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RESUMO 
	
  

 

Apesar de ser um micronutriente essencial aos organismos, o cobre (Cu) é tóxico 

quando presente em elevadas concentrações na água. O mecanismo pelo qual este metal 

exerce sua toxicidade em invertebrados marinhos ainda não está bem estabelecido. Dentre os 

diversos efeitos relatados, observa-se uma redução do consumo de oxigênio corporal e 

tecidual no marisco Mesodesma mactroides exposto (96 h) ao Cu (150 µg L-1) em água do 

mar (salinidade 30). Portanto, o objetivo do presente estudo foi avaliar os efeitos desta 

exposição ao Cu no metabolismo energético em teciduais do marisco M. mactroides. Os 

conteúdos de ATP e coenzimas (NAD+ e NADH) nas brânquias, glândula digestiva e músculo 

pedal não foram alterados pela exposição ao Cu, indicando que estes tecidos mantiveram suas 

capacidades de produção aeróbica de energia. Porém, foi observada uma redução no conteúdo 

hemolinfático de ATP. Quanto ao conteúdo de proteínas, houve um aumento na glândula 

digestiva, que pode estar associado à maior oxidação de proteínas já relatada para esse tecido 

após exposição ao Cu. Os conteúdos de lipídios, glicogênio e glicose permaneceram 

inalterados em todos os tecidos analisados, exceto no músculo pedal, onde foi observada uma 

redução no conteúdo de glicose. Por isso, os conteúdos de piruvato e lactato também foram 

analisados no músculo pedal e na hemolinfa. Em ambos tecidos, foi observado um aumento 

do conteúdo de lactato, sem alteração no conteúdo de piruvato. Portanto, os resultados do 

presente estudo sugerem que os tecidos de M. mactroides utilizam a anaerobiose para 

obtenção de energia durante a exposição ao Cu, conforme demonstrado no músculo pedal e 

hemolinfa. Apesar disso, a hemolinfa não é capaz de manter o nível de ATP nas condições 

experimentais testadas. 

Palavras-chave: anaerobiose, cobre, exposição aguda, marisco, metabolismo energético. 
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ABSTRACT 
 

Copper (Cu) is an essential micronutrient to all living organisms, but it is toxic when 

at elevated concentrations in the water. Its mechanism of toxicity to marine invertebrates is 

still not well established. Among the several effects of Cu, a reduced whole-body and tissue 

oxygen consumption is reported in the marine clam Mesodesma mactroides exposed (96 h) to 

Cu (150 µg L-1) in sea water (salinity 30 ppt). Therefore, the objective of the present study 

was to evaluate the effects of this Cu exposure on the energy metabolism in tissues of M. 

mactroides. ATP and dinucleotides (NAD+ and NADH) contents in gills, digestive gland and 

adductor muscle were not altered by Cu exposure, indicating that these tissues were able to 

maintain the generation of energy through the aerobic metabolism. However, a decrease in the 

hemolymph ATP content was observed. An increase in protein content was observed in 

digestive gland, which could be related to the higher protein oxidation level previously 

observed in this tissue under the same experimental conditions. Lipids, glycogen and glucose 

contents were not affected by Cu exposure in all tissues analyzed, except in the adductor 

muscle, where a decrease in glucose content was observed. Therefore, pyruvate and lactate 

contents were also analyzed in the adductor muscle and hemolymph. In both tissues, an 

increase in the lactate content was observed, but without significant change in the pyruvate 

content. Taken altogether, these findings suggest that tissues of the marine clam M. 

mactroides use the anaerobic metabolism to generate energy during Cu exposure, as 

demonstrated in the adductor muscle and hemolymph. Despite this capacity, hemolymph was 

shown to be not able to maintain the ATP level under the experimental conditions tested in 

the present study. 

Keywords: acute exposure, anaerobiosis, clam, copper, energy metabolism. 
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INTRODUÇÃO 

 

 As zonas costeiras são caracterizadas como a região de transição entre os ecossistemas 

continentais e marinhos, e consequentemente possuem uma dinâmica natural bastante intensa, 

as quais estão sujeitas a ação de fatores externos, como correntes marinhas, circulação 

atmosférica e descarga continental. Ainda, devido a sua localização privilegiada, são 

conhecidas como locais de elevada atividade antrópica. Essas características tornam esses 

ambientes altamente sujeitos a contaminação oriunda de diversas atividades humanas, tais 

como a exploração de petróleo e gás, mineração, pesca, turismo, agricultura, industrialização 

e transporte da produção (Vitousek et al., 1997). Dentre as classes de contaminantes que 

atingem os ecossistemas costeiros e marinhos encontram-se os metais, elementos naturais da 

biosfera, mas que quando presentes em quantidades acima das normais são potencialmente 

perigosos aos ecossistemas (Santore et al., 2001).  

 O cobre (Cu) é um metal de transição que apresenta alta condutibilidade elétrica e 

térmica e, portanto, é amplamente utilizado pela indústria como material condutor (fios e 

cabos), bem como na fabricação de tubos de encanamentos, motores elétricos, interruptores, 

entre outros (Lander e Reuther, 2004). As maiores fontes antrópicas de aporte deste elemento 

para o meio ambiente são as atividades industriais (Kennish, 1997), de mineração (Phillips, 

1980), erosão do solo (Heath, 1995), queima de combustíveis fósseis e despejo de esgoto 

doméstico (Neto et al., 2008). 

O Cu é um micronutriente essencial para todos os organismos, participando de várias 

funções fisiológicas (Solomon e Lowery, 1993). No caso dos invertebrados marinhos, este 

metal encontra-se em abundância no sistema circulatório, pois é constituinte do pigmento 

respiratório hemocianina (Taylor e Anstiss, 1999). O Cu também desempenha um papel 

importante como cofator de inúmeras enzimas, tais como a citocromo oxidase, superóxido 
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dismutase, álcool desidrogenase, dopamina hidroxilase, tirosinase e lisil oxidase (Suzuki et 

al., 2002; Ryu et al., 2003; Serafim e Bebianno, 2009). Porém, mesmo sendo essencial, o Cu 

pode se tornar tóxico quando presente em elevadas concentrações na água (D‘Silva e 

Kureishy, 1978).  

Para muitos organismos de água doce, o mecanismo de toxicidade do Cu está 

relacionado com distúrbios na regulação iônica e osmótica, especialmente devido a inibição 

da atividade da Na+/K+-ATPase (Laurén e McDonald, 1985). Esta enzima é responsável pela 

geração da diferença de potencial elétrico, que resulta na captação ativa de íons Na+ da água 

para o meio intracelular (Grosell, 2012; Grosell et al., 2002). Organismos de água doce 

possuem a concentração dos seus fluídos corporais acima daquela do ambiente em seu 

entorno. Desta forma, a água tende a fluir por osmose para dentro do organismo, enquanto os 

solutos presentes nos fluídos corporais tendem a se difundir para o ambiente. Para 

contrabalancear essas perdas e manter a homeostase de seus fluídos corporais, esses 

organismos captam ativamente íons do meio externo através de um conjunto de mecanismos 

de regulação iônica e osmótica. Sabe-se que uma redução de 30% no sódio plasmático ou 

corporal é suficiente para gerar mortalidade em peixes teleósteos de água doce (Wood et al., 

1996; Hogstrand e Wood, 1998). Desta forma, a redução na atividade da Na+/K+-ATPase 

diminui consequentemente a captação ativa desse elemento, levando o organismos à morte.  

Além de ser conhecido por induzir um desequilíbrio no balanço iônico, o Cu é 

considerado um potente causador de estresse oxidativo em muitas espécies de animais 

aquáticos (Aust et al., 1985; Luschak et al., 2011). Além das alterações fisiológicas e 

bioquímicas já mencionadas, a exposição ao Cu também pode causar um aumento na 

concentração de metalotioneínas (Brouwer e Hoexum-Brouwer, 1998; Brown et al., 2004), 

inibição da excreção de amônia e da atividade de enzimas relacionadas à regulação iônica e 

osmótica (Laurén e McDonald, 1985; Wilson e Taylor, 1993; Blanchard e Grosell, 2006; 
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Zimmer et al., 2012; Jorge et al., 2013), alterações nas defesas antioxidantes enzimáticas 

(Regoly et al., 1998), ou ainda, redução da atividade de enzimas da via glicolítica (Hansen et 

al., 1992; Lauer et al., 2012). 

 Apesar das informações descritas acima, ainda não existe um consenso acerca do 

mecanismo de toxicidade do Cu em organismos marinhos e estuarinos, especialmente os 

invertebrados. No entanto, diversos trabalhos utilizando diferentes abordagens vem sendo 

realizados por nosso grupo de pesquisa, visando elucidar os efeitos fisiológicos da exposição 

Cu em invertebrados estuarinos e marinhos (Bianchini et al., 2004; Pinho et al., 2007; Lauer e 

Bianchini, 2010; Pinho e Bianchini, 2010; Lopes et al., 2011a,b; Martins et al., 2011; Jorge et 

al., 2013). Estudos com o siri-azul Callinectes sapidus aclimatado a baixas salinidades 

demonstraram que o mecanismo de toxicidade aguda do Cu pode estar relacionado a uma 

diminuição na expressão de genes que codificam para proteínas envolvidas na 

osmorregulação (Martins et al., 2011). No entanto, o mesmo resultado não foi encontrado 

quando o siri-azul é aclimatado a altas salinidades, indicando que o mecanismo de toxicidade 

do Cu pode variar conforme a condição fisiológica a qual o animal está submetido (Grosell et 

al., 2007; Martins et al., 2011). Este mesmo padrão de resposta foi encontrado para o 

copépode eurialino Acartia tonsa (Pinho et al., 2007).  

 Já no bivalve eurialino Mesodesma mactroides, que é um marisco osmoconformador, o 

Cu é capaz de afetar a regulação iônica a nível intracelular (Lopes et al., 2011a,b) e tecidual 

(Jorge et al., 2013). Jorge et al. (2013) e Nogueira et al. (2013), utilizando abordagens in vivo 

e in vitro respectivamente, demonstraram que o Cu também é capaz de diminuir a atividade 

da anidrase carbônica, uma enzima relacionada à respiração, excreção de amônia e 

manutenção do equilíbrio ácido-base. Além disso, Jorge et al. (2013) relataram uma 

diminuição no consumo de oxigênio corporal e tecidual (brânquias e glândula digestiva) em 

M. mactroides exposto agudamente (96 h) ao Cu. Estes autores também observaram uma 
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redução da succinato-desidrogenase (complexo II da cadeia transportadora de elétrons) 

quando tecidos (brânquias e glândula digestiva) de M. mactroides foram expostos in vitro a 

100 µM de Cu, indicando a possibilidade de uma disfunção respiratória induzida pela 

exposição ao metal (Jorge et al., 2013).  

 Outros autores sugerem ainda que o mecanismo de toxicidade do Cu em invertebrados 

marinhos e estuarinos pode estar relacionado com a inibição da atividade de enzimas 

essenciais do metabolismo energético, resultando em uma diminuição da quantidade de 

energia produzida, necessária para combater alterações fisiológicas decorrentes da exposição 

ao metal (Lauer et al., 2012). Neste contexto, Yano (2010) relatou que a exposição ao Cu 

inibe a atividade da citrato sintase, a primeira enzima do ciclo de Krebs, na anêmona-do-mar 

Actinia bermudensis, um cnidário osmoconformador. Além disso, sabe-se que a exposição ao 

Cu causa uma diminuição na taxa de consumo de oxigênio corporal em diversos grupos de 

invertebrados, bem como no consumo de oxigênio tecidual em estudos in vitro (Brown e 

Newell, 1972; Spicer e Weber, 1991; De Boeck et al., 1995; Santos et al., 2000; Brown et al., 

2004; Paila e Yallapragada, 2010; Jorge et al, 2013). Neste caso, a redução no consumo de 

oxigênio pode ser um resultado de vários fatores. Dentre estes, pode-se considerar uma 

diminuição na taxa ventilação do órgão respiratório na tentativa de reduzir o grau de 

exposição ao metal (Spicer e Weber, 1991); uma diminuição na eficiência das trocas gasosas 

em nível do órgão respiratório associada a um aumento na produção de muco para diminuir o 

contato do metal com a superfície respiratória e/ou a biodisponibilidade do metal (Sze e Lee, 

1995); uma alteração na capacidade de transporte de oxigênio pela hemocianina associada ao 

efeito do metal sobre a afinidade deste pigmento respiratório pelo oxigênio (Taylor e Antiss, 

1999); e uma redução da atividade mitocondrial induzida pela exposição ao Cu (Jorge et al., 

2013; Lauer et al., 2013). Independente do fator envolvido na redução do consumo de 

oxigênio corporal ou tecidual, esta situação poderia estar levando o animal a produzir uma 
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menor quantidade de trifosfato de adenosina (ATP) e consequentemente uma deficiência no 

balanço energético desses organismos. 

O metabolismo é o conjunto de processos pelos quais as células e os organismos 

adquirem, reorganizam e eliminam os nutrientes de modo a sustentar a vida. O catabolismo é 

o conjunto de processos pelos quais os compostos químicos complexos são degradados para 

liberar energia, produzindo moléculas menores. Por sua vez, o anabolismo consiste no 

conjunto de processos que sintetizam compostos químicos maiores a partir de moléculas 

menores, utilizando energia (Hill et al., 2008). A via principal do catabolismo aeróbico pode 

ser subdividida em quatro grandes conjuntos de reações: a glicólise, o ciclo de Krebs, a cadeia 

transportadora de elétrons e a fosforilação oxidativa. Cabe ressaltar aqui que o principal 

produto resultante do catabolismo aeróbico é o trifosfato de adenosina (ATP), um nucleotídeo 

que armazena energia nas ligações entre os seus grupos fosfato, não sendo transportado entre 

células e caracterizada por ser uma forma de energia para consumo imediato.  

Na glicólise, uma molécula de glicose (6 carbonos) é degradada através de dez reações 

catalisadas enzimaticamente, para liberar duas moléculas de piruvato, cada uma contendo 3 

carbonos (Nelson e Cox, 2008). Durante as reações sequenciais da glicólise, parte da energia 

livre liberada da glicose é conservada na forma de ATP e NADH. O piruvato formado pela 

glicólise pode seguir três rotas catabólicas alternativas. Nos tecidos sob condições aeróbicas, 

o piruvato é oxidado com perda do seu grupo carboxila na forma de CO2 para liberar o grupo 

acetila da acetil-Coenzima A, a qual é totalmente oxidada pelo ciclo de Krebs (Nelson e Cox, 

2008). A segunda rota para o metabolismo do piruvato é chamado de glicólise anaeróbica, e 

promove a sua redução a lactato por meio da lactato desidrogenase, que utiliza elétrons 

provenientes do NADH e consequentemente recicla o NAD+, permitindo a continuação da via 

glicolítica (Campbell e Farrell, 2006). Em condições aeróbicas, essa reação é reversível, 

sendo que o piruvato pode ser regenerado a partir do lactato. A terceira e última rota do 
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metabolismo do piruvato consiste na conversão deste composto em etanol e CO2, no processo 

chamado de fermentação alcoólica.  

O ciclo de Krebs ou ciclo do ácido tricarboxílico é uma via catabólica, onde o citrato 

formado a partir de oxaloacetato e acetil-CoA é oxidado produzindo CO2, sendo que a energia 

desta oxidação é armazenada na forma das coenzimas reduzidas NADH e FADH2 (Nelson e 

Cox, 2008). Após uma volta completa do ciclo de Krebs, uma molécula de piruvato terá 

produzido três moléculas de NADH, um FADH2 e dois ATPs (Berg et al., 2002). 

A cadeia transportadora de elétrons é constituída por quatro grandes complexos 

protéicos localizados nas membranas internas das mitocôndrias formando uma cadeia. Nesta 

cadeia, os elétrons do NADH e FADH2 são transferidos em sequencia, de um complexo para 

outro, em uma série de reações de oxidação-redução. O último complexo da cadeia 

(citocromo-oxidase) transfere os elétrons, juntamente com os prótons (íons H+), para o 

oxigênio, reduzindo-o a água. Assim, o oxigênio atua como aceptor final de elétrons, sendo 

que o resultado final da cadeia transportadora é retirar os elétrons do NADH e do FADH2, 

transferindo-os para o oxigênio, re-oxidando o NAD+ e o FAD. Desta forma, é na cadeia 

transportadora de elétrons que ocorre a transferência de energia das ligações das moléculas 

dos alimentos ingeridos para o ATP (Hill et al., 2008). Por sua vez, o processo de síntese de 

ATP realizado pela ATP sintase, por meio da utilização da energia contida no gradiente 

eletroquímico originado do transporte dos elétrons pela cadeia transportadora de elétrons, é 

chamada de fosforilação oxidativa (Nelson e Cox, 2008).  

Considerando-se que o metabolismo energético é dependente do conteúdo das reservas 

energéticas disponíveis para transformação e do fornecimento adequado de oxigênio, os 

efeitos da exposição ao Cu sobre o conteúdo das principais reservas energéticas e de produtos 

metabólicos intermediários e finais foram avaliados nos tecidos do marisco M. mactroides. A 

hipótese central deste estudo é de que a exposição ao Cu, em níveis subletais, causa uma 
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diminuição na produção de ATP, devido a uma diminuição do suprimento de oxigênio 

intracelular, resultando em uma disfunção metabólica. 

O bivalve marinho M. mactroides (Deshayes 1854) é popularmente conhecido como 

marisco branco ou sernambi. Esse molusco bivalve pertence à infauna cavadora profunda 

(Olivier e Penchaszadeh, 1971) e habita o mesolitoral de praias arenosas dissipativas (baixa 

inclinação, areias finas e alta energia de ondas), sendo que a composição do substrato exerce 

forte influência na distribuição de M. mactroides (Bastida et al., 1991; Defeo et al., 1992). 

Sua distribuição geográfica (Fig. 1) vai desde o sudeste do Brasil (24ºS, Rio de Janeiro, 

Brasil) até a planície central da Argentina (40ºS, Província de Buenos Aires, Argentina) 

(Olivier and Penchaszadeh, 1968; Fiori e Morsan, 2004). Ele é abundante ao longo de todo o 

ano e considerado um dos principais representantes da biomassa bêntica da zona de varrido de 

praias arenosas do sul do Brasil (Gianuca, 1983, 1985). No inverno, M. mactroides é 

encontrado enterrado no sedimento a uma profundidade de 30 a 40 cm de profundidade, 

enquanto no verão este marisco permanece próximo à superfície do sedimento (Herrman, 

2008). Este marisco apresenta prioritariamente um hábito alimentar suspensívoro 

fitoplanctófago. Quando há escassez de alimento em suspensão na coluna da água, ele passa a 

se alimentar de detritos presentes no sedimento (Defeo e Scarabino, 1990). O marisco branco 

é considerado eurialino, tolerando salinidades variando de 15 a 35 (Santos e Bianchini, 1998).  

 

OBJETIVOS 

	
  

Objetivo geral 

O objetivo geral do presente estudo foi avaliar o efeito da exposição subletal aguda ao 

Cu sobre o estado metabólico de juvenis do marisco branco Mesodesma mactroides. 
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Objetivos específicos 
 

- Avaliar o efeito da exposição ao Cu no conteúdo tecidual (brânquias, glândula digestiva, 

músculo pedal e hemolinfa) de coenzimas (NAD+ e NADH) e de ATP. 

- Determinar as alterações causadas pela exposição ao Cu no conteúdo tecidual (brânquias, 

glândula digestiva, músculo pedal e hemolinfa) de reservas energéticas (glicose, glicogênio, 

lipídios totais e proteínas totais). 

- Analisar o conteúdo tecidual (músculo pedal e hemolinfa) de glicose e produtos metabólicos 

(piruvato e lactato) após exposição ao Cu. 

 

 

 
Figura 1. Distribuição geográfica do marisco branco Mesodesma mactroides (adaptado de 

Olivier e Penchaszadeh, 1971). No detalhe é mostrado um exemplar adulto da espécie.  
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Abstract 

In freshwater invertebrates, Cu is described as an ionoregulatory toxicant, inhibiting 

the activity of key enzymes involved in Na+ uptake and consequently inducing ionic and 

osmotic disturbances. However, the mechanism involved in Cu toxicity in osmoconforming 

invertebrates remains still unclear. Recent findings from our laboratory have suggested that 

Cu toxicity in marine invertebrates is more related to a respiratory impairment than to ionic 

and osmotic disturbances. Therefore, metabolic changes induced by waterborne Cu exposure 

were evaluated in the osmoconforming clam Mesodesma mactroides, a bivalve species widely 

distributed along the South American sandy beaches. Juvenile clams were kept under control 

conditions (no Cu addition in the water) or acutely (96 h) exposed to Cu (96-h LC10 = 150 µg 

L-1) in artificial sea water (30 ppt). ATP, proteins, lipids, glycogen and glucose content was 

analyzed in gills, digestive gland, adductor muscle and hemolymph. Dinucleotides (NAD+ 

and NADH) content was also analyzed in gills, digestive gland, and adductor muscle while 

pyruvate and lactate content was determined in adductor muscle and hemolymph. In all 

tissues analyzed, Cu exposure did not affect ATP content and NAD+/NADH ratio, except in 

the hemolymph, where a decrease in ATP content was observed. These findings indicate that 

clam cells, except those from hemolymph, were able to maintain constant the level of free 

energy. A significant increase in total protein content was observed in the digestive gland, 

which could be a compensatory mechanism to counteract the higher level of protein oxidation 

previously observed in M. mactroides exposed to Cu under the same experimental conditions. 

Finally, reduced glucose content in the adductor muscle paralleled by increased lactate 

content in the adductor muscle and hemolymph was observed in Cu-exposed clams. Overall, 

these findings indicate that Cu exposure is leading to an increased reliance upon the anaerobic 

energy production to maintain the overall cellular ATP production in the clam M. mactroides. 

 
Keywords: acute toxicity, anaerobiosis, copper, marine clam, metabolism 
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1. Introduction 

	
  

 Copper (Cu) is a transition metal characterized by its high electrical and thermal 

conductibility, which explains the wide industrial use of this metal (Lander and Reuther, 

2004). Although there are important natural sources of Cu in the environment, a variety of 

anthropogenic sources such as agricultural, industrial, and harboring activities have 

considerably increased Cu releasing into aquatic environments worldwide (Kennish, 1997). 

Cu is an essential micronutrient required by all living organisms, playing an important 

role as cofactor of many enzymes and being part of other proteins (Solomon and Lowery, 

1993; Taylor and Anstiss, 1999). However, it can be potentially toxic to aquatic organisms 

when available at elevated concentrations in the water. In freshwater animals, including 

invertebrates, Cu is described as an ionoregulatory toxicant. It is reported to inhibit the 

activity of ion-transporting proteins such as Na+/K+-ATPase and carbonic anhydrase, key 

enzymes involved in gill Na+ uptake (Laurén and McDonald, 1985; Grosell and Wood, 2002; 

Zimmer et al., 2012). On the other hand, there is still no agreement on the mechanism 

involved in Cu toxicity in seawater invertebrates (Bianchini et al., 2004; Pinho et al., 2007; 

Lauer e Bianchini, 2010; Pinho et al., 2010; Lopes et al., 2011a,b; Martins et al., 2011a,b; 

Jorge et al., 2013; Monteiro et al., 2013). 

 In the euryhaline blue crab Callinectes sapidus acclimated to low salinities, the 

mechanism of Cu toxicity appears to be related to a down-regulation of genes encoding some 

key proteins involved in osmoregulation. However, the same effect was not seen in blue crabs 

acclimated to high salinities, indicating that different mechanisms could be involved in Cu 

toxicity under different osmoregulatory conditions (Martins et al., 2011a). In the marine clam 

Mesodesma mactroides, Lopes et al. (2011a,b) provided some evidence that Cu is able to 

impair the intracellular ion regulation without change in the hemolymph ion regulation. These 
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authors further concluded that Cu was entering and being accumulated in mantle cells of the 

marine clam mainly through the Na+/K+/2Cl- cotransporter (Lopes et al., 2011a,b). Also, 

exposure to Cu was shown to reduce the carbonic anhydrase activity, an important enzyme 

related to cellular acid-base regulation, respiration, and ammonia excretion. This effect was 

reported both in vivo (Jorge et al., 2013a) and in vitro (Nogueira et al., 2013). Also, Lauer et 

al. (2013) reported that the acute exposure to a sublethal concentration of Cu affect the 

activity of key enzymes involved in the energy metabolism in gills of the estuarine crab 

Neohelice granulata. Furthermore, these authors reported a decrease in mitochondrial 

membrane potential, which could lead to a reduced mitochondrial ATP production. 

In the osmoconformer clam M. mactroides, Cu exposure was shown to decrease the 

whole-body and tissue (gill and digestive gland) oxygen consumption. Therefore, it was 

suggested that Cu toxicity would be associated with a respiratory impairment. However, no 

significant changes were observed in the activity of succinate-dehydrogenase (respiratory 

Complex II) when gills and digestive gland were exposed in vitro to 1 and 10 µM Cu (Jorge 

et al., 2013a). These findings suggest that energy metabolism could be affected by clam 

exposure to waterborne Cu. However, this effect seems not to be associated with changes in 

the ability of cells to generate energy through the aerobic metabolism. In general, energy 

metabolism is consisted of processes by which energy is acquired, transformed and channeled 

to useful functions. It relies on a set of biochemical reactions that are interconnected, forming 

the metabolic pathways necessary to provide enough energy for cell functioning (Hill et al., 

2008). 

 In light of the above background, the present study aimed to examine the metabolic 

responses of the marine clam M. mactroides to acute waterborne Cu exposure. Juvenile clams 

were exposed to 150 µg Cu L-1 (96 h – LC10) for 96 h. It is important to note that this Cu 

concentration was previously reported to induce 10% mortality of M. mactroides under the 
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same experimental conditions tested in the present study (Jorge et al., 2013a,b). We predict 

that acute exposure to this sublethal concentration of Cu would negatively affect the energy 

metabolism in the marine clam M. mactroides. According to findings from the recent studies 

with the osmoregulating crab N. granulata (Lauer et al., 2013) and the osmoconforming clam 

M. mactroides (Jorge et al., 2013a), this effect would be occurring through changes in ATP 

production and energy reserves. In the present study, this hypothesis was tested by assessing 

the possible changes induced by waterborne Cu on the level of free energy, content of energy 

reserves, and content of metabolic end products in tissues of juvenile clam M. mactroides. 

 

2. Material and Methods 
 

2.1. Clam collection and acclimation  

 

Juvenile clams (M. mactroides) were collected in winter (July-August 2012) at Mar 

Grosso Beach (São José do Norte, southern Brazil). Clams (shell length: 39-54 mm; shell 

width: 22-32 mm) were transferred to the Animal Care Facility of the Federal University of 

Rio Grande, where they were separated in batches and maintained (1 clam 2L-1) in natural 

filtered (45-µm mesh filter) sea water (salinity 30 ppt). During the first 7 days of acclimation, 

water was partially renewed daily using natural filtered sea water. Afterwards, artificial sea 

water (30 ppt) prepared with sea salts (Coralife®, Central Aquatics, Franklin, WI, USA) 

dissolved in MilliQ water was used to gradually (20% per day) replace the natural sea water, 

until the acclimation media was consisted of only artificial sea water. Clams were maintained 

under this condition for at least 3 days. Water was partially renewed daily. During the whole 

acclimation period, clams were fed every 2 days with the microalgae Thalassiosira weissflogii 
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(~ 2x107 cells L-1) at a ratio of 2.5 mL of algae culture in 1L of acclimation sea water. Room 

temperature (20ºC) and photoperiod (12 h light:12 h dark) were fixed. 

 

2.2. Acute Cu exposure and water and tissue sampling 

 

 Juvenile clams were exposed to Cu in artificial sea water (salinity 30 ppt), prepared as 

described above. Clams were individually exposed in 250-mL glass beakers containing 200 

mL of control (no Cu addition in the artificial sea water) or Cu-contaminated medium. The 

latter was prepared by adding Cu (nominal concentration: 150 µg Cu L-1) as CuCl2 (Vetec®, 

Rio de Janeiro, RJ, Brazil) in artificial sea water and allowed to equilibrate for 24 h prior to 

clam’s introduction into the test chamber (Bielmyer et al., 2004). All glassware was pre-

washed with 1% HNO3 and thoroughly rinsed with MilliQ water before use. Exposure was 

performed for 96 h using a static-renewal system. Exposure media were completely renewed 

every 24 h. Non-filtered and filtered (0.45-µm mesh filter; Ministart®, Sartorius AG, 

Goettingen, Germany) water samples were collected right before clam’s introduction into the 

experimental media and at 24 h of exposure, i.e., prior to the daily renewal of the test media. 

All water samples were acidified with HNO3 (Suprapur; Vetec®, Rio de Janeiro, RJ, Brazil) 

to a final concentration of 1% HNO3. 

Room temperature and photoperiod conditions were kept as described for the 

acclimation period. To ensure adequate levels of dissolved O2 in the water, experimental 

media were continuously aerated. Feeding was stopped 24 h prior to the beginning of the test 

and no food was provided throughout the experimental period (96 h). Clam survival was 

monitored every 24 h and dead animals were discarded. At the end of the exposure period, 

hemolymph from each living clam was collected by puncture of the hemolymph sinus at the 

adductor muscle using a disposable syringe with needle (13x0.45 mm). Gills, digestive gland 
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and adductor muscle were dissected, immediately frozen in liquid N2, and stored in an ultra-

freezer (-80°C) until further analysis. 

 

2.3. Cu concentration analysis 

 

Total (non-filtered water samples) and dissolved (filtered water samples) Cu 

concentrations were measured by atomic absorption spectrophotometry (AAS 932 Plus - 

GBC, IL, USA). Measurements were performed as previously described (Lauer et al., 2012; 

Prazeres et al., 2012; Jorge et al., 2013a).  

 

2.4. Tissue energy reserves and metabolic end products analyses 

 

2.4.1. ATP content 

ATP content was determined in deproteinized samples. Tissue (gills, digestive gland 

and muscle) were homogenized using a liquid N2-cooled mortar and pestle until a fine powder 

was obtained. Powdered samples were weighed and 5 µL of perchloric acid (6%) was added 

per mg of tissue. Samples were neutralized with K2CO3 (3 M) and the resultant sample extract 

was used for subsequent analysis. The hemolymph samples were deproteinized by addition of 

perchloric acid (6%) at a ratio of 1:3 (v:v) and neutralized with K2CO3 (3 M). ATP content 

was measured in sample extracts using a commercial reagent kit (Molecular Probes®, 

Eugene, OR, USA) based on light production by luciferase, as measured by a luminometer 

with maximum emission at 560 nm (Victor 2, Perkin Elmer, Waltham, MA, USA). Results 

were expressed as µg ATP g wet weight-1 (gills, digestive gland and adductor muscle) or µg 

ATP mL-1 (hemolymph). 
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2.4.2. NAD+ and NADH content 

Content of dinucleotides (NAD+ and NADH) was determined in gills, digestive gland 

and adductor muscle through the spectrophotometric (450 nm) cycling method, using a 

commercial reagent kit (Sigma-Aldrich, St. Louis, MO, USA). Samples were homogenized 

using the buffer solution provided in the reagent kit and was split into two aliquots. One 

aliquot was incubated at 60ºC (30 min) to decompose NAD+ while the other one was left 

stand to preserve both NAD+ and NADH present in samples. NAD+ concentration was then 

calculated by subtracting the value obtained for the sample containing only NADH 

(decomposed NAD+ sample) from that obtained for the intact sample containing NAD+ and 

NADH. Results were then normalized by the protein content in the sample aliquot, which was 

measured as described below. Therefore, NAD+ and NADH contents were expressed in pmol 

NADH ng protein-1. Finally, data were expressed as the ratio between NAD+ and NADH 

contents. 

 

2.4.3. Total proteins and glucose contents 

Gills, digestive gland and adductor muscle samples were homogenized (1:5; w:v) with 

a phosphate buffer solution (1 M K2HPO4; 1 M NaH2PO4; 1 mM phenylmethanesulfonyl 

fluoride; pH 7.4) and centrifuged (10,000 x g) at 4ºC for 2 min. Supernatant was collected for 

further analyses. Hemolymph samples were used intact. 

Total protein content was determined in tissue homogenized using a commercial 

reagent kit (Doles, Goiania, GO, Brazil), and in hemolymph using the Bradford Reagent 

(Sigma-Aldrich, St. Louis, MO, USA). In both cases, protein concentration was calculated 

based on a standard curve built with bovine serum albumin (Sigma-Aldrich, St. Louis, MO, 

USA) as standard. Results were expressed as mg protein g wet weight-1 (gills, digestive gland 

and adductor muscle) or µg protein mL-1 (hemolymph).  
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Total glucose content was measured in tissue homogenized and hemolymph samples 

by using a commercial reagent kit (Doles, Goiania, GO, Brazil) based on the enzymatic 

(glucose oxidase) method. Glucose concentration was calculated based on a standard curve 

built according to the manufacturer’s instructions. Results were expressed as µg glucose g wet 

weight-1 (gills, digestive gland and adductor muscle) or µg glucose mL-1 (hemolymph). 

 

2.4.4. Glycogen content 

Gills, digestive gland and adductor muscle samples were homogenized using a liquid 

N2-cooled mortar and pestle. Powdered samples were weighed and an ice-cold sodium citrate 

buffer solution (0.1 M; pH 5.0) was added (1:5; w:v) while hemolymph samples were simply 

diluted (1:3; v:v) using the same buffer solution. Samples were incubated (5 min) at 100ºC 

and then centrifuged (2,790 x g) at 20ºC for 5 min. The supernatant was collected, split into 2 

aliquots and treated as described by Carr and Neff (1984). One aliquot was hydrolyzed with 

amyloglucosidase (Sigma-Aldrich, A7095) and the other one was left intact. Both aliquots 

were incubated at 25ºC for 12 h, and the glucose concentration en each aliquot was 

determined using the commercial reagent kit used for glucose content analysis, as described 

above. Glycogen content in each sample was calculated based on the difference between the 

glucose content measured in the enzyme hydrolyzed aliquot and the non-hydrolyzed aliquot. 

A glycogen standard solution (1 mg mL-1) was used throughout the analysis to verify the 

enzyme conversion rate, which is considered acceptable when between 86 and 130%. Results 

were then expressed as µg glycogen Kg wet weight-1 (gills, digestive gland and adductor 

muscle) or µg glycogen mL-1 (hemolymph).  

 

2.4.5. Total lipids content  

Total lipids were extracted from tissue samples using a mixture of chloroform and 

methanol (2:1), as described by Folch et al. (1956). Extracts were analyzed 
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spectrophotometrically (550 nm) using the sulfophosphovanilin method, as described by 

Cheng et al. (2011). Total lipids content was calculated based on a standard curve and 

expressed as mg lipids g wet weight-1 (gills, digestive gland and adductor muscle) or mg 

lipids mL-1 (hemolymph).  

 

2.4.6. Pyruvate and lactate contents 

 Muscle and hemolymph samples were deproteinized as described above (Section 

2.4.1.). Pyruvate and lactate contents were determined in deproteinized samples following 

procedures described by Bergmeyer (1983). For pyruvate determination, samples were 

incubated at 25 ºC in a reaction buffer solution (0.5 M triethanolamine, 5 mM EDTA, and 

0.17 mM NADH; pH 7.6) for 90 min prior to the addition of lactate dehydrogenase (LDH) to 

a final concentration of 5.76 enzyme units mL-1. Sample absorbance was read at 340 nm 

every 15 s for 2 min. The amount of pyruvate present in the sample is inversely proportional 

to NADH decrease reflected by a reduction in sample absorbance. Pyruvate concentration was 

calculated based on a standard curve built with sodium pyruvate as standard. Results were 

then expressed as nmol pyruvate g wet weight-1 (muscle) or pmol pyruvate L-1 (hemolymph). 

 For lactate measurement, deproteinized samples were mixed with a reaction buffer 

solution (0.5 M glycine, 0.4 M hydrazine; pH 9.0), NAD+ (2 mM final concentration) and 

LDH (20 enzyme units mL-1). The reaction mixture was incubated (25ºC) for at least 90 min 

or until the reaction had stabilized. Sample absorbance (340 nm; extinction coefficient = 6.22 

L mmol-1 cm-1) was read and lactate content was expressed as mmol lactate g wet weight-1 

(muscle) and pmol lactate L-1 (hemolymph).  

 

2.5. Data presentation and statistical analysis 
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Data were expressed as mean ± 1 standard deviation (n = 4-6 for gills, digestive gland 

and adductor muscle; n = 12 for hemolymph). For each parameter, mean values for the same 

tissue were compared through Student’s t-test. In all cases, mean values were considered 

significantly different when p<0.05. Parametric assumptions (data normality and homogeneity 

of variances) were previously checked, and if not achieved, data were mathematically 

transformed using a square root transformation (Zar, 1984). 

 

3. Results 

 

3.1. Copper concentration in the experimental medium and clam survival 

 

Total (145.32 ± 2.36 µg Cu L-1) and dissolved (145.27 ± 8.73 µg Cu L-1) Cu 

concentrations in the experimental medium at the beginning of the 24-h period of exposure 

were virtually the same and quite similar to the desired nominal concentration. In turn, no Cu 

was detected in the control medium (detection limit = 5 µg Cu L-1). A notable reduction in Cu 

concentration was observed in experimental medium after 24 h of exposure (total Cu: 42.84 ± 

13.48 µg Cu L-1; dissolved Cu: 39.98 ± 11.27 µg Cu L-1). This trend was consistent 

throughout the 96-h period of experiment. After 96 h of exposure, mortality rate corresponded 

to 5% in Cu-exposed clams while no mortality was observed in clams maintained under 

control conditions (no Cu addition into the artificial sea water).  

 

3.2. Energy reserves and metabolic end products 

	
  

Exposure to waterborne Cu did not affect the ATP content in gills, digestive gland, 

and adductor muscle of M. mactroides (Fig. 1). Also, no significant change in NAD+ or 
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NADH content was observed in these tissues after Cu exposure (data not shown). Therefore, 

the NAD+/NADH ratio was also similar in control and Cu-exposed clams (Fig. 2). On the 

other hand, a significant decrease (28%) in ATP concentration was observed in the 

hemolymph of Cu-exposed clams (Fig. 1). 

 Cu exposure only affected the total proteins content in the digestive gland. In this 

case, a significant increase (39%) was observed in Cu-exposed clams respect to the control 

ones (Fig. 3). In turn, total lipids content was not affected by Cu exposure in any of the tissues 

analyzed (Fig. 4). As expected, the adductor muscle showed the highest content of glycogen 

among the tissues analyzed. No significant difference was observed between control and Cu-

exposed clams (Fig. 5). Also, no Cu effect on total glucose content was observed in gills, 

digestive gland and hemolymph. However, adductor muscle of Cu-exposed clams showed a 

significant decrease (23%) in the total glucose content (Fig. 6). 

Cu exposure did not affect the pyruvate content in the adductor muscle and 

hemolymph (Fig 7A). However, a marked increase in the lactate content was observed in the 

adductor muscle (56%) and hemolymph (1,124%) of Cu-exposed clams (Fig. 7B). 

 

4. Discussion 

	
  

 There was a negligible (5%) mortality of clams during the 96-h period of experiment in 

the Cu-exposed group and no mortality was seen in the control group. Therefore, all effects 

reported in the present study were considered to be sublethal. Throughout the experiment, a 

reduction in total (68.3%) and dissolved (70.2%) Cu concentration was observed between 0 

and 24 h after the beginning of exposure period (24 h) using the same experimental medium. 

Although free Cu ions are readily adsorbed onto the walls of the exposure chamber and even 

the body surface of clams, a recent study from our research group showed that M. mactroides 
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tissues (gills, digestive gland and hemolymph) accumulate significant amounts of Cu under 

the same experimental conditions tested in the present study. It was shown that Cu is more 

accumulated in hemolymph (12-fold increase respect to the control value) followed by gills 

(5-fold increase) and digestive gland (4-fold increase) (Jorge et al., 2013).  

The maintenance of oxygen supply is crucial for all aerobic living organisms. In fact, 

oxygen plays an important role as the final electron acceptor in the mitochondrial respiratory 

chain. It has been reported that metals, including Cu, are able to impair whole-body 

respiratory rate in fish, crustaceans and mollusks (Brown and Newell, 1972; Santos et al., 

2000; Paila and Yallapragada, 2010; Das and Gupta, 2013). It is described that Cu at lethal 

and sublethal concentrations acts on the respiratory system of crustaceans and mollusks 

primarily by disrupting gill function (Spicer and Weber, 1991; Soegianto et al., 1999; Frias-

Espericueta et al., 2008). Gill damage induced by Cu would result in a reduction in the 

surface area available for gas exchange (Nonnotte et al., 1993). In turn, Brown and Newell 

(1972) showed that high Cu burdens exert an inhibitory effect on gill cilia of the bivalve 

Mytilus edulis. In this context, it is important to stress that the oxygen consumption rate is 

considered as a useful indicator of the overall metabolic rate of animals (Schmidt-Nielsen, 

1997). In fact, this physiological endpoint is commonly and widely used to assess the effects 

of chemical contaminants on animal physiology. 

It is well established that exposure to Cu induces a decrease in both whole-body (in 

vivo) and tissue (in vitro) oxygen consumption rate in aquatic animals, including mollusks 

(Brown and Newell, 1972; Spicer and Weber, 1991; De Boeck et al., 1995; Santos et al., 

2000; Brown et al., 2004; Paila and Yallapragada, 2010; Jorge et al, 2013). In fact, juveniles 

of the marine clam M. mactroides acutely (96 h) exposed to 150 µg Cu L-1 showed a 38% 

reduction in whole-body oxygen consumption rate (Jorge et al., 2013). This effect could be 

resulted from several factors. Among them, we could consider a decreased gill ventilation rate 
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as an attempt to reduce Cu uptake (Spicer and Weber, 1991), an increased distance for the 

diffusive gas exchange due to mucus secretion in response to waterborne Cu exposure (Sze 

and Lee, 1995), a change in haemocyanin affinity for oxygen (Taylor and Anstiss, 1999), and 

a reduced activity of mitochondrial enzymes (Jorge et al., 2013; Lauer et al., 2013). Though it 

is clear that Cu can display a variety of negative effects on gill function, the resulting oxygen 

availability to cells could lead to a decreased mitochondrial respiration rate and a 

consequently reduced ATP production, as described in the euryhaline crab N. granulata 

acutely exposed to Cu (Lauer et al., 2013). 

Though a decrease in tissue ATP content after Cu exposure was predicted, this was only 

observed in the hemolymph of Cu-exposed clams. In contrast, the other tissues (gills, 

digestive gland and adductor muscle) of Cu-exposed clams were able to maintain their ATP 

content at levels very similar to those showed by clams maintained under control condition 

(Fig. 1). This finding combined with the reduced oxygen consumption rate previously 

reported in juvenile M. mactroides exposed to Cu under the same conditions tested in the 

present study (Jorge et al., 2013) suggest that clams are reducing their whole-body metabolic 

rate in order to minimize energy expenditure. Also, an increased utilization of other pathways 

than glycolysis to produce ATP, such as the catabolism of fats and/or proteins (Hansen et al., 

1992), as well as a shift from aerobic to anaerobic metabolism cannot be ruled out. These 

possibilities will be further explored and discussed considering the findings reported in the 

present study. 

In mollusks, it was shown that the Krebs cycle remains partially or totally functional 

under anaerobic situations (De Zwaan and Van Marrewijk, 1973; Hochachka et al., 1973; Zs.-

Nagy, 1974; De Zwaan et al., 1975). This might happen because fumarate or specific non-

substrate electron acceptors are replacing oxygen (De Zwaan and Wijsman, 1976). The lack 

of change in NAD+/NADH ratio in gills, digestive gland and adductor muscle of Cu-exposed 
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clams supports the idea that energy transfer processes until the mitochondrial level are not 

affected by Cu exposure. However, it is important to note that NAD+/NADH ratio values 

were consistently below one (Fig. 2), indicating a higher NADH availability. This finding 

could indicate that less NADH is being re-oxidized into NAD+ by the electron transport chain 

during Cu exposure. In this context, it is important to note that during low oxygen stress, like 

the one observed after M. mactroides exposure to Cu, ATP utilization in bivalves may be as 

low as 5% of that seen during aerobic metabolism (De Zwaan, 1983). Taken altogether, these 

findings associated with those already reported in the literature suggest that juvenile clam M. 

mactroides could be shifting the energy source employed to produce a similar amount of ATP 

with lower oxygen consumption. At this point, the reduced ATP content observed in the 

hemolymph of juvenile M. mactroides exposed to Cu could be related to a possible incapacity 

of this tissue to shift metabolic pathways in order to keep constant the cellular levels of free 

energy (ATP). 

In general, organisms can obtain energy from the aerobic oxidation of carbohydrates, 

lipids and proteins. Therefore, analysis of body composition can indicate which components 

are available and may be the primary fuel for metabolism (De Zwaan and Wijsman, 1976). In 

the present study, we evaluated the effects of Cu on the main energy reserves and substrates, 

such as carbohydrates (glycogen and glucose), total lipids and total proteins. When glucose is 

found in excess within the cell, it might be converted into storage polymeric compounds such 

as glycogen (Nelson and Cox, 2006). Under aerobic conditions, glycogen breakdown leads to 

glucose generation in a catabolic pathway called glycogenolysis. Although glycogen is an 

important energy reserve for most animal species, bivalves are reported to have their 

metabolism predominantly centered on glycogen metabolism (Giese, 1969; De Zwann and 

Zandee, 1972). Furthermore, it has been shown that tissue glycogen content decreases when 

mussels are exposed to high levels of organic compounds (Pellerin-Massicotte, 1994) and 
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metals (Hummel et al., 1996; Duquesne et al., 2004). However, no significant change in tissue 

(gills, digestive gland, adductor muscle and hemolymph) glycogen content was observed 

between control and Cu-exposed juvenile clams from the present study (Fig. 5). This might be 

due to a lack of a higher energy demand, since glucose content in all tissues analyzed was also 

found unaltered in Cu-exposed clams. However, we cannot rule out a possible negative effect 

of Cu on tissue ability to convert glycogen into glucose. Further studies are needed to clarify 

this point.  

Although glycogen is generally the most suitable substrate for energy production 

under anaerobic condition, some authors have pointed out the role of lipids under this 

stressful condition in several mollusk species (Oudejans and Van der Horst, 1974; Zs.-Nagy 

and Galli, 1977). In fact, changes in lipid indices have been demonstrated in blue mussels in 

response to organic pollutants exposure (Capuzzo and Leavitt, 1988; Leavitt et al., 1990). 

However, the effects of metal exposure on bivalve lipid composition and distribution are quite 

variable, depending on species and metals tested (Abdullah and Ireland, 1986; Lowe and 

Clarke, 1989; Duquesne et al., 2004). The marine clam M. mactroides shows a typical lipidic 

composition characteristic of marine organisms. In this case, fatty acid composition is mainly 

regulated by diet and, to a lesser extent, by other mechanisms (De Moreno et al., 1976). The 

lack of change in total lipids (Fig. 4) in all tissues analyzed in the present study suggest that 

fats metabolism is likely not altered by Cu exposure in juvenile M. mactroides. 

Measurements of total proteins content in tissues have been widely used as an index of 

animal health. Indeed, global protein synthesis rates have even been suggested as a reliable 

biomarker of stress in the mussel M. galloprovicialis following exposure to metals 

(Pytharopoulou et al., 2006). In fact, a decrease in total protein levels might be attributed to a 

decrease in general metabolic activity (Baudrimont et al., 1997; Géret et al., 2003). Despite 

the lower whole-body and tissue oxygen consumption observed in M. mactroides exposed to 
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Cu (Jorge et al., 2013), no significant change was observed in the total proteins content in 

gills, adductor muscle and hemolymph of Cu-exposed clams (Fig. 3). This finding suggests 

that the global protein metabolism in these tissues is also likely not affected by Cu exposure, 

as observed for lipids. On the other hand, there was a marked increase in total proteins content 

in the digestive gland of clams exposed to Cu when compared to those maintained under 

control condition. This effect could be explained considering a higher synthesis of 

metallothioneins to bind and detoxify the excess of Cu accumulated in the digestive gland of 

M. mactroides after exposure to Cu (Jorge et al., 2013). In fact, several metals including Cu 

have shown to induce metallothioneins synthesis in bivalve mollusks (Géret et al., 2002; 

Serafim and Bebiano, 2009). However, a previous study from our laboratory showed no 

significant change in metallothioneins content in the digestive gland of M. mactroides 

exposed to Cu under the same experimental conditions tested in the present study. However, 

an increased level of protein carbonylation was observed in the digestive gland of these clams 

(non published data). Therefore, the observed higher content of total proteins in digestive 

gland of Cu-exposed clams in the present study (Fig. 3) could represent an adaptive response 

to counteract the increased protein oxidation rate resulting from the oxidative stress induced 

by exposure to Cu. 

Taken altogether, data on energy reserves (proteins, lipids, glycogen and glucose) 

reported in the present study for gills, digestive gland and hemolymph of M. mactroides 

exposed to Cu cannot explain the lower whole-body and tissue (gills and digestive gland) 

oxygen consumption previously reported under the same experimental condition (Jorge et al., 

2013). In fact, Zwaan and Wijsman, (1976) stated that no simple explanation exists to account 

for how carbohydrates and other substances become degraded during functional hypoxia in 

bivalves and that several intermediate and end products (pyruvate, lactate, octopine, 

succinate, alanine, acetate, propionate and CO2) would be involved in energy generation 
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under such conditions. At this point, it is interesting to note that Cu-exposed clams showed a 

significantly reduced glucose content in the adductor muscle (Fig. 6) paralleled by a lack of 

change in pyruvate content (Fig. 7A) and a marked increase in lactate content in both the 

adductor muscle and hemolymph (Fig. 7B). 

Glycolysis is an anaerobic process that yields two molecules of ATP. As the first stage 

of carbohydrate metabolism, it ends 2 units of pyruvate, which under aerobic conditions, is 

oxidized to acetyl-CoA and enters the Krebs cycle pathway. When the oxygen is not available 

at adequate levels, pyruvate is reduced through LDH to lactate, thus recycling NAD+ that can 

be again used by glycolysis (Campbell and Farell, 2006). In fact, the rate of conversion of 

pyruvate into lactate can be considered as an index of physiological stress under anaerobic 

conditions (Sivaramakhrishna and Radhakhrishnaiah, 2000). Taken altogether, these findings 

suggest that glucose is being consumed by Cu-exposed clams at a higher rate through 

glycolysis, with the resulting pyruvate being promptly converted to lactate in order to 

maintain the overall cell energy production. Indeed, increased LDH activity following Cu 

exposure has been reported in aquatic animals, including invertebrates (Carvalho and 

Fernandes, 2008; Lauer et al., 2012). Therefore, we suggest that lactate largely accumulated 

in the adductor muscle and hemolymph of Cu-exposed clams is being used as an energy 

source to maintain the general supply of free energy as ATP (Fig. 1). 

 In summary, the reduced glucose content in the adductor muscle paralleled by the 

increased lactate content in the adductor muscle and hemolymph of Cu-exposed clams 

strongly suggest that juveniles M. mactroides are facing the stress induced by Cu exposure by 

relaying more in the anaerobic metabolism in order to maintain constant levels of cellular 

ATP. Also, the observed lack of Cu effects on NAD+ and NADH concentrations, and 

consequently on the ratio of these dinucleotides, can be an indicative that clams are keeping 

the Krebs cycle functional even after exposure to Cu. Further studies focused on the analysis 
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of metabolic end products more specific to mollusks could help to better elucidate the 

metabolic strategies adopted by M. mactroides to cope with the acute waterborne Cu 

exposure. Finally, based on the findings reported in the present study one can infer that the 

mechanism involved in lethal acute toxicity of Cu in the osmoconforming clam M. 

mactroides seems not to be related to impairment on energy metabolism.  
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Figure Captions 
 

Figure 1. ATP content in gills, digestive gland, adductor muscle (n = 4-6) and hemolymph (n 

= 12) of juvenile clam Mesodesma mactroides maintained under control condition (no Cu 

addition into the water) or exposed to Cu (150 µg L-1) in artificial sea water (salinity 30 ppt) 

for 96 h. Data are mean ± 1 standard deviation. * denotes significant different mean values 

between control and Cu-exposed clams within the same tissue.  

 

Figure 2. NAD+/NADH ratio in gills, digestive gland and adductor muscle (n = 4-6) of 

juvenile clam Mesodesma mactroides maintained under control condition (no Cu addition into 

the water) or exposed to Cu (150 µg L-1) in artificial sea water (salinity 30 ppt) for 96 h. Data 

are mean ± 1 standard deviation. No significant difference was observed between control and 

Cu-exposed clams within the same tissue. 

 

Figure 3. Total proteins content in gills, digestive gland, adductor muscle (n = 4-6) and 

hemolymph (n = 12) of juvenile clam Mesodesma mactroides maintained under control 

condition (no Cu addition into the water) or exposed to Cu (150 µg L-1) in artificial sea water 

(salinity 30 ppt) for 96 h. Data are mean ± 1 standard deviation. No significant difference was 

observed between control and Cu-exposed clams within the same tissue. 

 

Figure 4. Total lipids content in gills, digestive gland, adductor muscle (n = 4-6) and 

hemolymph (n = 12) of juvenile clam Mesodesma mactroides maintained under control 

condition (no Cu addition into the water) or exposed to Cu (150 µg L-1) in artificial sea water 

(salinity 30 ppt) for 96 h. Data are mean ± 1 standard deviation. No significant difference was 

observed between control and Cu-exposed clams within the same tissue. 
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Figure 5. Glycogen content in gills, digestive gland, adductor muscle (n = 4-6) and 

hemolymph (n = 12) of juvenile clam Mesodesma mactroides maintained under control 

condition (no Cu addition into the water) or exposed to Cu (150 µg L-1) in artificial sea water 

(salinity 30 ppt) for 96 h. Data are mean ± 1 standard deviation. No significant difference was 

observed between control and Cu-exposed clams within the same tissue. 

 

Figure 6. Glucose content in tissues gills, digestive gland, adductor muscle (n = 4-6) and 

hemolymph (n = 12) of juvenile clam Mesodesma mactroides maintained under control 

condition (no Cu addition into the water) or exposed to Cu (150 µg L-1) in artificial sea water 

(salinity 30 ppt) for 96 h. Data are mean ± 1 standard deviation. * denotes significant different 

mean values between control and Cu-exposed clams within the same tissue. 

 

Figure 7. Pyruvate (A) and lactate (B) content in adductor muscle (n = 4-6) and hemolymph 

(n = 12) of juvenile clam Mesodesma mactroides maintained under control condition (no Cu 

addition into the water) or exposed to Cu (150 µg L-1) in artificial sea water (salinity 30 ppt) 

for 96 h. Data are mean ± 1 standard deviation. * denotes significant different mean values 

between control and Cu-exposed clams within the same tissue. 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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CONCLUSÕES GERAIS 
 

Foi observado que o bivalve Mesodesma mactroides é capaz de manter os níveis 

intracelulares de ATP constantes após 96 h de exposição a uma concentração subletal de 

cobre. Através dos resultados das análises do conteúdo de glicose, piruvato e lactato, propõe-

se que o mecanismo utilizado para manutenção dos níveis intracelulares de ATP é uma 

mudança de vias metabólicas. Ou seja, ao invés da oxidação do piruvato em acetil-CoA este 

estaria sendo reduzido a lactato, contribuindo para manutenção da concentração de NAD+ e 

do funcionamento do ciclo de Krebs. Os dados obtidos no presente trabalho rejeitam a 

hipótese inicial proposta. Por fim, concluímos que o mecanismos de toxicidade aguda do 

cobre para Mesodesma mactroides não está relacionado com um desbalanço nos estoques 

energéticos e perturbações das vias metabólicas centrais. 
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You are requested to identify who provided financial support for the conduct of the research and/or
preparation of the article and to briefly describe the role of the sponsor(s), if any, in study design; in
the collection, analysis and interpretation of data; in the writing of the report; and in the decision to
submit the article for publication. If the funding source(s) had no such involvement then this should
be stated. Please see http://www.elsevier.com/funding.
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Funding body agreements and policies
Elsevier has established agreements and developed policies to allow authors whose articles appear in
journals published by Elsevier, to comply with potential manuscript archiving requirements as specified
as conditions of their grant awards. To learn more about existing agreements and policies please visit
http://www.elsevier.com/fundingbodies.

Open access
This journal offers authors a choice in publishing their research:

Open Access
• Articles are freely available to both subscribers and the wider public with permitted reuse
• An Open Access publication fee is payable by authors or their research funder
Subscription
• Articles are made available to subscribers as well as developing countries and patient groups through
our access programs (http://www.elsevier.com/access)
• No Open Access publication fee

All articles published Open Access will be immediately and permanently free for everyone to read
and download. Permitted reuse is defined by your choice of one of the following Creative Commons
user licenses:
Creative Commons Attribution (CC BY): lets others distribute and copy the article, to create
extracts, abstracts, and other revised versions, adaptations or derivative works of or from an article
(such as a translation), to include in a collective work (such as an anthology), to text or data mine
the article, even for commercial purposes, as long as they credit the author(s), do not represent the
author as endorsing their adaptation of the article, and do not modify the article in such a way as
to damage the author's honor or reputation.
Creative Commons Attribution-NonCommercial-ShareAlike (CC BY-NC-SA): for non-
commercial purposes, lets others distribute and copy the article, to create extracts, abstracts and
other revised versions, adaptations or derivative works of or from an article (such as a translation),
to include in a collective work (such as an anthology), to text and data mine the article, as long as
they credit the author(s), do not represent the author as endorsing their adaptation of the article, do
not modify the article in such a way as to damage the author's honor or reputation, and license their
new adaptations or creations under identical terms (CC BY-NC-SA).
Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND): for non-
commercial purposes, lets others distribute and copy the article, and to include in a collective work
(such as an anthology), as long as they credit the author(s) and provided they do not alter or modify
the article.

To provide Open Access, this journal has a publication fee which needs to be met by the authors or
their research funders for each article published Open Access.
Your publication choice will have no effect on the peer review process or acceptance of submitted
articles.

The publication fee for this journal is $3300, excluding taxes. Learn more about Elsevier's pricing
policy: http://www.elsevier.com/openaccesspricing.

Language services
Manuscripts should be written in English. Authors who are unsure of correct English usage should have
their manuscript checked by someone proficient in the language. Manuscripts in which the English is
difficult to understand may be returned to the author for revision before scientific review.
Authors who require information about language editing and copyediting services pre- and post-
submission please visit http://www.elsevier.com/languagepolishing or our customer support site
at http://support.elsevier.com for more information. Please note Elsevier neither endorses nor
takes responsibility for any products, goods or services offered by outside vendors through our
services or in any advertising. For more information please refer to our Terms & Conditions:
http://www.elsevier.com/termsandconditions.

Submission
Submission to this journal proceeds totally online and you will be guided stepwise through the creation
and uploading of your files. The system automatically converts source files to a single PDF file of the
article, which is used in the peer-review process. Please note that even though manuscript source
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files are converted to PDF files at submission for the review process, these source files are needed for
further processing after acceptance. All correspondence, including notification of the Editor's decision
and requests for revision, takes place by e-mail removing the need for a paper trail.

Please submit your article via  http://ees.elsevier.com/aqtox/

Referees
Please submit, with the manuscript, the names, addresses and e-mail addresses of three potential
referees. Note that the editor retains the sole right to decide whether or not the suggested reviewers
are used.

Page charges
Aquatic Toxicology has no page charges.

PREPARATION
Use of wordprocessing software
It is important that the file be saved in the native format of the wordprocessor used. The text should
be in single-column format. Keep the layout of the text as simple as possible. Most formatting codes
will be removed and replaced on processing the article. In particular, do not use the wordprocessor's
options to justify text or to hyphenate words. However, do use bold face, italics, subscripts,
superscripts etc. When preparing tables, if you are using a table grid, use only one grid for each
individual table and not a grid for each row. If no grid is used, use tabs, not spaces, to align columns.
The electronic text should be prepared in a way very similar to that of conventional manuscripts
(see also the Guide to Publishing with Elsevier: http://www.elsevier.com/guidepublication). Note that
source files of figures, tables and text graphics will be required whether or not you embed your figures
in the text. See also the section on Electronic artwork.
To avoid unnecessary errors you are strongly advised to use the 'spell-check' and 'grammar-check'
functions of your wordprocessor.

LaTeX
If the LaTeX file is suitable, proofs will be produced without rekeying the text. The article should
preferably be written using Elsevier's document class 'elsarticle', or alternatively any of the other
recognized classes and formats supported in Elsevier's electronic submissions system, for further
information see http://www.elsevier.com/wps/find/authorsview.authors/latex-ees-supported.
The Elsevier 'elsarticle' LaTeX style file package (including detailed instructions for LaTeX preparation)
can be obtained from the Quickguide: http://www.elsevier.com/latex. It consists of the file:
elsarticle.cls, complete user documentation for the class file, bibliographic style files in various styles,
and template files for a quick start. For information about reference management please go to the
document at http://cdn.elsevier.com/assets/pdf_file/0011/109388/elsdoc.pdf and click on the section
'bibliography'.

Article structure
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 adequate 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.
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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.

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), Eq. (A.2), etc.; in a subsequent appendix,
Eq. (B.1) and so on. Similarly for tables and figures: Table A.1; Fig. A.1, etc.

Essential title page information
• Title. Concise and informative. Titles are often used in information-retrieval systems. Avoid
abbreviations and formulae where possible.
• Author 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.
• 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.

Abstract
A concise and factual abstract is required of no more than 400 words. The abstract should state
briefly the purpose of the research, the principal results and major conclusions. An abstract is often
presented separate from the article, so it must be able to stand alone. For this reason, References
should be avoided, but if essential, they must be cited in full, without reference to the reference
list. Also, non-standard or uncommon abbreviations should be avoided, but if essential they must be
defined at their first mention in the abstract itself.

Keywords
Immediately after the abstract, provide a maximum of 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.

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 unavoidable 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.g., providing language help, writing assistance
or proof reading the article, etc.).

Math formulae
Present simple formulae in the line of normal text where possible and use the solidus (/) instead of
a horizontal line for small fractional terms, e.g., X/Y. In principle, variables are to be presented in
italics. Powers of e are often more conveniently denoted by exp. Number consecutively any equations
that have to be displayed separately from the text (if referred to explicitly in the text).
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Footnotes
Footnotes should be used sparingly. Number them consecutively throughout the article, using
superscript Arabic numbers. Many wordprocessors build footnotes into the text, and this feature may
be used. Should this not be the case, indicate the position of footnotes in the text and present the
footnotes themselves separately at the end of the article. Do not include footnotes in the Reference
list.
Table footnotes
Indicate each footnote in a table with a superscript lowercase letter.

Artwork
Electronic artwork
General points
• Make sure you use uniform lettering and sizing of your original artwork.
• Embed the used fonts if the application provides that option.
• Aim to use the following fonts in your illustrations: 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.
• Size the illustrations close to the desired dimensions of the printed version.
• Submit each illustration as a separate file.
A detailed guide on electronic artwork is available on our website:
http://www.elsevier.com/artworkinstructions
You are urged to visit this site; some excerpts from the detailed information are given here.
Formats
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 line/halftone combinations given below):
EPS (or PDF): Vector drawings, embed all used fonts.
TIFF (or JPEG): Color or grayscale photographs (halftones), keep to a minimum of 300 dpi.
TIFF (or JPEG): Bitmapped (pure black & white pixels) line drawings, keep to a minimum of 1000 dpi.
TIFF (or JPEG): Combinations bitmapped line/half-tone (color or grayscale), keep to a minimum of
500 dpi.
Please do not:
• Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); 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.

Color artwork
Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS (or PDF), or
MS Office 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 on the Web (e.g., 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 on the Web only. For further information on the
preparation of electronic artwork, please see http://www.elsevier.com/artworkinstructions.
Please note: Because of technical complications which can arise by converting color figures to 'gray
scale' (for the printed version should you not opt for color in print) please submit in addition usable
black and white versions of all the color illustrations.

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 a minimum but explain all symbols and abbreviations used.
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Tables
Number tables consecutively in accordance with their appearance in the text. Place footnotes to tables
below the table body and indicate them with superscript lowercase letters. Avoid vertical rules. Be
sparing in the use of tables and ensure that the data presented in tables do not duplicate results
described elsewhere in the article.

References
Citation in text
Please ensure that every reference cited in the text is also present in the reference list (and vice
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.

Web 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.

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 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 author(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.J., Lupton, R.A., 2010. The art of writing a scientific article. J. 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.

Journal abbreviations source
Journal names should be abbreviated according to:
List of title word abbreviations: http://www.issn.org/2-22661-LTWA-online.php; NLM Catalog
(Journals referenced in the NCBI Databases): http://www.ncbi.nlm.nih.gov/nlmcatalog/journals;
CAS (Chemical Abstracts Service): via http://www.cas.org/content/references/corejournals.

Video data
Elsevier accepts video material and animation sequences 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 directly
relate to the video file's content. In order to ensure that your video or animation material is directly
usable, please provide the files in one of our recommended file formats with a preferred maximum
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size of 50 MB. Video and animation files supplied will be published online in the electronic version
of your article in Elsevier Web products, including ScienceDirect: http://www.sciencedirect.com.
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 at
http://www.elsevier.com/artworkinstructions. Note: 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.

AudioSlides
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
ScienceDirect. This gives authors the opportunity to summarize their research in their own words and
to help readers understand what the paper is about. More information and examples are available at
http://www.elsevier.com/audioslides. Authors of this journal will automatically receive an invitation
e-mail to create an AudioSlides presentation after acceptance of their paper.

Supplementary data
Elsevier accepts electronic supplementary material to support and enhance your scientific research.
Supplementary files offer the author additional possibilities to publish supporting applications, high-
resolution images, background datasets, sound clips and more. Supplementary files supplied will be
published online alongside the electronic version of your article in Elsevier Web products, including
ScienceDirect: http://www.sciencedirect.com. In order to ensure that your submitted material is
directly usable, please provide the data in one of our recommended file formats. Authors should
submit the material in electronic format together with the article and supply a concise and descriptive
caption for each file. For more detailed instructions please visit our artwork instruction pages at
http://www.elsevier.com/artworkinstructions.

Submission checklist
The following list will be useful during the final checking of an article prior to sending it to the journal
for review. Please consult this Guide for Authors for further details of any item.
Ensure that the following items are present:
One author has been designated as the corresponding author with contact details:
• E-mail address
• Full postal address
• Phone numbers
All necessary files have been uploaded, and contain:
• Keywords
• All figure captions
• All tables (including title, description, footnotes)
Further considerations
• Manuscript has been 'spell-checked' and 'grammar-checked'
• References are in the correct format for this journal
• All references mentioned in the Reference list are cited in the text, and vice versa
• Permission has been obtained for use of copyrighted material from other sources (including the Web)
• Color figures are clearly marked as being intended for color reproduction on the Web (free of charge)
and in print, or to be reproduced in color on the Web (free of charge) and in black-and-white in print
• If only color on the Web is required, black-and-white versions of the figures are also supplied for
printing purposes
For any further information please visit our customer support site at http://support.elsevier.com.

AFTER ACCEPTANCE
Use of the Digital Object Identifier
The Digital Object Identifier (DOI) may be used to cite and link to electronic documents. The DOI
consists of a unique alpha-numeric character string which is assigned to a document by the publisher
upon the initial electronic publication. The assigned DOI never changes. Therefore, it is an ideal
medium for citing a document, particularly 'Articles in press' because they have not yet received their
full bibliographic information. Example of a correctly given DOI (in URL format; here an article in the
journal Physics Letters B):
http://dx.doi.org/10.1016/j.physletb.2010.09.059
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When you use a DOI to create links to documents on the web, the DOIs are guaranteed never to
change.

Proofs
One set of page proofs (as PDF files) will be sent by e-mail to the corresponding author (if we do
not have an e-mail address then paper proofs will be sent by post) or, a link will be provided in
the e-mail so that authors can download the files themselves. Elsevier now provides authors with
PDF proofs which can be annotated; for this you will need to download Adobe Reader version 7 (or
higher) available free from http://get.adobe.com/reader. Instructions on how to annotate PDF files
will accompany the proofs (also given online). The exact system requirements are given at the Adobe
site: http://www.adobe.com/products/reader/tech-specs.html.
If you do not wish to use the PDF annotations function, you may list the corrections (including
replies to the Query Form) and return them to Elsevier in an e-mail. Please list your corrections
quoting line number. If, for any reason, this is not possible, then mark the corrections and any other
comments (including replies to the Query Form) on a printout of your proof and return by fax, or scan
the pages and e-mail, or by post. Please use this proof only for checking the typesetting, editing,
completeness and correctness of the text, tables and figures. Significant changes to the article as
accepted for publication will only be considered at this stage with permission from the Editor. We will
do everything possible to get your article published quickly and accurately – please let us have all your
corrections within 48 hours. It is important to ensure that all corrections are sent back to us in one
communication: please check carefully before replying, as inclusion of any subsequent corrections
cannot be guaranteed. Proofreading is solely your responsibility. Note that Elsevier may proceed with
the publication of your article if no response is received.

Offprints
The corresponding author, at no cost, will be provided with a PDF file of the article via e-mail. The
PDF file is a watermarked version of the published article and includes a cover sheet with the journal
cover image and a disclaimer outlining the terms and conditions of use. Additional reprints can be
ordered on a reprint order form which will be sent to the corresponding author of the accepted article
by the publisher.

Author's discount
Contributors to Elsevier journals are entitled to a 30% discount on most Elsevier books, if ordered
directly from Elsevier.

AUTHOR INQUIRIES
For inquiries relating to the submission of articles (including electronic submission) please visit
this journal's homepage. For detailed instructions on the preparation of electronic artwork,
please visit http://www.elsevier.com/artworkinstructions. Contact details for questions arising after
acceptance of an article, especially those relating to proofs, will be provided by the publisher.
You can track accepted articles at http://www.elsevier.com/trackarticle. You can also check
our Author FAQs at http://www.elsevier.com/authorFAQ and/or contact Customer Support via
http://support.elsevier.com.
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