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Resumo Geral

A concentragdo de oxigénio dissolvido (OD) em ambientes aquaticos ¢ uma variavel de extrema
importancia para o desenvolvimento e sobrevivéncia dos animais, sendo sua solubilidade
influenciada diretamente por fatores abioticos como salinidade e temperatura. A concentragdo
reduzida/auséncia de OD caracteriza-se com hipoxia/anoxia (H) e diversos danos sao produzidos
nesta situagao nos sistemas biologicos, entretanto a retomada do oxigénio (reperfusao) (R) aos
niveis normais ¢ tdo prejudicial quanto a hipoxia. O presente trabalho foi dividido em dois
capitulos. O primeiro capitulo teve como objetivo verificar a influéncia da salinidade (5, 25 e
35%o), temperatura (20, 25 € 30°C) e OD (zero, 0.5, 1.5, 3 ¢ 6 mg/O,L") na sobrevivéncia do
camardo branco Litopenaeus vannamei. Nos cruzamentos da temperatura de 20 °C com as
salinidades de 25 e 35%o foi verificado o menor valor de CLso96h (1.92 mg/O,L"), em
contrapartida, a maior CLso.96n foi encontrada na salinidade de 5%o em 30 °C (4.81 mg/O,L™"). Ja
o segundo capitulo teve como objetivo verificar a quimioprote¢do do antioxidante acido lipoico
(AL) suplementado na ragdo de camardes submetidos a hipoxia (1.5 mg/O.L ") por 6 e 24 horas
e reperfundido (6 mg/O2L") por 1 e 3 horas. Observou-se que os niveis de glicose na hemolinfa
aumentaram enquanto o inverso foi verificado em musculo de animais suplementados durante a
H/R. Porém a atividade da lactato desidrogenase e os niveis de lactato diminuiram ou
permaneceram inalterados nesta mesma situagao. Além disso, tanto na capacidade antioxidante
como na peroxidagao lipidica, o AL teve efeito protetor evidenciado durante a reperfusao. Em
tempos diferentes durante a H/R a atividade da glutationa-S-transferase foi modulada de forma a
concluir que a enzima ndo ¢ um bom biomarcador para H/R. Os capitulos dessa tese direcionam
a concluir que parametros abiodticos devem ser levados em consideragdo para declarar situagdes
de hipoxia, situagdes estas que uma ragao enriquecida com antioxidantes pode ser de substancial

ajuda para os individuos, principalmente de cultivo.

Palavras Chave: Litopenaeus vannamei, CLso.96n, dcido lipoico, metabolismo energético,
hipoxia/reperfusdo, capacidade antioxidante.



Abstract

The concentration of dissolved oxygen (DO) in aquatic environments is a variable that is
extremely important for the development and survival of animals, being its solubility directly
influenced by abiotic factors such as salinity and temperature. The low concentration/absence of
DO is characterized with hypoxia/anoxia (H) and various damage are produced in this situation
in the biological systems, however the resumption of oxygen (reperfusion) (R) to normal levels
is as harmful as hypoxia. The present study was divided into two chapters, the first chapter aimed
to verify the influence of salinity (5, 25 and 35%o), temperature (20, 25, and 30 °C) and DO (0,
0.5, 1.5, 3 and 6 mg/O:L") in the survival of white shrimp Litopenaeus vannamei. In the
crossings of the temperature of 20 °C with the salinities of 25%o0 and 35%o is the lowest value of
CLso-96n (1.92 mg/O,L""), on the other hand, the largest CLso.o6n Was found in salinity of 5%o is at
30 °C (4.81 mg/O,L"). The second chapter aimed to verify chemoprevention of antioxidant
lipoic acid (LA) supplemented in the diet of shrimps submitted to hypoxia (1.5 mg/O>L") for 6
to 24 hours and posteriorly perfused (6 mg/O>L") for 1 and 3 hours. It was observed that the
levels of glucose in the hemolymph increased, while the inverse was observed in muscle of
animals supplemented during the H/R. However, the activity of lactate dehydrogenase and lactate
levels decreased or remained unchanged in this same situation. In addition, both the antioxidant
capacity as the lipid peroxidation, LA had a protective effect observed during reperfusion. At
different times during the H/R the activity of glutathione-S-transferase was modulated in order
to conclude that the enzyme is not a good biomarker for H/R. The chapters of this thesis lead to
conclude that abiotic parameters should be taken into account to state situations of hypoxia,
situations where a ration enriched with antioxidants can be of substantial help to individuals

mainly shrimp farmed.

Keywords: Litopenaeus vannamei, CLso96h, lipoic acid, energetic metabolism,
hypoxia/reperfusion and antioxidant capacity.



1. Introdugao

1.1 Hipoxia

Os organismos vivos necessitam de energia para realizar processos metabolicos e
fisiologicos, sendo o oxigénio um dos fatores limitante do processo por ser o aceptor final de
elétrons durante a respiracdo mitocondrial. As moléculas de &cidos graxos, carboidratos e
proteinas sao oxidados em processos bioquimicos gerando coenzimas reduzidas que sao
reoxidadas na cadeia transportadora de elétrons que culminardao na reducao do oxigénio (O2) a
agua (H>O). Este processo libera energia, a qual serd utilizada na producdo de moléculas de
adenosina trifosfato (ATP) que ¢ utilizada na maioria das reacdes bioquimicas pelos organismos

(Figura 1) (Halliwell e Gutterridge, 1999).
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Figura 1: Detalhe dos transportadores de elétrons da cadeia respiratdria e a sintese do ATP
(membrana interna mitocondrial). Fonte: Amabis e Martho. Fundamentos da Biologia
Moderna, 4* edigao.



Na diminui¢@o e/ou auséncia do oxigénio, ocorre a parada da progressdo dos elétrons na
cadeia transportadora, interrompendo ou diminuindo a fosforilagdo oxidativa. Paralelo a isso,
quando os niveis de oxigénio sdo limitados, as células podem redirecionar o metabolismo
aerdbico desviando para o metabolismo anaerdbico (glicolise anaerdbica), permitindo a

continuagao da glicélise, porém, com uma eficiéncia menor na producao de ATP (Ferreira, 2010).

Os tecidos com alta demanda metabolica, submetidos a periodos de hipdxia severa, podem
ter sua atividade mitocondrial danificada, comprometendo e diminuindo os niveis de ATP de
forma permanente. De fato, Geihs et al. (2013) verificaram que mesmo apds a retomada dos
niveis de oxigénio, danos permanentes podem ser gerados no musculo do crustdceo Neohelice
granulata, visto que a progressao dos elétrons na cadeia transportadora do caranguejo ocorria
com atrasos, comprometendo a obtencdo de energia desses animais. Desta forma, os processos
que demandam grande quantidade de energia, como regulacdo osmotica, sintese proteica,
crescimento e reprodugdo ficam comprometidos, podendo levar o animal a morte no caso de

longos periodos de privagdo do oxigénio.

O oxigénio em ambientes aquaticos em parte se da por dissolu¢do do ar atmosférico e ¢
determinado por um conjunto de varidveis, como pressdo atmosférica, temperatura e salinidade
(Weiss, 1970). A pressao influéncia de formas diferentes a presenc¢a do oxigénio na agua, que ¢
proporcional a pressdo parcial de Oz na atmosférica (Lei de Henry). Outro fator ¢ a temperatura,
visto que a solubilidade dos gases na dgua diminui com a elevagdo da temperatura, pois o calor
aumenta a mobilidade das moléculas levando-as para a superficie, o mesmo acontecendo com a
salinidade que quando aumentada também influéncia a dispersdo do oxigénio para a atmosfera

(Hill et al., 1993).

Baixos niveis de OD sdo considerados como hipoxia enquanto niveis normais de OD ¢
referido com normoxia que por sua vez esta estabelecida entre 6 = 7 mg Oz L! para ambientes

marinhos (Welker et al., 2013; Lushchak e Bagnyukova, 2006). A hipoxia tida como moderada
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(£ 3 mg Oz L) pode acarretar em distirbios fisiologicos em crusticeos como, por exemplo,
interferir nos ciclos de muda, taxa de alimentacdo, crescimento, reprodugdo e osmorregulagdo
(Welker et al., 2013). Além disso, com o metabolismo alterado pela privagdo do oxigénio, pode
ocorrer a degradacdo de glicogénio e alta taxa de glicolise anaerdbica, que leva a maior produgao
de lactato, resultando em diminui¢do de pH, que pode afetar a estrutura de proteinas e enzimas
(Pérez-Jimenéz, 2012). Entretanto, com o restabelecimento dos niveis de oxigénio, o
metabolismo energético novamente ¢ direcionado, porém desta vez para o metabolismo aerdbico
ativando processos como gliconeogénese, glicolise aerdbica e também de outros combustiveis
como acidos graxos, por exemplo. De fato, Maciel et al. (2008), observou que uma maior
quantidade de glicose estava sendo formada no musculo mandibular do caranguejo N. granulata,

sugerindo que o processo de gliconeogénese poderia estar ocorrendo neste tecido.

Outro efeito direto causado pela hipdxia € a ativagao de fatores que respondem ao estresse
gerado pela privacao de oxigénio como o Fator Induzido por Hipdxia (HIF-1), (Sonanez-Organis
et al., 2009). Na auséncia do oxigénio, varios processos de sinalizagcdo sao ativados, e o HIF- 1
sofre dimerizagdo no nucleo das células, ativando sequéncias de transcrigdo de genes alvos que
sao denominados elementos responsivos a hipoxia (HERs) (Cohen e McGovern, 2005; Sonanez-

Organis et al., 2009).

Os genes alvos HER estdo relacionados principalmente como os processos de
angiogénese, eritropoietina, transporte de glicose e glicolise, a afim de permitir os a produgdo
de ATP mesmo em condig¢ao anaerobica, portanto sem a presenca de oxigénio. Embora, com
um baixo rendimento, esses processos tem a finalidade de ajudar na reperfusao do oxigénio
ainda presente nos tecidos, embora essas respostas tenham sido estudadas na sua grande maioria
em mamiferos, genes homodlogos ja foram descritos em crustaceos, peixes e anfibios (Semenza,

2011; Handy et al., 2012).



Sonanez-Organis e colaboradores (2010), mostraram que o HIF-1 em situagdo de
hipoxia acarreta em alteragdes nas concentragdes de glicose e lactado na hemolinfa do camarao
L. vannamei. Os crustadceos podem lidar com a hipdxia de formas diferentes como: aumentar a
concentragdo de glicogénio e de arginina fosfato, utilizar vias anaerdbicas para producdo de

ATP, manutencao do sistema redox e reduzir a atividade metabodlica (Childress e Seidell, 1998).

Como mencionado anteriormente, na presenga de oxigénio (normoxia), os animais
utilizam-se da glicolise aerdbica como estratégia de obten¢do de energia onde a glicose ¢
utilizada como substrato da via, resultando na produ¢ao de ATP (36 moles de ATP por mol de
glicose). Porém, durante periodos prolongados de hipoxia/andxia a estratégia de ativacdo da via
de fermentagdo anaerdbica ¢ de extrema importancia, pois permite que os animais lidem por
um maior periodo de tempo com a privacao do oxigénio. Nesta situagdo, os organismos utilizam
basicamente carboidratos armazenado sob a forma de glicogénio e alguns aminoacidos
resultando em uma produ¢do menor de ATP (2 moles de ATP por mol de glicose na conversao
a lactato) quando comparado com o metabolismo aerdbico, porém, esta via ¢ crucial para
sobrevivéncia dos animais principalmente quando o aporte de oxigénio ¢ limitado (Storey ,

2007).

O principal produto do metabolismo anaerobico € o lactato, sendo este principalmente
acumulado na hemolinfa como resultado da mobiliza¢ao do glicogénio tecidual apos episodios
de hipdxia/andxia. A relacdo entre lactato e glicose neste tecido sugere que o lactato € um

importante substrato energético para mobiliza¢do de energia (Maciel et al., 2004).

O processo da retomada de oxigénio apdés um periodo de hipdxia ¢ de grande
importancia, pois neste momento o organismo tem que lidar com a chamada “injuria da
reperfusdo”, pois todos os elétrons acumulados durante o periodo de hipdxia sao liberados de
forma abrupta, ligando-se ao oxigénio (Storey, 1996; Hermes-Lima, 2004; Garcia et al., 2008).

O fluxo de oxigénio na cadeia transportadora de elétrons ¢ retomado e ocasiona a liberacao dos



produtos gerados e acumulados na mitocondria pelo metabolismo anaerdbico, que podem
causar extensos danos aos sistemas biologicos dos organismos (Hermes-Lima e Zenteno-Savin,

2002; Zenteno-Savin et al., 2006; Lushchak, 2011; Hermes-Lima et al., 2015).

Viérios estudos de hipdxia e reperfusao nos animais (Smith et al., 2003; Peréz-Rostro et
al., 2004; Safianez-Organis et al., 2011; Parrilla-Taylor et al., 2011; Felix-Portillo et al., 2014;
Cota-Ruiz et al., 2016; Garcia-Triana et al., 2016; Felix-Portillo et al., 2016; Li et al., 2016) ja
verificaram a ocorréncia de danos aos organismos, dentre elas, a produgdo de espécies reativas
de oxigénio (ERO) que podem causar o desequilibrio do sistema redox das células. Dentre estas
ERO podem-se destacar o radical anion superéxido (Oz7), o peroxido de hidrogénio (H20) e o
radical hidroxila ("OH). Adicionalmente existe a liberacao/formacao de metabolitos produzidos
durante o periodo da restricdo de oxigénio, como a xantina e a hipoxantina que
subsequentemente também produz ERO, podendo afetar diretamente as macromoléculas

bioldgicas (Fridovich, 2004; Halliwell e Gutteridge, 2007; Chandel, 2010).

A enzima xantina oxidase (XO) é importante fonte de radicais livres em tecidos
reoxigenados. Durante a hipdxia, a xantina produzida pela quebra de AMP acumula-se nos
tecidos juntamente com a hipoxantina. A enzima XO usa o oxigénio para converter hipoxantina

em xantina produzindo superoxidos no processo (Figura 2).

Também, durante a reperfusdo, superoxidos e peroxido de hidrogénio sao produzidos
promovendo a liberagdo do ion ferroso, de forma que grande quantidade de ferro pode estar
disponivel para catalisar a conversao como peroxido de hidrogénio em radicais livres (Tabima et

al., 2005).

Proteinas, lipidios ¢ DNA s3ao macromoléculas bioldgicas passiveis de sofrer oxidacao
pela agao das ERO. Devido a esta producdo de ERO, inerentes ao metabolismo aerobico, os

organismos possuem um sistema de defesa antioxidante (SDA) cuja fungdo ¢ inibir/reduzir ou
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reverter os possiveis danos causados pela acdo das ERO, além de atuar como “scavenges” de

radicais ou ainda favorecendo o reparo das moléculas oxidadas (Halliwell e Gutteridge, 2007).
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Figura 2: Mecanismo de produg¢do de radicais livres pela acdo da xantina oxidase.
Fonte: Tabima et al., 2005.

O SDA pode ser classificado como enzimatico ou nao-enzimatico (Shila et al., 2005).
Entre o SDA enzimatico estdo as enzimas superdxido dismutase (SOD), catase (CAT),
glutationa-S-transferase (GST), glutationa redutase (GR), glutationa peroxidase (GPx), sendo
estes importantes na protecdo contra danos oxidativos celulares em respostas a ambientes

estressores (Maher, 2005). Dentre os antioxidantes ndo enzimaticos estao as vitaminas C ¢ E, o
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tripeptidio glutationa reduzida (GSH), carotenoides e o acido lipdico (AL) (Packer et al., 1995;

Packer et al., 1998; Ngueyn et al., 2012).

Por definicdo, antioxidantes sdo substincias com capacidade de interagir nas células
reduzindo ou prevenindo a oxidagdo de macromoléculas pelas ERO, tanto de origem enddgena
a partir do metabolismo aerobico como de fonte exdgena como metais e agentes toxicos (Aldini

etal., 2010).

1.2 O Acido Lipédico

O 4cido lipoico (AL) ou acido 1,2-ditiolano-3-pentandico ¢ derivado do &cido octandico,
possuindo cadeia linear com pontes dissulfeto entre os carbonos 6 ¢ 8 (White, 1980). Este
antioxidante tem a capacidade de atuar nos distintos compartimentos celulares, pois ¢
considerado lipo e hidrossoluvel, sendo capaz de ser digerida, absorvida e transportada para os
tecidos, além de atravessar facilmente as membranas bioldgicas incluindo a barreira

hematoencefalica (Muthuswamy et al., 2006).

HS
OH OH

§—s SH

Figura 3: Estrutura quimica do par redox 4cido a-lipdico (ALA) e &cido dihidrolipdico
(DHLA). Fonte: Szelag et al., 2012.

Esta molécula foi primeiramente classificada como sendo uma vitamina, apds ser isolada por
Reed e colaboradores em 1957. Posteriormente, esta classificacdo foi desconsiderada devido a

sintese desta molécula também ter origem enddgena nas células mitocondrias de mamiferos
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(Carreau, 1979). A sintese envolve a atividade da enzima 4cido lipoico sintetase, ainda dentro da
mitocondria, onde o AL ¢ entdo reduzido em parte a acido diidrolipoico (DHLA) pela agdo da
enzima lipoamida desidrogenase ou pelo sistema da tioredoxina redutase, processos estes
dependente de NADPH (Haramaki et al, 1997). O AL ¢é um cofator de complexos
multienzimaticos do ciclo do 4cido citrico (a-cetoglutarato desidrogenase e piruvato
desidrogenase) sendo portanto, fundamental para o metabolismo energético. (Packer et al., 1998;
Shila et al., 2005). Além da producdo enddgena como cofator de enzimas, também ¢é possivel
absor¢ao do AL através da ingesta de alimentos ou suplementos contendo este antioxidante
(Morikawa et al., 2001). De fato, os niveis do antioxidante produzido e livre nos tecidos e fluidos
corporais sao muito baixa, o que torna quase impossivel que ele exerca efeito antioxidatante “in

vivo” somente pela sintese endogena (Goraca et al., 2011).

O AL pode ser normalmente encontrado nos alimentos, como a carne (coragdo, figado e rins),
vegetais (espinafre, ervilha e brocolis) e em alguns farelos (germe de trigo, levedo de cerveja,

entre outros) (Samanthi et al., 2012).

Diidrolipoamida
desidrogenase
ROOH 0\ P ] \ /-Affofbﬂfﬂ\ g a-Lipoato .\; /- NADPH v\
sistemas
Oxidantes de redugéo
celular
) -/ \ Vitamina E / \ Dehidro- / \ Dehidro- / \ . /
Roo famina ascorbato Lipoato NADP
Glutationa
Redutase

Figura 4: O papel do 4cido lipdico na regeneragdo da vitamina C e da vitamina E.

Fonte: Packer e Suzuki, 1993.
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Uma das caracteristicas mais marcantes do acido lipdico ¢ a capacidade de atuar tanto na
fase aquosa como na fase lipidica, além disso, esta molécula tem capacidade antioxidante tanto
na forma oxidada ou reduzida (Figura 3) (Szelag et al., 2012) (Packer et al., 1995). O
grupamento tiol (-SH) presente na molécula ¢ capaz de neutralizar espécies radicalares a partir
da interagdo direta com as mesmas (Perez e Castaneda, 2006). Também de maneira indireta
atuando sobre outras moléculas antioxidantes nos sistemas bioldgicos. Adicionalmente, o AL
pode quelar metais, atuar como “scavenger” de radical livres, prevenir danos oxidativos, além
de, regenerar outros antioxidantes como o tripeptidio glutationa (GSH) bem como vitaminas E

e C (Packer e Suzuki, 1993; Packer et al., 1995; 1998) (Figura 4).

O AL como um suplemento dietético ou um agente terapéutico ¢ capaz de modular circuitos
redox distintos, devido a sua capacidade de equilibrio entre diferentes compartimentos
subcelulares, bem como extracelular. Estas propriedades despertam interesse nas mais diversas
areas e linhas de pesquisa principalmente na drea clinica. Por exemplo, estudos contra o diabetes
mostram que o AL ¢ capaz de aumentar a agdo do hormdnio insulinico em ratos obesos devido
a um aumento da translocacdo dos transportadores GLUT-1 e GLUT-4 nas membranas das
células (Khamaisi et al., 1997; Saengsirisuwan et al., 2001; Fernandez-Galilea et al., 2011).
Estes resultados indicam uma a¢ao similar ao da insulina nas células musculares, aumentado a
absor¢do da resultando em uma maior disponibilidade energética pela biossintese de ATP
(Jacob et al., 1996). Estudos avaliando a suplementagao de AL na dieta de organismos aquaticos
tém mostrado que esta molécula ¢ efetiva contra situagdes pro-oxidativas (Monserrat et al.,
2008). Por exemplo, no peixe teledsteo pacu (Piaractus mesopotamicus), o AL mostrou
restabelecer os niveis de 4cido ascoérbico (vitamina C) nos animais que tiveram sua dieta
suplementada com o antioxidante, visto que esses animais necessitam desta vitamina para
realizar alguns de seus processos fisioldgicos (Terjesen ef al., 2004). Resultados semelhantes
foram observados na truta arco-iris (Oncorhynchus mykiss) e a carpa-comum (Cyprinus carpio)

(Trattner et al., 2007).
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Em outro estudo, a suplementacdo na dieta com AL, foi capaz de modular positivamente
o sistema de defesa antioxidante, aumentando a atividade da enzima glutationa-S-transferase
(GST) (enzima de fase II da via detoxificatéria) em cérebro do peixe Corydoras paleatus,
juntamente com o aumento da atividade de glutamato cisteina ligase (GCL) em cérebro e figado
bem como a reducdo dos niveis de peroxidagdo lipidica no figado deste peixe (Monserrat et al.,

2008).

No camardo branco do pacifico Litopenaeus vannamei, o AL foi utilizado como
suplemento administrado na ragdo durante quatro semanas, onde foi possivel verificar a
quimiopreven¢do do antioxidante contra os efeitos nocivos da exposi¢cdo aos metais cadmio e
arsénio em musculo e hepatopancreas do camarao. Neste mesmo estudo, foi possivel observar o
aumento da atividade de algumas enzimas do sistema de defesa antioxidante quando comparado
com grupos que ndo receberam a dieta suplementada com o antioxidante (Lobato ef al., 2013).
Outro estudo também analisando o efeito quimioprotetor do AL, Martins et al, (2014),
verificaram que a suplementacdo foi capaz de modular positivamente as respostas bioquimicas
em branquias do L. vannamei quando exposto a concentracdes de oxigénio dissolvido de 3 mg

0, L' (hipoxia moderada).

1.3 Litopenaeus vannamei

O camarao branco do Pacifico, Litopenaeus vannamei (Crustacea; Decapoda) (Figura 6) esta
entre as espécies mais cultivadas no mundo, sendo portanto, de grande valor economico
(Hedlund, 2007). Originalmente endémica do México e presente até o norte do Peru, e atualmente

distribuida ampalmente em diversos paises no mundo (Figura 5) (FAO, 2008).
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Sendo uma espécie de camardo de grande valor comercial, a carcinicultura vém se
desenvolvendo exponencialmente e ganhando cada vez mais espaco dentro da aquicultura. Isso
pode ser atribuido ao fato que a quantidade obtida com a pesca convencional ¢ insuficiente para

suprir a demanda do mercado pelo crustaceo (FAO, 2008).

Figura 5: Os principais paises produtores de L. vannamei, marcados na cor laranja. Fonte:

FAO-Fishery Statistics, 2006.

Entretanto, justamente a producao intensificada pode trazer problematicas a saude em alguns
aspectos na criacdo e cultivo de camardes, geralmente decorrentes da alta densidade populacional
nos viveiros, podendo aumentar a vulnerabilidade do animal a situacdes estressoras, acarretando
em doencas causadas por virus, (sindrome de Taura; virus da Mancha Branca e necrose

hipodermal) e bactérias (Vibrio spp e Vibrio parahaemolyticus) (Zhang, 2006).

Outros fatores que estdo intimamente ligados a medidas de produtividade e fortemente
influenciam o bem-estar dos animais, sao as condi¢des abidticas nos viveiros como por exemplo,
as técnicas de manejo adotadas pelos produtores (Sanchez et al., 2001). Salinidade, temperatura

e oxigénio dissolvido sdo os fatores mais importantes a serem estabelecidos € monitorados, pois
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afetam as respostas fisioldgicas dos individuos como, respostas imunes, crescimento, ciclo de

muda e reproducdo (Cheng et al., 2005; Romano e Zeng, 2006).

L. vannamei ¢ tolerante a grandes flutuacdo de salinidade podendo permanecer em uma
ampla faixa de 2%o até aguas hipersalinas em torno de 40%o0 Para o L. vannamei a salinidade
Otima parece ser em torno de 28-32%o (Wyban ef al., 1995) nos viveiros, sendo esta salinidade
a que mais aproxima do seu ponto isosmotico, desta forma, causando um menor gasto
energético no processo de osmorregulacdo permitindo assim o gasto de ATP com outros

processos como crescimento e reprodugao, por exemplo.

A temperatura ¢ outra variavel fundamental para o crescimento e desenvolvimento dos
animais, sendo uma das mais dificeis de serem mantidas constantes, principalmente em viveiros
externos que ficam dependentes das condi¢des climaticas da regido. De fato, a temperatura da
agua exerce efeito sobre o metabolismo dos crustdceos (Wyban et al., 1995). Por exemplo, em
aguas mais amenas (entre 20-25 °C) a alimentacao, o crescimento e a reprodugao dos camardes
sdo otimizados, entretanto, em viveiro onde a temperatura do cultivo fique acima de 30 °C
ocorre uma menor concentracao de oxigénio dissolvido e consequentemente uma diminui¢ao
da solubilidade de gases na dgua em relacdo a temperaturas inferiores. Assim quanto maiores
as temperaturas, mais oxigénio sera consumido pelo metabolismo do animal, podendo acarretar
em estresse térmico diminuindo a resisténcia imunologica e aumentando a susceptibilidade a

patogenos e infecgdes e causando mortalidade (Kubitza, 2003; Cheng ef al., 2005).

O oxigénio ¢ outra importante e limitante varidvel em cultivos, geralmente refletindo de
maneira geral as condi¢des ambientais do viveiro, pois outras variaveis influenciam diretamente
sobre a solibilidade deste gas (salinidade e temperarura bem como matéria organica).
Concentragdes 6timas de oxigénio dissolvido sio estabelecidas entre 6 ¢ 10 mg O> L! em
culturas utilizando o L. vannamei (Brock e Main, 1994). Concentracdes minimas de oxigénio
dissolvido acarretam em diversos efeitos negativos como, por exemplo, diminui¢do no
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comportamento alimentar, reproduc¢do, crescimento e sobrevivéncia dos organismos aquaticos.
Desta forma ¢ fundamental que pardmetros fisicos quimicos, tdo importantes como temperatura,
salinidade e oxigénio dissolvido tenham seus valores 6timos determinados e mantidos nos
viveiros. Embora, varios estudos utilizam os pardmetros mencionados acima, at¢ 0 momento
ndo foi estudado o efeito de todas estas varidveis juntas para delinear as melhores condigdes

para estes organismos.

Figura 6: Camarao branco do Pacifico Litopenaeus vannamei (Boone, 1931).
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Objetivos

2.1 Objetivo Geral
Determinar valores de CLsgp.9sn de OD para o camardo Litopenaeus vannamei sob
diferentes salinidades e temperatura, bem como avaliar se o antioxidante acido lipdico pode ser
capaz de melhorar ou reverter danos causados pela hipoxia/reperfusdo, considerando o

metabolismo energético e sistema de defesas antioxidante.
2.2 Objetivos especificos

(a) estabelecer valores de CLsgp.96n para oxigénio dissolvido no camardo branco
Litopenaeus vannamei, nas salinidades de 5, 25, e 35%o e nas temperaturas de 20, 25 ¢ 30 °C,

cruzados com diversas concentragdes de oxigénio dissolvido (zero, 0.5, 1.5,3.0 € 6.0 mg O, L
1)‘

(b) avaliar os possiveis efeitos quimiprotetores do antioxidante acido lipdico via dieta

sobres os efeitos gerados na hipdxia/reperfusdo.

¢ Considerando pardmetros de metabolismo energético como: niveis de glicose e lactato
e atividade da enzima lactato desidrogenase;

e (Considerando parametros de estresse oxidativo e sistema antioxidante como:
peroxidacao lipidica, capacidade antioxidante contra o radical peroxil e atividade da

enzima glutationa-S-transferase.
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ABSTRACT

The white shrimp Litopenaeus vannamei is one of the most cultivated species besides of
worldwide economic importance. However, variation in physicochemical factors may cause
large losses of animals in shrimp farming. In this context, the objective of this study was to
evaluate the influence of salinity, temperature and oxygen oscillations in Litopenaeus vannamei
survival. The mortalities of the shrimps were evaluated for 96 hours at salinity of 5, 25, and
35%o. Each salinity, was crossed with temperatures of 20, 25 and 30 °C and different levels of
oxygen: zero, 0.5, 1.5, 3 and 6 mg Oz L. The results were expressed as percentage of mortality
and LCso.96n was calculated in relation to dissolved oxygen concentration for each situation.
The LCso-96n showed a higher survival resistance to oxygen variation at lower temperature of
20 °C with higher salinities of 25 and 35%o. Also, a lower survival resistance at higher
temperature of 30 °C and salinities of 5 and 25%o0 were observed. Thus, we show in this study
that the sensitivity of white shrimp to oxygen fluctuations is directly linked to temperature and
salinity. Both high temperature and low salinity situations reflect the lower resistance to oxygen
restrictions. These data, taken together, can contribute significantly to the production practices

in order to minimize losses of animals, as well as on the welfare of the farming animals.

Keywords: Litopenaeus vannamei, crustacea, temperature, salinity, dissolved oxygen
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1. INTRODUCTION

Shrimp farming is one of the most significant activities in worldwide aquaculture.
Among the most economically important species of cultivated animals is the Pacific white
shrimp (Litopenaeus vannamei, Crustacea; Decapoda) (Hedlund, 2007). Originally, this species
is endemic from Mexico to the north of Peru, however, it is cultivated in several countries of
the world and currently reaches larger tons in cultivation than those generated by conventional

fishing (FAO, 2008).

Animal welfare and farming productivity are closely related to the environmental
conditions, as well as, the appropriate management adopted by breeders. Physicochemical
factors such as salinity, temperature and dissolved oxygen levels are some of the most important
parameters to be established and monitored (Romano and Zeng, 2006). Dissolved oxygen is the
most critical variable in shrimp farming, generally reflecting the nursery's environmental
conditions. The ideal range of dissolved oxygen concentration for Litopenaeus vannamei is
between 6 and 10 (mg O, L) (Brock and Main, 1994). It is known that low oxygen
concentrations with values below 1.5 mg O, L' on prolonged exposure may be lethal to shrimp,
as well as, moderate oxygen concentrations (3 mg O, L), causing low feed rate, slow growth
and low resistance to diseases (Welker et al., 2013). The solubility of oxygen is affected by
temperature, atmospheric pressure, salinity and closely influenced by organic matter, therefore,
the solubility of oxygen decreases both with increasing temperature and with increasing salinity

(Spanopoulos-Hernandez et al., 2005).

For these reasons, one of the problems encountered by shrimp farming is precisely the
control of the temperature of the nurseries, since it is exclusively dependent on the atmospheric
temperature, oscillating throughout the day and the seasons (Barbieri and Ostrensky, 2002).
The optimal temperature for L. vannamei growth is around 28 °C for adult animals (Wyban et

al., 1995), however, the temperatures of water on farms vary from 15 to 30 °C in a short time
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(Chen, 1990), causing thermal stress to the animals, reducing the immunological resistance and

increasing the susceptibility to pathogens and infections (Cheng et al., 2005).

In addition, an ionic imbalance in the culture waters requires a higher energy
expenditure to maintain osmotic homeostasis, thus impairing molt and growth (Brito et al.,
2000; Romano and Zeng, 2006). Thus, another important factor for the good development of L.
vannamei is salinity, even though it is an eurihalin species, because it tolerates a wide range of
salinity ranging from 2%o to 40%o (Saoud et al., 2003), the abrupt change can cause harmful
effects directly to the metabolism, growth, and consequently can affect the survival of this

crustacean.

Besides, several studies employ L. vannamei as biological model to evalute effects of
adverse situation about physiological, biochemical and molecular parameters (Pérez-Rostro et
al., 2004; Jiang et al., 2005; Kniffin et al., 2014; Felix-Portillo et al., 2016; Li et al., 2016).
However, any study show the best condition to experiments, considering variables as
temperature, salinity and oxygen levels together. So, in this study we evaluated the connection
between these parameters in a tempt to stabilish ideal condition to performed the experiments
using this specie as model. In this context, the present study had as objective to evaluate the

mortality of this crustacean on different variables such oxygen, temperature and salinity levels.
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2. MATERIAL AND METHODS

2.1 Shrimp maintenance

Adult white shrimp Litopenaeus vannamei of both sexes, with an average weight of 8
grams, were obtained with the collaboration of the Aquaculture Marine Station (Estacgao
Marinha de Aquicultura (EMA) of the Federal Univeristy of Rio Grande-FURG and kept in the
aquatic vivarium of the Institute Biological Sciences (ICB) in same University. Luminosity
parameters (12L/12D), salinity of 30%o, pH 8, temperatures 20 °C, constant aeration (5.5 + 0.5
mg O, L) were controlled and fed commercial (45% crude protein) shrimp feed were checked
twice a day until satiety. The animals were kept under these conditions for at least two weeks

preceding the experiments.
2.2 Experimental design

The experiments to evaluate the lethal concentration (LCso-96h) were carried out in three
distinct stages (n = 450; n=10 for each group). The following salinities were set for each step:
5,25, and 35%o. Each salinity was crossed with different temperatures (20 °C, 25 °C and 30 °C)
and different levels of oxygen (zero, 0.5, 1.5, 3 e 6 mg O L'!). Mortality was assessed for 96
hours under all conditions. The experiment was conducted in aquaria containing 15 liters of salt
water in the salinities of the study. Nitrogen gas (N2) was used to reach the desired oxygen
concentration. Oxygen and temperature were constantly monitored (Oximeter: DO-5519,

Lutran Eletronic Entreprise Co) the shrimp were acclimatized for a week before the experiment.
2.3 Statistical analysis

To estimate the LCso relative to dissolved oxygen concentration at different
temperatures and salinities for 96 hours, the results were expressed as a parameter of the Lethal
Medium Concentration required to kill 50% of the shrimp in 96 hours (LCso-96n). These data

were obtained from the analysis of Probit (Finney, 1971) with 95% confidence interval.



3. RESULTS

At the 5% salinity, deaths were recorded in the control group (6 mg O, L!) only at the
highest temperature (Fig.1C). In the lowest oxygen concentrations (anoxia and 0.5 mg O L),
the occurrence of death was recorded during the first hours of the experiment with mortality
above 50%, rapidly reaching 100% of mortality (Fig. 1A, B and C). In the first hours of the
experiment, at the lower temperature (20 °C), the occurrence of death in relation to the exposure
time increased proportionally with the decrease of oxygen level (Fig. 1A). At 25%o, the
concentration of 3 mg O, L' showed a greater effect on mortality than 1.5 mg O2 L™\, At 30 °C
this effect was more pronounced, in which the oxygen concentration of 3 mg O> L' reaches
100% mortality after 18 hours of exposure (Fig. 1C). LCso.96n values for temperatures of 20 °C,

25 °C and 30 °C were set at 2.67 mg O2 L™, 2.79 mg O> L' and 4.81 mg O> L', respectively.

At 25%o salinity, mortality in the control group (6 mg O, L) occurred only at 30 °C
(Fig. 2C). At 20 °C, there was no mortality at 3 mg O, L' and the percentages of deaths were
more pronounced at concentrations of 0.5 mg O, L™ and anoxia, reaching 100% (Fig. 2A). At
25 °C, again shows a greater effect on 3 mg O, L™! relative to the concentration of 1.5 mg Oz L-
0.5 mg O, L' and anoxia reached 50% mortality in few hours (Fig. 2B). In all oxygen
concentrations expositions at 30 °C, with the exception of control, reached 100% mortality in
the first hours (Fig. 2C). LCso-96n values for temperatures of 20 °C, 25 °C and 30 °C were set at

1.92mg O2 L', 2.59 mg O L' and 4.21 mg O L', respectively.

At salinity 35%o, no deaths were observed in the control groups (6 mg O, L) at any
temperature analyzed (Fig. 3). At 20 °C, there were no deaths at the concentration of 3 mg O:
L' and the percentage of deaths was more pronounced in anoxia (in the first hours) and 0.5 mg
02 L' (50% in 24h) (Fig. 3A). At 25 °C, we again observed a higher mortality rate of 3 mg O
L! than that of 1.5 mg O» L. The concentrations of 0.5 mg O, L' and anoxia caused total
mortality in the first hours of exposure (Fig. 3B). At 30 °C, in all oxygen concentrations, with
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exception of control group, caused total mortality in 30 hours of exposure. At lower
concentrations of oxygen, total mortality occurred within 12 hours exposure (Fig. 3C). LCs0-96h
values for temperatures of 20 °C, 25 °C and 30 °C were set at 1.92 mg O> L', 2.81 mg O, L

and 3.62 mg O, L', respectively.

4. DISCUSSION

Actually, shrimp farming is a globally exploited activity. In Brazil, shrimp farming
began in the 1970s as a source of income for the local population in the states of the North and
Northeast. Later, the activity also gained space in the southern states in the late 1990s. Then the
most cultivated species of shrimp in the country became the exotic species Litopenaeus
vannamei, due to their great adaptability to different ecosystems along the hemispheres

(Ostrensky et al., 2000).

The demand for products generated by shrimp farming has been steadily increasing in
recent years (FAQO, 2008), generating interest in farming techniques that minimize losses in the
production. In this way, the consequent increase in production considering the final quality of
the product, leads to the necessity of approaches of aspects related to sustainability, in
particular, the quality of the aquatic environment in which the production is practiced. For this
reason, the physicochemical parameters discussed in this study are of important relevance for

the welfare of the shrimp in the nurseries, as well as for quality productions.

The intermediate temperature and salinity used in this study was 25 °C and 25%o
respectively, which resulted in a LCso.96n for the dissolved oxygen of 2.59 mg O, L!. The
temperature around 28 °C actually seems to be the most suitable to be used in cultivation
(Wyban ef al., 1995). The salinity variation does not seem to be an interference factor in the
temperature of 25 °C, since the values obtained of LCso.96h in the lowest and higher salinity used
in this study (5 %o and 35%o) are 2.79 mg O, L' and 2.81 mg O, L', respectively. However,

LCso-96h values are not far from what the literature describes as moderate hypoxia (3 mg O> L~
27



1) (Welker et al., 2013), which may cause mortality over a long period of time. However, in a
short period of exposure, it can leave the animals vulnerable to the attack of microorganisms,

causing illnesses and with that, the low rate of growth and gain of weight (Zhou et al., 2009).

After 96 hours of experimentation, shrimp of lower salinity (5%o), exposed to 20 °C,
had their LCso-96n for dissolved oxygen set at 2.67 mg O> L*!, a value higher than the other
experimental salinities (25 %o € 35%o) at the same temperature. This data indicates that in high
salinities and temperatures of 20 °C the survival resistance of L. vannamei is increased freight
to a condition of almost severe hypoxia. In fact, it has been reported that temperatures around
19 °C can leave L. vannamei in relative immobility which reduces dietary behavior and
consequently weight gain and metabolism (Ponce-Palafox et al., 1997). However, marine
shrimp when grown at low salinity obtains the minerals required for their osmoregulation
present in the water by active transport, thereby leading to increased energy expenditure (Gong
et al., 2004). L. vannamei in adulthood has a decline in osmoregulatory capacity, which entails
greater energy expenditure to maintain its homeostasis, thus increasing the demand for oxygen

(Vargas-Albores and Ochoa 1992).

In this study, it can be observed that in the higher experimental temperature (30 °C), the
values of LCso.96n for the dissolved oxygen were evidently higher in all the salinity (5, 25 and
35%o, with LCso-96n 0f 4.81,4.21 and 3.62 mg O, L'}, respectively). This finding directly reflects
increased metabolism well as higher oxygen consumption, leading to a lower resistance to
restrictions of oxygen. In this context is important to emphasize that the temperature is a factor
that directly influences oxygen consumption in aquatic animals, once thatcrustaceans do not
have the capacity to maintain a constant body temperature, in this way, the animal is subject to
the thermal variations of its habitat, in which it directly influences the metabolic processes

(Martinez-Palacios et al., 1996). So, high temperatures to accelerate the metabolism that front
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to oxygen restriction, there are a drop in ATP levels affecting the physiological and biochemical

process (Boyd, 1979; Manush et al., 2006) to long time.

The rate in the oxygen consumption is generally increased steadily as the temperature
rises, for example, a rise in temperature at 10 °C can result in a threefold oxygen consumption
rate. This elevation in the metabolic rate is called the thermal coefficient (Q10) which represents
the degree of sensitivity of organisms to temperature (Schmidt- Nielsen, 1999). In fact,
Sponopoulos-Hernandez et al. (2005) found in Litopenaeus stylirostris the increased oxygen
consumption with increasing salinity and temperature starting from 20 °C to 30 °C. This fact
corroborates with the data generated in this study, in which it shows a greater sensitivity to the

variation of oxygen for higher temperatures.

In L. vannamei on low salinities, compensatory mechanisms are added in an attempt to
maintain osmotic homeostasis, such as active Na'/K'-ATPase ion uptake and the mobilization
of amino acids such as arginine, lysine and glycine, leading to energy expenditure (Alvarez et
al., 2004). The highest LCso value for dissolved oxygen was obtained at the lowest salinity and
higher temperature, being set at 4.81 mg O, L. This result can be explained because the
osmoregulatory and compensatory processes are energy consuming, which results in higher
oxygen consumption even for eurihalin species such as L. vannamei, being a potent

osmoregulator in a wide range of salinity.

This way, values of temperature, salinity and dissolved oxygen are important factors to
determine the stocking density and mortality in nurseries. We show in this study that the
sensitivity of white shrimp to the fluctuations of oxygen is directly related to temperature and
salinity. Despite the great importance of these data for the carcinucultura, little studies involving

these three variables are found using L. vannamei adducts.

In addition, a low resistence at higher temperature (30 °C) with salinities rates (5 — 25%o)

underscores the importance of monitoring of dissolved oxygen as the L. vannamei is
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increasingly beinhg cultivated in hot regions in diferente countries using low salinities,
therefore the value of 1.5 mg O L! used as severe hypoxia for crustaceans, is very low in the
largest value found in this study that caused mortality (4.81 mg O, L), indicating that specific
data of severe hypoxia are needed for each species. These data, together, can contribute
significantly to the practice of production, in order to minimize the losses of animals, as well

as on the welfare of animals in agriculture.
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Figure legends

Figure 1. Litopenaeus vannamei LCso after 96 hours at 5%o salinity in different
temperatures and concentrations of dissolved oxygen. (A) 20 °C in different concentrations of
dissolved oxygen (control, 3, 1.5, 0.5 mg O, L' and anoxia); (B) 25 °C in different
concentrations of oxygen; (C) 30 °C in different concentrations of oxygen. Results expressed

as percentage of dead animals.

Figure 2. Litopenaeus vannamei LCso after 96 hours at 25%o salinity in different
temperatures and concentrations of dissolved oxygen. (A) 20 °C in different concentrations of
dissolved oxygen (control, 3, 1.5, 0.5 mg O, L and anoxia); (B) 25 °C in different
concentrations of oxygen; (C) 30 °C in different concentrations of oxygen. Results expressed

as percentage of dead animals

Figure 3. Litopenaeus vannamei LCso after 96 hours at 35%o salinity in different
temperatures and concentrations of dissolved oxygen. (A) 20 °C in different concentrations of
dissolved oxygen (control, 3, 1.5, 0.5 mg O, L and anoxia); (B) 25 °C in different
concentrations of oxygen; (C) 30 °C in different concentrations of oxygen. Results expressed

as percentage of dead animals.
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Figure 3:
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ABSTRACT

Lipoic acid (LA) is a known and potent antioxidant, as well as, has shown positive effects on
energy metabolism. In this study, our objective was to evaluate the protective effects of lipoic
acid on metabolic and biochemical alterations on hypoxia/reperfusion injury (H/R) in shrimp
(Litopenaeus vannamei). Two experimental groups were evaluated: non-supplemented and
supplemented with LA (1% of body weight). The groups were evaluated at different times of
exposure to hypoxia (6 and 24 hours) at 1.5 mg O, L™ and different times of oxygen reperfusion
(0, 1 and 3 hours). When the animals were supplemented with LA, the glucose levels were
decreased in the hemolymph and increased in the muscles on H/R situation. Furthermore, no
change in lactate dehydrogenase activity (LDH) activity was observed and lactate levels were
either decrease or unchanged. In biochemical analyzes related to oxidative stress was showed
a protective effect of LA against lipid peroxidation induced by H/R after 24 hours of exposure.
LA supplementation showed to increase antioxidant capacity more effectively during
reperfusion. LA differently modulated Glutathione-S-transferase (GST) activity according to
exposure times to H/R and available oxygen concentration. Our results show a positive
modulation induced by lipoic acid on energetic aspects and oxidative stress on H/R situation.
In a context of disturbance of oxygen concentration, LA was effective as a supplement against
induced damage. This study corroborates the emphasis on the unique properties of lipoic acid
against the stress situation, in order to contribute positively to the problems existing in shrimp
farming.

Keywords: lipoic acid, hypoxia, reperfusion, metabolic aspects, antioxidant capacity,
Litopenaeus vannamei.
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1. INTRODUCTION

Variation in oxygen levels directly influence the quality of the environment and can
induce several effects in aquatic organisms. However, to cope this situation, fishes and
crustaceans induce the modulation and regulation of physiological and metabolic responses
(Sofianez-Organiz et al., 2009). ATP stores are rapidly depleted during hypoxia due to
interruption of oxidative phosphorylation in mitochondria the absence of energy leads to a
series of changes (Granger and Kvietys, 2015). For example, there is an increase in glycogen
degradation to obtain energy, which leads to a higher production of lactate and consequently a
decrease in cellular pH. These metabolic changes can result in protein changes and lead to

cellular insults (Pérez-Jimenéz, 2012).

Some studies have demonstrated that when possible the aquatic organisms trend to avoid
or move out of hypoxic conditions (Rosas et al,. 1999). However, farm animals cannot use this
behavior so the development of strategies to improve the resistance of animals front hypoxia is
great relevance. The Pacific white shrimp Litopenaeus vannamei (Crustacea; Decapoda) is one
of the most cultivated species in the world. Although of L. vannamei has a resistance to stressful
variations of their environment, such as temperature, salinity, and oxygen oscillations, these
factors can trigger severe damage to the animal, mainly in a shrimp farming situation (Ballester

etal.,2007).

During a hypoxia situation, mainly severe hypoxia (1.0-2.0 mg Oz L!) as described by
Levin et al. (2009), electrons are accumulated along the electron transport chain, and during the
phase of reoxygenation (reperfusion) the oxygen reacts with these electrons accumulated in
mitochondria, leading to a large release of reactive oxygen species (ROS) (Parrilla-Taylor and
Zenteno-Savin, 2011; Welker et al., 2013). Although reactive species act in redox signaling and
resistance against pathogens, the imbalance between these species and antioxidant capacity, can

result in an oxidative stress situation (Fridovich, 2004; Zenteno-Savin et al., 2006). ROS are
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highly reactive with biomolecules, may cause damage to lipids, proteins and DNA, resulting
dysfunctions and tissues changes (Halliwell, 2007). The antioxidant defense system plays an
important role in attempting to reverse or eliminate ROS, using enzymatic and non-enzymatic
defense systems (Li et al., 2016). Among enzyme defense system are glutathione-S-transferase
(GST), catalase (CAT), glutathione peroxidase (GPx), superoxide dismutase (SOD), among
others. Vitamin C (ascorbic acid), vitamin A (retinol), vitamin E (a-tocopherol) and lipoic acid
(LA), reduced glutathione (GSH) among others, are part of the non-enzymatic defense system

(Zhang et al., 2010).

Antioxidants are substances that act in the prevention or reduction of oxidation induced
by reactive species (Aldini ef al., 2010). Studies have shown that the incorporation of lipoic
acid (LA) into the diet of farm animals has brought numerous benefits, as increase in its

antioxidant and detoxification capacities (Lobato ef al., 2013; Martins et al., 2014).

LA is derivate from fatty acid produced by the body, being essential for metabolic
processes and antioxidant defense of the organisms (Packer and Cadenas, 2010). LA as an
important non-enzymatic antioxidant is capable of modulating the antioxidant defense system
in aquatic organisms. It can eliminate ROS, to chelate metals and play an important role in the
regeneration of other antioxidants, as the GSH (Packer et al., 1995). In addition, it may also
reduce the levels of oxidized proteins in muscle tissue; reduce in ROS levels in the brain and
increase of the glutamate-cysteine ligase (GCL) activity in brain and liver of the fish Corydoras
paleatus (Callychthyidae) as reported by Monserrat et al. (2008). In other studies, LA showed
an increase in glutathione-S-transferase (GST) activity in carp (Cyprinus carpio,; Cyprinidae)
on microcystin-induced toxicity (Amado et al., 2011). Kutter et al. (2014) also showed an
increase in the activity of this enzyme in fish brain (Trachinotus marginatus) when

supplemented with LA-enriched ration.
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Therefore, the main goal of this study was to evaluate whether the lipoic acid-
supplementation diet could be able to improve or reverse the effects induced by hypoxia and

reperfusion in L. vannamei, considering metabolic and oxidant aspects.

2. MATERIAL AND METHODS

2.1 Shrimp maintenance

The shrimps (Litopenaeus vannamei) were obtained from Marine Aquaculture Station,
Oceanography Institute (I0), Federal University of Rio Grande-FURG and transferred to the
Institute of Biological Science (ICB) of the same Institution, acclimated in tanks under
controlled parameters (salinity 25%o, pH around 8.0, photoperiod 12L:12D, feeding twice at

day) at least two weeks prior to the experiments.

2.2 Experimental design

Shrimp were distributed into two groups: non-supplemented (commercial ration only -
Purina, 45% of crude protein) and supplemented with lipoic acid (commercial ration with lipoic
acid). The food (both groups) was administrated twice daily for four weeks, a supply
corresponding 1% of the body weight average. The lipoic acid (LA from SIGMA, USA) was
incorporated in the commercial ration in a concentration of 70 mg/kg of ration according to
Terjesen et al. (2004). Posteriorly, the two groups (with and without LA) were treated
separately in 12 aquariums with 6 animals each (n=6) according to their respective experimental
groups. The Figure 1, show the experimental designer and the distribution of the times of
exposure to hypoxia and reperfusion. The objective of the choices of hypoxia exposure times it
was in order of not to cause permanent damage to the animal in which it could not be remedied

or prevented.
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2.3 Exposure to hypoxia and reperfusion

The shrimp (n=6) were arranged in aquaria containing ten liters of seawater (salinity
25%o). Nitrogen gas was bubbled until oxygen gas concentration reached 1.5 mg O,L’!
(hypoxia) normoxia was established in 6 mg O, L' The oxygen concentration was
continuously monitored during all experiment using an oximeter (DO-5519, Lutran Eletronic
Entreprise Co). Several authors consider 1.5 mg Oz L™! as severe hypoxia for L. vannamei (Van
Wyk and Scarpa, 1999; Vaquer-Sunyer and Duarte, 2008; Trasvina- Arena et al., 2014; Li et

al., 2016).

2.4 Analysis of metabolic properties

Preparation of samples

Hemolymph was extracted with a hypodermic syringe (1 ml) of 13x045 mm needle,
washed with anticoagulant solution [NaCl (0.45M), glucose (0.1 M), sodium citrate (0.03 M),
citric acid (0.026 M), EDTA (0.01 M)] and pH 4.6. The needle was carefully inserted into at
the junction between cephalothorax and abdomen of the animal and each sample obtained was
stored in pre-refrigerated tubes. For analysis the hemolymph was processed in cold buffer (4
°C) with EDTA (6%). Then, muscle was removed, weighed and homogenized in a ratio of (1:5
w/v) in phosphate buffer (100 mM), EDTA (1 mM) and phenylmethylsulfonyl fluoride (PMSF)
(10 uM) and pH 7.2. All samples were centrifuged at 8000 x g, 4 °C for 20 minutes and the
supernatant was removed and stored at -80 °C for posterior analyses. Total proteins in the
samples were determined following Biuret method measured by spectrophotometry at 550 nm

utilizing microplate reader (Biotel ELx800).

Lactate, lactate dehydrogenase and glucose measurements.
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Lactate of the muscle and hemolymph was measured spectrophotometry at 340 nm
using the lactate determination kit by enzymatic method (Kovalent - Brazil). The glucose level
was verified spectrophotometry at 490 nm using the glucose kit, through the enzymatic
oxidation method by glucose oxidase (Kovalent - Brazil). In both tissues was used the
enzymatic method (Kovalent - Brazil) to determine the lactate dehydrogenase (LDH) activity,

measured by spectrophotometry at 340 nm, utilizing microplate reader (Biotel ELx800).

2.5 Analysis of antioxidant properties

Preparation of samples

After dissection, the muscle and gills were homogenized (1:4 p/v) in buffer containing
Tris-HCI1 (100 mM), EDTA (2 mM), MgClz (5§ mM), PMSF (0.05 mM), pH adjusted in 7.75.
The samples were centrifuged at 10.000 x g for 20 minutes at 4 °C and the supernatant used for
biochemical measurement. Total proteins in the samples were measured following Biuret

method measured by spectrophotometry at 550 nm utilizing microplate reader (Biotel ELx800).

Lipid peroxides

Lipid peroxides were measured through of the thiobarbituric acid-reactive substances
(TBARS) assay according to described by Oakes and Kraak, (2003). The fluorescence was
measured at 520/580nm for excitation/emission wavelengths, respectively (FilterMax™ F5
microplate reader/Molecular Devices - EUA). The results were expressed as nmol of MDA/mg

of protein, using tetramethoxypropane (TMP) (Sigma, USA) as standard.

Antioxidant competence against peroxyl radicals (ACAP)

This analysis was determined according to the method of Amado ez al. (2009). Peroxyl
radical was generated by thermal decomposition (37 °C) of ABAP (2,2-azobis (2

methylpropionamidine) dihydrochloride). Peroxyl radical reacts with H>DCFDA (2,7
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Dichlorofluorscein diacetate, Molecular Probes) and the esterases present in the sample cause
deacetylation of this probe, that then is oxidized by ROS forming a fluorescent compound
(DCF) detected at 485/535 nm for excitation/emission, respectively (FilterMax™ F5 microplate
reader/Molecular Devices - EUA). The total antioxidant capacity against peroxyl radical was
quantified by the relative area with and without ABAP, where high relative fluorescence area
indicates low antioxidant competence, once high fluorescence levels were obtained after

addition of ABAP meaning low capacity to neutralize peroxyl radicals.

Activity of glutathione S-transferase (GST)

GST (EC 2.5.1.18) activity was assayed on methodology described by Habig and Jakoby
(1981). Basically, the assay is based on the formation of the conjugated complex of 1 mM 1-
chloro-2,4-dinitrobenzene (CDNB) and 1 mM reduced glutathione (GSH). The absorbance

generated was monitored at 340 nm, utilizing microplate reader (Biotel ELx800).

2.6 Statistical analysis

Statistical analysis was performed by two-way ANOVA followed by Tukey’s post hoc
test. All data were expressed as mean =+ standard error of mean (SEM). Differences were
considered to be significant at p<0.05 level. Mathematical transformations were performed

when necessary (Zar, 1984).
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3. RESULTS

All results were statistically evaluated among the four conditions (normoxia, normoxia
+ LA, hypoxia and hypoxia + LA) within each time of reperfusion (0, 1 and 3 hours) on

exposure times of hypoxia or normoxia (6 and 24 hours).

3.1 Glucose levels

Glucose levels in the hemolymph after 6 hours without reperfusion (0 hour) showed a
significant increase in hypoxia + LA group when compared to the other groups (p<0.05). In the
1 hour reperfusion time after hypoxia conditions, glucose levels increased when compared to
the normoxia group (p<0.05), whereas in LA treatment (Hypoxia + LA) glucose returned to
normoxia levels. In 3 hours of reperfusion, hypoxia group had decreased in glucose levels when
compared to the normoxia group (p<0.05), in this case, LA did not show a reversal of this effect
(Figure 2A). At 24 hours in the hemolymph, all reperfusion times (0, 1 and 3 hours) were
observed that the hypoxic condition induced an increase in glucose levels (p<0.05) when
compared to animals exposed to normoxic conditions and the LA showed a reversal of this

increase (Figure 2B).

In the 6 hours muscle exposure, hypoxia showed increased glucose levels after 1 hour
of reperfusion, and in this case, LA did not show a reversal of this increase. While, at 0 and 3
hours reperfusion times, co-exposure to LA and hypoxia increased glucose levels compared to
the other groups (Figure 2C). In 24 hours, only after 3 hours of reperfusion an increase in
glucose levels (p<0.05) was observed in the group submitted to hypoxia and the LA did not

show a reversal of this increase (Figure 2D).
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3.2 Lactate levels

Lactate levels in hemolymph after 6 hours of exposure at 0, 1 and 3 hours of reperfusion
showed an increase in the groups submitted to hypoxia compared to their respective normoxia
groups (p<0.05). However, at time 0 and 1 hour of reperfusion the LA showed to decrease these
levels, a contrary result was observed at 3 hours of reperfusion (Figure 3A). In all reperfusion
times evaluated in the hemolymph in 24 hours to exposure, it was possible to observe that
hypoxia significantly increases lactate levels when compared to their respective groups in
normoxia (p<0.05). However, at time 0 and 3 hours of reperfusion, LA decrease lactate levels

on hypoxia conditions (Figure 3B).

In muscle submitted to 6 hours of hypoxia in all reperfusion times, an increase in lactate
levels was observed in groups conditioned to hypoxia compared to their respective normoxia
groups (p<0.05). However, LA showed to restore normal lactate levels after 3 hours of
reperfusion (Figure 3C). In the 24 hours in the same tissue, all groups exposed to hypoxia
showed an increase in lactate levels when compared with the normoxia groups (p<0.05). LA
treatment was shown to be effective in reversing this increase only in 1 hour of reoxygenation

(Figure 3D).

3.3 LDH activity

Lactate dehydrogenase (LDH) activity in hemolymph at 6 hours, increased in the groups
exposed to hypoxia at time 0 and 3 hours of reperfusion compared to their respective normoxia
groups (p<0.05). LA did not show a protective effect in the reperfusion times evaluated (Figure
4A). In hemolymph, at 24 hours the enzyme activity showed to increase significantly in
response to hypoxia, when compared to their respective normoxia groups (p<0.05), in all
reperfusion times evaluated. Under these conditions, LA did not show a reversal of the activity

increase (Figure 4B).
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LDH activity in the muscle after 6 hours with 0 and 3 hours of reperfusion increased
significantly in the hypoxia group compared to the normoxia group (p<0.05). Compared with
the hypoxia + LA group, the same result was not observed (Figure 4C). LDH activity of the
muscle in 24 hours was shown to be increased in all groups submitted to hypoxia when
compared to their respective normoxia groups (p<0.05). However, LA showed to revert the

enzyme activity in the reperfused groups for 1 and 3 hours (Figure 4D).

3.4 TBARS

After 6 hours of hypoxia, only was observed an increase in TBARS levels in the group
exposed to normoxia +LA in muscle (Figure SA) while in gills, no differences in lipid damage
was observed (Figure 5C). However, after 24 hours, LA treatment showed a reversion in the
basal levels of lipid peroxidation in muscle and gills conditioned to hypoxia followed by 3 hours

of reperfusion (Figure B and D).

3.5 Antioxidant competence against peroxyl radicals (ACAP)

In the muscle after 6 hours of hypoxia, without reperfusion (Oh) the total antioxidant
capacity decreased in relation to their respective normoxia groups (p<0.05) and the LA was not
able to reverse this decrease. However, LA was able to increase total antioxidant capacity in 3
hours of reperfusion when compared to the other groups (Figure 6A). In muscle, the hypoxia
showed decreased total antioxidant capacity in the 24 hours at all reperfusion times when
compared to their respective normoxia groups (p<0.05). However, LA treatment showed to
increase this capacity at time without reperfusion (time 0) and the groups submitted to 3 hours

of reperfusion (Figure 6B).

In 6 hours gills, the hypoxia group showed a reduction in their antioxidant capacity after
3 hours of reperfusion when compared to their respective normoxia group (p<0.05) and LA

treatment reversed this increase (Figure 6C). Hypoxia in gills after 24 hours showed to decrease
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the antioxidant capacity in the animals at times without reperfusion (time 0) and with 1 hour
when compared to their respective groups in normoxia (p<0.05). LA treatment showed reversed

this decrease at time 1 hour of reperfusion (Figure 6D).

3.6 GST activity

GST activity in the muscle was decreased after 6 hours of hypoxia followed by 1 hour
of reperfusion when compared to the normoxia group (p<0.05), in this group the LA did not
show a reestablishment of the enzyme activity (Figure 7A). In muscle after 24 hours of exposure
to hypoxia, no changes in GST activity were observed regardless of the time of reperfusion or

treatment with the antioxidant (Figure 7B).

In gills, after 6 hours of hypoxia only the group of 3 hours of reperfusion showed to
modulate GST activity. This modulation is evidenced by the decrease in enzyme activity in the
group submitted to hypoxic condition when compared to the normoxia group (p<0.05). In this
same group, LA did not show a reestablishment of enzyme activity (Figure 7C). In the gills,
after 24 hours of exposure to hypoxia, the group without reperfusion (time 0) showed to
decrease enzyme activity when compared to its respective normoxia group (p<0.05) and LA
showed to increase the activity of the enzyme in relation to all other groups. After 3 hours of
reperfusion the groups submitted to hypoxia showed a positive modulus of GST activity when

compared to their normoxia groups (Figure 7D).
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4. DISCUSSION

The white shrimp of the Pacific Litopenaeus vannamei is a species found naturally from
the Eastern Pacific coast to northern Peru and it is of great commercial importance. In
cultivation, it is notable for being tolerant to variations in temperature, salinity and oxygen
(Barnabé et al., 1996). However, these changes may result in greater susceptibility to infections,

reduction in the growth rate and mortality (Peixoto et al., 2003; Ballester et al., 2007).

The high fluctuation in oxygen levels in shrimp farming leads to cycles of hypoxia
followed by reperfusion, which prolonged periods of exposure to concentrations below 1.5 mg
O, L! (considered severe hypoxia) can be harmful and even lethal to L. vannamei (Van Wyk
and Scarpa 1999). Thus, due to the need to maintain adequate productivity, dietary antioxidant
supplementation has been attempting to improve the health quality and growth of animals in

farming (Monserrat et al., 2008).

One response of the organism to the effects of hypoxia is the activation of adaptation
mechanisms for survival involved in both physiological and pathological functions in response
to hypoxia. For example, occurs upregulation of glycolytic pathway genes, since glycolysis is
the main pathway of obtaining energy when low oxygen levels do not support oxidative
phosphorylation (Cruz et al., 2016). Some authors suggest that reactive oxygen species (ROS)

play an important role in the adaptation activation (Kietzmann and Gorlach, 2005).

The metabolic disorders that occur during hypoxia are very well established, however,
clinical and experimental evidence demonstrates that the major events that leading to cell and
tissue dysfunctions are related to subsequent reperfusion (Biddlestone et al., 2015). The
reperfusion or reoxygenation of hypoxic tissues may induce a rapid metabolic remodeling,
mitochondrial reprogramming followed by high production of ROS, reorganization of the ionic
fluxes through the plasma membrane, inflammation and consequently cell death (Biddlestone

et al., 2015; Solaini et al., 2010). Although a variety of molecular mechanisms have been
50



proposed to explain such events, the ROS production receives more attention, as a critical factor

in the genesis of the reperfusion injury.

In this study, we showed changes in metabolic aspects during shorter (6 hours) and
longer (24 hours) exposure to hypoxia and reperfusion (1 and 3 hours) in Litopenaeus
vannamei, these differences were also observed between hemolymph and muscle tissue (Fig. 2,

3 and 4).

In a general analysis, we showed that supplementation with LA under exposure to
hypoxia, reperfusion (H/R) decreased circulating glucose (except for 6 hours in hypoxia in
hemolymph), and increased glucose levels in muscle tissue. Interestingly, although LDH
activity increased in H/R, overall there was no difference between the supplemented and non-
supplemented groups (except for 24 hour in reperfusion in the muscle). However, lactate
production, in overall, was lower or unchanged in the supplemented-LA group when exposed
to H/R (with the exception of 6 hours in hemolymph in reperfusion). The results suggest that
supplementation with LA is modulating metabolic aspects of shrimp on H/R stress situation,
which may be associated with an improved energetic state. However, more studies are needs to
verify which pathway is being used to improve the energetic state during H/R when animals

received the supplemented diet.

Lipoic acid is an essential cofactor of pyruvate dehydrogenase and a-ketoglutarate
dehydrogenase complexes, two important enzymatic complex involved in the energy
metabolism. When not covalently bound and administered exogenously to cells or
supplemented in the diet, LA is a potent modulator of the redox state of cells (Packer and
Cadenas, 2010). In addition to the unique antioxidant properties of LA, studies also demonstrate
the protective effects of LA on cardiovascular diseases (Skibska et al., 2015), nervous system
(Oliveira et al., 2017), diabetes (Golbidi ef al., 2011) and positive effects for weight reduction

(Kucukgoncu et al., 2017; Li et al., 2017).
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Our results on shrimp metabolism on H/R status are similar to those already shown in a
metabolic deficiency situation. Khamaisi ef al. already in 1997 had shown that diabetic rats
(type 2) supplemented with LA had a decrease of blood glucose levels, increase of the GLUT4
transporter in the muscle membrane and a non-change in the concentrations of lactic acid. In
the discussion, the authors suggest that a reduced level of blood glucose may result from
increased glucose utilization by peripheral tissues, such as muscle. Increased glucose in muscle
tissue may reflect an increased availability of glucose to the demand for glycolysis. In this way,
providing greater supply of the energetic needs of the animal in situation of restriction of

oxygen.

The antioxidant properties of LA are very interesting, it is soluble in both aqueous and
lipid media and able to overcome cell membranes, including the blood-brain barrier. Lipoic
acid when incorporated by cells, can be reduced in part to dihydrilipoic acid (DHLA) which
will act as an antioxidant in biological systems (Packer ef al., 1998). In fact, it is known that
LA can minimize oxidative damage to macromolecules such as lipids and proteins

(Arivazhagan et al., 2002; Monserrat et al., 2008).

Some products are generated during lipid peroxidation and can be used as a biomarker
of oxidative damage in macromolecules (Hermes-Lima, 2004). Surprisingly, in this study, the
levels of TBARS (thiobarbituric acid reactives substances) in muscle of L. vannamei
supplemented with LA in a situation of normoxia was increased (1h Rep./Fig. 5A). A similar
result was also observed by Martins et al. (2014), which in similar conditions (normoxia)
showed an increase in TBARS levels in gills of L. vannamei exposed to 140 mg LA/Kg,
showing a pro-oxidant effect of LA. However, when the exposure time was higher (24 hours -
3h Rep./Fig. 5B, D), LA had a protective effect by decreasing levels of lipid peroxidation in

muscle and gills of L. vannamei submitted to hypoxia.
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Although the situation of hypoxia generates several metabolic and biochemical
changes, the greatest oxidative damages occur during reoxygenation. When oxygen levels are
restored, LA seems to be more effective after long periods of hypoxia (over 6 hours), as already
reported in other studies using aquatic animals (Zenteno-Savin et al., 2006; Zhang et al., 2010;
Martins et al., 2014). The antioxidant capacity of LA may be related to the H/R time since no
protective effect of LA was observed at 6 hours in both tissues (Fig. SA and C). In fact,
Trasvifa-Arena et al. (2014) showed that the expression of antioxidant enzymes in L. vannamei
were only activated after 6 hours of hypoxia (1.5 mg Oz L) and had their highest expression
after 24 hours in this condition. Therefore, this corroborates with our results, since, LA
protected against increased levels of TBARS after 24 hours of H/R.

In this study the antioxidant competence against peroxyl radicals (ACAP), in overall,
in both muscles and gills was increased in animals supplemented with LA (Fig. 6). This
behavior underscores a critical period for aquatic animals facing to massive production of ROS
after reoxygenation. Li ef al. (2016) showed that L. vannamei exposed to 1.5 mg O, L! had
antioxidant enzyme activity increased only in 3 hours of reperfusion when submitted to hypoxia
for 12 and 24 hours. In our study, in the most critical phase during reperfusion,
supplementation-LA showed to be efficient against the effects generated by oxygen recovery.
It has been reported that the accumulation of electrons in the transport chain in the mitochondria
are available for formation of ROS even on hypoxic condition using the available oxygen
(Storey, 1996). We show in this study a decrease in the antioxidant capacity of the animals in
situation of hypoxia when compared with normoxia (Oh Rep./Fig. 6 A, B e D). Li et al. (2016)
also observed this result, in similar times and tissues, showing that the antioxidant defense
system in L. vannamei may be more effective after reperfusion.

Detoxification capacity of tissues can be evaluated through of GST activity. In muscle,
only the group conditioned to 6 hours of hypoxia showed to modulate this enzyme activity after
1 hour of reperfusion and the LA not showed to reverse this decrease. However, in muscle the
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LA showed to modulate the GST activity only in the group exposed to higher reperfusion period
(3h), increasing its activity in normoxia (Fig. 7A). Martins et al. (2014), once found a different
result that the supplementation-LA when exposed to 3 mg Oz L' of hypoxia (moderate hypoxia)
showed positive modulation of GST during reoxygenation.

In gills, the results in terms of GST activity were more evident than in muscle once that
after 3 hours of reperfusion was observed a drop in this enzyme activity compared with
normoxia group (Fig. 7C) after 6 hours of hypoxia. However, after 24 hours of hypoxia was
observed a decrease in GST activity in the gills not submitted to reperfusion (Oh), while an
opposite result was detected after 3 hours of reoxygenation in the group under only hypoxic
condition compared to normoxia group (Fig. 7D). The treatment with LA not showed to reverse
changes caused by hypoxia in gills of shrimps.

A study, using hepatopancreas of Neohelice granulata exposure to anoxia did not
cause any significant change in the enzyme GST activity, while that after aerobic recovery post
anoxia enzyme showed a significant reduction in your activity (Oliveira et al., 2017), In fact,
GST activity is modulated in different ways by hypoxia and reoxygenation. Maciel et al. (2004)
report that higher levels of the antioxidant defense system in gills and hepatopancreas of the
crab N. granulata (Chasmagnathus) occur during the period of greater activity of the animal
such as during the period of locomotion and feeding, where greater oxygen consumption and a
higher production of reactive species are formed. Anyway, deprivation of oxygen affects the
detoxification capacity mostly in gills of shrimps.

Independently if there was increase or decrease in GST activity, these modulation
indicates insults to the system, in short time, the decrease of enzyme activity leave the organism
more vulnerable to other environment conditions, while that the increase to long time is
energetically expensive to cells because to synthesis of enzyme that are needs to maintain the
high activity to long periods and the ATP used to increase the levels of enzyme not will be
available to other physiologic functions such reproduction and growth, for example. Besides,
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our results demonstrate that GST activity may be differently modulated by LA without a stress

situation (normoxia), by the H/R exposure time and the available oxygen concentration.

5. CONCLUSION

In overall, shrimp supplementation-LA induced to a positive modulation in metabolic
aspects and biochemical parameters, regarding lipid peroxidation and antioxidant capacity, on
hypoxia and reperfusion. Our results are promising to emphasize the protective and modulatory
potential of lipoic acid in stress situations, as well as to contribute significantly to improving

shrimp farming.
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Figure legends

Figure 1: Schematic representation of experimental design.

Figure 2: Glucose levels. A and B: Hemolymph with 6 and 24 hours of hypoxia
exposure, respectively; C and D: Muscle with 6 and 24 hours of hypoxia exposure, respectively.
Different letters indicate significant differences (p<0.05). The statistical comparisons should be
considered only within each time of reperfusion (0, 1 and 3 hours). Data are expressed as mean

+ standard error (n = 6).

Figure 3: Lactate dehydrogenase (LDH) activity. A and B: Hemolymph with 6 and 24
hours of hypoxia exposure, respectively; C and D: Muscle with 6 and 24 hours of hypoxia
exposure, respectively. Different letters indicate significant differences (p<<0.05). The statistical
comparisons should be considered only within each time of reperfusion (0, 1 and 3 hours). Data

are expressed as mean + standard error (n = 6).

Figure 4: Lactate levels. A and B: Hemolymph with 6 and 24 hours of hypoxia
exposure, respectively; C and D: Muscle with 6 and 24 hours of hypoxia exposure, respectively.
Different letters indicate significant differences (p<0.05). The statistical comparisons should be
considered only within each time of reperfusion (0, 1 and 3 hours). Data are expressed as mean

+ standard error (n = 6).

Figure 5: Thiobarbituric acid-reactive substances (TBARS) assay. A and B: Muscle
with 6 and 24 hours of hypoxia exposure, respectively; C and D: Gills with 6 and 24 hours of
hypoxia exposure, respectively. Different letters indicate significant differences (p<0.05). The
statistical comparisons should be considered only within each time of reperfusion (0, 1 and 3

hours). Data are expressed as mean + standard error (n = 6).

Figure 6: Antioxidant competence against peroxyl radicals (ACAP). A and B: Muscle

with 6 and 24 hours of hypoxia exposure, respectively; C and D: Gills with 6 and 24 hours of
67



hypoxia exposure, respectively. Different letters indicate significant differences (p<0.05). The
statistical comparisons should be considered only within each time of reperfusion (0, 1 and 3

hours). The results are inversely interpreted. Data are expressed as mean + standard error (n =

6).

Figure 7: Glutathione-S-transferase (GST) activity. A and B: Muscle with 6 and 24 hours
of hypoxia exposure, respectively; C and D: Gills with 6 and 24 hours of hypoxia exposure,
respectively. Different letters indicate significant differences (p<0.05). The statistical
comparisons should be considered only within each time of reperfusion (0, 1 and 3 hours). Data

are expressed as mean =+ sta.
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5. Discussao Geral

Ao fim do presente trabalho dois manuscritos foram gerados utilizando o camarao branco
do pacifico Litopenaeus vannamei como modelo bioldgico. O primeiro manuscrito teve como
objetivo verificar a sobrevivéncia dos animais sob diferentes salinidades (35, 25 e 5%o) ¢
temperaturas (20, 25 e 30 °C), além desses parametros foram cruzadas cinco concentragdes de
oxigénio (6.0, 3.0, 1.5, 0.5 e zero mg O, L), para estabelecer os valores de CLso-96n para oxigénio
dissolvido em diferentes condi¢des ambientais e de cultivo.

Sabe-se que baixas concentracdes de oxigénio por determinados periodos de tempo
podem vir a tornar-se letais para diversos organismos. Em crustaceos, a concentragao de oxigénio
dissolvido em torno de 1.5 mg O L' ¢ considerada por muitos como sendo hipoxia severa,
causando inumeras adversidades como, por exemplo, diminuicdo na taxa de alimentagdo,
crescimento lento e diminuigao a resisténcia contra diversas enfermidades (Welker et al., 2013).
De fato, diversos trabalhos adotam valores entre 1.0 € 2.0 mg O2 L' de oxigénio dissolvido como
sendo hipoxia severa para o L. vannamei (Smith et al., 2003; Garcia-Triana et al., 2016),
entretanto, hd uma grande variacao nas temperaturas e salinidades experimentais utilizadas nos
referidos trabalhos ficando entre 18 e 31 °C e 28 e 37%o, respectivamente. Os valores de
salinidade e temperatura interferem na disponibilidade e solubilidade do oxigénio dissolvido no

ambiente aquatico, o que pode vir a modificar o valor de da CLso-96n para o oxigénio.

No primeiro manuscrito foi possivel verificar que na temperatura de 30 °C nas salinidades
de 25 e 35%o ndo tiveram uma grande variagao nos valores de CLso.96n ficando estas em torno de
4.21 e 3.62 mg O, L'!, respectivamente. Porém, foi possivel verificar que na salinidade de 5%o o
valor de CLso-96h para o oxigénio superior, quando comparado com o valor obtido nas maiores
salinidades (CLso-96n de 4.81 mg O, L1). Isso pode ser atribuido ao fato que em salinidades mais
altas os animais tendem a ter um gasto energético menor, visto que menos energia sera gasta com

os processos da osmorregulagdo, diferentemente do que ocorre em salinidades mais baixas onde
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um maior consumo de oxigénio € necessdrio para os processos metabolicos e fisioldgicos

(Vargas-Albores e Ochoa, 1992).

Em animais ectotérmico, como ¢ o caso do L. vannamei, a temperatura influéncia
diretamente nas taxas metabolicas, acelerando ou retardando os processos fisiologicos. Altas
temperaturas aceleram o metabolismo favorecendo o consumo de oxigénio. Geralmente
acompanhando o aumento da temperatura, por exemplo, elevagdes em torno de 10 °C na
temperatura corpdrea pode dobrar as taxas metabdlicas e com isso o consumo de oxigénio, esse
processo pode ser explicado pelo coeficiente termal (Q10) representando o grau de sensibilidade

dos organismos ao aumento da temperatura (Schmidt- Nielsen, 1999).

A salinidade mais baixa utilizada neste estudo foi de 5 %o obtendo valores de CLso-96n
para oxigénio fixados em 2.67 € 2.79 mg O, L' nas temperaturas de 20 e 25 °C respectivamente,
e a salinidade de 25 %o fixando uma CLso.96h em 1.92 e 2.59 mg O, L! para as mesmas
temperaturas. Excluindo o valor de CLso.96n na temperatura de 20 °C na salinidade de 25 %o (CLso-
o6h 1.92 mg O L") os demais valores se assemelham a valores de oxigénio dissolvido descrito

como sendo hipoxia moderada de 3 mg O2 L' (Welker et al., 2013).

A partir dos dados obtidos nos primeiros experimentos (relativos ao capitulo 1 da presente
tese) foi originado o segundo experimento (capitulo 2) que teve com objetivo avaliar o potencial
efeito quimioprotetor do acido lipdico no camardo L. vannamei submetido a hipoxia/reperfusao
considerando parametros do metabolismo energético e da capacidade antioxidante do animal. O
valor de hipéxia foi fixado em 1.5 mg O, L' nos tempos de 6 e 24 horas, logo apds ocorreu o

periodo de reoxigenagio de 1 e 3 horas com normoxia fixada em 6 mg O, L.

No segundo manuscrito a salinidade e temperatura utilizadas durante os experimentos
foram de 25 %o e 20 °C, repectivamente, devido aos resultados obtidos a partir do primeiro
manuscrito, tendo uma CLso.96h para oxigénio dissolvido de 1.92 mg O, L™, valor este proximo

ao descrito na literatura como sendo hipoxia severa para crustaceos.
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O AL ¢ um antioxidante considerado universal e o mais préximo do ideal devido a
algumas de suas caracteristicas como: (1) estar presente tanto na fase aquosa como na fase
lipidica, o que facilita a absor¢do e o transporte dessa molécula no organismo, sendo levada a
todos os tecidos e facilmente atravessando as membranas biologicas (Muthuswamy et al., 2006);
(2) capacidade de quelar metais diminuindo a disponibilidade destes para exercerem efeitos
toxicos nas células; (3) reciclagem de diversos antioxidantes enddgenos que participam do
sistema de defesas antioxidante (enzimatico e/ou ndo enzimatico) como as vitaminas E e C; (4)
interceptar espécies reativas de oxigénio (Packer et al., 1995; Packer et al, 1998). Os
antioxidantes em geral estao sendo utilizados como uma possivel ferramenta contra os efeitos
gerados pelo desbalango no sistema redox da célula. Desta forma, sendo uma alternativa a
incorporagdao destes através da suplementagdo via alimentagdo, de fato, alguns estudos ja
demonstraram a melhora na satde e capacidade antioxidante quando os animais receberam

alimentacdo enriquecida com AL.

Neste estudo, L. vannamei apresentou alteragdes nos aspectos metabdlicos, tanto em 6
como 24 horas de hipdxia seguido pela reperfusdo de 1 e 3 horas no tecido muscular e no
hemolinfa, atuando de forma positiva sobre a via glicolitica para geragao de energia (Cruz et al.,
2016). O AL de forma geral mostrou ser capaz de diminuir a glicose circulante e aumentar os
niveis de glicose no tecido muscular. Este resultado ¢ de suma importancia para o camarao, visto
que sob o estado de privagdo do oxigénio o metabolismo aerdbico (responsdvel pela maior
produgdo de ATP) ¢ redirecionado para o metabolismo da glicolise anaerdbica que por sua vez,
produz menos energia. A glicolise anaerdbica tem pouca capacidade de produzir energia, desta
forma o aumento da glicose no tecido muscular acarreta em uma maior fonte de substrato para

produgdo energética, visto que o saldo positivo por mol de glicose € apenas 2 moles de ATP.

Além disso, Martinez-Quintana e colaboradores, 2015 verificaram que GLUT-1 ¢

regulado em condi¢do de hipoxia (2 mg Oz L) no camardo L. vannamei, fator potencialmente
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importante para o animal, visto que o metabolismo energético passa do aerdbico para o
anaerdbico, durante a privagdo do oxigénio. Desta forma, podendo refletir uma maior
disponibilidade de glicose para a demanda da glicdlise, proporcionando assim uma fonte

energética aos animais em situacao de hipoxia.

Sabe-se que a reoxigenagdo ¢ um periodo extremamente critico quando for restabelecida
a normoxia, liberando todos os produtos gerados durante a privagdo do oxigénio, além da
retomada do metabolismo aerdbico que utiliza o oxigénio como passo final na sintese de ATP,
acarretando na produc¢do endégena de ERO (Fridovich, et al., 2004). Embora a hipoxia afete os
animais de varias maneiras, a producao de espécies reativas merece uma especial atencao, como
um fator critico nas lesdes geradas pela reperfusao. De fato, sabe-se que o AL pode minimizar o
dano oxidativo a macromoléculas, como lipidios e proteinas (Arivazhagan et al., 2002; Monserrat

et al., 2008).

Em musculo e branquias de L. vannamei submetidos a hipoxia, o AL teve um efeito
protetor pela diminui¢do dos niveis de peroxidacao lipidica somente quando ocorreu a reperfusao
de 3 horas apos 24 horas de hipdxia. Surpreendentemente, neste estudo, em relagdo aos niveis de
TBARS no musculo de L. vannamei suplementados, ndo houve uma melhora em uma situagao
de normoxia, mas sim apds a retomada do oxigénio, na condi¢cdo mais critica em que o animal
pode se encontrar, como ja foi verificado por outros autores (Zenteno-Savin et al., 2006; Zhang

et al.,2010; Martins et al., 2014).

A protecao dada no periodo de reoxigenacdo pelo AL ¢ de extrema importancia,
principalmente sob estruturas biologicas como as membranas lipidicas, por serem alvo das
reacoes de oxidacdo de espécies reativas. Os fosfolipidios e proteinas presentes nas membranas
celulares quando oxidados, perde sua fluidez, e com isso sua principal caracteristica, a

seletividade e funcdo. Esse processo pode levar a injuria da célula, uma vez que pode causar o
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extravasamento do contetido celular e o influxo de Ca*' presente no citoplasma, um grande

sinalizador apoptdtico (Berridge et al., 2003).

Neste estudo foi observado que a suplementagdo com AL melhorou os parametros
analisados quando houve a retomada nos niveis de oxigénio dissolvido (periodo mais critico em
termos de danos oxidativos), resultado também encontrado quando analisado a competéncia
antioxidante contra os radicais de peroxil. De maneira geral, em ambos os tecidos (musculos e
branquias) foi evidenciado um aumento na capacidade antioxidante em animais suplementados
com o antioxidante durante a reperfusdo. O aumento na capacidade antioxidante pode ter
colaborado para que baixos niveis de lipidios peroxidados fossem encontrados na analise de

TBARS, dando um efeito protetor as membranas biologicas.

Alteragdes nos niveis de oxigénio dissolvido modificam o sistema redox das células,
podendo alterar a capacidade detoxificatéria dos animais em decorrer da formagao de espécies
reativa de oxigé€nio. A glutationa-S-transferase (GST) compdem a familia das enzimas que
participam dos processos detoxificatério nos organismos, por catalisar a conjugacdo de
moléculas eletroliticas a glutationa, gerando produtos menos toxicos e mais faceis de serem

metabolizados e excretados (Halliwell e Gutteridge, 2007).

Portanto, os resultados obtidos nos dois capitulos deste trabalho, quando analisados em
conjunto nos levam a concluir que efeitos causados pela hipoxia e reoxigenagdo, podem ser
minimizados com a a¢do quimioprotetora do antioxidante AL. Entretanto, condi¢des abidticas
sdao de grande importancia para determinar a concentracdo de OD consideradas como hipoxia

severa para o camarao L. vannamei.
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6. Conclusoes da tese

Por meio dos resultados obtidos pode-se observar que na baixa salinidade de 5%0 em
conjunto com uma alta temperatura (30 °C), acarreta em um valor de CLso.96h para oxigénio
dissolvido maior que as demais temperaturas e salinidades analisadas para L. vannamei. Desta
forma parece ser necessario fixar valores para hipoxia severa e moderada levando-se em
consideragdo os fatores bidticos como temperatura e salinidade que sdo intimamente ligados a
solubilidade do oxigénio em meio aquatico.

A suplementacdo na ragao com o antioxidante AL ¢ uma boa estratégia de quimioprotecao
contra os efeitos gerados pela hipoxia e reperfusdo por ser capaz de modular positivamente o
metabolismo energético em animais submetidos a hipoxia e reperfusdo, principalmente em
musculo L. vannamei. O melhor papel desempenhado pelo AL ¢ durante a reperfusao,
melhorando consideravelmente os parametros bioquimicos € do metabolismo energético
analisados com exce¢ao da atividade da GST que ndo mostrou ser modulada pela suplementacao

com AL.
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DESCRIPTION

The aim of the Journal is to publish and make available the highest guality international scientific
contributions to aquaculture. The Journal publishes disciplinary, interdisciplinary and transdisciplinary
aquaculture research. The scope of Aquaculture includes the traditional priorities of its sections,
but also includes papers from non-traditional scientific areas such as sustainability science, social-
ecological systems, ormnamental, conservation and restoration related to aquaculture.

Benefits to authors
We also provide many author benefits, such as free PDFs, a liberal copyright peolicy, special discounts
on Elsevier publications and much more. Please click here for more information on our author services.

Please see our Guide for Authors for information on article submission. If you require any further
information or help, please visit our Support Center
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Aquaculturists, Fisheries Scientists, Marine Biologists.
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Subdivision - numbered sections

Divide your article into clearly defined and numbered sections. Subsections should be numbered
1.1 (then 1.1.1, 1.1.2, ...}, 1.2, etc. (the abstract is not included in section numbering). Use this
numbering also for internal cross-referencing: do not just refer to 'the text'. Any subsection may be
given a brief heading. Each heading should appear on its own separate line.

Introduction
State the objectives of the work and provide an adeguate background, avoiding a detailed literature
survey or a summary of the results.

Material and methods
Provide sufficient detail to allow the work to be reproduced. Methods already published should be
indicated by a reference: only relevant modifications should be described.

Theory/calculation

A Theory section should extend, not repeat, the background to the article already dealt with in the
Introduction and lay the foundation for further work. In contrast, a Calculation section represents a
practical development from a theoretical basis.

Results
Results should be clear and concise.

Discussion
This should explore the significance of the results of the work, not repeat them. A combined Results
and Discussion section is often appropriate. Avoid extensive citations and discussion of published
literature.

Conclusions
The main conclusions of the study may be presented in a short Conclusions section, which may stand
alone or form a subsection of a Discussion or Results and Discussion section.
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Abbreviations

Define abbreviations that are not standard in this field in a footnote to be placed on the first page
of the article. Such abbreviations that are unawvoidable in the abstract must be defined at their first
mention there, as well as in the footnote. Ensure consistency of abbreviations throughout the article.

Acknowledgements

Collate acknowledgements in a separate section at the end of the article before the references and do
not, therefore, include them on the title page, as a footnote to the title or otherwise. List here those
individuals who provided help during the research (e.q., providing language help, writing assistance
or proof reading the article, etc.).

Formatting of funding sources
List funding sources in this standard way to facilitate compliance to funder's regquirements:

Funding: This work was supported by the National Institutes of Health [grant numbers w00, yyyyl;
the Bill & Melinda Gates Foundation, Seattle, WA [grant number zzzz]; and the United States Institutes

Appendices

If there is more than one appendix, they should be identified as A, B, etc. Formulae and equations in
appendices should be given separate numbering: Eq. (A.1), Eqg. (A.2), etc.; in a subsequent appendix,
Eqg. (B.1) and so on. Similarly for tables and figures: Table A.1; Fig. A.1, etc.

ssential title page information
= Title. Concise and informative. Titles are often used in information-retrieval systems. Awoid
abbreviations and formulae where possible.
sNumbering.Manuscripts that are sequentially numbered (e.g., I, II, etc.) are no longer accepted.
sAuthor names and affiliations. Where the family name may be ambiguous (e.g., a double name),
please indicate this clearly. Present the authors' affiliation addresses [(where the actual work was
done) below the names. Indicate all affiliations with a lower-case superscript letter immediately after
the author's name and in front of the appropriate address. Provide the full postal address of each
affiliation, including the country name and, if available, the e-mail address of each author.
s Corresponding author. Clearly indicate who will handle correspondence at all stages of refereeing
and publication, also post-publication. Ensure that phone numbers (with country and area
code) are provided in addition to the e-mail address and the complete postal address.
Contact details must be kept up to date by the corresponding author.
= Present/permanent address. If an author has moved since the work described in the article was
done, or was visiting at the time, a "Present address’ (or 'Permanent address’) may be indicated as
a footnote to that author's name. The address at which the author actually did the work must be
retained as the main, affiliation address. Superscript Arabic numerals are used for such footnotes.

A concise and factual abstract is required. The abstract should state briefly the purpose of the
research, the principal results and major conclusions. An abstract is often presented separately from
the article, so it must be able to stand alone. For this reason, References should be avoided, but if
essential, then cite the author{s) and year{s). Also, non-standard or uncommon abbreviations should
be avoided, but if essential they must be defined at their first mention in the abstract itself.

The abstract should be not longer than 400 words.

Keywords
Immediately after the abstract, provide a maximum of 4-6 keywords, using American spelling and
avoiding general and plural terms and multiple concepts (avoid, for example, "and”, "of"). Be sparing
with abbreviations: only abbreviations firmly established in the field may be eligible. These keywords

will be used for indexing purposes.

As part of the submission prucesi, authors are required to provide 3 or 4 highlights, each one sentence
long. Beyond stating key discoveries, these highlights must explicitly establish why the work is novel
and why it has an application to aguaculture. It is not sufficient to state that the species is one that
is Farmed.
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Abbreviations

Define abbreviations that are not standard in this field in a2 footnote to be placed on the first page
of the article. Such abbreviations that are unavoidable in the abstract must be defined at their first
mention there, as well as in the foobnote. Ensure consistency of abbreviations throughout the article.

Acknowlegdgements
Collate acknowledgements in a separate section at the end of the article before the references and do
not, therefore, include them on the title page, as a footnote to the title or otherwise. List here those

individuals who provided help during the research (e.q., providing language help, writing assistance
or proof reading the article, etc.).

Formatting of funding sources
List funding sources in this standard way to fadilitate compliance to funder's requirements:

Funding: This work was supported by the National Institutes of Health [grant numbers xxxx, vyyy];
the Bill & Melinda Gates Foundation, Seattle, WA [grant number zzzz]; and the United States Institubes
of Peace [grant number aaaa].

B L R e LI T e e o B et R R R TR ]

in EIIt'LIH[;n subrmt the name of the institute or organization that provided the funding.
If no funding has been provided for the research, please include the following sentence:

This research did not receive any specific grant from funding agencies in the public, commercial, or
not-for-profit sectors.

Momenclature and units

Follow internationally accepted rules and conventions: use the international system of units (51},
If other gquantities are mentioned, give their equivalent in 5I. You are urged to consult ILPAC:
Momenclature of Organic Chemistry for further information.

1. Authors and editors are, by general agreement, obliged to accept the rules governing biclogical
nomenclature, as laid down in the International Code of Botanical Nomenclature, the International
Code of Nomenclature of Bacteria, and the International Code of Zoological Nomenclature.

2. All biota (crops, plants, insects, birds, mammals, etc. ) should be identified by their scientific names
when the English term is first used, with the exception of common domestic animals.

3. All biocides and other organic compounds must be identified by their Geneva names when first
used in the text. Active ingredients of all formulations should be likewise identified.

4. For chemical nomenclature, the conventions of the International Union of Pure and Applied
Chemistry and the official recommendations of the IUPAC TUB Combined Commission on Biochemical
Momenclature should be followed.

DNA sequences and GenBank Accession numbers. Many Elsevier journals cite "gene accession
numbers" in their running text and footnotes. Gene accession numbers refer to genes or DNA
sequences about which further information can be found in the databases at the National Center
for Biotechnical Information (NMCBI) at the Mational Library of Medicine. Authors are encouraged to
check accession numbers used very carefully. An error in a letter or number can result in a dead
link. Mote that in the final version of the electronic copy, the accession number text will be linked
to the appropriate source in the NCBI databases enabling readers to go directly to that source from
the article.

Example 1: "GenBank accession nos. AIG31510, AI631511, AI632198, and BF223228, 3 B-cell
twrmor from a chronic lymphatic leukemia (GenBank accession no. BEG/5048), and a T-cell liymphoma
(GenBank accession no. AA361117)".

Authors are encouraged to check accession numbers used very carefully. An error in a letter or number
can result in a dead link.

In the final version of the printed article, the accession number text will not appear bold or underlined
(see Example 2 below).
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Example 2: "GenBank accession nos. AI631510, AI631511, Al632198, and BF223228), a B-cell tumor
from a chronic lymphatic leukemia [(GenBank accession no. BEE7S048), and a T-cell wymphoma
(GenBank accession no. AA361117)".

In the final version of the electronic copy, the accession number text will be linked to the appropriate
sogurce in the MCBI databases enabling readers to go directly to that source from the article (see
Example 3 below).

Example 3: "GenBank accession nos. AI631510, Al631511, Al632198, and BF223228), a B-cell tumor
from a chronic lymphatic leukemia (GenBank accession no. BE&75048), and a T-cell lymphoma
(GenBank accession no. AA3G61117)".

Math formulae

Please submit math equations as editable text and not as images. Present simple formulae in
fine with normal text where possible and use the solidus (/) instead of a horizontal line for small
fractional terms, e.g., X/. In principle, variables are to be presented in italics. Powers of e are often
more conveniently denobed by exp. Number consecutively any equations that have to be displayed

Give the meaning of all symbols immediately after the eguation in which they are first used. In
chemical formulae, valence of ions should be given as, e.g. Ca2z+ and not Ca++. Isotope numbers
should precede the symbols, e.g., 180. The repeated writing of chemical formulae in the text is to
be avoided where reasonably possible; instead, the name of the compound should be given in full.
Exceptions may be made in the case of a very long name occocurring very frequently or in the case
of a compound being described as the end product of a gravimetric determination (e.g., phosphate
as P205).

Footnoles

Footnotes should be used sparingly. Mumber them consecutively throughout the article. Many word
processors can build footnotes into the text, and this feature may be used. Otherwise, please indicate
the position of footnotes in the text and list the fooinotes themselves separately at the end of the
article. Do not include footnotes in the Reference list.
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Electronic artwork

General points

= Make sure you use uniform lettering and sizing of your original arbwork.

= Embed the used fonts if the application provides that option.

= Aim to use the following fonts in your llustrations: Arial, Courier, Times New Roman, Symbol, or
use fonts that look similar.

= Number the illustrations according to their sequence in the text.

= Use a logical naming convention for your artwork files.

= Provide captions to illustrations separately.

= S5ize the illustrations close to the desired dimensions of the published version.

= Submit each illustration as a separate file.

A detailed guide on electronic artwork is available.

You are urged to visit this site; some excerpts from the detailed information are given here.
Faormats

If your electronic artwork is created in a Microsoft Office application (\Word, PowerPoint, Excel) then
please supply "as is' in the native document format.

Regardless of the application used other than Microsoft Office, when your electronic artwork is
finalized, please 'Save as' or convert the images to one of the following formats (note the resolution
requirements for line drawings, halftones, and linefhalftone combinations given below):

EPS {or PDF): Vector drawings, embed all used fonts.

TIFF {or JPEG): Color or grayscale photographs {(halftones), keep to a8 minimum of 300 dpi.

TIFF (or JPEG): Bitmapped (pure black & white pixels) line drawings, keep o a minimum of 1000 dpi.
Please do not:

= Supply files that are optimized for screen use (e.qg., GIF, BMPE PICT, WPGE); these typically have a
low number of pixels and limited set of colors;

= Supply files that are too low in resolution;

= Submit graphics that are disproportionately large for the content.

Calor artwork

Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS (or PDF), or
M5 Gifice files) and with the correct resolution. If, together with your accepted article, you submit
usable color figures then Elsevier will ensure, at no additional charge, that these figures will appear
in color online {e.qg., ScienceDirect and other sites) regardless of whether or not these illustrations
are reproduced in color in the printed version. For color reproduction in print, you will receive
information regarding the costs from Elsevier after receipt of your accepted article. Please
indicate your preference for color: in print or online only. Further information on the preparation of
electronic artwaork.
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Figure captions

Ensure that each illustration has a caption. Supply captions separately, not attached to the figure. A
caption should comprise a brief title (not on the figure itself) and a description of the illustration. Keep
text in the illustrations themselves to 2 minimum but explain all symbols and abbreviations used.

Text graphics

Text graphics may be embedded in the text at the appropriate position. See further under Electronic
=irtwienrbs

Tables

Please submit tables as editable text and not as images. Tables can be placed either next to the
relevant text in the article, or on separate page{s) at the end. Number tables consecutively in
accordance with their appearance in the text and place any table notes below the table body. Be
sparing in the use of tables and ensure that the data presented in them do not duplicate results
described elsewhere in the article. Please avoid using vertical rules and shading in table cells.

Citation fn text

Please ensure that every reference cited in the text is also present in the reference list (and wice
versa). Any references cited in the abstract must be given in full. Unpublished results and personal
communications are not recommended in the reference list, but may be mentioned in the text. If these
references are included in the reference list they should follow the standard reference style of the
journal and should include a substitution of the publication date with either 'Unpublished results’ or
"Personal communication’. Citation of a reference as "in press' implies that the item has been accepted

for publication.

Reference links

Increased discoverability of research and high quality peer review are ensured by online links to
the sources cited. In order to allow us to create links to abstracting and indexing services, such as
Scopus, CrossRef and PubMed, please ensure that data provided in the references are correct. Please
note that incorrect surnames, journal/book titles, publication year and pagination may prevent link
creation. When copying references, please be careful as they may already contain errors. Use of the
DOI is encouraged.

A DOI can be used to cite and link to electronic articles where an article is in-press and full citation
details are not yet known, but the article is available online. A DOI is guaranteed never o change,
S0 yoU can use it as a permanent link to any electronic article. An example of a citation using DOI
for an article not yet in an issue is: VanDecar J.C., Russo R.M., James D.E., Ambeh W.B., Franke M.
(2003). Aseismic continuation of the Lesser Antilles slab beneath northeastern Venezuela. Journal
of Geophysical Research, https://doi.org/10.1029/20011B000884. Please note the format of such
citations should be in the same style as all other references in the paper.

Wehbh references

As a minimum, the full URL should be given and the date when the reference was last accessed. Any
further information, if known (DOI, author names, dates, reference to a source publication, etc.),
should also be given. Web references can be listed separately {(e.g., after the reference list) under a
different heading if desired, or can be included in the reference list.

Data references

This journal encourages you o cite underlying or relevant datasets in yvour manuscript by citing them
in your text and including a data reference in your Reference List. Data references should include the
following elements: author name(s), dataset title, data repository, version (where available), year,
and global persistent identifier. Add [dataset] immediately before the reference so we can properly
identify it as a data reference. The [dataset] identifier will not appear in your published article.

References in a special issue
Please ensure that the words 'this issue' are added to any references in the list {and any citations in
the text) to other articles in the same Special Issue.

Reference management software

Most Elsevier journals have their reference template available in many of the most popular reference
management software products. These include all products that support Citation Style Language
styles, such as Mendeley and Zotero, as well as EndMote. Using the word processor plug-ins from
these products, authors only need to select the appropriate journal template when preparing their
article, after which citations and biblicgraphies will be automatically formatted in the journal's style.
If no template is yet available for this journal, please follow the format of the sample references and
citations as shown in this Guide.
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Users of Mendeley Desktop can easily install the reference style for this journal by clicking the following
limk:

http: /fopen.mendeley.com/use-citation-style/aguaculture

When preparing your manuscript, you will then be able to select this style using the Mendeley plug-
ins for Microsoft Word or LibreOffice.

Reference formatting

There are no strict requirements on reference formatting at submission. References can be in any style
or format as long as the style is consistent. Where applicable, author{s) name{s), journal titiefbook
title, chapter titlefarticle title, year of publication, volume number/book chapter and the pagination
must be present. Use of DOI is highly encouraged. The reference style used by the journal will be
applied to the accepted article by Elsevier at the proof stage. Nobe that missing data will be highlighted

at proof stage for the author to correct. If yvou do wish bo format the references yourself they should
be arranged according to the following examples:

Reference style

Text: All citations in the text should refer to:

1. Single author: the author's name {without initials, unless there is ambiguity) and the year of
publication;

2. Two authors: both authors’ names and the year of publication;

3. Three or more authors: first author's name followed by 'et al.' and the year of publication.
Citations may be made directly (or parenthetically)}. Groups of references should be listed first
alphabetically, then chronologically.

Examples: 'as demonstrated (Allan, 2000a, 2000b, 1999; Allan and Jones, 1999). Kramer et al.
{2010) have recently shown ...."

List: References should be arranged first alphabetically and then further sorted chronologically if
necessary. More than one reference from the same authon(s) in the same year must be identified by
the letters 'a’, 'b", 'c’, etc., placed after the year of publication.

Examples:

Reference to a journal publication:

Van der Geer, J., Hanraads, J.A.1., Lupton, R.A., 2010. The art of writing a scientific article. 1. Sci.
Commun. 163, 51-59,

Reference to a book:

Strunk Jr., W., White, E.B., 2000. The Elements of Style, fourth ed. Longman, New York.

Reference to a chapter in an edited book:

Mettam, G.R., Adams; L.B., 2009, How to prepare an electronic version of your article, in: Jones, B.S.;
Smith , R.Z. {Eds.), Introduction to the Electronic Age. E-Publishing Inc., New York, pp. 281-304.
Reference to a website:

Cancer Research UK, 1975. Cancer statistics reports for the UK. http://fwww.cancerresearchuk.org/
aboutcancer/statistics/cancerstatsreport) (accessed 13 March 2003).

Reference to a dataset:

[dataset] Oguro, M., Imahiro, 5., Saito, 5., Nakashizuka, T., 2015. Mortality data for Japanese oak
wilt disease and surrounding forest compositions. Mendeley Data, v1. https:f/doi.org,/10.17632/
¥wWig98nb39r. 1.

fouwrnal AbDrevi
Define abbreviations that are not standard in this field at their first occurrence in the article: in the
abstract but also in the main text after it. Ensure consistency of abbreviations throughout the article.

s SQLWMce
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Elsevier accepts video material and animation seguences to support and enhance your scientific
research. Authors who have video or animation files that they wish to submit with their article are
strongly encouraged to include links to these within the body of the article. This can be done in the
same way as a figure or table by referring to the video or animation content and noting in the body
text where it should be placed. All submitted files should be properly labeled so that they directhy
relate to the video file's content. In order to ensure that your video or animation material is directhy
usable, please provide the files in one of our recommended file formats with a preferred maximum
size of 150 MB in total. Any single file should not exceed 50 MB. Video and animation files supplied
will be published online in the electronic version of your article in Elsevier Web products, including
Sciencelirect. Please supply 'stills' with your files: you can choose any frame from the video or
animation or make a separate image. These will be used instead of standard icons and will personalize
the link to your video data. For more detailed instructions please visit our video instruction pages.
Mote: since video and animation cannot be embedded in the print version of the journal, please
provide text for both the electronic and the print version for the portions of the article that refer to
this content.
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siipoplifementary moaoterial

Supplementary material such as applications, images and sound clips, can be published with your
article to enhance it. Submitted supplementary items are published exactly as they are received (Excel
or PowerPoint files will appear as such online). Please submit your material together with the article
and supply a concise, descriptive caption for each supplementary file. If you wish to make changes to
supplementary material during any stage of the process, please make sure o provide an updated file.
Do not annotate any corrections on a previous version. Please switch off the Track Changes' option
in Microsoft Office files as these will appear in the published version.

RESEARCH DATA

This journal encourages and enables you to share data that supports your research publication
where appropriate, and enables you to interlink the data with your published articles. Research data
refers to the results of ocbservations or experimentation thakt validate research findings. To facilitate
reproducibility and data reuse, this journal also encourages you to share your software, code, models,
algorithms, protocols, methods and other useful materials related to the project.

Below are a number of ways in which you can associate data with yvour article or make a statement
about the availability of your data when submitting your manuscript. If yvou are sharing data in one of
these ways, you are encouraged to cite the data in your manuscript and reference list. Please refer to
the "References” section for more information about data citation. For more information on depositing,
sharing and using research data and other relevant research materials, visit the research data page.

Data linking

If you hawve made your research data available in a data repository; yvou can link your article directly to
the dataset. Elsevier collaborates with a number of repositories to link articles on ScienceDirect with
relevant repositories, giving readers access to underlying data that gives them a better understanding
of the research described.

There are different ways to link your datasets to your article. When available, you can directly link
your dataset to your article by providing the relevant information in the submission system. For more
information, visit the database linking page.

For supported data repositories a repository banner will automatically appear next to your published
article on ScienceDirect.

In addition, yvou can link to relevant data or entities through identifiers within the text of your
Mendeley Data

This journal supports Mendeley Data, enabling you to deposit any research data (including raw and
processed data, video, code, software, algorithms, protocols, and methods) associated with your
manuscript in a free-to-use, open access repository. During the submission process, after uploading
yvour manuscript, you will hawve the opportunity to upload your relevant datasets directly to Mendeley
Data. The datasets will be listed and directly accessible to readers next to your published article online.

For more information, visit the Mendeley Data for joumals page.

Data staterment

To fosber transparency, we encourage you o state the awvailability of your data in your submission.
This may be a reguirement of your funding body or institution. IF your data is unavailable to access
or unsuitable to post, you will have the opportunity to indicate why during the submission process,
for example by stating that the research data is confidential. The statement will appear with your
published article on ScienceDirect. For more information, visit the Data Statement page.

The journal encourages authors to create an AudioSlides presentation with their published article.
AudioSlides are brief, webinar-style presentations that are shown next to the online article on
Sciencelirect. This gives authors the opportunity to summarize their research in their own words
and t help readers understand what the paper is about. More information and examples are
available. Authors of this journal will autormatically receive an invitation e-mail to create an AudioSlides
presentation after acceptance of their paper.
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Interaciive plols
This journal enables you to show an Interactive Plot with your article by simply submitting a data
file. Full instructions.
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