervosas ao centro do cérebro, liberando o hormdnio melatonina
no sangue (Falcon, 1999). A melatonina ¢ uma das principais saidas dos ritmos circadianos,
que transmitem informagdes ritmicas ao organismo. O padrao diario de secre¢ao de melatonina
¢ muito conservado entre os vertebrados, onde a pineal produz melatonina a noite.

A melatonina se difunde rapidamente em cada célula do organismo, interagindo com os
receptores das membranas celulares (Kulczykowska et al., 2010). A sintese e a liberacdo de
melatonina sdo controladas pelo ciclo claro/escuro, aumentando sua producdo no escuro e
diminuindo com a iluminagdo (Villamizar et al., 2011). Assim, o sinal de melatonina que reflete
o fotoperiodo prevalecente fornece ao animal informagdes sobre o ciclo claro/escuro

(Kulczykowska et al., 2010).
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Figura 2. Estrutura cerebral de um peixe. Adaptado de Saha (2018).
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O envolvimento da melatonina no controle de processos que exibem ritmos didrios ou
sazonais ¢ amplamente aceito, mas ainda ndo esta completamente compreendido (Falcon et al.,
2010). Os ritmos circadianos afetados pela pineal e/ou melatonina incluem atividade
locomotora, repouso, migragao, pigmentagao da pele, osmorregulacio, metabolismo e ingestao

alimentar (Falcon et al., 2007).

2.4 Ritmos circadianos na alimentacio e digestao

O ciclo claro/escuro, juntamente com a alimentagao e a temperatura, ¢ um dos principais
sincronizadores circadianos em peixes. Eles também sdo considerados cruciais para as espécies
aquicolas, devido a sua influéncia no desempenho, fisiologia, comportamento ¢ estresse
(Kitagawa et al., 2015).

Lopez-Olmeda e Sanchez-Vazquez (2010) fizeram a seguinte pergunta: “Por que ritmos
alimentares?” O alimento dificilmente esta disponivel o tempo todo no ambiente natural, sendo
restrito a um momento particular, periodo em que a disponibilidade de alimento ¢ maior. Além
disso, o animal lida com a disponibilidade de alimento e a ocorréncia de predadores, que
também € maior num determinado momento. Sob tal ambiente ciclico, os peixes evoluiram com
mecanismos para prever o tempo de alimentagdo, fazendo com que seus processos fisioldgicos
sejam ativados antecipadamente.

Quando os animais sdo submetidos a alimentacdo programada, ou seja, um horario fixo,
exibem um aumento na atividade locomotora em antecipagdo a proxima refei¢ao (Lopez-
Olmeda et al., 2012%). Essa antecipagdo ¢ conhecida como atividade antecipatoria de alimento
(AAA) e pode ser definida como o aumento de atividade, duas vezes ou mais, acima de uma
linha de base de atividade, mantida pelo menos 30 minutos e exibida logo antes do horario de
alimentacdo (Mistlberger, 1994).

Uma das principais caracteristicas da AAA ¢ o seu desenvolvimento gradual, com vérios

ciclos de alimentacdo sendo necessarios para sua manifestacdo. O tempo que os peixes levam
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para ressincronizar sua AAA, em fun¢do de uma mudanga no tempo de alimentagdo, esta
diretamente relacionada a quantidade de horas que o horario das refeigdes foi deslocado (Lopez-
Olmeda e Sanchez-Vazquez, 2010). Fisiologicamente, se o organismo for capaz de antecipar
uma refei¢do ele pode melhorar a aquisi¢ao de alimentos e nutrientes (Comperatore e Stephan,
1987; Sanchez-Vazquez e Madrid, 2001).

Vera et al. (2007) alimentaram o goldfish (Carassius auratus) por trés semanas em um
horério fixo e encontraram aumento nos niveis plasmaticos do neuropeptido Y e na atividade
enzimatica da amilase intestinal, duas horas antes da alimentacdo. Resultados semelhantes
foram encontrados por Montoya et al. (2010%), que observaram aumento na atividade da amilase
e da protease alcalina, quatro horas antes do horario da refeicdo da dourada (Sparus aurata),
alimentada num horério fixo. Para o grupo alimentado em horario aleatério, os animais
apresentaram aumento nas atividades enzimaticas, apenas uma hora apds a refeicao.

Lopez-Olmeda et al. (2012b), ao alimentarem enguias europeias (Anguilla anguilla) no
inicio da fase escura (19:00 horas), observaram aumento na atividade da protease acida e da
amilase, duas horas antes do tempo fixo de alimentacao.

Prieto-Guevara et al. (2015), testaram dois horarios de alimentagdo para o bagre hibrido
(Pseudoplatystoma reticulatum x Leiarius marmoratus), 12:00 e 24:00 horas, num fotoperiodo
de 12:12 L/D. A ingestdo de alimentos ndo foi influenciada pelo horario de alimentagdo, porém,
0s autores observaram aumento na taxa de crescimento especifico para o grupo de animais que
recebeu alimentacdo diurna.

Lazado et al. (2017) observaram para o sernambiguara (7rachinotus falcatus) uma
sincronizagdo da alimenta¢do com o fotoperiodo, que caracterizou uma antecipacao de duas
horas na atividade enzimatica das proteases, leucina aminopeptidase e lipase, para os animais
alimentados periodicamente as 9:00 horas, durante seis semanas. Além da atividade
antecipatoria, eles observaram uma maior atividade dessas mesmas enzimas, quando
comparadas ao grupo de animais que recebeu alimentagao aleatoria.

O ritmo diério dos fatores digestivos em peixes ainda € pouco elucidado, porém, ja se
pode perceber a importancia do estudo deste tema. Uma vez que a alimenta¢do do animal esteja
sincronizada, o organismo ¢ capaz de se preparar para uma proxima refeicdo. Essa antecipacao
causa aumento na digestdo e eficiéncia alimentar (Montoya et al., 2010b), otimizando o uso dos
nutrientes (Sanchez-Vazquez et al., 2001) e, consequentemente, melhorando o crescimento do
animal (Prieto-Guevara et al., 2015).

Sabendo que a alimentacdo contribui em grande parte, com os custos de producdo, o

conhecimento sobre a ritimicidade do apetite em peixes ¢ o melhor aproveitamento dos
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nutrientes ¢ de grande relevancia para os produtores, pois pode determinar o melhor horario de

alimentagdo, minimizando desperdicios (Lopez-Olmeda e Sanchez-Vazquez, 2009).

2.5 Influéncia dos ciclos de temperatura nos ritmos biolégicos e desenvolvimento

larvario

A temperatura ¢ reconhecida como um dos fatores abidticos mais importantes que
afetam a fisiologia (Martinez et al., 1996), comportamento, distribui¢do de organismos
aquaticos (Brett, 1971), desenvolvimento embrionario (Kimmel et al., 1995; Schroter et al.,
2008). Fry (1947) descreveu cinco efeitos principais que a temperatura causa nos peixes, em
relagdo aos processos fisiologicos: controle, mascaramento, limitagdo, direcdo e atuando como
um agente letal. Em relacdo a este ultimo, temperaturas além dos limites 6timos de uma
determinada espécie de peixe, podem influenciar na satide, aumentando a taxa metabolica, o
consumo de oxigénio e a viruléncia de patdgenos.

Alguns estudos ja demonstraram que a elevacdo da temperatura pode ocasionar um
aumento de 25% na taxa de desenvolvimento dos embrides (Delaunay et al., 2000), além de
diminuir o tempo de eclosao (Dekens et al., 2003). Como citado anteriormente, o aumento da
temperatura da 4gua também leva a um aumento no metabolismo, maior conversdao alimentar
e, consequentemente, maiores taxas de crescimento (Fauconneau, 1985; Blier et al., 1997;
Koumoundouros et al., 2002).

Deane e Woo (2009) demonstraram que o crescimento dos peixes, induzido por altas
temperaturas, pode ser medido pela acdo da temperatura na produ¢do do hormonio do
crescimento (GH), ja que seus niveis sdo aumentados com o aumento da temperatura. Os
autores observaram que os niveis de GH estavam mais elevados nos peixes durante o verao,
sendo assim influenciado pela variagdo sazonal.

No ambiente natural, oscilagcdes didrias de temperatura (termociclos) sdo geradas na
agua devido a presenca ou auséncia de radiagdo solar (Villamizar et al., 2011). Assim, a
temperatura exibe ciclos ao longo do ciclo claro/escuro, sendo que a fase de temperatura mais
alta (termofase) coincide com o dia e a fase de temperatura mais baixa (criofase) coincide com
a noite (Lopez-Olmeda e Sanchez-Vazquez, 2011).

Alguns estudos vém demostrando a capacidade de sincronizag¢do dos termociclos com
as expressoes de genes, atividade locomotora e eclosdo de ovos (Lahiri et al., 2005; Lopez-
Olmeda et al., 2006; Villamizar et al., 2012).

Blanco-Vives et al. (2010) demostraram a influéncia de termociclos no crescimento,
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malformagdes da mandibula, saco vitelinico ¢ metamorfose em larvas de linguado (Solea
senegalensis). Os autores observaram que numa condi¢do de termociclo semelhante as
condi¢gdes naturais as larvas apresentaram maior desenvolvimento € menor porcentagem de
deformidades, quando comparadas com larvas mantidas em temperatura constante. Além disso,
os animais mantidos em termociclo iniciaram seus processos de metamorfose mais cedo.
Villamizar et al. (2012) observaram resultados semelhantes, ao aplicarem termociclos
diarios no desenvolvimento larval do zebrafish (Danio rerio), onde encontraram maior
comprimento larval, maior taxa de eclosdo, maior sobrevivéncia e menor taxa de deformidade.
A temperatura influencia uma série de caracteristicas do animal, sobretudo no periodo
larval, onde estdo mais susceptiveis a mudancas de temperatura (Rombough et al., 1997). Os
estudos com termociclos vém demostrando beneficios no desenvolvimento das larvas de peixes,
porém, ainda sdo escassos os trabalhos com este tema. Portanto, ¢ necessario dar continuidade

as pesquisas relacionadas com a influéncia de termociclos no periodo larval de peixes.

3. OBJETIVOS

3.1 Objetivo geral

Avaliar os efeitos da temperatura no metabolismo e fisiologia digestiva de larvas de

tilapia (Oreochromis niloticus).

3.2 Objetivos especificos

- Avaliar o crescimento de larvas de tilapia alimentadas e mantidas em

temperaturas distintas;

- Avaliar, em um ciclo didrio, os ritmos didrios de expressdo génica de enzimas
relacionadas a digestdo de proteina, lipidios e carboidratos, em larvas de tildpia mantidas em
diferentes temperaturas;

- Avaliar, em um ciclo diario, os ritmos didrios de expressdo génica de enzimas
relacionadas ao metabolismo de proteina, lipidios e carboidratos, em larvas de tilapia mantidas
em diferentes temperaturas;

- Avaliar, em um ciclo didrio, os ritmos didrios de expressdo génica do
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neuropeptidio Y (NPY) e de colecistoquinina (CCK) em larvas de tildpia mantidas em

diferentes temperaturas.
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Abstract

Environmental factors such as light and temperature present cyclic variations during the day.
High temperatures occur during the light phase, whereas low temperatures take place at night
(i.e. a daily thermocycle). Although applying thermocycles to fish larvae improves growth in
some species, nothing is known about the impact during the early development of the digestive
system. The aim of the present research was to investigate the effect of different temperature
regimes, cycling versus constant, on the daily rhythms of digestive factors and growth of
Nile tilapia (Oreochromis niloticus) larvae. For this purpose, fertilized eggs (stage 1) were
divided into two groups: one under a thermocycle (TC) of 31 °C:25 °C day:night and another
group at constant temperature of 28 °C (CTE). Photoperiod was set at 12:12 h light/dark
cycle. Larvae length was measured on 4-, 8- and 13-days post- fertilization (dpf) and
samples were collected every 4 h during a 24-h cycle on these days. The expression levels
of pepsinogen, chymotrypsinogen, trypsinogen, lipase, maltase, isomaltase, npy and cck
were analyzed by qPCR. The results showed that growth was greater when larvae were
reared at TC than at CTE. Moreover, on 13 dpf, most analyzed genes (chymotrypsinogen,
lipase, maltase, isomaltase, npy and cck) displayed daily rhythms in the TC group but not in
CTE, with most acrophases located around mealtime. These rhythms might explain the higher
growth rate observed in the TC larvae due to improved synchronization of feed digestion and
utilization. These findings could be useful for improving rearing protocols used in tilapia

larviculture and enhancing production performance.

Keywords: Biological clock Larviculture. Fish development. Digestive function

Endocrine system
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1. Introduction

The natural environment presents cyclic and predictable variations in geophysical
variables, such as light and temperature. These cyclic oscillations have influenced evolution
and selected the occurrence of biological clocks in most living organisms. Biological rhythms
confer adaptive advantages as organisms can time their physiological pro- cesses to occur at
specific moments when effectiveness is the greatest (DeCoursey, 2004). Among the
environmental variables that synchro- nize biological rhythms, light has been commonly
regarded as the mostimportant but other factors, such as temperature and feeding, play an
important role, especially in ectothermic animals like fish (Lopez- Olmeda, 2017). Temperature
has a strong influence on fish behavior and physiology (Brett, 1971) as it affects processes like
development, locomotion, sex differentiation, reproduction and survival (Bennett and Beitinger,
1997, Ospina—Alvarez and Piferrer, 2008; Pankhurst and King, 2010; Lopez- Olmeda and
Sanchez-Véazquez, 2011). In the natural environment, daily temperature oscillations
(thermocycles) are generated in the water due to the presence or absence of solar infrared
radiation (Villamizar et al., 2011). Hence temperature displays cycles alongside the light/dark
cycle, with the higher temperature phase (thermophase) coinciding with day and the lower
temperature phase (cryophase) coinciding with night (Lopez-Olmeda and Sanchez-Vazquez,
2011). However, while most fish undergo thermocycles in the wild, their effects on fish biology,
especially during early development, have received little attention to date (Schaefer and Ryan,
2006; Villamizar et al., 2011). Thermocycles during larval development have been reported to
in-crease survival and growth, lower the incidence of malformations and modify the sex ratio
(Blanco-Vives et al., 2010, 2011; Villamizar et al., 2012; Sanchez-Vazquez and Lopez-
Olmeda, 2018).

Nile tilapia (Oreochromis niloticus) is a species that tolerates a rela- tively broad range
of temperatures and is subjected to wide tempera- ture variations in the wild, from temperate
to warm waters (Omondiet al., 2014; Ndiwa et al., 2016). For instance, in one of its natural
environments, the lakes of the Great Rift Valley in Africa, air tem- perature shows wide daily
fluctuations (Crul, 1995), which generate daily variations in water temperature of several
degrees of amplitude, i.e. 24-30 °C (min—max) (Patterson and Wilson, 1995). Moreover, al-
though temperature is controlled in many culture systems used for ti- lapia (Boyd, 2004), similar

variations may occur in extensive opensystems such as ponds or net cages located in rivers,
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where watertemperature can display daily variations of up to 5—6 °C (Culberson and Piedrahita,
1996; Jomori et al., 2003; Lopes and Henry-Silva, 2014). However, despite the importance of
the variations in water temperature in its natural habitat, this topic has received little

consideration in previous studies on tilapia development (Azaza et al., 2010)

One of the most important factors to affect the efficiency of food conversion into
nutrients is the availability of the digestive enzymes involved in this process (Jobling, 1995;
Perez-Casanova et al.,, 2006). The maximum fish growth rate, especially during early
development, strongly depends on digestive capacity (Blier et al., 1997). Thus re- search on the
ontogeny of digestive enzymes in fish can elucidate cer- tain aspects of their nutritional
physiology and help to solve nutritional challenges in larviculture (Furné et al., 2005). In fish,
studies on the ontogeny of the digestive function at the molecular level are scarce. In addition,
studies on the existence of rhythms of digestive factors during development and how the
environment modulates these rhythms are lacking (Rennestad et al., 2013; Yufera et al., 2018).
Studying the ex- istence of daily rhythms in larval physiology is also crucial because most
research has usually focused only on one single daily sample, neglecting daily oscillations
(Yufera et al., 2018). To date, the existenceand ontogeny of these rhythms in fish larvae have
only been reported intwo marine species: gilthead sea bream (Sparus aurata) and Senegalese

sole (Solea senegalensis) (Navarro-Guillén et al., 2015; Mata-Sotres et al.,2016).

The larviculture of Nile tilapia offers some advantages, such as using formulated diets
from the start of exogenous feeding (Luz et al., 2012). However, for this species, more in-depth
knowledge about the digestive physiology in the larval stage is necessary (De Moura Pereira et
al., 2019). To date, research into the ontogeny of digestive factors during larval development is
scarce, and only a few reports have addressed thistopic (Tengjaroenkul et al., 2002; Qiang et
al., 2017; De Moura Pereira et al., 2019; Silva et al., 2019). Daily rhythms in clock gene
expression and factors from the endocrine axis have been reported in adult Nile tilapia (Costa
et al., 2016a, 2016b; de Alba et al., 2019), but still nothing is known about the existence of the

daily rhythms in digestive factors for tilapia larvae.

Therefore, the aim of the present study was to evaluate the effects of two different
temperature regimes, a daily thermocycle versus constant temperature, applied on the first days
of Nile tilapia development, on the growth and daily rhythms of different digestive physiology
para- meters. These parameters involved the expression of genes that encode enzymes for

protein (pepsinogen, chymotrypsinogen and trypsinogen), lipid (lipase) and carbohydrate
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digestion (maltase and isomaltase), and the endocrine control of food intake and digestion

(neuropeptide Y, npy, and cholecystokinin, cck).
2. Materials and methods

The present research was conducted at the facilities of the Department of Physiology of
the University of Murcia (Spain). Fish were reared following the Spanish legislation on
Animal Welfare and Laboratory Practices. Experimental protocols were performed following
the Guidelines of the European Union (2010/63/UE) and Spanish leg- islation (RD 53/2013 and
Law 32/2007) for the use of laboratory an- imals. In addition, the protocols were approved by
the National Committee and the Committee of the University of Murcia on Ethics and Animal

Welfare.
2.1 Animals and experimental design

Male and female Nile tilapia (Oreochromis niloticus) adults were obtained from a local
fish farm (Tilamur S.A., Murcia, Spain). Animals were kept in 300-1 tanks connected to a
recirculation system, equipped with biological and mechanical filters. The photoperiod was set
at 12:12 h light/dark (LD) cycle with lights on at 09:00 h. The water temperature was maintained
controlled at 28 + 0.5 °C. Adult tilapias were fed a commercial diet (D-4 AlternaBasic 2P,

Skretting, Spain) with 36% crude protein (CP) 3 times a day until apparent satiety.

After acclimation, tilapia breeders were induced with human Chorionic Gonadotropin
hormone (hCG, Sigma Aldrich, St. Louis, USA) as described elsewhere (Fernandes et al.,
2013). Briefly, females were intraperitoneally (i.p.) injected with 1500 IU/kg of body weight
and males with 500 [U/kg. The administration for females was divided into two i.p. injections:
the first consisted of 500 IU/kg injected at the end of the light phase and the second one (1000
IU/kg) was applied 12 h after the first dose (at the beginning of the light phase on the next day).
Males received a single i.p. injection at the same time as the second dose for females. After
hCG administration, animals were placed to- gether. After 24 h, sperm and eggs were collected
by stripping and in vitro fertilization was performed (Fernandes et al., 2013). This proce- dure

allowed us to immediately obtain fertilized eggs, which were used in the experiments.

Fertilized eggs were obtained from five different groups of tilapia breeders (3 females
and 5-6 males per group). Then eggs at stage 1 (Fujimura and Okada, 2007) were pooled
together and distributed in incubators for Cichlid eggs (Alimar SA, Murcia, Spain) (150-200
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eggs per incubator, 6 incubators per group were used) in two distinct sys- tems with different
temperature regimes: one system with a daily thermocycle (TC) of 31 °C:25 °C, and another
with a constant tem- perature (CTE) of 28 °C. Both systems were recirculating water systems
that were connected to mechanical and biological filters. The photo- period was set at 12:12
LD, with lights on at 09:00 h. By convention, in chronobiological studies, the time of light onset
is set as Zeitgeber (synchronizer) time 0 h (ZTO0 h), in order to standardize time points regardless
local time, facilitating reproducibility (Guerra-Santos et al., 2017). Hence, light onset at 9:00 h
corresponds to ZT 0 h and light offset at 21:00 h corresponds to ZT 12 h. In the TC system, the
ther- mophase (high temperature phase) of 31 °C coincided with the light phase, whereas the
cryophase (low temperature) of 25 °C coincided with the dark phase (Suppl. Fig. 1A).
Temperature difference between the thermo- and the cryophase was selected following previous
litera- ture and the normal daily ranges experienced by tilapia in the wild (Patterson and Wilson,
1995; Schaefer and Ryan, 2006; Villamizar et al., 2012; Ndiwa et al., 2016). The average water
temperature in the TC system throughout the day was 28.0 °C. Thus the larvae reared in this
system were subjected to the same degree days as the animals reared in the CTE group, at an
average water temperature of 28.0 = 0.3 °C (mean + SD). In the TC system, water temperature
was modified by water heaters (Askoll, Povolaro, Italy) and coolers (Aqua- Medic 1500, Titan
GmbH, Bissendorf, Germany), controlled by elec- tronic timers (Bachmann GmbH & Co,
Stuttgart, Germany). Water temperature was recorded continuously throughout the experiment
by an underwater data recorder (HOBO pendant, Onset Computer Cor- poration, Bourne, MA,
USA). Hatching time (day) and rate were re- corded for posterior analysis on the influence of
the thermal regime on these parameters. Larvae were reared in incubators until 7 days post
fertilization (dpf), when they were transferred to 9-1 tanks connected to the same temperature
system. Density in the tanks was of approxi- mately 10 larvae/l, and a total of ten 9-1 tanks were
used in the ex- periments (5 tanks per temperature treatment). Exogenous feeding began on 7
dpf. Larvae were fed a semi-purified diet containing 42% CP and 4100 Kcal/kg, formulated as
described elsewhere (Silva et al., 2019). Larvae were fed in excess 4 times a day in the first half
of the light phase (ZT 1, ZT 3, ZT 5 and ZT 7 h) (Suppl. Fig. 1B). Tilapia embryo/larvae were

maintained under the experimental conditions from 0 to 13 dpf.

A total of 1014 tilapia larvae were used in the experiments: 864 larvae for gPCR analyses
and 150 larvae for total length measures. On 4, 8 and 13 dpf, whole larvae samples were
collected every 4 h during a 24-h cycle at the following time points: ZT 2, ZT 6, ZT 10, ZT 14,
ZT 18 and ZT 22 h (Suppl. Fig. 1B). Larvae were pooled for each replicate and six replicates
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(n = 6) were collected for each group, time point and day. Larvae were stored in 1.5 ml tubes
and immediately frozen and stored at —80 °C until analyzed. The number of larvae used in the
pool dif- fered depending on the sampling day: 5 larvae/pool on 4 dpf; 4 larvae/ pool on 8 dpf;
3 larvae/pool on 13 dpf. The larvae collected on 8 and 13 dpf were fed on the sampling day.

2.2 Larval growth

The growth of the tilapia larvae in both temperature groups (TC and CTE) was evaluated
on 4, 8 and 13 dpf. For this purpose, 75 larvae wereused for each treatment, and 25 larvae were
used for each measurementday. Larvae were removed from the aquarium and transferred to a
Petri dish. Then each larvae was photographed using a binocular (Leica EZ4 HD, Leica
Microsystems GmbH, Wetzlar, Germany) with an in- corporated digital camera. Photos were
stored in a computer and ana- lyzed later with the ImageJ image processing software (Abramoff
et al.,2004). Larvae were measured longitudinally by considering standard length (Suppl. Fig.
2).

2.3 Real-time RT-PCR analysis

Larvae pools were transferred to sterile tubes and homogenized in Trizol reagent
(Ambion, Thermo Fisher Scientific, Waltham, USA) fol- lowing the manufacturer's
instructions, using a tissue homogenizer for mechanical homogenization (TissueLyser LT,
Qiagen, Hilden, Germany). RNA was dissolved in DEPC water (Invitrogen, Carlsbad, USA)
and RNA concentration was determined by spectrometry (Nanodrop ND-1000, Thermo Fisher
Scientific). Total RNA (1 pg) was first treated with 1 U of DNase (Dnase I, Thermo Fisher),
followed by retrotranscription using a commercial kit (qScript cDNA Synthesis Kit, Quantabio,
Beverly, USA). The quantitative PCR (qPCR) reactions were performed by the SYBR Green
PCR Master Mix (Applied Biosystems, Foster City, USA). All the samples were run in
duplicate and the qPCR reactions were performed in a final volume of 20 pl. The quantitative
PCR analyses were performed in a light thermocycler (7500 RT-PCR system, Applied
Biosystems) following this protocol: 15 min at 95 °C, followed by 40 cycles of 15 s at 95 °C
and 1 min at 60 °C. Melting curves were run after amplification to ensure that only one DNA
species was amplified. All the primer sequences (Table 1) were designed with the Primer 3 plus
software (Untergasser et al., 2012). The relative ampli- fication efficiencies of all the genes
were analyzed by cDNA dilution curves and were found to be similar for all the genes. Primer

con- centrations were determined by means of a primer dilution curve. The primers for
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chymotrypsinogen, pepsinogen, lipase, npy, maltase and Pactin were added at a reaction
concentration of 200 nM. The primers for trypsinogen, isomaltase and cck were added at a final
concentration of 400 nM. The relative expression of all the genes was calculated by the 2-AACt
method (Livak and Schmittgen, 2001). The reference gene, Pactin, was selected after verifying
that its coefficient of variation (CV) was lower than 5% and was used in the first normalization.
The sample with the lowest expression value within each gene, tissue and group was used as

the reference for the second normalization.
2.4 Data analysis

All the results are expressed as mean + SEM. The significance threshold was set at o =
0.05 for all the tests. The SPSS software (v. 19.0, IBM, Armonk, USA) was used to detect any
statistically significant differences between groups and time points. Normality of the data was
previously assessed by the Kolmogorov-Smirnov test and homogeneity of variance was also
verified using Levene's test. Data were subjected to a two-way ANOVA, followed by Duncan's
post hoc test, to check for statistically significant differences in gene expressions between
groups (TC versus CTE) and sampling points (ZTs), and differences in length between groups
and days post fertilization (4, 8 and 13 dpf). Data of hatching rate and hatching day were
subjected to a Student's t-test and a Mann-Whitney U test, respectively.

The existence of significant rhythmicity was tested for all the genes by the Cosinor
analysis, performed with the “EL TEMPS” software (v.1.179, Prof. Diez-Noguera, University
of Barcelona, Spain). The Cosinor analysis is based on the least squares approach of time series
data with a cosine function of a known period of typeY =Mesor+ Amplitude
* cos (2n(t-Acrophase)/Period). The Cosinor analysis also provides the statistical significance
of the rhythm by an F- test of the variance, accounted for by the waveform versus a straight line

of zero-amplitude (null hypothesis).
3. Results
3.1 Hatching timing and rate

The eggs presented a similar hatching rate in the two temperature rearing conditions (¢-
test, p = .652). Eggs at TC had a hatching rate 0 49.6 = 13.3% (mean = SEM) whereas eggs
at CTE presented a rate of 50.5 &= 11.6%. Regarding hatching time, all eggs hatched between
2 and 4 dpf, with most hatching events occurring at days 2 and 3. Eggs at TC hatched mainly
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at 2 dpf (2.3 &= 0.3 dpf, mean = SEM) whereas eggs at CTE hatched mainly at 3 dpf (3.3
=+ 0.3 dpf), but these dif- ferences were not statistically significant (Mann-Whitney U
test,p = .114).

3.2 Larval growth

The length was significantly influenced by the developmental stage (dpf) (two-way
ANOVA, p < .001), the temperature regime in whichtilapia embryo and larvae were raised
(p = .001) and the interaction between these two factors (p < .001) (Fig. 1). In both
temperature treatments, differences were observed between 4, 8 and 13 dpf, withlarval
length significantly increasing from one developmental stage to the following one (Fig. 1). In
addition, significant differences were observed between groups at 13 dpf. By this day, the TC
treatment larvae presented significantly higher length values (8.09 &= 0.07 mm, mean =+

SEM) compared to those in the CTE treatment (7.77 = 0.09 mm) (Fig. 1).
3.3 Pepsinogen expression

No daily rhythms (Cosinor, p = .068-0.345) were found for pepsi- nogen relative
expression in the 4, 8 or 13 dpf tilapia larvae in either of the tested temperature regimes (Fig.
2). Statistically significant effects were observed for time at 4 dpf and group at 13 dpf (two-
way ANOVA,p = .001 and 0.026, respectively) (Suppl Table 1). In addition, a sig- nificant
effect in the interaction of both factors (time and group) was detected at 4 and 13 dpf (p = .002
and 0.041, respectively) (Fig. 2A andC). At 4 dpf, pepsinogen expression in TC at ZT 2 h was
significantly higher than CTE at the same time and other time points in the TC group (Fig. 2A).
In addition, on 13 dpf, pepsinogen levels in CTE at ZT 2 h werehigher than TC at the same time
and other time points in the CTE group (Fig. 2C).

3.4 Chymotrypsinogen expression

The relative expression of chymotrypsinogen displayed significantdaily rhythms for the
4 dpf larvae maintained in the CTE group (Cosinor, p = .018), on 8dpf in both treatments (p =
.024 and p = .007 for TC and CTE, respectively) and for the 13 dpf larvae maintained in TC (p
= .044) (Fig. 3). In addition, the acrophases varied between the significant detected rhythms
(Table 2). In the CTE group, acrophases were located in the dark phase at ZT 18:06 h and ZT
21:35 h for 4 and 8 dpf, respectively. In the TC group, the acrophase was located at the
beginning of the dark phase on 8 dpf (ZT 14:02 h) and shifted to the beginning of the light
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phase on 13 dpf (ZT 02:36 h). Moreover, chy- motrypsinogen expression in the 8 dpf larvae
showed significant differ- ences depending on the groups (two-way ANOVA, p = .002) and in
theinteraction between time and group factors (p = .007) (Fig. 3B and Suppl Table 1). At 8
dpf, chymotrypsinogen in the TC group showed significant variations between time points, with
higher expression at ZT 14 h than ZT 2, 6 and 22 h (Fig. 3B). The expression was also higher
in TC at ZT 10 and 14 h compared with the CTE group (Fig. 3B).

3.5 Trypsinogen expression

The relative expression of trypsinogen in tilapia larvae showed sig- nificant daily
rhythms in the larvae raised in TC on both 4 and 8 dpf (Cosinor, p = .029 and p = .025,
respectively) (Fig. 4). The acrophase of trypsinogen for the 4 dpf TC was located at the
beginning of the light phase (ZT 03:10 h) and shifted to the end of the light phase in the 8 dpf
larvae (ZT 10:11 h) (Table 2). In addition, trypsinogen in the 4 dpf larvaedisplayed significant
differences depending on the group (two-way ANOVA, p = .002), the time of the day (p <
.001) and the interaction between these two factors (p < .001) (Fig. 4A and Suppl Table 1).
At this stage, pepsinogen expression in TC at ZT 2 h was significantly higherthan CTE at the
same time and other time points in the TC group (Fig. 4A).

3.6 Lipase expression

Lipase expression only displayed significant daily rhythms in the tilapia maintained
under the TC conditions on both 4 and 13 dpf (Cosinor, p = .044 and p = .009, respectively)
(Fig. 5). The acrophasesin these two stages occurred at similar times, in the first half of the light
phase (ZT 03:54 h and 02:47 h on 4 and 13 dpf, respectively) (Table 2). Furthermore, lipase
expression showed significant differences de- pending on the group at 8 dpf (two-way ANOVA,
p < .001), depending on the time of the day at 4 and 8 dpf (p = .010 and 0.019, respectively),
and in the interaction of both factors at 4 and 8 dpf (p = .022 andp < .001, respectively)
(Fig. 5 and Suppl Table 1). On 4 dpf, lipase levels in the TC group peaked at ZT 2 h and were
significantly higher than levels at ZT 10 and 18 h in the same group (Fig. 5A). At this stage,
significant differences in lipase between TC and CTE were found at ZT 18 h (Fig. 5A). On 8
dpf, lipase expression was higher in the CTE group than the TC group at all time points except
ZT 22 h (Fig. 5B). In ad- dition, lipase expression showed differences between time points

withinthe CTE group at 8 dpf, with higher levels at ZT 2 h (Fig. 5B).

3.7 Maltase expression
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The only significant daily rhythm in maltase expression was detected in the 13 dpflarvae
from the TC group (Cosinor, p = .021) (Fig. 6). In these animals, maltase expression peaked
around the middle of the dark phase, at ZT 17:27 h (Table 2). Moreover, statistically significant
dif- ferences were found in maltase expression depending on the group factor at 8 dpf (two-way
ANOVA, p = .008). At this stage, maltase ex- pression was higher in the CTE than in the TC
group (Fig. 6B and Suppl Table 1).

3.8 Isomaltase expression

Significant daily rhythms of isomaltase were found at 13 dpf in both groups (Cosinor, p
=.002 and p = .042 for TC and CTE, respectively) (Fig. 7). These rhythms presented opposite
acrophases, with isomaltase expression peaking around the middle of the dark phase in the TC
group (ZT 19:33 h) and about the middle of the light phase in the CTE group (ZT 05:28 h)
(Table 2). Significant differences in isomaltase expression were observed depending on the
group at 8 and 13 dpf (two-way ANOVA, p = .012 and 0.006, respectively), and in the
interaction be- tween group and time factors (p =.001) (Fig. 7 and Suppl Table 1). The overall
daily expression of isomaltase was higher in CTE than TC at 8 dpf. In addition, on 13 dpf, the
TC group showed a higher isomaltase expression than CTE at ZT 18 and 22 h (Fig. 7C). The
expression of isomaltase also showed differences between time points within the TC group at

13 dpf, with higher levels at ZT 18 and 22 h compared with the rest of sampling times (Fig. 7C)
3.9 Npy expression

Significant daily rhythms were found for npy expression in 4 dpf larvae maintained in
CTE (Cosinor, p=.035) and the 13 dpflarvae from the TC group (p =.007) (Fig. 8). Acrophases
were located in the middle of the dark phase (ZT 18:38 h) in the 4 dpf CTE larvae and in the
first half of the light phase (ZT 03:00 h) in the 13 dpf TC larvae (Fig. 8A and C) (Table 2). The
13 dpf larvae presented significant differences in npy expression depending on the group (two-
way ANOVA, p <.001), and in the interaction between group and time factors (p < .001) (Fig.
8C and Suppl Table 1). The CTE group showed a higher npy ex- pression than TC at ZT 2, 6
and 22 h (Fig. 8C). The expression of npy also showed differences between time points within
the CTE group at 13 dpf, with higher levels at ZT 22 h compared with ZT 10, 14 and 18 h (Fig.
8C).

3.10 Cck expression
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The only significant daily rhythm in cck expression was detected in the 13 dpf larvae
from the TC group (Cosinor, p = .021) (Fig. 9). The acrophase of this rhythm was located in
the first half of the light phase, close to the middle of the day (ZT 04:19 h) (Fig. 9C and Table
2). Statistically significant differences were found in cck expression de- pending on the group
factor at 8 dpf (two-way ANOVA, p = .003) (Suppl Table 1). At this stage, the overall cck
expression was higher in the TC group compared with CTE (Fig. 9B).
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Fig. 1. Standard length (mm) of tilapia larvae on 4, 8 and 13 days post ferti- lization (dpf) at a
12:12LD cycle. Larvae were subjected to two different tem- perature regimes: a thermocycle
(TC) of 31 °C:25 °C (black bars) or constant temperature (CTE) of 28 °C (white bars). Different
upper case and lower case letters indicate statistically significant differences between
developmental stages (dpf) within the TC or CTE groups, respectively (two-way ANOVA).
The asterisk indicates significant differences between groups in the same dpf (two- way

ANOVA). Data are represented as mean + SEM; n = 25 replicates (larva) per point.



Table 1

Primer sequences used for the quantitative analysis by qPCR.

Geene FR Sequence (537 Amplification efficiency (%) Ensembl/GenBank accoession number

pepiinogen F TGACCAATGACGCTGACTTG 06,49 JO043215.1
R GGAGGAACOGGTGTCAAAAATG

chymotrypalncgen F TTCTGCCTTCGCTTCTCATC 101.95 ENSONIGOOO00003237
R TTCAACGCCATCTGCTACTG

trypainogen F AGTGOGCAAAGAACTCTGTG 101.65 AYS510093.1
R AATGTTGTGCTCACCAAGGC

lpase F CTACAACTGCTOCACCAGCA 95.17 NM_001279753.1
R GGTGTAGTCGGTGAGCCATT

malszse F ACGGTGGAATCACAGGACTC 97.71 XM 005459498 .4
R GAAGGCTGCTGATGTGTTCA

Liovmaleaie F GGATCATTCTTCTGGGACGA 103.98 XM 003441717 .4
R AGGTTGTGCTGTGGGGTTAG

cck F AGAAACTCCACGGCAAACAG 96,30 ENSONIGOO000019439.1
R ACTCATACTCCTCTGCACTGC

npy F ACACCCAACACTGCTTGAAG 10221 ENSONIGOOO00004499
R TGTTGCACAGATGACGACTC

Pactin F TGGTGGGTATGGGTCAGAAAG ug ENSONIGOOO00008505
R CTGTTGGCTTIGGGGTTCA
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Table 2
Acrophase and statistical significance values of the genes subjected to Cosinor analysis.

Genes dpf Acrophase (ZT h)
TC CTE
pepsinogen 4 - -
8 - —
13 - -
chymotrypsinogen 4 - 18:06 = 3:49°
8 14:02 = 3:56* 21:35 = 3:11°
13 2:36 = 5:10° -
trypsinogen 4 3:10 = 4:52° -
8 10:11 = 4:12¢ -
13 - -
lipase 4 3:54 + 5:05* -
8 - —
13 2:47 *= 3:16* -
maltase 4 - -
8 - -
13 17:27 = 4:03* -
isomaltase 4 - -
13 19:33 = 2:08* 5:28 += 4:09*
npy 4 - 18:38 + 4:38°
8 - —
13 3:00 + 3:09+ -
cck 4 - -
8 — —

+

13 4:19 + 3:57° -
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Fig. 2. Daily variations in the relative mRNA
expression (fold change) of pep- sinogen
analyzed in tilapia larvae on 4 (A), 8 (B) and 13
(C) days post fertili- zation (dpf) ata 12:12 LD
cycle. Larvae were subjected to two different
tem- perature regimes: a thermocycle (TC) of
31 °C:25 °C (represented by black circles, ®) or
constant temperature (CTE) of 28 °C
(represented by white squares, 0). Different
upper case and lower case letters indicate
statistically significant differences between
time points within the TC or CTE groups, re-
spectively, on the same graph (two-way
ANOVA). The asterisks indicate sig- nificant
differences between groups in the same time
point (two-way ANOVA). The white and black
bars above each graph represent the light phase
and dark phase, respectively. The arrows above
the graphs from 8 and 13 dpf indicate feeding
times. The time scale (x-axis) is expressed as
Zeitgeber Time (ZT), where ZTO h corresponds
to light onset. Data are represented as mean =+
SEM; n = 6 replicates (larval pools) per point.
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Fig. 3. Daily variations in the relative mRNA
expression  (fold  change) of  chy-
motrypsinogen analyzed in tilapia larvae on 4
(A) and 13 (B) days post fertili- zation (dpf) at
a 12:12 LD cycle. Larvae were subjected to two
different tem-perature regimes: a thermocycle
(TC) of 31 °C:25 °C (represented by black
circles, ®) or constant temperature (CTE) of 28
°C (represented by white squares, o). The
sinusoidal dashed line represents the
adjustment to a sinu- soidal rhythm whenever
the Cosinor test was significant. Different
upper case and lower case letters indicate
statistically significant differences between
time points within the TC or CTE groups,
respectively, on the same graph (two-way
ANOVA). The asterisks indicate significant
differences between groups in the same time
point (two-way ANOVA). The white and black
bars above each graph represent the light phase
and dark phase, respectively. The arrows above
the graphs from 8 and 13 dpf indicate feeding
times. The time scale (x-axis) is expressed as
Zeitgeber Time (ZT), where ZT 0 h
corresponds to light onset. Data are represented
as mean = SEM; n = 6 replicates (larval pools)
per point.
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Fig. 4. Daily variations in the relative mRNA
expression (fold change) of trypsinogen
analyzed in tilapia larvae on 4 (A), 8 (B) and 13
(C) days post fer- tilization (dpf) ata 12:12 LD
cycle. Larvae were subjected to two different
temperature regimes: a thermocycle (TC) of 31
°C:25 °C (represented by black circles, ®) or
constant temperature (CTE) of 28 °C
(represented by white squares, 0). The
sinusoidal dashed line represents the
adjustment to a sinu- soidal rhythm whenever
the Cosinor test was significant. Different
upper case and lower case letters indicate
statistically significant differences between
time points within the TC or CTE groups,
respectively, on the same graph (two-way
ANOVA). The asterisks indicate significant
differences between groups in the same time
point (two-way ANOVA). The white and black
bars above each graph represent the light phase
and dark phase, respectively. The arrows above
the graphs from 8 and 13 dpf indicate feeding
times. The time scale (x-axis) is expressed as
Zeitgeber Time (ZT), where ZT 0 h
corresponds to light onset. Data are represented
as mean = SEM; n = 6 replicates (larval pools)
per point.
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Fig. 5. Daily variations in the relative mRNA
expression (fold change) of lipase analyzed in
tilapia larvae on 4 (A), 8 (B) and 13 (C) days
post fertilization (dpf) at 12:12 LD cycle.
Larvae were subjected to two different
temperature regimes: a thermocycle (TC) of 31
°C:25 °C (represented by black circles, ®) or
constant temperature (CTE) of 28 °C
(represented by white squares, 0). The
sinusoidal dashed line represents the
adjustment to a sinusoidal rhythm whenever the
Cosinor test was significant. Different upper
case and lower case letters indicate statistically
significant differences between time points
within the TC or CTE groups, respectively, on
the same graph (two-way ANOVA). The
asterisks in- dicate significant differences
between groups in the same time point (two-
way ANOVA). The white and black bars above
each graph represent the light phase and dark
phase, respectively. The arrows above the
graphs from 8 and 13 dpf indicate feeding
times. The time scale (x-axis) is expressed as
Zeitgeber Time (ZT), where ZT 0 h
corresponds to light onset.  Data  are
represented as mean + SEM; n = 6 replicates
(larval pools) per point.
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Fig. 6. Daily variations in the relative mRNA
expression (fold change) of mal- tase analyzed
in tilapia larvae on4 (A), 8 (B) and 13 (C) days
post fertilization (dpf) at a 12:12 LD cycle.
Larvae were subjected to two different
temperature regimes: a thermocycle (TC) of 31
°C:25 °C (represented by black circles, @) or
constant temperature (CTE) of 28 °C
(represented by white squares, 0). The
sinusoidal dashed line represents the
adjustment to a sinusoidal rhythm whenever the
Cosinor test was significant. The white and
black bars above each graph represent the light
phase and dark phase, respectively. The arrows
above the graphs from 8 and 13 dpf indicate
feeding times. The time scale (x-axis) is
expressed as Zeitgeber Time (ZT), where ZT 0
h corresponds to light onset. Data are
represented as mean = SEM; n = 6 replicates
(larval pools) per point.
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Fig. 7. Daily variations in the relative mRNA
expression (fold change) of iso- maltase
analyzed in tilapia larvae on4 (A), 8 (B) and 13
(C) days post fertili- zation (dpf) ata 12:12 LD
cycle. Larvae were subjected to two different
temperature regimes: a thermocycle (TC) of 31
°C:25 °C (represented by black circles, ®) or
constant temperature (CTE) of 28 °C
(represented by white squares, 0). The
sinusoidal dashed line represents the
adjustment to a sinu- soidal rhythm whenever
the Cosinor test was significant. Different
upper case and lower case letters indicate
statistically significant differences between
time points within the TC or CTE groups,
respectively, on the same graph (two-way
ANOVA). The asterisks indicate significant
differences between groups in the same time
point (two-way ANOVA). The white and black
bars above each graph represent the light phase
and dark phase, respectively. The arrows above
the graphs from § and 13 dpf indicate feeding
times. The time scale (x-axis) is expressed as
Zeitgeber Time (ZT), where ZT 0 h
corresponds to light onset. Data are represented
as mean = SEM; n = 6 replicates (larval pools)
per point.
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Fig. 8. Daily variations in the relative mRNA
expression (fold change) of neu- ropeptide Y
(npy) analyzed in tilapia larvae on 4 (A), 8 (B)
and 13 (C) days post fertilization (dpf) at a
12:12 LD cycle. Larvae were subjected to two
different temperature regimes: a thermocycle
(TC) of 31 °C:25 °C (represented by black
circles, ®) or constant temperature (CTE) of 28
°C (represented by white squares, o). The
sinusoidal dashed line represents the
adjustment to a sinu- soidal rhythm whenever
the Cosinor test was significant. Different
upper case and lower case letters indicate
statistically significant differences between
time points within the TC or CTE groups,
respectively, on the same graph (two-way
ANOVA). The asterisks indicate significant
differences between groups in the same time
point (two-way ANOVA). The white and black
bars above each graph represent the light phase
and dark phase, respectively. The arrows above
the graphs from 8 and 13 dpf indicate feeding
times. The time scale (x-axis) is expressed as
Zeitgeber Time (ZT), where ZT 0 h
corresponds to light onset. Data are represented
as mean = SEM; n = 6 replicates (larval pools)
per point.
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Fig. 9. Daily variations in the relative mRNA
expression (fold change) of cho- lecystokinin
(cck) analyzed in tilapia larvae on4 (A), 8 (B)
and 13 (C) days post fertilization (dpf) at a
12:12 LD cycle. Larvae were subjected to two
different temperature regimes: a thermocycle
(TC) of 31 °C:25 °C (represented by black
circles, ®) or constant temperature (CTE) of 28
°C (represented by white squares, o). The
sinusoidal dashed line represents the
adjustment to a sinu- soidal rthythm whenever
the Cosinor test was significant. The white and
black bars above each graph represent the light
phase and dark phase, respectively. The arrows
above the graphs from 8 and 13 dpf indicate
feeding times. The time scale (x-axis) is
expressed as Zeitgeber Time (ZT), where ZT 0
h corresponds to light onset. Data are
represented as mean = SEM; n = 6 replicates
(larval pools) per point.
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Fig. 10. Map of the acrophases of the digestive factors and hormones analyzed in tilapia larvae
from 4, 8 and 13 days post fertilization (dpf) at a 12:12 LD cycle and by two different
temperature regimes: a thermocycle (TC) of 31 °C:25 °C or constant temperature (CTE) of 28
°C. The acrophases from the larvae reared in the TC group on 4, 8 and 13 dpf are represented
by black squares, triangles and circles, respectively. The acrophases from the larvae reared in
the CTE group on 4, 8 and 13 dpf are represented by white squares, triangles and circles,
respectively. The acrophase is indicated only for the statistically significant rhythms (Cosinor,
p <.05). The name of each represented gene is indicated on the left. The white and black bars
above the graph represent the light and dark phases, respectively. The arrows above the graph
indicate feeding times for 8 and 13 dpf groups. The time scale (x-axis) is expressed as Zeitgeber

Time (ZT), in which ZT 0 h corresponds to light onset.
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Supplementary Fig. 1. (A) Daily average water temperature (mean + S.D.) throughout the
experiments in the two temperature regimes herein tested: a thermocycle (TC) of 31 °C:25 °C
(dashed line) or constant temperature (CTE) of 28 °C (continuous line). (B) Scheme of the
feeding (continuous arrows) and sampling times (dashed arrows) used in the experiments. The
white and black bars represent the light and dark phases, respectively. Time scale is expressed

as Zeitgeber Time (ZT), in which ZT 0 h corresponds to light onset.
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Supplementary Fig. 2. Standard tilapia larvae length measurement.
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4. Discussion

In the present study, the existence of daily rhythms in the mRNA expression of several
genes encoding different digestive enzymes and hormones were analyzed in tilapia larvae, as
were the effects of temperature regime on the ontogeny of these rhythms. In general, rearing
tilapia larvae under a thermocycle improved the occurrence of daily rhythms in these factors as
most displayed significant rhythms on 13 dpf, which was not observed in the larvae maintained
at constant temperature (Fig. 10). The acrophases (time of maximum value) of the factors
involved in protein and lipids digestion, as well as hormones, were located in the morning, at
around mealtime, on 13 dpf in the TC group (Fig. 10). The acrophases of the factors involved
in carbohydrate digestion were located at night (Fig. 10). This greater number of significant
rhythms occurred together with a higher growth as the TC larvae length was longer than that of
the CTE group on 13 dpf.

When fish develop under cycling conditions, which are similar to the oscillating
environmental conditions they experience in nature, they tend to perform better. In a previous
study, tilapia juveniles presented higher growth rates under thermocycles than at constant
temperatures, although this effect was lost as fish were becoming bigger and size dispersal was
greater (Azaza et al., 2010). In addition, Senegalese sole and zebrafish (Danio rerio) present
higher growth rates and a lower incidence of malformations when they are kept, during the early
development, in thermocycles compared to constant temperatures (Blanco-Vives et al., 2010,
Blanco-Vives et al., 2011; Villamizar et al., 2012; Sdnchez-Vazquez and Lopez-Olmeda, 2018).
This agrees with the results obtained in the present study in tilapia growth with thermocycles.
In those previous studies, however, the only analyzed molecular or physiological markers to
explain the effects on development induced by thermocycles were some genes involved in sex
differentiation as thermocycles also affect sex ratios (Blanco-Vives et al., 2010, Blanco-Vives
etal., 2011; Villamizar et al., 2012). Therefore, in the present study, we focused on the analysis
of factors involved in food intake control and digestion to investigate whether differences in

growth may be explained by differences in these factors.

Regarding factors involved in food intake control, we analyzed npy and cck mRNA
expression. In one hand, Npy is a peptidic hormone mainly produced in the brain (Volkoff,
2006). This hormone is the most potent orexigenic factor in vertebrates, including fish
(Narnaware et al., 2000; Delgado et al., 2017). Besides its main effects as a stimulator of food

consumption, Npy is a growth hormone (Gh) regulator (Peng and Peter, 1997). On the other
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hand, Cck is also a peptidic hormone which is synthesized in the brain and gut (Volkoff et al.,
2005). Cck is one of the most important regulators of digestion in fish and is largely responsible
for the secretion of pancreatic enzymes (Koven et al., 2002; Volkoff et al., 2005; Zhang et al.,
2018). Besides, Cck acts as a satiety (anorexigenic) signal in fish (Volkoff et al., 2005). In the
present study, npy and cck presented rhythms with the highest values at around mealtime in the
13 dpf larvae. These rhythms were observed in larvae reared at TC but not at CTE. Thus one
hypothesis that could explain the higher growth in the TC larvae is that the rhythms in these
hormones, synchronized with mealtime, might have improved the digestive processes in these

larvae compared to the CTE larvae.

Therefore, we analyzed the rhythms of expression of several enzymes involved in
digestive processes. The existence of daily rhythms in digestive enzymes in fish was first
described in adults (Vera et al., 2007; Montoya et al., 2010; Lépez-Olmeda et al., 2012). In
adult tilapia, daily rhythms have been reported in total protease activity, both acid and alkaline
(Guerra-Santos et al., 2017). In recent years, the ontogeny of rhythms in digestive factors has
been reported in the larvae of two marine species: gilthead sea bream and Senegalese sole
(Navarro-Guillén et al., 2015; Mata-Sotres et al., 2016; Zeytin et al., 2016). In both species,
most of the larval stages analyzed had already started the exogenous feeding and, under these
conditions, daily rhythms in digestive enzymes correlated with feeding (Navarro-Guillén et al.,
2015; Mata-Sotres et al., 2016). This is similar to the result herein found for the TC larvae on
13 dpf, where proteases (chymotrypsinogen and trypsinogen) and lipase presented the highest
values around feeding time. The food digestion process depends, among other factors, on the
presence and availability of adequate digestive enzymes throughout the gastrointestinal tract
(Gisbert et al., 2013). The enzymes observed to display rhythms in tilapia larva are among the
most important for protein (trypsin and chymotrypsin) and lipid digestion (lipase acting to
release fatty acids and glycerol) (Almeida et al., 2018; Durigon et al., 2019). Taken together,
the rhythms in both digestive enzymes and hormones might have increased the efficiency of
physiological processes, leading to improved efficiency of food intake, digestion and growth in

the TC larvae compared with the CTE group.

Moreover, maltase and isomaltase presented shifted acrophases and peaked at nighttime.
These genes encode for enzymes that act in the final steps of the digestion of dietary
carbohydrates (Tengjaroenkul et al., 2002). The peaks of maltase and isomaltase could have
occurred later than other enzymes given the process phase in which they are involved. In

addition, carbohydrate digestibility is generally poor in fish, although omnivorous fish like
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tilapia have better digestion rates (Moon, 2001; Kamalam et al., 2017). Thus one possibility
could be that carbohydrates remained for longer in the gut and, hence, the expression of these
enzymes was delayed. On the other hand, gene expression does not necessarily correlate with
the activity of the encoded enzyme (Yufera et al., 2018), which could be the case for maltase
and isomaltase and would explain why their rhythms are shifted compared to mealtime and to
the other analyzed factors. Indeed, a lack of correlation between mRNA expression and the
activity of the enzyme encoded should not be discarded for other genes analyzed in the present

study. Thus, further research is required concerning enzymatic activity.

Previous studies have highlighted the importance of maintaining embryos/larvae under
rearing conditions that are similar to the natural conditions that animals experience in the wild.
This mainly involves using environmental cycles instead of constant conditions. For instance,
it has been reported that LD cycles are required for correct circadian clock maturation in fish,
and constant lighting conditions (either darkness or light) can delay or even suppress the
appearance of daily rhythms (Ziv and Gothilf, 2006; Martin-Robles et al., 2013; Cuesta et al.,
2014; DiRosa et al., 2015). The temperature factor has been less studied than light. In zebrafish,
thermocycles are able to synchronize the circadian rhythms of embryos/larvae during the first
days of development in the absence of lighting cues, which indicates that thermocycles are a
strong environmental signal for the ontogeny of the clock in fish (Lahiri et al., 2014). Likewise
in tilapia in the present study, thermocycles enhanced the ontogeny of digestive circadian
rhythms, which suggest an important role of thermocycles on fish circadian clock development,
at least for freshwater species. In addition, it should be highlighted that tilapia in the wild is
subjected to daily oscillations in temperature (Patterson and Wilson, 1995; Ndiwa et al., 2016).
This species has evolved under these conditions, which might explain the impact of

thermocycles on its physiology.

Finally, in the present study, thermocycles seemed to enhance the rhythmic expression
of several genes, which in turn might have led to higher growth performance observed at 13
dpf. The mechanisms of action of thermocycles on the regulation of gene expression and how
they can impact fish physiology remains unknown to date. Lahiri et al. (2005) suggested that,
in the zebrafish, temperature cycles may act on the promoter of some genes, increasing or
decreasing their expression through its action on an unknown enhancer element. In the case of
clock genes and clock controlled genes, temperature would modify their phase and amplitude
(Lahiri et al., 2005). In the present study, thermocycles led to a higher number of digestive

factors displaying rhythmic variations, which might have occurred through their action at the
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gene promoter level. Strengthening rhythmic factors might have led to the differences observed
in growth, i.e. by tuning the timing of feeding and digestive processes. However, with the
available data, the link between these rhythms and growth cannot be confirmed so that further

research is required to test this hypothesis.
5. Conclusions

In summary, our research shows that applying daily thermocycles during early
development may improve the ontogeny and maturation of the daily rhythms of digestive
enzymes and feeding regulatory hormones in tilapia. Larvae reared under thermocycles
presented a higher growth at the last stage analyzed (13 dpf), which might be due to higher
digestion rates and better food efficiency. Therefore, the use of thermocycles instead of constant
temperatures in tilapia larviculture is interesting as it might help to improve rearing protocols,
although understanding the mechanisms responsible for this response would require further

research.
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Resumo

A variagdo ciclica didria de temperatura, ¢ um dos principais sincronizadores do ritmo
circadiano, além disso a temperatura da agua pode influenciar no desenvolvimento embrionario
e larvario dos peixes, podendo afetar diretamente em suas enzimas metabdlicas. Embora a
aplicacao de termociclos em larvas de peixes melhore o crescimento e sistema digestivo, nada
se sabe sobre seus efeitos no metabolismo. O objetivo do presente estudo foi avaliar o efeito de
diferentes regimes de temperatura, ciclagem versus constante, sobre os ritmos didrios dos
fatores metabolicos de larvas da tilapia do Nilo (Oreochromis niloticus). Para isso, ovos
fertilizados foram divididos em dois grupos um em termociclo (TC) de 31 °© C: 25 °© C dia: noite
e outro grupo em temperatura constante de 28 © C (CTE). O fotoperiodo foi ajustado para o
ciclo claro / escuro de 12:12 h. As amostras foram coletadas a cada 4 horas durante um ciclo de
24 horas nos dias 4, 8 e 13 pos fertilizagdo. Os niveis de expressdo de alanina aminotransferase
(alt), aspartato aminotransferase (ast), malica, glicose-6-fosfato deseidrogenase (g6pd),
fosfofrutoquinase (pfk) e piruvato quinase (pk) foram analisados por qPCR. Os resultados
mostraram que em 13dpf, a maioria dos genes analisados (alt, ast, malica, gbpd e pfk)
apresentaram ritmos diarios em TC, mas ndo no grupo mantido em temperatura constante, com
a maioria das acrofase durante o periodo de alimentacdo. Um aumento no metabolismo de
nutrientes pode melhorar o aproveitamento do alimento podendo assim, aumentar o

desempenho das larvas.

Palavras-Chave: expressdo genica, fisiologia metabdlica, relogio biologico, larvicultura
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Abstract

The daily variations of temperature are one of the main synchronizers of the circadian rhythms.
In addition, water temperature influences the embryonic and larval development of fish and
directly affects their metabolic processes. The application of thermocycles to fish larvae has
been reported to improve growth and the maturation of the digestive system, but their effects
on metabolism are poorly understood. The aim of the present study was to evaluate the effect
of two different temperature regimes, cycling versus constant, on the daily rhythms of metabolic
factors of Nile tilapia (Oreochromis niloticus) larvae. For this purpose, fertilized eggs were
divided into two groups: one reared in a 31°C:25°C day:night thermocycle (TC) and another
group maintained in a constant 28°C temperature (CTE). The photoperiod was set to a 12:12 h
light/dark cycle. Samples were collected every 4 hours during a 24-hour cycle on days 4, 8 and
13 post fertilization (dpf). The expression levels of alanine aminotransferase (alt), aspartate
aminotransferase (ast), malic enzyme, glucose-6-phosphate dehydrogenase (g6pd),
phosphofructokinase (pfk) and pyruvate kinase (pk) were analyzed by qPCR. Results showed
that, in 13 dpf animals, most of the genes analyzed (alt, ast, malic, gopd and pfk) showed daily
rhythms in TC, but not in the group kept at constant temperature, with most acrophases detected
during the feeding period. An increase in nutrient metabolism around feeding time can improve
food utilization and thus increase larval performance. Therefore, the use of thermocycles is

recommended for tilapia larviculture.

Keywords: gene expression, metabolic physiology, biological clock, larviculture
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1. Introducao

Devido as suas otimas caracteristicas de produgdo, a tilapia (Oreochromis niloticus) ¢é
uma das espécies mais produzidas mundialmente (FAO, 2018). Uma dessas caracteristicas ¢ a
tolerancia a uma ampla gama de temperaturas (Omondi et al., 2014; Ndiwa et al., 2016), ja que
este animal provém de dguas que variam entre temperadas a quentes. Outra vantagem na
producdo de tilapia ¢ a utilizacdo de dietas formuladas desde o inicio de sua alimentacao
exogena (Luz et al., 2012). As exigéncias nutricionais de larvas de tilapia foram bastante
estudadas nos ultimos anos, todavia, o aprofundamento sobre sua fisiologia digestiva e

metabolica € necessario (De Moura Pereira et al., 2019).

A eficiéncia da conversdo alimentar pode depender da disponibilidade de enzimas
envolvidas nesse processo (Jobling 1995; Perez-Casanova et al., 2006), principalmente durante
o desenvolvimento inicial (Blier et al., 1997). Sendo assim, pesquisas sobre a ontogénese dessas
enzimas em peixes podem elucidar certos aspectos de sua fisiologia nutricional e ajudar a
resolver os desafios nutricionais na larvicultura (Furné et al., 2005). Até o momento poucos
estudos abordam a ontogénese de fatores digestivos durante a fase larval de peixes
(Tengjaroenkul et al., 2002; Qiang et al., 2017; De Moura Pereira et al., 2019; Silva et al., 2019)

e quando se trata dos fatores metabolicos, este nimero se reduz (Ma et al., 2021).

Devido as mudangas ambientais sazonais e diarias causadas por ciclos fisicos, os animais
evoluiram e desenvolveram padrdes ritmicos conhecidos como reldgio biologico
(Kulczykowska et al., 2010). Os ritmos biologicos permitem que os organismos cronometrem
seus processos fisioldgicos para ocorrer em momentos especificos em que a eficacia é a maior
(DeCoursey, 2004). No ambiente natural, os ciclos de luz e temperatura, juntamente com a
alimentagdo, sdo um dos principais sincronizadores dos ritmos bioldgicos, especialmente em
animais ectotérmicos como peixes (Lopez-Olmeda, 2017). A presenca ou auséncia de radiag@o
solar gera um termociclo: durante o dia a temperatura sobe (a termofase ou fase de maior
temperatura), enquanto durante a noite a temperatura cai (a criofase ou fase de menor
temperatura) (Villamizar et al., 2011; Blanco-Vives et al., 2010; Lopez-Olmeda & Sanchez-
Vazquez, 2011). Sabe-se que a temperatura pode afetar o desempenho e atividade enzimatica
(Moura & Lanna 2012; Bendhack et al., 2013), aproveitamento do alimento (Okamoto et al.,
2006), locomogdo (Bennett e Beitinger 1997), diferencia¢do sexual (Ospina-A”~ & Francesc
Piferre, 2008) reprodugdo (Nascimento et al, 2006; Pankhurst & King, 2010), sobrevivéncia
dos peixes (Pankhurst & Munday 2011). Além disso, foi relatado que o uso de condig¢des


https://www-sciencedirect.ez27.periodicos.capes.gov.br/science/article/pii/S0044848620304671#bb0225
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ciclicas de temperaturas podem aumentar a sobrevivéncia, o crescimento ¢ a expressdo de
enzimas digestivas, além de diminuir a incidéncia de ma formagao e modificam a razao sexual
durante o periodo larval (Blanco-Vives et al., 2010, Blanco-Vives et al., 2011 ; Villamizar et
al., 2012; Sanchez-Vazquez & Lopez-Olmeda, 2018; Espirito Santo et al., 2020). A maioria
dos peixes experimenta naturalmente termociclos, porém, pouco se sabe sobre os efeitos da
variabilidade térmica na biologia dos peixes, principalmente no seu desenvolvimento inicial

(Schaefer & Ryan, 2006; Villamizar et al., 2011).

Sendo assim, o objetivo deste estudo foi avaliar os efeitos de dois diferentes regimes de
temperatura, um termociclo didrio versus temperatura constante, aplicado nos primeiros dias de
desenvolvimento da tilapia do Nilo, sobre os ritmos didrios de diferentes pardmetros do
metabolismo nutricional. Esses parametros envolveram a expressao de genes que codificam

enzimas para o metabolismo de proteinas, lipidios e carboidrato.
2. Material e métodos

A presente pesquisa foi realizada no Departamento de Fisiologia da Universidade de
Murcia (Espanha). Os peixes foram criados de acordo com a legislagdo espanhola sobre Bem-
Estar Animal e Praticas Laboratoriais. Os protocolos experimentais foram realizados seguindo
as Diretrizes da Unido Europeia (2010/63 / UE) e a legislagcdo espanhola (RD 53/2013 e Lei
32/2007) para o uso de animais de laboratério. Além disso, os protocolos foram aprovados pelo

Comité Nacional e pelo Comité de Etica e Bem-Estar Animal da Universidade de Murcia.
2.1 Animais e design experimental

Matrizes de tilapia do Nilo (Oreochromis niloticus) foram obtidas em uma fazenda de
peixes local (Tilamur SA, Murcia, Espanha). Os animais foram mantidos em tanques de 300
litros conectados a sistema de recirculagdo, equipado com filtros bioldgicos e mecanicos. O
fotoperiodo foi ajustado para o ciclo claro / escuro (LD) 12:12 h com as luzes acesas as 09:00
h. A temperatura da 4gua foi mantida a 28 + 0,5 ° C. As tilapias adultas foram alimentadas com
dieta comercial (D-4 AlternaBasic 2P, Skretting, Espanha) com 36% de proteina bruta (PB) trés

vezes ao dia até a saciedade aparente.

Ap6s a aclimatagdo, matrizes de tildpia foram induzidas com o hormonio gonadotrofina
corionica humana (hCG, Sigma Aldrich, St. Louis, EUA) conforme descrito por (Fernandes et

al., 2013). As fémeas foram injetadas intraperitonealmente (ip) com 1.500 UI / kg de peso
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corporal e os machos com 500 UI / kg. A administragdo para as fémeas foi dividida em duas
injecdes ip: a primeira consistiu em 500 Ul / kg injetada no final da fase de luz ¢ a segunda
(1000 UI / kg) foi aplicada 12 h apds a primeira dose (no inicio da fase de luz no dia
seguinte). Os machos receberam uma Unica inje¢do ip a0 mesmo tempo que a segunda dose
para as fémeas. Apos a administragdo de hCG, os animais foram colocados juntos. Apds 24 h,
espermatozodides e dvulos foram coletados por extracdo e a fertilizacdo in vitro foi realizada
(Fernandes et al., 2013). Esse procedimento permitiu obter os ovos fertilizados, que foram

usados nos experimentos.

Ovos fertilizados foram obtidos de cinco grupos diferentes de reprodutores de tilapia (3
fémeas e 5—6 machos por grupo). Em seguida, os ovos no estagio 1 ( Fujimura e Okada, 2007 )
foram agrupados e distribuidos em incubadoras para ovos de Cichlid (Alimar SA, Murcia,
Espanha) (150-200 ovos por incubadora, foram utilizadas 6 incubadoras por grupo) em dois
sistemas distintos, com diferentes regimes de temperatura: um sistema com um termociclo
diario (TC) de 31° C: 25° C, e outro com uma temperatura constante (CTE) de 28° C. Ambos
os sistemas eram de recirculagdo de dgua conectados a filtros mecanicos e bioldgicos. O
fotoperiodo foi ajustado para 12:12 LD, com luzes acesas as 09:00 h. Por convencdo, em
estudos cronobiolégicos o tempo de inicio da luz ¢ definido como Zeitgeber (sincronizador)
tempo 0 h (ZTO h), a fim de padronizar os pontos temporais independente da hora local,
facilitando a reprodutibilidade (Guerra-Santos et al., 2017). Portanto, o inicio da luz as 9:00 h
corresponde a ZT 0 h e o deslocamento da luz até as 21:00 h corresponde a ZT 12 h. No sistema
TC, a termofase (fase de alta temperatura) de 31° C coincidiu com a fase clara, enquanto a
criofase (fase de baixa temperatura) de 25° C coincidiu com a fase escura (Figura suplementar
1A). A diferenca de temperatura entre a termofase e a criofase foi selecionada de acordo com a
literatura e os intervalos diarios normais experimentados pela tildpia na natureza (Patterson
&Wilson, 1995; Schaefer e Ryan, 2006 ; Villamizar et al., 2012; Ndiwa et al., 2016). A
temperatura média da 4gua no sistema TC ao longo do dia foi de 28° C. Assim, as larvas criadas
neste sistema foram submetidas aos mesmos graus-dia que os animais criados no grupo CTE, a
uma temperatura média da dgua de 28,0 + 0,3° C (média = DP). No sistema TC, a temperatura
da 4gua foi modificada por aquecedores de agua (Askoll, Povolaro, Itilia) e resfriadores
(AquaMedic 1500, Titan GmbH, Bissendorf, Alemanha), controlados por temporizadores
eletronicos (Bachmann GmbH & Co, Stuttgart, Alemanha). A temperatura da agua foi
registrada continuamente durante todo o experimento por um gravador de dados subaquatico

(HOBO pendente, Onset Computer Corporation, Bourne, MA, EUA). As larvas foram criadas
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em incubadoras até 7 dias pos a fertilizacdo (dpf), quando foram transferidas para tanques de 9
litros, conectados ao mesmo sistema de temperatura. A densidade nos tanques foi de
aproximadamente 10 larvas / I, e um total de dez tanques de 9 1 foram usados nos experimentos
(5 tanques por tratamento de temperatura). A alimentagdo exdgena comecou em 7 dpf. As
larvas foram alimentadas com uma dieta semi-purificada (Tabela 1) contendo 42% PB e 4100
Kcal / kg, formulada conforme descrito por (Silva et al., 2019). As larvas foram alimentadas
até saciedade aparente, 4 vezes ao dia na fase clara (ZT 1, ZT 3, ZT 5 e ZT 7 h) (Suppl. Fig.

1 B). Embrides / larvas de tilapia foram mantidos nas condi¢des experimentais até 13 dpf.

Um total de 864 larvas de tilapia foram usadas nos experimentos para analises de
qPCR. Em 4, 8 e 13 dpf, amostras inteiras de larvas foram coletadas a cada 4 h durante um ciclo
de 24 h nos seguintes pontos de tempo: ZT 2, ZT 6, ZT 10, ZT 14, ZT 18 ¢ ZT 22 h (Figura
suplementar 1B). Foram utilizadas 6 repeti¢des para cada ponto de tempo (ZT), cada uma delas
constituida por um pool de larvas. Este pool variou conforme o tempo pos fertilizagao (dpf).
Para 4 dpf foram utilizadas 5 larvas para cada pool; 4 larvas / pool em 8 dpf; e 3 larvas / pool
em 13 dpf. As larvas foram armazenadas em tubos de 1,5 ml e imediatamente congeladas e
armazenadas a —80 ° C até serem analisadas. As larvas coletadas nos dias 8 e 13 dpf foram

alimentadas no dia da coleta.
2.2 Analise RT-PCR em tempo real

Os pools de larvas foram transferidos para tubos estéreis € homogeneizados em reagente
Trizol (Ambion, Thermo Fisher Scientific, Waltham, EUA) seguindo as instru¢des do
fabricante, utilizando um homogeneizador de tecido (TissueLyser LT, Qiagen, Hilden,
Alemanha). O RNA foi dissolvido em agua DEPC (Invitrogen, Carlsbad, EUA) ¢ a
concentracdo de RNA foi determinada por espectrometria (Nanodrop ND-1000, Thermo Fisher
Scientific). O RNA total (1 pg) foi primeiro tratado com 1 U de DNase (Dnase I, Thermo
Fisher), seguido pela retrotranscri¢do usando um kit comercial (qScript cDNA Synthesis Kit,
Quantabio, Beverly, EUA). As reagdes de PCR quantitativo (qPCR) foram realizadas pelo
SYBR Green PCR Master Mix (Applied Biosystems, Foster City, EUA). Todas as amostras
foram executadas em duplicata e as reagdes qPCR foram realizadas em um volume final de 20
pl. As andlises quantitativas de PCR foram realizadas em um termociclador leve (7500 RT-
PCR system, Applied Biosystems) seguindo este protocolo: 15 min a 95 © C, seguido de 40
ciclos de 15 sa95°C el min a 60 ° C. As curvas de fusdo foram executadas apos a

amplificacdo para garantir que apenas uma espécie de DNA foi amplificada. Todas as
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sequéncias de primer (Tabela 2) foram elaborados com o software Primer 3 plus (Untergasser
et al., 2012). As eficiéncias de amplificacdo relativas de todos os genes foram analisadas por
curvas de diluigdo de cDNA e foram consideradas semelhantes para todos os genes. As
concentragdes do primer determinadas por meio de uma curva de dilui¢do. Os primers para
alanina aminotransferase (alt), aspartato aminotransferase (ast), fosfofrutoquinase (pfk) e
Pactina foram adicionados numa concentragdo de 200 nM. Os primers para piruvato quinase
(pk), enzima malica e glicose-6-fosfato desidrogenase (g6pd), adicionados numa concentragao
final de 400 nM. A expressdo relativa, de todos os genes, foi calculada pelo método 2 ~
AACt (Livak e Schmittgen, 2001). O gene de referéncia S-actina foi selecionado apds verificagio
de que seu coeficiente de variagdo (CV) era inferior a 5% e foi utilizado na primeira
normaliza¢do. A amostra com o menor valor de expressao dentro de cada gene, tecido e grupo

foi usada como referéncia para a segunda normalizacgao.

O crescimento padrdo das larvas de tildpia, em ambos os grupos de temperatura (TC e
CTE), foi avaliado em estudo prévio, onde foram observadas diferengas significativas entre os
grupos 13 dpf. Neste dia, as larvas do tratamento TC apresentaram valores de comprimento
significativamente maiores (8,09 + 0,07 mm, média + SEM) em comparacdo as do tratamento

CTE (7,77 £ 0,09 mm) (Espirito Santo et al., 2020).
2.3 Analise de dados

Todos os resultados sao expressos como média £ SEM. O limite de significancia foi
estabelecido em a = 0,05 para todos os testes. O software SPSS (v. 19.0, IBM, Armonk, EUA)
foi usado para detectar quaisquer diferengas estatisticamente significativas entre os grupos
(TC versus CTE) e pontos de amostragem (ZTs). A normalidade dos dados foi avaliada
previamente pelo teste de Kolmogorov-Smirnov e a homogeneidade da variancia também foi
verificada pelo teste de Levene. Os dados foram submetidos a uma ANOVA de duas vias,
seguida pelo teste post hoc de Duncan, para verificar diferencas estatisticamente significativas
nas expressdes génicas entre os grupos (TC versus CTE) e pontos de amostragem (ZTs), e

diferencas na duragdo entre os grupos e dias apos a fertilizagao (4, 8 e 13 dpf).

A existéncia de ritmicidade significativa foi testada para todos os genes pela andlise
Cosinor, realizada com o software “EL TEMPS” (v.1.179, Prof. Diez-Noguera, Universidade
de Barcelona, Espanha). A analise Cosinor ¢ baseada na abordagem dos minimos quadrados de

dados de série temporal com uma fungao cosseno de um periodo conhecido do tipo Y = Mesor
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+ Amplitude * cos (2m (t-Acrofase) / Periodo). A andlise de Cosinor também fornece a
significancia estatistica do ritmo por um teste F da varidncia, contabilizado pela forma de

onda versus uma linha reta de amplitude zero (hipotese nula).
3. Resultados
3.1 Expressao de alanina aminotransferase

A expressdo relativa de alt apresentou ritmos didrios significativos para as larvas de 4
dpf mantidas no grupo CTE (Cosinor, p = 0,026) e para as larvas de 13 dpf mantidas em TC
(p=10,001) (Fig. 1). As acrofases foram localizadas durante a fase clara, em ZT 3:36 h para
4dpf, em CTE, e em ZT 0:11 h para 13dpf, em TC (Tabela 2).

Além disso, a expressdo de alf nas larvas com 4 dpf mostrou diferengas significativas
dependendo do grupo (ANOVA de duas vias, p < 0,001), da hora do dia (»p = 0,003) e da
interacao entre esses dois fatores (p=0,007) ( Fig. 1 A e Tabela Supl. 1 ). Neste mesmo estagio,
a expressao de alt em CTE, em ZT 2, foi significativamente maior do que em TC no mesmo

tempo, assim como os demais pontos em CTE.
3.2 Expressao de aspartato aminotransferase

O tnico ritmo diario significativo na expressao de ast foi detectado nas larvas de 13 dpf
do grupo TC (Cosinor, p <0,01) (Fig. 2). A acrofase neste estagio ocorreu no inicio da fase clara

ZT 0:37 h (Tabela 3).

Diferengas estatisticamente significativas foram encontradas na expressao de ast
dependendo do fator grupo a 8 dpf (ANOVA de duas vias p <0,01) ( Tabela Supl. 1) sendo
maior no grupo TC. Ja para os animais com 13 dpf (p = 0,01) também foram encontradas
diferencas significativas dependendo do fator grupo, desta vez, sendo maior no grupo CTE em

comparagdo com o TC ( Tabela Supl. 1).
3.3 Expressao de enzima malica

Larvas com 4 e 8 dpf, em ambos os grupos TC e CTE, ndo apresentaram ritmos dirios
(Cosinor, p>0,05) na expressao relativa de enzima malica (Fig. 3). J4 para as larvas com 13 dpf
no grupo TC, encontrou-se ritmo diario significativo (Cosinor, p> 0,01), com a acrofase

localizada na fase clara em ZT 5:54 h (Tabela 3).


https://www-sciencedirect.ez27.periodicos.capes.gov.br/science/article/pii/S0044848620304671#f0015
https://www-sciencedirect.ez27.periodicos.capes.gov.br/science/article/pii/S0044848620304671#t0005
https://www-sciencedirect.ez27.periodicos.capes.gov.br/science/article/pii/S0044848620304671#t0005
https://www-sciencedirect.ez27.periodicos.capes.gov.br/science/article/pii/S0044848620304671#t0005
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Nao foram observadas diferencas significativas (ANOVA de duas vias, p> 0,05), entre
0s grupos ¢ tempo na expressao relativa de enzima mdlica em larvas com 4, 8 ¢ 13 dpf, em

ambos os grupos TC e CTE.
3.4 Expressao de glicose-6-fosfato desidrogenase

A expressao relativa de g6fd apresentou ritmos didrios significativos para as larvas de 4
dpf, mantidas no grupo TC (Cosinor, p = 0,018), em 8 dpf para o grupo mantido em CTE
(Cosinor, p=0,037) e para as larvas de 13 dpf, mantidas em TC (Cosinor, p = 0,038) (Fig. 4).
As acrofases variaram entre os ritmos significativos detectados (Tabela 3). No grupo TC, a
acrofase foi localizada durante a fase clara, ZT 1:36 h para larvas com 4dpf e ZT 2:37 h para
larvas com 13dpf. Ja para as larvas com 8dpf mantidas em CTE, a acrofase foi em ZT 22:05 h,

no fim da fase escura.

Além disso, a expressdo de gopd nas larvas de 4 dpf exibiu diferengas significativas
dependendo do grupo (ANOVA de duas vias, p> 0,01), da hora o dia (p = 0,013), e da interacao
entre estes dois fatores (p> 0,01) (Fig. 4A e Tabela suplementar 1). Neste estagio, a expressao
de gbpd em TC, em ZT 2 h e ZT 6h foi significativamente maior do que CTE (Fig. 4). Ja para
os animais em 13 dpf, diferengas estatisticamente significativas foram encontradas dependendo
do fator de grupo (p = 0,043) e a expressdao geral de g6pd foi maior no grupo CTE em

comparagdo com TC (Tabela suplementar 1).
3.5 Expressao de fosfofrutoquinase

A expressao relativa de pfk apresentou ritmos diarios significativos para larvas de 4dpf
mantidas no grupo TC (Cosinor, p = 0,044), em 8dpf mantidas em TC (Cosinor, p = 0,007), e
para larvas de 13dpf mantidas em TC (Cosinor, p = 0,002) (Fig. 5). As acrofase variaram entre
os ritmos significativos (Tabela 3), iniciando na fase escura em ZT 19:14 h para larvas com
4dpf, sendo arrastada para ZT 0:42 h, no inicio da fase clara, em larvas com 8dpf e, novamente

ajustada para ZT 2:10 h em 13dpf.

Nao foram observadas diferencas significativas (ANOVA de duas vias, p> 0,05), entre
0s grupos e tempos na expressao relativa de pfk em larvas com 4, 8 e 13 dpf (Tabela

suplementarl).
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3.6 Expressao de piruvato quinase

Ritmos diarios significativos de pk foram encontrados a 8dpf em TC (Cosinor, p =
0,0013) (Fig. 6). Esse ritmo apresentou acrofase no final da fase escura em ZT 22:05 h (Tabela
3).

As larvas de 13dpf apresentaram diferencas significativas na expressdo de pk
dependendo do grupo (ANOV A de duas vias, p=0,001) e na interag¢do entre os fatores de grupo
e tempo (p = 0,008) (Fig. 6C e Tabela suplementar 1). A expressdo de pk no grupo CTE
apresentou variagdes significativas entre os pontos de tempo, com maior expressdo no ZT 14,

ZT 18 e ZT 22 (Fig. 6 C e Tabela suplementar 1).

Tabela 1. Formulacao da dieta experimental.

Ingredientes Inclusao (%)
Caseina 41
Oleo de peixe 9
Oleo de soja 3,55
Inerte 16,5
Fosfato bicalcico 1,00
Sal (NaCl) 0,05
Premix de mineral/vitamina 1,00
Gelatina 8
Dextrina 19.9
Proteina Bruta (%) 42,44

Energia Bruta (Kcal/Kg) 4087.13




Tabela 2. Sequéncia de primers utilizada para analise de qPCR quantitativo.

o Ensembl/GenBank
Gene F/R Sequéncia (5'-3")
Numero de acesso

F GGCAGCTTTATCAAGGAACG
alt XM_0035476466.4

R TGGTTATGCGAGGAAAGGAG

F AACATTGTGCTGTCGCAGTC XM_003442255.5
ast

R TCCTCTGCATCTTTGCACAC

F TGTCCTTCAAGATCGCAGTG XM_003452960.5

mdlica
R ATCACACGTCCTGGACCTTC
F GTCACCTCAACCGGGAAGTA XM_013275693.3
gbpd

R TGGCTGAGGACACCTCTICTT

F TTTGTGCATGAGGGTTACCA XM_003441476.5
ofk

R CACCTCCAATCACACACAGG

F TCCTGCAGACACAGATCCAG ENSONIT00000010593.1
pk

R TGATCATTTCCTTGGCCTTC

F TGGTGGGTATGGGTCAGAAAG ENSONIG00000008505

Pactina
R CTGTTGGCTTTGGGGTTCA

Tabela 3. Acrofase dos genes relacionados ao metabolismo de tilapia do Nilo submetida a um

termociclo (31°C: 25°C) e uma temperatura constante (28 °C).

Acrofase (ZT h)

Genes dpf
TC CTE
4 - 3:36+£4:14*
alt 8 - -
13 0:11+2:15%* -
4 _ _
ast 8 = =
13 0:37+2:08** =
4 _ _
malica 8 - -
13 5:5443:11* -
4 1:36+ 3:35* =
g6pd 8 = 22:15+ 4:39*%
13 2:37 + 4:43* =
4 19:14+5:04* -
ofk 8 0:42+3:21%* :
13 2:10+ 2:48* -
4 _ _
pk 8 22:05+ 2:39** =
13 = =

Cosinor*p<0,05**p<0,01.

A acrofase ndo esta indicada para genes nao significativos (p >0,05).
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Figura 1. Variagdes diarias na expressdo
relativa do mRNA (mudanga de enovelamento)
de alanina aminotransferase (alt) em larvas de
tilapia em 4 (A), 8 (B) ¢ 13 (C) dias pds
fertilizag@o (dpf) em um ciclo de LD 12:12. As
larvas foram submetidas a dois regimes de
temperatura diferentes: um termociclo (TC) de
31 °C: 25 ° C (representado por circulos pretos,
®) ou temperatura constante (CTE) de 28 © C
(representada por quadrados brancos, 0O). A
linha tracejada sinusoidal representa o ajuste a
um ritmo sinusoidal sempre que o teste de
Cosinor foi significativo. Letras maiusculas e
minusculas diferentes indicam diferencas
estatisticamente significativas entre os pontos
de tempo dentro dos grupos TC ou CTE,
respectivamente, no mesmo grafico (ANOVA
bidirecional). Os asteriscos indicam diferengas
significativas entre os grupos no mesmo ponto
de tempo (ANOVA de dois fatores). As barras
brancas e pretas acima de cada grafico
representam a fase clara e a fase escura,
respectivamente. As setas acima dos graficos de
8 ¢ 13 dpfindicam os tempos de alimentag¢do. A
escala de tempo (eixo Xx) € expressa
comoZeitgeber Time (ZT), onde ZT 0 h
corresponde ao inicio da luz. Os dados sdo
representados como média £+ SEM;n= 6
repetigdes (pools de larvas) por ponto.
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Figura 2. Variacdes diarias na expressdo
relativa do mRNA (mudanga de enovelamento)
de aspartato aminotransferase (ast) em larvas de
tilapia em 4 (A), 8 (B) e 13 (C) dias pos
fertilizacdo (dpf) em um ciclo de LD 12:12. As
larvas foram submetidas a dois regimes de
temperatura diferentes: um termociclo (TC) de
31 ° C: 25 ° C (representado por circulos pretos,
®) ou temperatura constante (CTE) de 28 ° C
(representada por quadrados brancos, 0). A
linha tracejada sinusoidal representa o ajuste a
um ritmo sinusoidal sempre que o teste de
Cosinor foi significativo. As barras brancas e
pretas acima de cada grafico representam a fase
clara e a fase escura, respectivamente. As setas
acima dos graficos de 8 e 13 dpf indicam os
tempos de alimentacdo. A escala de tempo (eixo
x) € expressa como Zeitgeber Time (ZT), onde
ZT 0 h corresponde ao inicio da luz. Os dados
sdo representados como média = SEM;n = 6
repeticdes (pools de larvas) por ponto.
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Figura 3. Variagdes diarias na expressio
relativa do mRNA (mudanga de enovelamento)
de enzima malica em larvas de tilapia em 4 (A),
8 (B) e 13 (C) dias pos fertilizagdo (dpf) em um
ciclo de LD 12:12. As larvas foram submetidas
a dois regimes de temperatura diferentes: um
termociclo (TC) de 31 ° C: 25 ° C (representado
por circulos pretos, ®) ou temperatura constante
(CTE) de 28 ° C (representada por quadrados
brancos, 0). A linha tracejada sinusoidal
representa o ajuste a um ritmo sinusoidal
sempre que o teste de Cosinor foi
significativo. As barras brancas e pretas acima
de cada grafico representam a fase clara ¢ a fase
escura, respectivamente. As setas acima dos
graficos de 8 e 13 dpf indicam os tempos de
alimentacdo. A escala de tempo (eixo X) ¢
expressa como tempo Zeitgeber (ZT), onde ZT
0 h corresponde ao inicio da luz. Os dados sdo
representados como média = SEM;n = 6
repeticdes (pools de larvas) por ponto.
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Figura 4. Variagdes diarias na expressdo
relativa do mRNA (mudanga de enovelamento)
de glicose-6-fosfato desidrogenase (gbpd) em
larvas de tilapia em 4 (A), 8 (B) e 13 (C) dias
pos fertilizacdo (dpf) em um ciclo de LD 12:12.
As larvas foram submetidas a dois regimes de
temperatura diferentes: um termociclo (TC) de
31 °C: 25 ° C (representado por circulos pretos,
®) ou temperatura constante (CTE) de 28 ° C
(representada por quadrados brancos, O). A
linha tracejada sinusoidal representa o ajuste a
um ritmo sinusoidal sempre que o teste de
Cosinor foi significativo. Letras maitisculas e
minusculas diferentes indicam diferencas
estatisticamente significativas entre os pontos
de tempo dentro dos grupos TC ou CTE,
respectivamente, no mesmo grafico (ANOVA
bidirecional). Os asteriscos indicam diferengas
significativas entre 0s grupos no mesmo ponto
de tempo (ANOVA de dois fatores). As barras
brancas e pretas acima de cada grafico
representam a fase clara e a fase escura,
respectivamente. As setas acima dos graficos de
8 e 13 dpfindicam os tempos de alimentagdo. A
escala de tempo (eixo x) € expressa como tempo
Zeitgeber (ZT), onde ZT 0 h corresponde ao
inicio da luz. Os dados sdo representados como
média + SEM; n = 6 repeti¢des (pools de larvas)
por ponto.
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Figura 5. Variagcdes didrias na expressao
relativa do mRNA (mudanca de enovelamento)
de fosfofrutoquinase (pfk) em larvas de tilapia
em 4 (A), 8 (B) e 13 (C) dias pos fertilizacdo
(dpf) em um ciclo de LD 12:12. As larvas foram
submetidas a dois regimes de temperatura
diferentes: um termociclo (TC) de 31 ° C: 25 °
C (representado por circulos pretos, e) ou
temperatura constante (CTE) de 28 ° C
(representada por quadrados brancos, O). A
linha tracejada sinusoidal representa o ajuste a
um ritmo sinusoidal sempre que o teste de
Cosinor foi significativo. As barras brancas e
pretas acima de cada grafico representam a fase
clara e a fase escura, respectivamente. As setas
acima dos graficos de 8 e 13 dpf indicam os
tempos de alimentacdo. A escala de tempo (eixo
X) € expressa comoZeitgeber Time (ZT), onde
ZT 0 h corresponde ao inicio da luz. Os dados
sdo representados como média + SEM; n =6
repeticoes (pools de larvas) por ponto.
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Figura 6. Variagbes diarias na expressdo
relativa do mRNA (mudanga de enovelamento)
de piruvato quinase (pk) em larvas de tilapia em
4 (A), 8 (B) e 13 (C) dias pos fertilizagdo (dpf)
em um ciclo de LD 12:12. As larvas foram
submetidas a dois regimes de temperatura
diferentes: um termociclo (TC) de 31 ° C: 25 °
C (representado por circulos pretos, e) ou
temperatura constante (CTE) de 28 ° C
(representada por quadrados brancos, 0O0). A
linha tracejada sinusoidal representa o ajuste a
um ritmo sinusoidal sempre que o teste de
Cosinor foi significativo. Letras maitsculas e
minusculas diferentes indicam diferencgas
estatisticamente significativas entre os pontos
de tempo dentro dos grupos TC ou CTE,
respectivamente, no mesmo grafico (ANOVA
bidirecional). Os asteriscos indicam diferengas
significativas entre os grupos no mesmo ponto
de tempo (ANOVA de dois fatores). As barras
brancas e pretas acima de cada gréfico
representam a fase clara e a fase escura,
respectivamente. As setas acima dos graficos de
8 e 13 dpfindicam os tempos de alimentagdo. A
escala de tempo (eixo x) € expressa
comoZeitgeber Time (ZT), onde ZT O h
corresponde ao inicio da luz. Os dados sdo
representados como média £+ SEM; n = 6
repetigoes (pools de larvas) por ponto.
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Fig. 7. Mapa das acrofases dos fatores digestivos € hormonios analisados em larvas de tilapia
de 4, 8 e 13 dias pos-fertilizagao (dpf) em um ciclo LD 12:12 e por dois regimes de temperatura
diferentes: um termociclo (TC) de 31 ° C: 25 ° C ou temperatura constante (CTE) de 28 ° C.
As acrofases das larvas criadas no grupo TC em 4, 8 e 13 dpf sdo representadas por quadrados
pretos, tridngulos e circulos, respectivamente. As acrofases das larvas criadas no grupo CTE
em 4, 8 ¢ 13 dpf sdo representadas por quadrados brancos, tridngulos e circulos,
respectivamente. A acrofase ¢ indicada apenas para os ritmos estatisticamente significativos
(Cosinor, p <0,05). O nome de cada gene representado ¢ indicado a esquerda. As barras brancas
e pretas acima do grafico representam as fases de claro e escuro, respectivamente. As setas
acima do grafico indicam os tempos de alimentagdo para grupos de 8 e 13 dpf. A escala de
tempo (eixo x) € expressa como Tempo Zeitgeber (ZT), em que ZT 0 h corresponde ao inicio

da luz.
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Figura suplementar 1. Temperatura média diiria da dgua (média = DP) ao longo dos

experimentos nos dois regimes de temperatura aqui testados: um termociclo (TC) de 31 ° C: 25

° C (A) ou temperatura constante CTE de 28 ° (B).

Tempos de alimentagdo

ZT1 ZI3  ZT5  ZT7

Ll

t t t t t
! ]

712 776 7710 7T14 7718 7™

—

Tempos de amostragem

Figura suplementar 2. Esquema de alimentagdo (setas continuas) e tempos de amostragem
(setas tracejadas) usados nos experimentos. As barras brancas e pretas representam as fases
clara e escura, respectivamente. A escala de tempo € expressa como Tempo Zeitgeber (ZT), em

que ZT 0 h corresponde ao inicio da luz.
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Tabela suplementar 1. Valores de P obtidos nas ANOV As de dois fatores. Os valores de p sao
reportados para o grupo (G), tempo (T) e a interacao desses dois fatores (GxT). A cor cinza

destaca os resultados significativos (p <0,05).

4 dpf 8 dpf 13 dpf

Gene
G T GxT G T GxT G T GxT
alt 0.001 0.031 0.001 0.716 0.408 0.423 0.042 0.099 0.161
ast 0310 0359 0361 0.008 0.639 0.220 0.01 0765 0.326
malica 0323 0279 0.151 0.054 0.631 0.466 0.089 0.685 0576
a6pd 0.001 0.013 0.001 0.058 0.267 0.296 0.043 0377 0387
pik 0936 0.148 0.569 0.183 0499 0.222 0311 0.875 0.146
pk 0945 0286 0.741 0.932 0380 0.820 0.001 0.720 | 0.008

4. Discussao

Foram analisados neste estudo a existéncia de ritmos diarios na expressao do mRNA de
alguns genes que codificam enzimas metabdlicas em larvas de tilapia, assim como os efeitos do
regime de temperatura na ontogenia desses ritmos. No geral, foi observado que as larvas de
tildpias mantidas em TC, apresentaram ritmos significativos para todas as enzimas metabolicas
avaliadas, o que nao foi observado para as larvas mantidas em CTE, onde os ritmos foram
significativos apenas para as enzimas alt e gobpd (Fig. 7). Todas as acrofases (tempo de valor
maximo), localizaram-se pela manha, por volta das trés primeiras alimentagdes a 13 dpf no

grupo TC (Fig. 7).

Os peixes tendem a se desenvolver melhor quando estdo em condi¢des semelhantes as
condi¢des ambientais. A ritmicidade dos fatores que influenciam o ambiente natural faz com
que os animais, se preparem para lidar com esses eventos ciclicos (Volpato & Trajano,
2006). Como foi observado no estudo prévio a este, as larvas de tilapia mantidas em TC com
13 dpf tiveram um crescimento significativamente maior que as larvas com a mesma idade
mantidas em CTE (Esprito Santo et al., 2020). Em estudos anteriores, juvenis de tilapia,
linguado (Solea solea) e peixe-zebra (Danio rerio), apresentaram maior taxa de crescimento
em TC do que em temperaturas contantes (Azaza et al., 2010; Blanco-Vives et al.,
2010; Blanco-Vives et al., 2011; Villamizar et al., 2012; Sanchez-Vazquez & Lopez-Olmeda,

2018). Porém os unicos marcadores moleculares ou fisioldgicos analisados para explicar esses
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efeitos foram alguns genes envolvidos na diferenciagdo sexual ( Blanco-Vives et al.,

2010, Blanco-Vives et al., 2011 ; Villamizar et al., 2012 ).

Além dos fatores nutricionais, que ja sdo bastante conhecidos, outros fatores como,
genéticos e ambientais, devem ser levados em consideragdo quando se busca um melhor
processo de desenvolvimento larval. A ingestdo de alimento, taxa metabdlica e o
desenvolvimento dos organismos ectotérmicos sdo fortemente dependentes da temperatura
(Lopez-Olmeda & Sanchez-Vazquez, 2011). Alguns trabalhos vem demonstrando a existéncia
de ritmos diarios nas enzimas digestivas em peixes, adultos e larvas ( Vera et al.,
2007 ; Montoya et al., 2010 ; Lopez-Olmeda et al., 2012; Navarro-Guillén et al., 2015 ; Mata-
Sotres et al., 2016; Zeytin et al. , 2016; Guerra-Santos et al., 2017; Espirito Santo et al., 2020).
No entanto, sdo escassos os trabalhos que avaliam a existéncia de ritmos nas enzimas

metabolicas dos peixes.

As enzimas metabolicas refletem, entre outros fatores, a absorcao ¢ o metabolismo dos
nutrientes, por isso, no presente estudo, foram avaliados os ritmos de expressdo genica das
enzimas envolvidas no processo metabolico de proteina (alt e ast), lipidios (malica e gbpd) e
carboidrato (pfk e pk). A transaminag¢dao ¢ o primeiro passo no processo de desaminagdao
proteica, onde ocorre a transferéncia da amdnia do grupo a-amino para um a-cetodcido. Existem
diferentes enzimas transaminases, ou aminotransferases, porém as mais estudadas em peixes
sdo ALT e AST. Sendo assim, a presenca das enzimas ALT e AST indicam o processo de
catabolismo de aminoacidos. As enzimas malicas e GO6PD, participam dos processos
lipogénicos fornecendo energia para os processos bioquimicos. Ja as enzimas PFK e PK sao
enzimas- chave da via glicolitica. Um recente estudo, relata que o uso de variagdes ciclicas no
ambiente, juntamente com a alimentagdo exdgena, proporcionaram um aumento na atividade
das enzimas ALT e AST para larvas de baiacu (Tetraodontidae) (Ma et al., 2021). Esta pesquisa
nos mostra, que os animais com 13 dpf em TC apresentam ritmos diarios para alt, ast, malica,
g6pd e pfk e ndo para as larvas mantidas em CT. Podemos sugerir que, os animais mantidos em
condicdes ciclicas de temperatura com 13dpf, aumentam a eficiéncia dos seus processos

fisioldgicos, aumentando assim, a metaboliza¢do dos nutrientes.

E importante ressaltar que as larvas com 13dpf ja haviam iniciado a alimentagio
exdgena. As enzimas alt e ast apresentaram acrofase em ZT 0:11 e ZT 0:37 h (respectivamente),
pouco depois de iniciar o periodo de luz e antes da primeira alimentagdo (ZT 1 h). Para as

demais enzimas, malica, gopd, pfk, a acrofase aconteceu entre a primeira e ultima alimentacao
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(ZT 1h — ZT 7 h). Com o passar dos anos, os peixes evoluiram e desenvolveram mecanismos
para antecipar sua alimentacdo, desde que oferecida de forma programada e fixa (Lopez-
Olmeda & Sanchez-Vazquez, 2011; Lopez-Olmeda et al., 2012). Fisiologicamente, os peixes
sdo capazes de melhorar sua ingestdo e utilizagdo de nutrientes quando se antecipam a uma
refeicdo (Comperatore & Stephan, 1987; Sanchez-Vazquez & Madrid, 2001). Alguns trabalhos
vém demonstrando, que a antecipacdo ao alimento aumenta niveis plasmaticos de hormonios
importantes para a ingestao e digestdo de alimentos em peixes, além de aumentar a atividade e
expressdo enzimatica de enzimas envolvidas na digestao alimentar (Vera et al., 2007; Montoya
et al.,2010; Lopez-Olmeda et al., 2012; Prieto-Guevara et al., 2015; Espirito Santo et al., 2020).
Sendo assim, podemos sugerir que as larvas de tildpias mantidas em TC com 13 dpf estavam se
antecipando a alimentagdo, aumentando o metabolismo dos nutrientes (Montoya et al., 2010) e
consequentemente otimizando o seu uso (Sdnchez-Vazquez & Madrid, 2001) podenso melhorar

o crescimento do animal (Prieto-Guevara et al., 2015; Espirito Santo et al., 2020).

A temperatura ¢ um fator abidtico importante ja que pode impactar diretamente os
aspectos fisiologicos (Koumoundouros et al., 2002) e bioquimicos, podendo aumentar ou
diminuir o metabolismo dos peixes (Fauconneau, 1985; Blier et al., 1997). A tilapia, no seu
ambiente natural, sofre oscilagdes didrias de temperatura (termociclos) (Omondi et al.,
2014; Ndiwa et al., 2016 ), e durante seu periodo larval sdo mais susceptiveis a esses efeitos
(Rombough et al., 1997). O sistema circadiano de peixes ¢ desenvolvido durante as primeiras
fases do periodo larval (Kazimi & Cahill, 1999) e a correta maturagao do reldgio circadiano ¢é
influenciada pelo ciclos ambientais. Ja, o contrario, ou seja, o uso de condi¢gdes constantes
podem atrasar ou suprimir o aparecimento de ritmos diarios (Ziv & Gothilf, 2006; Martin-
Robles et al., 2013; Cuesta et al., 2014; Di Rosa et al., 2015). Ja foi demonstrado que o
termociclo € capaz de sincronizar os ritmos circadianos, sendo assim um forte sinal ambiental
para a ontogenia do reldégio em peixes (Lahiri et al. , 2014 ). Alguns trabalhos demonstraram
que a utilizagdo de termociclos aumentam a secre¢do enzimatica ¢ melhoram o desempenho
dos animais e o seu crescimento (Blanco-Vives et al., 2010; Villamizar et al., 2012). Além
disso, um estudo prévio a esse, nos mostra que o uso de termociclos durante o periodo larval,
aumenta a expressao ritmica de varios genes envolvidos na ingestdo e digestao de alimentos, o
que por sua vez levou a um maior crescimento das larvas de tilapia (Espirito santo et al., 2020).
Portanto, pode-se sugerir com o presente estudo, que o uso de termociclo para larvas de tilapia
aumentam a ontogenia dos ritmos circadianos das enzimas metabolicas, apos 13 dpf.

Aumentando a metabolizagdo e o aproveitamento de nutrientes, as larvas poderiam aumentar
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seu desempenho e crescimento. Ainda nio se sabe quais os mecanismos de acao dos termociclo
na regulacdo e expressdo genica, de modo que mais pesquisas sobre esse tema devem ser

desenvolvidas.
5. Conclusoes

Nossa pesquisa mostra que larvas de tilapia, criadas sob termociclos diarios, aumentam
a expressao ritmica de genes envolvidos no metabolismo alimentar ap6s 13dpf. Portanto o uso
de termociclos em vez de temperaturas constantes na larvicultura de tildpia ¢ recomendado, ja

que proporcionam maiores beneficios.
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8. Consideracgoes finais

Animais mantidos em uma condig¢ao ciclica de temperatura maturam e sincronizam
precocemente suas enzimas digestivas e metabolicas, além de maturar o sistema endocrino,
envolvido diretamente no crescimento animal. Essa maturagdo precoce de enzimas e hormoénios leva

a um aumento do crescimento, como foi demonstrado no presente estudo.

O melhor aproveitamento da dieta gera, consequentemente, melhorias no desempenho,
proporcionando reducdo nos custos com alimentagao, bem como redugdo no periodo de criagdo dos

animais.

A maior compreensao da dinamica fisioloégica em larvas de tilapia melhora os indices
produtivos, assim como proporciona ajustes nos protocolos de manejo nas primeiras fases de

desenvolvimento dos animais.

Estudos futuros sobre a influéncia de termociclos no desenvolvimento de tildpias devem ser

realizados para as demais fases de cultivo.
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ARTICLE INFO ABSTRACT

Environmental factors such as light and temperature present cyclic variations during the day. High temperatures
occur during the light phase, whereas low lemperatures take place at night (L.e. a daily thermocycle). Although
applying thermocycles to fish larvae improves growth in some species, nothing is known about the impact during
the early development of the digestive system. The aim of the present research was to investigate the effect of
different temperature regimes, cycling versis constant, on the daily rhythms of digestive factors and growth of
Nile tilapia (Oreochromis niloticus) larvae. For this purpose, fertilized eggs (stage 1) were divided into two groups:
one under a thermocycle {TC) of 31 “C:25 °C day:night and another group at constant temperature of 28 “C
(CTE). Photoperiod was set at 12:12 h light/dark cycle. Larvae length was measured on 4, 8 and 13 days post-
fertilization {dpf) and samples were collected every 4 h during a 24-h cycle on these days. The expression levels
of pepsinogen, chymoirypsinogen, trypsinogen, lipase, maliase, isomaltase, npy and cck were analyzed by qPCR. The
results showed that growth was greater when larvae were reared at TC than at CTE. Moreover, on 13 dpf, most
analyzed genes (chymotrypsinogen, lipase, maltose, isomaltase, npy and cek) displayed daily rhythms in the TC
group but not in CTE, with most acrophases located around mealtime. These rhythms might explain the higher
growth rate observed in the TC larvae due to improved synchronization of feed digestion and utilization. These
findings could be useful for improving rearing protocols used in tilapia larviculture and enhancing production
performance.

Keywords:
Biological clock
Larviculture

Fish development
Digestive function
Endoerine system

1. Introduction Temperature has a strong influence on fish behavior and physiology

(Brett, 1971) as it affects processes like development, locomotion, sex

The natural environment presents cyclic and predictable variations
in geophysical variables, such as light and temperature. These cyclic
oscillations have influenced evolution and selected the occurrence of
biological clocks in most living organisms. Biological rhythms confer
adaptive advantages as organisms can time their physiological pro-
cesses to occur at specific moments when effectiveness is the greatest
(DeCoursey, 2004). Among the environmental variables that synchro-
nize biological rhythms, light has been commonly regarded as the most
important but other factors, such as temperature and feeding, play an
important role, especially in ectothermic animals like fish (Lopez
Olmeda, 2017).
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differentiation, reproduction and survival (Bennett and Beitinger, 1997,
Ospi]m—ti]\'nr(-z and Piferrer, 2008; Pankhurst and King, 2010; Lépez-
Clmeda and Sanchez-Vazquez, 2011). In the natural environment, daily
teniperature oscillations (thermocycles) are generated in the water due
to the presence or absence of solar infrared radiation (Villamizar et al.,
2011). Hence temperature displays cycles alongside the light/dark
cycle, with the higher temperature phase (thermophase) coinciding
with day and the lower temperature phase (cryophase) coinciding with
night (Lopez-Olmeda and Sénchez-Vazquez, 2011). However, while
most fish undergo thermocycles in the wild, their effects on fish
biology, especlally during early development, have received little

n revised form 25 May 2020; Accepted 25 May 2020
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attention to date (Schaefer and Ryan. 2006; Villamizar et al., 2011).
Thermocycles during larval development have been reporied to in-
crease survival and growth, lower the incidence of malformations and
maodify the sex ratio (Blanco-Vives et al., 2010, 2011; Villamizar et al.,
Sdnchez-Vizquez and Lipez-Olmeda, 2018).

Nile tilapia (Oreochiromis niloticus) is a species that tolerates a rela-
tively broad range of temperatures and is subjected to wide tempera-
ture variations in the wild, from temperate to warm waters (Omondi
et al., 2014; Ndiwa et al., 2016). For instance, in one of its natural
environments, the lakes of the Great Rift Valley in Africa, air tem-
perature shows wide daily fluctuations (Crul, 1995), which generate
daily variations in water temperature of several degrees of amplitude,
ie 24-30 °C (min-max) (Patlerson and Wilson, 1995). Moreover, al-
though temperature is controlled in many culture systems used for ti-
lapia (Boyd, 2004), similar variations may occur in extensive open
systems such as ponds or net cages located in rivers, where water
temperature can display daily variations of up to 5-6 °C (Culberson and
Piedrahita, 1996; Jomori et al., 2003; Lopes and Henry-Silva, 2014).
However, despite the importance of the variations in water temperature
in its natural habitat, this topic has received little consideration in
previous studies on tilapia development (Azaza et al., 2010)

One of the most important factors to affect the efficiency of food
conversion into nutrients is the availability of the digestive enzymes
involved in this process (Jobling, 1995; Perez-Casanova et al., 2006).
The maximum fish growth rate, especially during early development,
strongly depends on digestive capacity (Blier et al., 1997). Thus re-
search on the ontogeny of digestive enzymes in fish can elucidate cer-
tain aspects of their nutritional physiology and help to solve nutritional
challenges in larviculture (Furné et al., 2005). In fish, studies on the
ontogeny of the digestive function at the molecular level are scarce. In
addition, studies on the existence of rhythms of digestive factors during
development and how the environment modulates these rhythms are
lacking (Rennestad et al., 2013; Yifera et al., 2018). Studying the ex-
istence of daily rhythms in larval physiology is also crucial because
most research has usually focused only on one single daily sample,
neglecting daily oscillations (Y(fera et al., 2018). To date, the existence
and ontogeny of these thythms in fish larvae have only been reported in
two marine species: gilthead sea bream (Sparus musram) and Senegalese
sole (Solea senegalensis) (Navarro-Guillén el al., 2015; Mata-Sotres et al..
20186).

The larviculture of Nile tilapia offers some advantages, such as using
formulated diets from the start of exogenous feeding (Luz et al., 2012).
However, for this species, more in-depth knowledge about the digestive
physiology in the larval stage is necessary (De Moura Pereira ef al.
2019). To date, research into the ontogeny of digestive factors during
larval development is scarce, and only a few reports have addressed this
topic (Tengjarcenkul et al., 2002; Qiang et al., 2017; De Moura Pereira
et al, 2019 Silva et al,, 2019), Daily rhythms in clock gene expression
and factors from the endocrine axis have been reported in adult Nile
tilapia (Costa et al., 2016a, 2016b; de Alba et al., 2019), but still
nothing is known about the existence of the daily rhythms in digestive
factors for tilapia larvae.

Therefore, the aim of the present study was to evaluate the effects of
two different temperature regimes, a daily thermocycle versus constant
temperature, applied on the first days of Nile tilapia development, on
the growth and daily rhythms of different digestive physiclogy para-
meters. These parameters involved the expression of genes that encode
enzymes for protein (pepsinogen, chymowypsinogen and woypsinogen),
lipid (lipase) and carbohydrate digestion (maltase and isomaltase), and
the endocrine control of food intake and digestion (newropeptide Y, npy.
and chelecystokinin, cck).

2. Materials and methods

The present research was conducted at the facilities of the
Department of Physiology of the University of Murcia (Spain). Fish
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were reared following the Spanish legislation on Animal Welfare and
Laboratory Practices. Experimental protocols were performed following
the Guidelines of the European Union (2010/63/UE) and Spanish leg-
islation (RD 53/2013 and Law 32/2007) for the use of laboratory an-
imals. In addition, the protocols were approved by the National
Committee and the Committee of the University of Murcia on Ethies
and Animal Welfare.

2.1, Animals and experimental design

Male and female Nile tilapia {Oreochromis niloticus) adults were
obtained from a local fish farm (Tilamur S.A., Murcia, Spain). Animals
were Kept in 300-1 tanks connected to a recireulation system, equipped
with biological and mechanical filters. The photoperiod was set at
12:12 h light/dark (LD) cycle with lights on at 09:00 h. The water
temperature was maintained controlled at 28 =+ 0.5 °C. Adult tilapias
were fed a commercial diet (D-4 AlternaBasic 2P, Skretting, Spain) with
36% crude protein (CP) 3 times a day until apparent satiety.

After acclimation, tilapia breeders were induced with human
Chorionic Gonadotropin hormone (hCG, Sigma Aldrich, St. Louis, USA)
as described elsewhere (Fernandes et al., 2013). Briefly, females were
intraperitoneally (i.p.) injected with 1500 IU/kg of body weight and
males with 500 IU/kg. The administration for females was divided into
two i.p. injections: the first consisted of 500 [U/kg injected at the end of
the light phase and the second one (1000 IU/kg) was applied 12 h after
the first dose (at the beginning of the light phase on the next day).
Males received a single i.p. injection at the same time as the second
dose for females. After hCG administration, animals were placed to
gether. After 24 h, sperm and eggs were collected by stripping and in
vitro fertilization was performed (Fernandes et al. 2012). This proce
dure allowed us to immediately obtain fertilized eggs, which were used
in the experiments.

Fertilized eggs were obtained from five different groups of tilapia
breeders (3 females and 5-6 males per group). Then eggs at stage 1
(Fujimura and Okada, 2007) were pooled together and distributed in
incubators for Cichlid eggs (Alimar SA, Murcia, Spain) (150-200 eggs
per incubator, 6 incubators per group were used) in two distinet sys-
tems with different temperature regimes: one system with a daily
thermocycle (TC) of 31 "C:25 °C, and another with a constant tem-
perature (CTE) of 28 °C. Both systems were recirculating water systems
that were connected to mechanical and biological filters, The photo-
period was set at 12:12 1D, with lights on at 09:00 h. By convention, in
chronobiological studies, the time of light onset is set as Zeitgeber
(synchronizer) time 0 h (ZTO h), in order to standardize time points
regardless local time, facilitating reproducibility {Guerra-Santos et al.,
2017), Hence, light onset at 9:00 h corresponds to ZT 0 h and light
offset at 21:00 h corresponds to ZT 12 h. In the TC system, the ther-
mophase (high temperature phase) of 31 °C coincided with the light
phase, whereas the ervophase (low temperature) of 25 °C coincided
with the dark phase (Suppl. Fig. 1A). Temperature difference between
the thermo- and the crvophase was selected following previous litera-
ture and the normal daily ranges experienced by tlapia in the wild
(Patterson and Wilson, 1995; Schaefer and Ryan, 2006; Villamizar
et al,, 2012; Ndiwa et al., 2016). The average water temperature in the
TC system throughout the day was 28.0 “C. Thus the larvae reared in
this system were subjected to the same degree days as the animals
reared in the CIE group, at an average water temperature of
28.0 = 0.3°C(mean = SD). In the TC system, water temperature was
modified by water heaters {Askoll, Povolaro, Italy) and coolers (Aqua
Medic 1500, Titan GmbH, Bissendorf, Germany), controlled by elec
tronic timers (Bachmann GmbH & Co, Stuttgart, Germany). Water
temperature was recorded continuously throughout the experiment by
an underwater data recorder (HOBO pendant, Omnset Computer Cor
poration, Bourne, MA, USA). Hatching time (day) and rate were re
corded for posterior analysis on the influence of the thermal regime on
these parameters. Larvae were reared in incubators until 7 days post
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fertilization (dpf), when they were transferred to 9-1 tanks connected to
the same temperature system. Density in the tanks was of approxi-
mately 10 larvae/l, and a total of ten 9-1 tanks were used in the ex-
periments (5 tanks per temperature treatment). Exogenous feeding
began an 7 dpf. Larvae were fed a semi-purified diet containing 42% CP
and 4100 Keal/kg, formulated as deseribed elsewhere (Silva et al.,
2019). Larvae were fed in excess 4 times a day in the first half of the
light phase (ZT 1, ZT 3, ZT 5 and ZT 7 h) (Suppl. Fig. 1B). Tilapia
embryo/larvae were maintained under the experimental conditions
from O to 13 dpf.

A total of 1014 tilapia larvae were used in the experiments: 864
larvae for qPCR analyses and 150 larvae for total length measures. On
4, 8 and 13 dpf, wheole larvae samples were collected every 4 h during a
24-h cycle at the following time points: ZT 2, ZT 6, ZT 10, ZT 14, ZT 18
and ZT 22 h (Suppl. Fig. 1B). Larvae were paoled for each replicate and
six replicates (n = 6) were collected for each group, time point and day.
Larvae were stored in 1.5 ml tubes and immediately frozen and stored
at —80 °C until analyzed. The number of larvae used in the pool dif-
fered depending on the sampling day: 5 larvae/pool on 4 dpf; 4 larvae/
pool on 8 dpf; 3 larvae/pool on 13 dpf. The larvae collected on 8and 13
dpf were fed on the sampling day.

2.2, Larval growth

The growth of the tilapia larvae in both temperature groups (TC and
CTE) was evaluated on 4, 8 and 13 dpf. For this purpose, 75 larvae were
used for each treatment, and 25 larvae were used for each measurement
day. Larvae were removed from the aquarium and transferred to a Petri
dish. Then each larvae was photographed using a binocular (Leica EZ4
HD, Leica Microsystems GmbH, Wetzlar, Germany) with an in
corporated digital camera. Photos were stored in a computer and ana-
lyzed later with the Imagel image processing software (Abramoff et al.,
2004). Larvae were measured longitudinally by considering standard
length (Suppl. Fig. 2).

2.3. Real-time RT-PCR analysis

Larvae pools were transferred to sterile tubes and homogenized in
Trizol reagent (Ambion, Thermo Fisher Scientific, Waltham, USA) fol-
lowing the manufacturer's instructions, using a tissue homogenizer for
mechanical homogenization (TissueLyser LT, Qiagen, Hilden,
Germany). RNA was dissolved in DEPC water (Invitrogen, Carlsbad,
USA) and RNA concentration was determined by spectrometry
(Nanodrop ND-1000, Thermo Fisher Scientific). Total RNA (1 ng) was
first treated with 1 U of DNase (Dnase I, Thermo Fisher), followed by
retrotranseription using a commercial kit (qSeript ¢DNA Synthesis Kit.
Quantabio, Beverly, USA). The quantitative PCR (qPCR) reactions were
performed by the SYBR Green PCR Master Mix (Applied Biosystems,
Foster City, USA). All the samples were run in duplicate and the qPCR
reactions were performed in a final volume of 20 pl. The quantitative
PCR analyses were performed in a light thermocvcler (7500 RT-PCR
svstem, Applied Biosystems) following this protocol: 15 min at 95 °C,
followed by 40 cycles of 15 s at 95 °C and 1 min at 60 °C. Melting curves
were run after amplification to ensure that only one DNA species was
amplified. All the primer sequences (Table 1) were designed with the
Primer 2 plus software (Untergasser et al., 2012). The relative ampli-
fication efficiencies of all the genes were analyzed by ¢DNA dilution
curves and were found to be similar for all the genes. Primer con
centrations were determined by means of a primer dilution curve. The
primers for chymotrypsinogen, pepsinogen, lipase, npy, maltase and factin
were added at a reaction concentration of 200 nM. The primers for
trypsinogen, isomaltase and cck were added at a final concentration of
400 nM. The relative expression of all the genes was calculated by the
2442 method (Livak and Schmittgen, 2001). The reference gene,
PBactin, was selected after verifying that its coefficient of variation (CV)
was lower than 5% and was used in the first normalization. The sample
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with the lowest expression value within each gene, tissue and group
was used as the reference for the second normalization.

2.4. Dara analysis

All the results are expressed as mean = SEM, The significance
threshold was set at ¢ = 0.05 for all the tests. The SPSS software (v.
19.0, IBM, Armonk, USA) was used to detect any statistically significant
differences between groups and time points. Normality of the data was
previously assessed by the Kolmogorov-Smirnov test and homogeneity
of variance was also verified using Levene's test, Data were subjected to
a two-way ANOVA, followed by Duncan's post hoc test, to check for
statistically significant differences in gene expressions between groups
(TC versus CTE) and sampling points (ZTs), and differences in length
between groups and days post fertilization (4, 8 and 13 dpf). Data of
hatching rate and hatching day were subjected to a Student's t-test and a
Mano-Whitney U test, respectively.

The existence of significant rhythmicity was tested for all the genes
by the Cosinor analysis, performed with the “EL TEMPS” sofltware
(v.1.179, Prof. Diez-Noguera, University of Barcelona, Spain). The
Cosinor analysis is based on the least squares approach of time series
data with a cosine function of a known period of type
Y = Mesor + Amplitude * cos (2xn(t-Acrophase)/Period). The Cosinor
analysis also provides the statistical significance of the rhythm by anF
test of the variance, accounted for by the waveform versus a straight line
of zero-amplitude {null hypothesis).

3. Results
3.1. Hatching timing and rate

The eggs presented a similar hatching rate in the two temperature
rearing conditions (t-test, p = .652). Eggs at TC had a hatching rate of
49.6 + 13.3% (mean + SEM) whereas eggsat CTE presented a rate of
50.5 = 11.6%. Regarding hatching time, all eggs hatched between 2
and 4 dpf, with most hatching events occurring at days 2 and 3. Eggs at
TC hatched mainly at 2 dpf (2.3 =+ 0.3 dpf, mean + SEM) whereas
eggs at CTE hatched mainly at 3 dpf (3.3 + 0.3 dpf), but these dif-
ferences were not statistically significant (Mann-Whitney U ftest,
p=.114).

3.2. Larval growth

The length was significantly influenced by the developmental stage
(dpf) (two-way ANOVA, p < .001), the temperature regime in which
tilapia embrye and larvae were raised {p = .001) and the interaction
between this two factors (p < .001) (Fig. 1). In both temperature
treatments, differences were observed between 4, 8 and 13 dpf, with
larval length significanty inereasing from one developmental stage to
the following one (Fig. 1). In addition, significant differences were
observed between groups at 13 dpf. By this day, the TC treatment larvae
presented significantly higher length wvalues (8.09 = 0.07 mm,
mean =+ SEM) compared to those in the CTE treatment
(7.77 = 0.09 mm) (Fig. 1).

3.3. Pepsinogen expression

No daily rhythms (Cosinor, p = .068-0.345) were found for pepsi
nogen relative expression in the 4, 8 or 13 dpf tilapia larvae in either of
the tested temperature regimes (Fig. 2). Statistically significant effects
were observed for time at 4 dpt and group at 13 dpf (two-way ANOVA,
p = .001 and 0.026, respectively) (Suppl Table 1). In addition, a sig-
nificant effect in the interaction of both factors (time and group) was
detected at 4 and 12 dpf (p = .002 and 0.041, respectively) (Fig. 2A and
C). At 4 dpf, pepsinogen expression in TC at ZT 2 h was significantly
higher than CTE at the same time and other time points in the TC group
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Table 1
Primer sequences used for the quantitative analysis by qPCR.
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Gene E/R Sequence (5737 Amplification efficiency (%) Ensembl/GenBank accession mumber
pepsinogen F TGACCAATGACGCTGACTTG 96.49 JQ043215.1
R GGAGGAACCGGTGTCAAARATG
chymoirypsinogen F TTCTGCCTTCGCTTCTCATC 101.95 ENSONIGO0000003237
R TTCAACGCCATCTGCTACTG
mypsinogen F AGTGCGCAAAGAACTCTGTG 101.65 AY510093.1
R AATGTTGTGCTCACCAAGGC
lipase F CTACAACTGCTCCACCAGCA 95.17 NM 001279753.1
R GOTOGTAGTCGOTGAGCCATT
maitase F ACGGTGGAATCACAGGACTC 97.71 XM_005459498.4
R GAAGGCTGCTGATGTGTTCA
isomaliase F GGATCATTCTTCTGGGACGA 133.98 XM _003441717.4
R AGGTTGTGCTGTGGGGTTAG
ook F AGAAACTCCACGGCAAACAG 96.30 ENSONIGI0000019439.1
R ACTCATACTCCTCTGCACTGC
npy F ACACCCAACACTGCTTGAAG 102.21 ENSONIGO0000004499
R TGTTGCACAGATGACGACTC
Pactin F TGGTGGGTATGGOTCAGAAAG o8 ENSONIGOGODO008505
R CTGTTGGCTTTGGGGTTCA
* Suppl Table 1). At 8 dpf, chymomypsinogen in the TC group showed
——— significant variations between time points, with higher expression at 2T
9 A 4 14 hthan ZT 2, 6 and 22 h (Fig. 2B). The expression was also higher in
8 B b e TCat ZT 10 and 14 h compared with the CTE group (Fig. 3B).
7 =
E 5 e & 3.5. Trypsinogen expression
g 5 The relative expression of sypsintogen in tilapia larvae showed sig-
= 4 nificant daily rhythms in the larvae raised in TC on both 4 and 8 dpf
— 3 (Cosinor, p = .029 and p = .025, respectively) (Fig. 4). The acrophase
of mypsinogen for the 4 dpf TC was located at the beginning of the light
2 phase (ZT 03:10 h) and shifted to the end of the light phase in the 8 dpf
1 larvae (ZT 10:11 h) (Table 2). In addition, oypsinogen in the 4 dpflarvae
0 displayed significant differences depending on the group (two-way
TC CTE TC CTE TC CTE ANOVA, p = .002), the time of the day (p < .001) and the interaction
4dpf 4dpf Sdpf Bdpf 13dpf 13dpf between these two factors (p < .001) (Fig. 4A and Suppl Table 1), At

Fig. 1. Standard length (mm) of rilapia larvae on 4, 8 and 13 days post ferti-
lization (dpf) at a 12:12LD cycle. Larvae were subjected to two different tem-
perature regimes: a thermoeycle (TCy of 31 *C:25 *C (black bars) or constant
temperature (CTE) of 28 “C (white bars). Different upper case and lower case
letters indicate statistically significant differences between developmental
stages (dpf) within the TC or CTE groups. respectively (two-way ANOVA). The
asterisk indicates significant differences berween groups in the same dpf (two-
way ANOVA). Data are represented as mean = SEM:n = 25 replicates (larva)
per point,

(Fig. 2A). In addition, on 13 dpf, pepsinogen levels in CTE at ZT 2 h were
higher than TC at the same time and other time points in the CTE group
(Fig. 2C).

3.4, Chymotrypsinogen expression

The relative expression of chymotrypsinogen displayed significant
daily thythms for the 4 dpf larvae maintained in the CTE group
{Cosinor, p = .018), on 8dpf in both treatments (p = .024 and p = .007
for TC and CTE, respectively) and for the 12 dpf larvae maintained in
TC (p = .044) (Fig. 2). In addition, the acrophases varied between the
significant detected rhythms (Table 2). In the CTE group. acrophases
were located in the dark phase at ZT 18:06 hand ZT 21:35 hfor 4and 8
dpf, respectively. In the TC group, the acrophase was located at the
beginning of the dark phase on 8 dpt (ZT 14:02 h) and shifted to the
beginning of the light phase on 13 dpf (ZT 02:36 h). Moreover, chy
mouypsinogen expression in the & dpf larvae showed significant differ
ences depending on the groups (two-way ANOVA, p = .002) and in the
interaction between time and group factors (p = .007) {Fiz. 2B and

this stage, pepsinogen expression in TC at ZT 2 h was significandy higher
than CTE at the same time and other time points in the TC group
(Fig. 4A).

3.6, Lipase expression

Lipase expression only displayed significant daily rhythms in the
tilapia maintained under the TC conditions on both 4 and 13 dpf
{Cosinor, p = .044 and p = .009, respectively) (Fig. 5). The acrophases
in these two stages occurred at similar times, in the first half of the light
phase (ZT 03:54 h and 02:47 h on 4 and 13 dpf, respectively) (Table 2).
Furthermore, lipase expression showed significant differences de-
pending on the group at 8 dpf (two-way ANOVA, p < .001), depending
on the time of the day at 4 and 8 dpf (p = .010 and 0.019, respectively),
and in the interaction of both factors at 4 and 8 dpf (p = .022 and
p < .001, respectively) (Fig. 5 and Suppl Table 1). On 4 dpf, lipase
levels in the TC group peaked at ZT 2 h and were significantly higher
than levels at 2T 10 and 18 h in the same group (Fig. 5A). At this stage,
significant differences in lipase between TC and CTE were found at ZT
18 h (Fig. 5A). On 8 dpf, lipase expression was higher in the CTE group
than the TC group at all time points except ZT 22 h (Fig. 5B). In ad
dition, lipase expression showed differences between time points within
the CTE group at 8 dpf, with higher levels at ZT 2 h (Fig. 5B).

3.7. Maltase expression
The only significant daily rhythm in makase expression was detected

in the 13 dpf larvae from the TC group (Cosinor, p = .021) (Fig. 6). In
these animals, maltase expression peaked around the middle of the dark

107



AH. Espirito Santo, et al

[— N

80 7
A

L 4 -
=N
£ 60 A
=
2w
58 404
2@
G &
&85 204
SR

(‘..

20 1
2E 164
B
=2 oo
B8 121
13
5.8
5 8
8 4 b4
R, ©

0 T T T T T v

pepsinogen relative
expression at 13 dpf

(%]
(=)}

10 14 18 22

Zeitgeber Time (h)

Fig. 2. Daily variations in the relative mRNA expression (fold change) of pep-
sinogen analyzed in tilapia larvae on 4 (A), 8 (B) and 13 (C) days post fertili-
zation (dpf) at a 12:12 LD cycle. Larvae were subjected to two different tem-
perature regimes: a thermocycle (TC) of 31 “C:25 °C (represented by black
cireles, @) or constant temperature (CTE) of 28 “C (represented by white
squares, [[). Different upper case and lower case lemers indicate starisrically
significant differences between time points within the TC or CTE groups, re-
spectively, on the same graph (two-way ANOVA). The asterisks indicate sig-
nificant differences between groups in the same time point (two-way ANOVA).
The white and black bars ahove each graph represent the light phase and dark
phase, respectively. The arrows above the graphs from 8 and 13 dpf indicate
feeding times. The time scale (x-axis) 1s expressed as Zeitgeber Time (Z17), where
ZT0 h correspands to light onset. Data are represented as mean + SEM:;n = @
replicates (larval pools) per point.

phase, at ZT 17:27 h (Table 2). Moreover, statistically significant dif-
ferences were found in maltase expression depending on the group
factor at 8 dpf (two-way ANOVA, p = .008). At this stage, maltase ex-
pression was higher in the CTE than in the TC group (Fig. 6B and Suppl
Table 1).

3.8. somaltase expression

Significant daily rhythms of isomaltase were found at 12 dpf in both
groups {Cosinor, p = .002 and p = .042 for TC and CTE, respectively)
(Fig. 7). These rhythms presented opposite acrophases, with isomaltase
expression peaking around the middle of the dark phase in the TC group
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Fig. 3. Daily variations in the reladve mRNA expression (fold change) of chy-
motrypsinogen analyzed in tilapia larvae on 4 {A) and 13 (B) days post fertili-
zation (dpf) at a 12:12 LD cycle. Larvae were subjected to two different tem-
perature regimes: a thermoeyele (TC) of 31 "C:25 “C (represented by black
circles, @) or constant temperature (CTE) of 28 “C (represented by white
squares, []). The sinuscidal dashed line represents the adjustment to a sinu-
soidal rhythm whenever the Cosinor test was significant. Different upper case
and lower case letters indicate statistically significant differences between time
points wirthin the TC or CTE groups, respectively, on the same graph (wo-way
ANOVA). The asterisks indicate significant differences between groups in the
same tdme point (two-way ANOVA). The white and black bars above each graph
represent the light phase and dark phase, respectively. The arrows above the
graphs from 8 and 13 dpf indicate feeding times. The time scale (x-axis) is
expressed as Zeitgeber Time (ZT), where ZT 0 h corresponds to light onset Data
are represented as mean = SEM: n = 6 replicates (larval pools) per point.

(21 19:33 h) and about the middle of the light phase in the CTE group
(£T 05:28 h) (Table 2). Significant differences in isomaltase expression
were observed depending on the group at 8 and 13 dpf (two-way
ANOVA, p = .012 and 0.006, respectively), and in the interaction be-
tween group and time factors (p = .001) (Fig. 7 and Suppl Table 1). The
overall daily expression of isomalrase was higher in CTE than TC at 8
dpf. In addition, on 13 dpf, the TC group showed a higher isomalrase
expression than CTE at ZT 18 and 22 h ( 7C). The expression of
isomaliase also showed differences between time points within the TC
group at 13 dpf, with higher levels at ZT 18 and 22 h compared with the
rest of sampling tmes (Fig. 7C).
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Table 2
Acrophase and statistical significance values of the genes subjected to Cosinor
analysis.

Genes dpf Acrophase (ZT h)
TC CTE
pepsinogen 4
8 — -
13 - -
chymomypsinogen 4 - 1806 = 249
8 14:02 = 356 2135 = 311
13 236 -
arypsinogen 4 3:10 B =
8 111 = 412+ =]
13
lipase 4 354 = 5:05° -
8 = =
13 247 = 316~ -
maliase 4 = =
8 i e
13 17:27 = 403+ -
isomaliase: 4
3§ =
13 19:33 = 2:08~
gy 4 -
8
13 3:00 = 309~ -
ek 4 - -
3 = =
13 4:19 + 357+

Data are expressed as value + fiducial limits (set at 95%). The acrophase is
indicated in Zeigeber Time (ZT) hours. Cosinor*p < .05 *p < .01. Acrophase
is not indicated for non-significant genes (p > .05).

3.9 Npy expression

Significant daily rhythms were found for npy expression in 4 dpf
larvae maintained in CTE (Cosinor, p .035) and the 13 dpf larvae
from the TC group (p = .007) (kg 8). Acrophases were located in the
middle of the dark phase (2T 18:38 h) in the 4 dpf CTE larvae and in the
first half of the light phase (T 03:00 h) in the 13 dpf T'C larvae (Fig. 8A
and C) (Table 2). The 13 dpf larvae presented significant differences in
npy expression depending on the group (two-way ANOVA, p < .001),
and in the interaction between group and time factors (p = .001)
(Fig. 8C and Suppl Table 1). The CTE group showed a higher npy ex-
pression than TC at ZT' 2, 6 and 22 h (Fig. 8C). The expression of npy
also showed differences between time points within the CTE group at
13 dpf, with higherlevels at 2T 22 h compared with ZT 10, 14 and 18 h
(Fig. 8C).

3.10. Cck expression

The only significant daily rhyihm in cck expression was detected in
the 13 dpf larvae from the TC group (Cosinor, p = .021) (Fig. 9). The
acrophase of this rhythm was located in the first half of the light phase,
close to the middle of the day (ZT 04:19 h) (Fig. 9C and Table 2).
Statistically significant differences were found in cck expression de-
pending on the group factor at 8 dpf (two-way ANOVA, p = .003)
(Suppl Table 1). At this stage, the overall cck expression was higher in
the TC group compared with CTE (Fig. 9B).

4. Discussion

In the present study, the existence of daily rhythms in the mRNA
expression of several genes encoding different digestive enzymes and
hormones were analyzed in tilapia larvae, as were the effects of tem
perature regime on the ontogeny of these rhythms. In general, rearing
tilapia larvae under a thermocycle improved the occurrence of daily
rhythms in these factors as most displayed significant rhythms on 13
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Fig. 4. Daily variations in the reladive mRNA expression (fold changey of
mypsinogen analyzed in tilapia larvae on 4 (A), 8 (B) and 13 (C) days post [er-
tilization (dpf) at a 12:12 LD cycle. Larvae were subjected to two different
temperature regimes: a thermocycle (TC) of 31 “C:25 “C (represented by black
circles, @) or constant temperarure (CTE) of 28 “C (represented by whire
squares, [ ). The sinusocidal dashed line represents the adjustment to a sinu-
soidal rhythm whenever the Cosinor test was significant. Different upper case
and lower case letters indicate statistically significant differences between time
points within the TC or CTE groups, respectively, on the same graph (two-way
ANOVA). The asterisks indicate significant differences between groups in the
same time point (two-way ANOVA). The white and black bars above each graph
represent the light phase and dark phase, respectively. The arrows above the
graphs from 8 and 13 dpf indicate feeding times. The time scale (x-axis) is
expressed as Zeitgeber Time (ZT), where ZT 0 h corresponds to light onset Data
are represented as mean + SEM: n = 6 replicares (larval pools) per point.

dpf, which was not observed in the larvae maintained at constant
temperature (Fig. 10). The acrophases (time of maximum value) of the
factors involved in protein and lipids digestion, as well as hormones,
were located in the morning, at around mealtime, on 13 dpf in the TC
group (Fig. 10). The acrophases of the factors involved in carbohydrate
digestion were located at night (Fig. 10). This greater number of sig-
nificant rhythms oceurred together with a higher growth as the TC
larvae length was longer than that of the CTE group on 13 dpf.

When fish develop under cycling conditions, which are similar to
the oscillating environmental conditions they experience in nature, they
tend to perform better. In a previous study, tilapia juveniles presented
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Fig. 5. Daily variations in the relative mRNA expression (fold change) of lipase
analyzed in rilapia larvae on 4 (A), 8 (B) and 13 (C) days post fertilization (dpf)
at 12:12 LD eycle. Larvae were subjected to two different temperature regimes:
a thermocyele (TC) of 31 “C:25 “C (represented by black circles, @) or constant
tempetature (CTE) of 28 “C (represented by white squares, [J). The sinusoidal
dashed line represents the adjustment to a sinusoidal rhythm whenever the
Cosinor test was significant. Different upper case and lower case letters indicate
statistically significant differences between time points within the TC or CTE
groups, respectively, on the same graph {two-way ANOVA). The asterisks in
d : sig it differences between groups in the same time point (two-way
ANOVA). The white and black bars above each graph represent the light phase
and dark phase, respectively. The arrows above the graphs from 8 and 13 dpf
indicate feeding times. The time scale (x-axis) is expressed as Zeitgeber Time
(1), where Z1 O h corresponds to light onset. Data are represented as
mean = SEM; n = & replicates (larval pools) per point.

higher growth rates under thermocycles than at constant temperatures,
although this effect was lost as fish were becoming bigger and size
dispersal was greater (Azaza et al., 2010}, In addition, Senegalese sole
and zebrafish (Danio rerio) present higher growth rates and a lower
incidence of malformations when they are kept, during the early de-
velopment, in thermocycles compared to constant temperatures
(Blanco-Vives et al., 2010, 2011; Villamizar et al., 2012; Sdnchez
Vizquez and Lépez-Olmeda, 2018). This agrees with the results ob
tained in the present study in tilapia growth with thermocyeles, In those
previous studies, however, the only analyzed molecular or physiclo-
gical markers to explain the effects on development induced by
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Fig. 6. Daily variations in the relative mBNA expression (fold change) of mal-
tase analyzed in tilapia larvae ond (A), 8 (B) and 13 (C) days post fertilization
(dpf) at a 12:12 LD cycle. Larvae were d to two di P
regimes: a thermoeycle (TC) of 31 "C:25 °C (represented by black circles, @) or
constant temperatre (CTE) of 28 “C (represented by white squares, (). The
sinusoidal dashed line rep the adj w a si rhythm
whenever the Cosinor test was significant. The white and black bars above each
graph represent the light phase and dark phase, respectively. The arrows above
the graphs from 8 and 12 dpf indicate feeding times. The time scale (x-axis) is
expressed as Zeitgeber Time (ZT), where ZT 0 h corresponds to light onset. Data
are represented as mean + SEM; n = 6 replicates (larval pools) per point.

thermocycles were some genes involved in sex differentiation as ther-
mocycles also affect sex ratios (Blanco-Vives et al, 2010, 2011;
Villamizar et al., 2012). Therefore, in the present study, we focused on
the analysis of factors involved in food intake control and digestion to
investigate whether differences in growth may be explained by differ-
ences in these factors.

Regarding factors involved in food intake control, we analyzed npy
and cck mRNA expression. In one hand, Npy is a peptidic hormone
mainly produced in the brain (Volkoff, 2006). This hormone is the most
potent orexigenic factor in vertebrates, including fish (Narnaware et al.,
20005 Delgado et al., 2017). Besides its main effects as a stimulator of
food consumption, Npy is a growth hormone (Gh) regulator (Peng and
Peter, 1097). On the other hand, Cek is also a peptidic hormone which
is synthesized in the brain and gut (Volkoff et al., 2005). Cek is one of
the most importamt regulators of digestion in fish and is largely

110



A.H. Espirito Santo, et al

| —

50 7
2=
2% 30
¥ g
4.2
S % 20
g £
25 101

0 , : : y - s
o
Z
=
E
kY
3
=
&
=
A

L
=5

=

o
]

©
B
=
g
W
¥
=
=1
S
§=3
S
2

expres

[
8
— b
=3

14 18 22

Zeitgeber Time (h)

Fig. 7. Daily variations in the relative mRNA expression (fold change) of iso-
maligse analyzed in tlapia larvae ond (A), 8 (B) and 13 (C) days post fertili-
zation (dpf) ata 12:12 LD cyele. Larvae were subjected to two different tem
perature regimes: a thermocycle (IC) of 31 “C:25 “C (represented by black
circles, @) or constant temperature (CTE) of 28 °C (represented by white
squares, [ ). The sinusoidal dashed line represents the adjustment to a sinu
soidal thythm whenever the Cosinor test was significant. Different upper case
and lower case letters indicate statistically significant differences between tme
points within the TC or CTE groups, respectively, on the same graph (two-way
ANOVA). The asterisks indicate significant differences between groups in the
same time point (two-way ANOVA). The white and black bars above each graph
represent rhe light phase and dark phase, respectively. The amows above the
graphs from 8 and 13 dpf indicate feeding times. The time scale (x-axis) is
expressed as Zeitgeber Time (ZT). where ZT 0 h corresponds to light onset. Data
are represented as mean + SEM: n = 6 replicates (larval pools) per point.

responsible for the secretion of pancreatic enzymes (Koven et al., 2
Volkoff ef al., 2005; Zhang et al., 2018), Besides, Cck acts as a satiety
(anorexigenic) signal in fish (Volkoff et al.. J5). In the present study,
npy and cck presented rhythms with the highest values at around
mealtime in the 13 dpf larvae. These rhythms were observed in larvae
reared at TC but not at CTE. Thus one hypothesis that could explain the
higher growth in the TC larvae is that the rhythms in these hormones,
synchronized with mealtime, might have improved the digesiive pro-
cesses in these larvae compared to the CTE larvae,

Therefore, we analyzed the rhythms of expression of several en-
zymes involved in digestive processes, The existence of daily rhythms in
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Fig. 8. Daily variations in the relative mRNA expression (fold change) of neu-
ropeptide Y (npy) analyzed in tilapia larvae on 4 {A). 8 (B) and 13 (C) days post
fertilization (dpf) at a 12:12 LD cycle. Larvae were subjected to two different
temperature regimes: a thermocyele (TC) of 31 *C:25 *C (represented by black
circles, #) or constant temperature (CTE) of 28 “C (represented by whire
squares, []). The sinusoidal dashed line represents the adjustment to a sinu-
soidal rhythm whenever the Cosinor test was significant. Different upper case
and lower case letters indicate statistically significant differences between time
points within the TC or CTE groups, respecrively, on the same graph (two-way
ANOVA). The asterisks indicate significant differences between groups in the
same dme point (two-way ANOVA). The white and black bars above each graph
represent the light phase and dark phase, respectively. The arrows above the
graphs from 8 and 13 dpf indicate feeding times. The time scale (x-axis) is
expressed as Zeigeber Time (ZT), where ZT 0 h corresponds to light enset Data
are represented as mean £ SEM: n = 6 replicates (larval pools) per point.

digestive enzymes in fish was first described in adults (Vera et al., 2007;
Montoya et al., 2010y Lépez-Olmeda et al., 2012). In adult tilapia, daily
rhythms have been reported in fotal protease activity, both acid and
alkaline (Guerra-Santos et al., 2017). In recent years, the ontogeny of
rhythms in digestive factors has been reported in the larvae of two
marine species: gilthead sea bream and Senegalese sole (Navarro-
Guillén et al., 2015; Mata-Sotres et al., 2016; Zeytin et al., 2016). In
baoth species, most of the larval stages analyzed had already started the
exogenous feeding and, under these conditions, daily rhythms in di-
gestive enzymes correlated with feeding (Navarro-Guillén et al., 2015;
Mata-Sotres et al,, 2016). This is similar to the result herein found for




AH. Espirito Santo, et al

12 1
-
5
23 8
-
5% B
s &
<
< 2 41
(=9
# 1
£ T
0 T T T T T 1
10_.%—13
& 8
© oo
Zs 6]
s 5
wE 4
5 :
5 21
0 T T T T T 1
EE—:%_C
e
£
g g
ES
5 o
- O
';ﬁ!'.
SE 4
&
T
0 T T T T T T T T T T T 1

Zeitgeber Time (h)

Fig. 9. Daily variations in the relative mRNA expression (fold change) of cho-
Iecystokinin (cck) analyzed in tilapia larvae on4 (A), 8 (B) and 13 (C) days post
fertilization (dpf) at a 12:12 LD cycle. Larvae were subjected to two different
remperarure regimes: a thermocyele (TC) of 31 "C:25 “C (represented by black
circles, #) or constant temperature (CTE) of 28 “C (represented by white
squares, []). The sinuscidal dashed line represents the adjustment to a sinu-
soidal rhythm whenever the Cosinor test was significant. The white and black
bars above each graph represent the light phase and dark phase, respecrively.
The arrows above the graphs rom 8 and 12 dpf indicate feeding times. The time
scale (x-axis) is expressed as Zeitgeber Time (Z1), where ZT 0 h corresponds to
light onset. Data are represented as mean + SEM: n = 6 replicates (larval
pools) per point.

the TC larvae on 13 dpf, where proteases (chymonypsinogen and myp-
sinogen) and lipase presented the highest values around feeding time.
The food digestion process depends, among other factors, on the pre-
sence and availability of adequate digestive enzymes throughout the
gastrointestinal tract (Gisbert et al., 2013). The enzymes observed to
display rhythms in tilapia larva are among the most important for
protein {trypsin and chymotrypsin} and lipid digestion (lipase acting to
release fatty acids and glycerol) (Almeida et al., 2018; Durigon et al.,
2019). Taken together, the rhythms in both digestive enzymes and
hormenes might have increased the efficiency of physioclogical pro-
cesses, leading to improved efficiency of food intake, digestion and
growth in the TC larvae compared with the CTE group.

Moreover, maltase and isomaitase presented shifted acrophases and
peaked at nighttime. These genes encode for enzymes that act in the
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Fig. 10. Map of the acrophases of the digestive factors and hormones analyzed
in rilapia larvae from 4, 8 and 13 days post fertilization (dpf) ar a 12:12 LD
cycle and by two different temperature regimes: a thermocycle (TC) of
31 “C:25 °C or constant temperature (CTE) of 28 °C. The acrophases from the
larvae reared in the TC group on 4, 8 and 13 dpf are represented by black
squares, triangles and circles, respectively. The acrophases from the larvae
reared in the CTE group on 4, 8 and 13 dpf are represented by white squa

S,
miangles and circles, respectively. The acrophase is indicared only for the sta-
tistically significant rhythms (Cosinor, p < .05). The name of each represented
gene is indicated on the left The white and black bars above the graph re-
present the light and dark phases, respectively. The arrows above the graph
indicare feeding times for 8 and 13 dpf groups. The time scale (x-axis) is ex-
pressed as Zeitgeber Time (ZT). in which ZT O h corresponds to light onset.

final steps of the digestion of dietary carbohydrates (Tengjaroenkul
et al,, 2002), The peaks of maltase and isomaltase could have oceurred
later than other enzymes given the process phase in which they are
involved. In addition, carbohydrate digestibility is generally pootr in
fish, although omnivorous fish like tilapia have better digestion rates
(Moon, 2001; K J17}. Thus one possibility could be that
carbohydrates remained for longer in the gut and, hence, the expression
of these enzymes was delayed. On the other hand, gene expression does
not necessarily correlate with the activity of the encoded enzyme
(Yifera et al., 2018), which could be the case for maltase and isormaltase
and would explain why their rhythms are shifted compared to mealtime
and to the other analyzed factors. Indeed, a lack of correlation between
mRNA expression and the activity of the enzyme encoded should not be
discarded for other genes analyzed in the present study. Thus, further
research is required concerning enzymatic activity.

Previous studies have highlighted the importance of maintaining
embryos/larvae under rearing conditions that are similar to the natural
conditions that animals experience in the wild. This mainly involves
using environmental cycles instead of constant conditions. For instance,
it has been reported that LD eycles are required for correct circadian
clock maturation in fish, and constant lighting conditions (either
darkness or light) can delay or even suppress the appearance of daily
rhythms (Ziv and Gothilf, 2006; Martin-Robles et al., 2013; Cuesta
et al.. 2014; Di Rosa et al., 2015). The temperature factor has been less
studied than light. In zebrafish, thermocycles are able to synchronize
the circadian rhythms of embryos/larvae during the first days of de
velopment in the absence of lighting cues, which indicates that

malam et al.
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thermocycles are a strong environmental signal for the ontogeny of the
clock in fish (Lahiri et al., 2014). Likewise in tilapia in the present
study, thermocycles enhanced the ontogeny of digestive circadian
rhythms, which suggest an important role of thermocycles on fish cir-
cadian clack development, at least for freshwater species. In addition, it
should be highlighted that tilapia in the wild is subjected to daily os-
cillations in temperature (Patterson and Wilson, 1995; Ndiwa et al.,
2016). This species has evolved under these conditions, which might
explain the impact of thermocyeles on its physiology.

Finally, in the present study, thermocycles seemed to enhance the
rhythmic expression of several genes, which in turn might have led to
higher growth performance observed at 13 dpf. The mechanisms of
action of thermocycles on the regulation of gene expression and how
they can impact fish physiology remains unknown to date. Lahirl et al,
(2005) suggested that, in the zebrafish, temperature cycles may act on
the promoter of some genes, increasing or decreasing their expression
through its action on an unknown enhancer element. In the case of
clock genes and clock controlled genes, temperature would modify their
phase and amplitude (Lahiri et al., 2005). In the present study, ther-
mocycles led to a higher number of digestive factors displaying
rhythmic variations, which might have oceurred through their action at
the gene promoter level. Strengthening rhythmic factors might have led
to the differences observed in growth, Le. by tuning the timing of
feeding and digestive processes. However, with the available data, the
link between these rhythms and growth cannot be confirmed so that
further research is required to test this hypothesis.

5. Conclusions

In summary, our research shows that applving daily thermocveles
during early development may improve the ontogeny and maturation of
the daily rhythms of digestive enzymes and feeding regulatory hor-
mones in tilapia. Larvae reared under thermaocycles presented a higher
growth at the last stage analyzed (13 dpf), which might be due to higher
digestion rates and better food efficiency. Therefore, the use of ther-
mocycles instead of constant temperatures in tilapia larviculture is in-
teresting as it might help to improve rearing protocols, although un-
derstanding the mechanisms responsible for this response would
require further research.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.aquaculture. 2020,7 35545,
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