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Resumo 

 
Ostras do Género Crassostrea são representadas por um grupo diverso de 
espécies com elevada importância ecológica e socioeconómica em 
ecossistemas costeiros e estuarinos da biosfera. Contudo, o aumento da 
frequência de fenómenos resultantes de alterações climáticas e de poluição no 
meio marinho (acidificação, alterações de salinidade e aumento da temperatura, 
contaminação por arsénio), propicia o aumento do nível de stresse ambiental 
que poderá colocar em perigo a diversidade de espécies de ostra à escala 
global. Deste modo, o estudo dos mecanismos de tolerância a diversos 
stressores e capacidade de resposta de diferentes espécies de ostra, bem como 
o conhecimento das características ecofisiológicas de cada espécie, poderão 
revelar-se importantes para a gestão destes importantes recursos biológicos 
marinhos. 
Neste contexto, o objetivo desta tese visou comparar a performance de 
diferentes espécies de ostra quando expostas a diferentes cenários de 
alterações climáticas, no sentido de investigar se diferentes espécies 
apresentam diferentes capacidades de resposta a diferentes stressores, 
incluindo a presença de poluentes, e inferir no impacto que as alterações globais 
poderão vir a ter nessas espécies. Assim, um conjunto de ensaios laboratoriais 
foi efetuado para testar os efeitos da acidificação, alterações de salinidade e o 
aumento da temperatura, assim como o efeito combinado da exposição a 
arsénio, em diferentes espécies e estádios de vida de ostra (embriões, juvenis 
e adultos), através da análise da performance fisiológica, bioquímica e 
proteómica em resposta a estes stressores. 
O estudo focou-se na análise comparativa de espécies de ostra atualmente 
presentes em ecossistemas de zonas temperadas, C. angulata e C. gigas 
(Portugal); e subtropicais, C. brasiliana e C. gigas (Brasil). 
Através da análise comparativa das espécies C. angulata e C. gigas verificou-
se que o desenvolvimento embrio-larvar da espécie C. angulata foi mais sensível 
a alterações de salinidade, temperatura e de arsénio (As) quando comparado 
com a espécie C. gigas. No estádio juvenil, foram também identificadas 
diferenças na performance de cada espécie aos efeitos da acidificação da água, 
tanto ao nível da resposta ao stresse oxidativo como ao nível de alterações no 
proteoma. Neste estádio de vida, os dados obtidos sugerem que a espécie C. 
angulata apresenta mecanismos que conferem maior plasticidade fenotípica em 
resposta a alterações do meio, que poderão conferir maior capacidade de 
resposta à acidificação do meio marinho. Contrariamente aos juvenis, os 
espécimes adultos de ambas as espécies apresentaram menor grau de resposta 
ao stresse oxidativo quando expostos aos mesmos stressores. Não obstante 
verificou-se que a capacidade de biomineralização foi potencialmente afetada 
nestes indivíduos quando expostos à acidificação. De um modo geral, os dados 
obtidos referentes aos juvenis e adultos sugerem que ambas as espécies 
apresentam capacidade para sobreviver à acidificação do meio aquático, 
embora através de mecanismos que acarretam custos energéticos assim como 
de capacidade de calcificação que poderão vir a ter impactos ao nível das 
populações. O estudo da resposta a alterações de salinidade revelou alterações 
relevantes ao nível metabólico, do stresse oxidativo e das reservas energéticas 
de espécimes adultos de C. angulata e C. gigas, sem diferenças a assinalar 
entre espécies. No compto geral, os dados obtidos para as espécies C. angulata 
e C. gigas sugerem que a fase de vida embrio-larval representa o estádio 
durante o qual as vantagens competitivas entre espécies são mais evidentes, 
sendo que durante este estádio de vida, populações da espécie C. angulata 
poderão vir a sofrer maiores impactos induzidos por alterações de salinidade, 
temperatura e contaminação por As, resultando na limitação do recrutamento de 
C. angulata a intervalos mais estreitos de condições abióticas. 
 

  

 



 

 
 

 

Através da análise comparativa das espécies C. brasiliana e C. gigas no Brasil, 
verificou-se que cada stressor (acidificação e aumento de temperatura) induziu 
diferentes estratégias de resposta por parte de cada espécie. As diferenças 
observadas foram mais evidentes nos juvenis, para os quais a espécie C. gigas 
apresentou melhor condição fisiológica em resposta à acidificação, enquanto a 
espécie C. brasiliana demonstrou melhor performance bioquímica em resposta 
ao aumento de temperatura. Espécimes adultos de ambos os taxa apresentaram 
menor susceptibilidade aos stressores testados, apesar de demonstrarem 
estratégias de resposta semelhantes à dos juvenis. No compto geral, verificou-
se que ambas as espécies possuem mecanismos de resposta aos stressores 
investigados, embora os dados obtidos sugerem que a duração e intensidade 
dos fenómenos extremos de stresse abiótico terão uma influência fulcral na 
performance das espécies estudadas. 
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Abstract 

 
Oysters are a diverse group of marine bivalves that present major ecological and 
socio-economic importance in coastal ecosystems worldwide. However, oyster 
species are becoming increasingly threatened by climate change related 
stressors (e.g. seawater acidification, salinity shifts and temperature rise) as well 
as anthropogenic pollution (e.g. arsenic). Therefore, it is important to increase 
the baseline knowledge on the stress response capacity of different oyster 
species towards environmental stress, in order to help predict and manage the 
fate of these important biological resources in the context of global change. 
Hence, the aim of the present thesis was to investigate the comparative 
performance of different oyster species under several climate change related 
scenarios, and to project on the future of these species performance in light of 
global change. To achieve this goal, a series of laboratory based experiments 
were performed to simulate scenarios of seawater acidification, salinity shifts and 
temperature rise, as well as the combined exposure to arsenic (As), on different 
oyster species and life stages (embryo-larvae, juveniles and adults), followed by 
the assessment of embryo-larvae development, biochemical performance, and 
proteomic analysis. 
Because different regions of the globe will face different climate change insult, 
this study focused on the comparison of the performance of oysters species from 
populations currently present in temperate (C. angulata, Portugal) and sub-
tropical (C. brasiliana, Brazil) ecoregions, with that of a worldwide distributed 
species (C. gigas), to understand how climate driven stressors may define 
species competitive advantages in a changing environment. 
Comparative performance of C. angulata and C. gigas, revealed that each 
stressor (seawater acidification, salinity and As exposures) induced similar stress 
response mechanisms in each species, although with differentiated capacities. 
Differences between species were more evident at the embryo-larvae stage, for 
which C. angulata was clearly more sensitive to changes in ambient salinity, 
temperature and As than C. gigas. At the juvenile life stage, differences in each 
species stress response signatures were revealed considering both oxidative 
stress response capacity and alterations at the proteome level. At this life stage, 
proteomic data suggested higher phenotypic plasticity of C. angulata in response 
to the investigated scenarios, thus likely attributing higher response capacity to 
seawater acidification in this species. In contrast to juveniles, adult C. angulata 
and C. gigas were less responsive to seawater acidification and As exposure, 
despite that data indicated that biomineralization capacity was impaired. As a 
corollary, data on juvenile and adults suggested that both C. gigas and C. 
angulata presented capacity to tolerate seawater acidification scenarios, despite 
that the stress response mechanisms involved present associated energetic and 
biomineralization costs that may have repercutions at the population levels. On 
the other hand, salinity showed to markedly influence oysters oxidative, 
metabolic and energetic status, with C. angulata likely presenting higher capacity 
to sustain osmotic stress. Hence, early development stages might represent the 
bottleneck that may define species competitive advantages towards one another. 
Comparative performance of C. brasiliana and C. gigas (Brazil), revealed that 
each stressor (seawater acidification and temperature) induced different stress 
response strategies in each species. Differences between species were more 
evident at the juvenile stage, for which C. gigas presented higher capacity to 
sustain acidification than C. brasiliana. On the contrary, C. brasiliana presented 
better physiological fitness and oxidative status under thermal stress than C. 
gigas. Adult oysters were less susceptible to tested scenarios in both species, 
despite presenting overall similar response patterns than juveniles. The present 
data suggest that C. brasiliana is more tolerant to thermal stress than C. gigas, 
but in turn may be more sensitive to seawater acidification. Generally, both 
species presented stress response mechanisms that enabled for survival 
towards the tested stressors, however data obtained suggests that the time of 
duration and the intensity of climate change related phenomena such as 
seawater acidification and thermal stress, will have a crucial influence on both 
species performance.  
 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

i 
 

Table of contents 

1 INTRODUCTION ....................................................................... 1 

1.1 Scope .................................................................................................... 3 

1.2 Oyster species ...................................................................................... 4 

1.2.1 Crassostrea angulata (Lamarck, 1819) .................................................... 4 

1.2.2 Crassostrea gigas (Thunberg, 1793) ....................................................... 4 

1.2.3 Crassostrea brasiliana (Lamarck, 1819) .................................................. 5 

1.3 Environmental stressors affecting oysters performance ........................ 6 

1.3.1 Climate change related factors ................................................................ 6 

1.3.2 Pollutants ................................................................................................. 8 

1.4 Oyster response to environmental stress .............................................. 9 

1.4.1 Embryo-larvae development .................................................................... 9 

1.4.2 Biochemical response ............................................................................ 10 

1.4.3 Proteomics ............................................................................................ 12 

1.5 Aims of the present thesis ................................................................... 13 

2 MATERIAL & METHODS ........................................................ 15 

2.1 Study organisms ................................................................................. 17 

2.2 Experimental assays ........................................................................... 18 

2.2.1 Crassostrea angulata and Crassostrea gigas (Portugal) ........................ 18 

2.2.2 Crassostrea brasiliana and Crassostrea gigas (Brazil) ........................... 26 

2.3 Biochemical analysis ........................................................................... 29 

2.3.1 Antioxidant and biotransformation enzymes .......................................... 29 

2.3.2 Redox status.......................................................................................... 30 

2.3.3 Membrane damage................................................................................ 30 

2.3.4 Metabolic and energy related biomarkers .............................................. 30 

2.3.5 Biomineralization capacity ..................................................................... 31 

2.3.6 Protein content ...................................................................................... 31 

2.4 Proteomic analysis .............................................................................. 32 

2.4.1 Protein extract preparation for proteomic analysis ................................. 32 

2.4.2 Two-dimensional gel electrophoresis ..................................................... 32 

2.4.3 Protein identification by mass spectrometry ........................................... 33 

2.5 Elements quantification ....................................................................... 33 

2.5.1 Trace element quantification in embryos ................................................ 33 

2.5.2 Arsenic quantification in juveniles .......................................................... 34 

2.5.3 Arsenic quantification in adults .............................................................. 34 



 

ii 
 

2.6 Data analysis ....................................................................................... 34 

2.6.1 Embryo-larval development ................................................................... 34 

2.6.2 Biochemical markers ............................................................................. 35 

2.6.3 Proteomic data analysis ......................................................................... 36 

2.6.4 Arsenic quantification ............................................................................. 36 

3 RESULTS & DISCUSSION ..................................................... 37 

3.1 Crassostrea angulata and Crassostrea gigas (Portugal) ..................... 39 

3.1.1 Embryo-larvae ....................................................................................... 39 

3.1.2 Juveniles ............................................................................................... 50 

3.1.3 Adults .................................................................................................... 71 

3.2 Crassostrea brasiliana and Crassostrea gigas (Brazil)........................ 88 

3.2.1 Juveniles ............................................................................................... 88 

3.2.2 Adults .................................................................................................... 99 

4 CONCLUDING REMARKS .................................................... 109 

4.1 Crassostrea angulata and Crassostrea gigas (Portugal) ................... 111 

4.1.1 Embryo-larvae ..................................................................................... 111 

4.1.2 Juveniles ............................................................................................. 112 

4.1.3 Adults .................................................................................................. 113 

4.2 Crassostrea brasiliana and Crassostrea gigas (Brazil)...................... 114 

4.2.1 Juveniles and adults ............................................................................ 114 

5 SUPPLEMENTARY DATA .................................................... 117 

6 REFERENCES ...................................................................... 121 

 

 

 

 

 

 

 

 

 

 

 

  

 

  



 

iii 
 

Table of Figures  

Figure 1 - Embryo-larvae types observed in Crassostrea angulata and C. gigas. ..................... 20 

Figure 2 - Crassostrea angulata embryo-larvae development under varying salinity and 

temperature. ................................................................................................................................ 39 

Figure 3 – Arsenic embryotoxicity under different combinations of salinity and temperature to C. 

angulata. ...................................................................................................................................... 42 

Figure 4 - C. gigas embryo-larvae development under varying salinity and temperature. ......... 44 

Figure 5 - Arsenic embryotoxicity under different combinations of salinity and temperature to C. 

gigas. ........................................................................................................................................... 46 

Figure 6 – Biochemical parameters studied in juvenile C. angulata exposed to CTL (control), As, 

Low pH and Low pH+As. ............................................................................................................. 51 

Figure 7 – 2DE protein map of identified proteins in juvenile C. angulata exposed to different pH 

levels. .......................................................................................................................................... 54 

Figure 8 – Biochemical parameters studied in juvenile C. gigas exposed to As, Low pH, Low 

pH+As. ......................................................................................................................................... 62 

Figure 9 - 2DE protein map of identified proteins in juvenile C. gigas exposed to As, Low pH and 

Low pH+As. ................................................................................................................................. 65 

Figure 10 – Biochemical parameters studied in adult C. angulata exposed to CTL (control) As, 

Low pH and Low pH+As. ............................................................................................................. 72 

Figure 11 – Biochemical parameters studied in adult C. angulata exposed to salinities 10, 20, 30 

and 40 in the presence or absence of As. ................................................................................... 76 

Figure 12 – Biochemical parameters studied in adult C. gigas exposed to As, Low pH and Low 

pH+As. ......................................................................................................................................... 80 

Figure 13 – Biochemical parameters studied in adult C. gigas exposed to salinities 10, 20, 30 and 

40 in the presence or absence of As. .......................................................................................... 84 

Figure 14 – Biochemical parameters in juvenile C. brasiliana exposed to seawater acidification.

 ..................................................................................................................................................... 89 

Figure 15 – Biochemical parameters studied in juvenile C. brasiliana exposed to thermal stress.

 ..................................................................................................................................................... 91 

Figure 16 – Biochemical parameters in juvenile C. gigas exposed to seawater acidification. .... 93 

Figure 17 – Biochemical parameters studied in juvenile C. gigas exposed to thermal stress. ... 96 

Figure 18 – Biochemical parameters in adult C. brasiliana exposed to seawater acidification. . 99 

Figure 19 – Biochemical parameters studied in adult C. brasiliana exposed to thermal stress.

 ................................................................................................................................................... 101 

Figure 20 – Biochemical parameters in adult C. gigas exposed to seawater acidification. ...... 103 

Figure 21 – Biochemical parameters studied in adult C. gigas exposed to thermal stress. ..... 105 



 

iv 
 

List of publications 

Part of the results and figures presented in this thesis are published under the following 

references: 

 

Moreira, A., Figueira, E., Soares, A.M.V.M., Freitas, R., 2016. The effects of arsenic and 
seawater acidification on antioxidant and biomineralization responses in two closely 
related Crassostrea species. Science of The Total Environment. 545–546, 569–581. 
doi.org/10.1016/j.scitotenv.2015.12.029 

 
Moreira, A., Figueira, E., Soares, A.M.V.M., Freitas, R., 2016. Salinity influences the 
biochemical response of Crassostrea angulata to Arsenic. Environmental Pollution. 214, 
756–766. doi.org/10.1016/j.envpol.2016.04.036 

 
Moreira, A., Figueira, E., Pecora, I.L., Soares, A.M.V.M., Freitas, R., 2017. Biochemical 
alterations in native and exotic oyster species in Brazil in response to increasing 
temperature. Comparative Biochemistry and Physiology Part C: Toxicology & 
Pharmacology. 191, 183–193. doi.org/10.1016/j.cbpc.2016.10.008 
 
Moreira, A., Figueira, E., Pecora, I.L., Soares, A.M.V.M., Freitas, R., 2018. Native and 
exotic oysters in Brazil: Comparative tolerance to hypercapnia. Environmental Research. 
161, 202–211. doi.org/10.1016/j.envres.2017.10.035 

 

Moreira, A., Figueira, E., Libralato, G., Soares, A.M.V.M., Guida, M., Freitas, R., 2018. 
Comparative sensitivity of Crassostrea angulata and Crassostrea gigas embryo-larval 
development to As under varying salinity and temperature. Marine Environmental 
Research. 140, 135–144. doi.org/10.1016/j.marenvres.2018.06.003 

 

Moreira, A., Figueira ,E., Mestre, N., Schrama, D., Soares, A.M.V.M, Freitas, R., 
Bebianno, M.J., 2018. Impacts of the combined exposure to Seawater Acidification and 
Arsenic on the proteome of Crassostrea angulata and Crassostrea gigas. Aquatic 
Toxicology. 203, 117–129. doi.org/10.1016/j.aquatox.2018.07.021 
 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 INTRODUCTION 

 

 

 

 

 

 

 

 

  



 

2 
 

 

 



INTRODUCTION 

3 
 

1.1 Scope 

For centuries, oyster reefs formed the dominant structural habitat in temperate estuarine 

systems of the world. Such biogenic structures are formed by one or few oyster species, that 

provide the structure for entire ecosystems (Beck et al., 2009). The ecosystem services that 

oyster reefs provide are broad, but the most important include habitat structure for commercially 

important fish species and water quality improvement (Coen et al., 2007; Grabowski et al., 2012), 

but also shoreline defence against coastal erosion (Ridge et al., 2017) and carbon dioxide source 

and storage (Fodrie et al., 2017). However, these ecosystems are globally threatened, and the 

majority classified as functionally extinct (Beck et al., 2011). 

Factors that influence the loss of important oyster reefs around the globe include 

overexploitation and habitat degradation (Cranfield et al., 1999; Leniham & Peterson, 1998), 

pollution (Ruano, 1997), non-native species introduction (Miossec et al., 2009; Ruesink et al., 

2005), and disease outbreaks (e.g. Comps et al., 1988; Virvilis & Angelidis, 2006). In addition, 

predictions for the upcoming decades regarding the threats of climate change related phenomena 

such as temperature rise, seawater acidification and salinity regime alterations will further 

challenge oyster species survival worldwide (Brander, 2007; Dekshenieks et al., 2000; Hoehg-

Guldberg & Bruno, 2010; Knight, 2017; Levinton et al., 2011). Understanding the factors that will 

influence oyster species tolerance towards environmental change will increase the baseline 

knowledge that may enable to protect and manage this important biological resource. 

As sessile organisms primarily inhabiting estuarine ecosystems, oysters are highly adapted 

to daily and seasonal fluctuations of abiotic parameters (e.g. temperature, salinity, CO2, O2, aerial 

exposure, contaminants) characteristic of these dynamic environments (reviewed by Zhang et al., 

2016). However, different oyster species hold different ecophysiological traits that resulted from 

adaptive divergence to specific ecological niches (Ren et al., 2010). Thus, the environmental 

tolerance range of each species will define competitive advantages between species in a 

changing environment. 

Cupped oysters of the genus Crassostrea include several species that together represent 

one of the most important shellfish cultured at the global level (FAO, 2015). The Portuguese 

oyster (C. angulata), the Pacific oyster (C. gigas) and the Mangrove oyster (C. brasiliana sin. C. 

gasar, Lazoski et al., 2011) are among the species that most contribute for global oyster 

aquaculture landings, exceeding 5.5 million tons per annum, approximately 35% of total mollusc 

aquaculture (Bayne, 2017). 
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1.2 Oyster species 

1.2.1 Crassostrea angulata (Lamarck, 1819) 

Crassostrea angulata, commonly known as the Portuguese oyster, was first thought to be 

native to the northeast Atlantic, before mitochondrial and nuclear DNA analysis concluded this 

species originated from Asia, and had been accidentally introduced in Portugal (Europe) via 

merchant ships during the 15th century (Foighil et al., 1998; Grade et al., 2016; Huvet, 2004). The 

expansion of the geographical distribution of the Portuguese oyster in Europe was strengthened 

during the late 19th century, when C. angulata was intentionally exported to France from 

productive oyster beds in the Tagus estuary (Portugal) to replace the native oyster (Ostrea edulis) 

(Héral, 1989). Few decades later C. angulata was the most productive species in Europe, when 

landings reached ca. 100 000 tons (Batista et al., 2015). However, massive disease epidemics, 

pushed the species European population to the break of extinction during the late 1960s, which 

coincided with the introduction of the Pacific oyster (C. gigas) to sustain growing demand (Comps 

et al., 1988). 

At present, the geographical distribution of C. angulata in Europe is limited to the Iberian 

Peninsula (Buestel et al., 2009; Batista et al. 2015), where the most pristine population naturally 

occurs in the Sado estuary (Portugal). Fabioux et al. (2002) also reported the existence of C. 

angulata populations in Northern Africa. Most recently, Hsiao et al. (2016) showed that natural 

and cultuvated (marine farms) oyster populations in Taiwan and in the southern coast of China, 

previously thought to be C. gigas, were in fact C. angulata. These authors highlighted the need 

to protect this species genetic patrimony considering the eminent threat of environmental change, 

and suggested that C. angulata populations in this region should be most adapted to warmer 

waters than its closely related congener 

C. angulata is considered to be a good model organism to study the effects of several 

stressors, a factor that has inclusively led researchers to sequence this species genome (Cross 

et al., 2014), to study the effects of climate change related stressors (Thiyagarajan & Ko, 2012), 

and of pollutants exposure (Macías-Mayorga et al., 2015; Zhang et al., 2013). 

 

1.2.2 Crassostrea gigas (Thunberg, 1793) 

The Pacific oyster C. gigas is native to coastal waters of Japan, but its current geographical 

distribution is widespread throughout the globe, mainly due to intentional introductions for 

aquaculture purposes (Padilla, 2010). The fast growth rate and ability to thrive under a wide range 

of environmental conditions have made this species preferential choice for worldwide cultivation 

(Guo, 2009). However, the same biological characteristics that confer this species with high 

aquaculture interest (high growth rates, adaptability, tolerance to physiological stress and high 

fertility), also enable for its establishment and posterior expansion into new environments, and 

consequent dominance over native species (Diederich et al., 2005; Mckindsey, 2007; Reise et 

al., 2017). The potential invasive nature of this species has therefore been topic of concern, by 
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either introducing pathogenic agents and consequent mortality events (Ruesink et al., 2005; 

McKindsey, 2007) or by outcompeting native oyster species (Krassoi et al., 2008). 

High socio economic importance, ease of availability and other general characteristics 

common to bivalve molluscs (e.g. sessile, filter feeding), have led to the extensive study of the 

Pacific oyster, that include standard toxicity assessments, as well as the study of the combination 

of several abiotic factors in both early life stages and adults (e.g. Gagnaire et al., 2006; His et al., 

1999; Zanette et al., 2011). Furthermore, C. gigas was the first mollusc species whose genome 

was entirely sequenced (Zhang et al., 2012), which in turn prompted the use of this species as 

model organism on the study of environmental resilience (e.g. Applebaum et al., 2014; Meng et 

al., 2013; Timmins-Schiffman et al., 2014; Zhang et al., 2015b, among others). 

 

1.2.3 Crassostrea brasiliana (Lamarck, 1819) 

The Mangrove oyster C. brasiliana (sin. C. gasar, Lazoski et al., 2011), is the most 

important native oyster species in Brazilian coastal waters, and is mainly extracted from the 

natural environment (Gomes et al., 2014; Lazoski et al., 2011; Neto et al., 2013). This species 

occurs from the northeast state of Pará to the southeast state of Santa Catarina, in rocky subtracts 

and attached to mangrove roots along the Brazilian coastline (Amaral & Simone, 2014). The most 

productive C. brasiliana natural banks are located in the southern coast of Brazil, in the Cananéia 

lagoon estuarine system (Galvão et al., 2013; Ristori et al., 2007), which is internationally 

recognized as one of the most productive ecosystems of the southern Atlantic, declared Natural 

Heritage Site for knowledge and conservation of human values in 1999, and included in the 

Atlantic Forest Biosphere by UNESCO in 2005. In this mangrove dominated ecosystem, C. 

brasiliana is one of the main fishery resources for the local communities, with high socio economic 

importance (Mendonça & Machado, 2010). The introduction of a non-native species (C. gigas) in 

the southern state of Santa Catarina (Brazil) (Melo et al., 2010) may threaten the native C. 

brasiliana given its potential to become invasive, as proven in several countries (e.g. Reise et al., 

2017; Ruesink et al., 2005). 

Several studies have considered the use of C. brasiliana as model organism to study 

environmental stress, including the assessment of biochemical markers in contaminated sites 

(Zanette et al., 2006), the impacts of xenobiotics on oysters transcriptome (Lüchmann et al., 

2015), and the interactions of environmental salinity on oysters response to pollutants (Zhacci et 

al., 2017). 
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1.3 Environmental stressors affecting oysters performance  

1.3.1 Climate change related factors 

Climate change associated phenomena are considered major threats to coastal waters and 

low-lying areas of the world (e.g. estuaries, salt marshes, bays, mangroves), that are considered 

to be the most vulnerable marine ecosystems (Harley et al., 2006; Hoegh-Guldberg & Bruno, 

2010). It is therefore expected that oyster species will become increasingly challenged under the 

eminence of climate change. The most important climate change related drivers that may affect 

oysters biological performance include seawater acidification, salinity alterations and temperature 

rise (Ko et al., 2014; Parker et al., 2010; Talmage & Gobler, 2011; Thiyagarajan & Ko, 2012). 

 

Seawater acidification 

The uptake of carbon dioxide (CO2) by the world ocean surface waters is altering global 

seawater chemistry. Dissolution of CO2 in seawater leads to a net increase of carbonic acid 

(H2CO3), hydrogen (H+) and bicarbonate (HCO3
-) ions concentrations, thus increasing seawater 

acidity (pH= -log [H+]). These reactions are followed by a decrease of carbonate ion (CO3
2-) 

concentration and lower saturation states of aragonite (ΩAr) and calcite (ΩCa). In short, this 

physico-chemical phenomenon is known as ocean acidification (OA) (Fabry et al., 2008). The 

International Panel on Climate Change (IPCC) forecasts pCO2 levels in surface oceanic waters 

to reach between 490 and 1370 µatm (0.06 to 0.32 pH unit drop), depending on the atmospheric 

emission scenario (IPCC, 2014), while other authors refer that pH in the ocean will decrease up 

to 0.5 units by year 2100 (Caldeira & Wickett, 2003; Raven et al., 2005). The impacts of OA are 

expected to be amplified in low lying marine ecosystems (estuaries, bays, mangroves), where 

daily and seasonal pH and pCO2 fluctuations are common features (Miller et al., 2009; Tomanek 

et al., 2011), where higher amplitude of pH fluctuations (Ringwood & Keppler, 2002) and 

potentially higher CO2 levels (e.g. ca. 4000 µatm pCO2) (Melzner et al., 2013) are expected to be 

exacerbated by OA. 

Because OA may affect the capacity of calcifying organisms to produce and maintain shell 

or skeleton integrity (Feely et al., 2009), extensive research on the impacts of OA on marine 

bivalves have been published. Alterations in calcification, shell and skeleton dissolution rates, 

metabolic shifts and larvae survival are among the most prevailing effects observed in bivalves 

exposed to OA (reviewed by Gazeau et al., 2013; Parker et al., 2013). Concerning oysters, so far 

studies showed a great variability on the effects of OA to different species and life stages, namely 

considering the calcification properties and shell deposition mechanisms, that also depend on 

ambient pCO2 (Amaral et al., 2012; Beniash et al., 2010; Dickinson et al., 2012; Ries et al., 2009; 

Talmage & Gobler, 2011). Adding to effects on calcification dynamics, other studies evidenced 

alterations in oxidative stress status and basal metabolic costs in different oyster species, namely 

in Crassostrea virginica (Beniash et al., 2010; Tomanek et al., 2011), and C. gigas (Wang et al., 

2016). 
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Salinity shifts 

Global warming is causing alterations in global atmospheric circulation and precipitation 

patterns (IPCC, 2014), as well as increased freshwater input into the marine environment by 

melting ice sheets, glaciers and ice caps (Philippart et al., 2011; Raper & Braithwaite, 2006). Such 

alterations in planetary hydrological cycle inevitably affects salinity regimes at global and regional 

scales, with particular impacts to coastal ecosystems (Antonov, 2002; Boyer et al., 2005; IPCC, 

2014). The global pattern of salinity shifts indicates that at tropical and sub-tropical latitudes, 

surface seawater is getting saltier, whereas at higher latitudes seawater is becoming fresher 

(reviewed by Aretxabaleta et al., 2017). 

Salinity is the major environmental factor limiting species survival, richness, biomass and 

distribution within estuarine systems (Gosling, 2008; Telesh & Khlebovich, 2010). It is likely that 

climate change induced changes in salinity patterns may affect oyster species performance, 

including the interactive effects with other stressors (e.g. Schiedek et al., 2007; Zanette et al., 

2011). Oysters are osmoconformers, with no ability to osmoregulate the extracellular fluid. Hence, 

to maintain isosmotic balance, oysters regulate cell volume by accumulating or releasing organic 

osmolytes (e.g. taurine, betaine) in response to changing salinity. Salinity fluctuations may 

therefore result in energetically costly processes to maintain isosmotic balance (Eierman & Hare, 

2014), thus altering the delicate balance between metabolic performance, oxidative stress and 

energetic fitness that define organisms acclimation capacity (reviewed by Rivera-Ingraham & 

Lignot, 2017). Accordingly, recent studies have shown the influence of salinity on oyster species 

metabolic, oxidative stress and energetic fitness (Fuhrmann et al., 2018; Sokolov & Sokolova, 

2018).  

 

Temperature rise 

Rising anthropogenic greenhouse gas (e.g. CO2) emissions have proven to lead to 

unprecedented oscillations in temperature regimes in several terrestrial and marine ecosystems 

(Greco et al., 2011; IPCC, 2014). Projections for temperature rise by the end of the 21st century 

of between 2 and 4 ºC (Hansen et al. 2013; IPCC, 2014) and 2.4 to 6.4 ºC (Smith et al. 2009), 

are of particular concern regarding the impacts on aquatic ecosystems biodiversity and functions 

(Brierley & Kingsford, 2009; Doney et al., 2012). Temperature is considered to be the key factor 

determining zoogeographical patterns, with intertidal ecosystems showing to be particularly 

susceptible to pronounced and rapid changes (Somero, 2012). Additionally, organisms inhabiting 

tropical or sub-tropical ecoregions are expected to be more susceptible to temperature rise, 

mainly because they live closer to their upper-thermal tolerance limit (Tewksbury et al., 2008). 

Studies have pointed out several biological consequences of global/regional temperature 

rise in marine invertebrate species, such as changes in reproduction timing and success (Byrne 

et al., 2012 and references therein), growth (Talmage et al., 2011), mortality (Garrabou et al., 

2009) and shifts in species geographical distribution (Cheung et al., 2009; Somero, 2012). 

Generally, temperature rise causes a decrement in organisms biological performance, that is 

tightly linked to aerobic scope (the increase in oxygen consumption rate from resting to maximal) 
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(Pörtner & Farrell, 2008). In ectothermic metazoans such as oysters, any substantial deviation 

from the optimum environmental temperature induces the disappearance of aerobic scope, and 

the onset of partial anaerobiosis, as the organisms performance decays due to a limited capacity 

for oxygen supply. Shifts in metabolic strategies have implications in energetic fitness and 

defence mechanisms modulation, that have been integrated in what is called the oxygen- and 

capacity-limited thermal tolerance concept (Sokolova et al., 2012, and references therein). 

Importantly, differences in oyster species performance in response to thermal stress have been 

demonstrated, in what regards to metabolic modulation capacity, energetic trade-offs and 

oxidative stress response (Li et al., 2017), with likely implications at the population levels under 

the eminent threat of temperature rise. 

 

1.3.2 Pollutants 

In addition to physico-chemical stressors associated to estuaries (e.g. salinity, temperature 

and pH), these ecosystems are also characterized by anthropogenic pollution, that include 

inorganic contaminants such as metals and metalloids (Riba et al., 2004; Schropp et al., 1990). 

Although most research on the impacts of environmental changes has focused on the study of 

single stressors, such as the effects of salinity, or acidification (e.g. Hamer et al., 2008; Parker et 

al., 2012), the need to study the interactive effects between natural stressors and contaminants 

toxicity has been highlighted (Noyes et al., 2009). 

Climate change associated phenomena may alter pollutants geochemical cycles, through 

changes in atmospheric circulation and precipitation patterns (Bromirski et al., 2003; Pisias et al., 

2001), that can increase pollutant input (Harley et al., 2006; Robins et al., 2016), thus increasing 

their bioavailability. Changes in seawater chemistry (e.g. pH) can alter contaminants’ chemical 

speciation, thus potentially altering their toxicity (Sharma & Sohn, 2009). Moreover, alterations in 

organisms physiological status from changes in seawater physico-chemical characteristics, can 

also affect oysters stress response capacity to pollutant exposure (Zacchi et al., 2017; Zanette et 

al., 2011). 

Examples of recent studies on the effects of multiple stressors include the assessment of 

the effects of pharmaceutical drugs at different seawater acidification levels (Freitas et al., 2016a), 

combined effects of metal/metalloid pollution and ocean acidification (Ivanina & Sokolova, 2013), 

and interactive effects of metals and temperature (Sokolova & Lannig, 2008), interactive effects 

of seawater acidification, temperature and metals (Nardi et al., 2017), changes in seawater salinity 

and its combined effects with contaminants on aquatic organisms performance (Freitas et al. 

2016b; Wu et al., 2013). 

Arsenic (As), is one of the most widely distributed pollutants, and is highly mobile in nature 

(Mandal & Suzuki, 2002). Anthropogenic activities (e.g. mining, agricultural pesticides, coal 

burning) have been increasing environmental As concentrations worldwide (Leermakers et al., 

2006), raising public concern due to its high toxicity and carcinogenic properties (Aposhian et al., 

2004). In the marine environment, in both seawater and sediment (Fattorini et al., 2006; Neff, 
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1997), As occurs mainly in its inorganic and more toxic forms (arsenite and arsenate) (Fattorini & 

Regoli, 2004). Arsenic induced toxicity can be generally attributed to alterations in cellular 

homeostatic imbalance between prooxidant and antioxidant status, leading to oxidative stress 

(Samuel et al., 2005). Although oysters are capable of biotransforming inorganic arsenicals into 

less toxic organic forms (Zhang et al., 2015a) the effects induced by this metalloid can be affected 

by environmental seawater characteristics. Such has been shown in Ruditapes philippinarum 

clams under different salinities (Velez et al., 2016) and Mytilus galloprovincialis mussels (Coppola 

et al., 2018). 

 

1.4 Oyster response to environmental stress 

1.4.1 Embryo-larvae development 

Several groups of marine invertebrates such as oysters, present early free-living benthic 

(at a very early stage after fertilisation) and planktonic life stages (Pechenik, 1999). During the 

early life stages, larvae sensitivity to environmental stressors is generally higher than juveniles 

and adults (Beiras and His, 1994; His et al., 1999; Przeslawski et al., 2008). Impacts on these 

stages can impair the recruitment of adult populations, and thus endanger the populations survival 

(Byrne et al., 2012). 

Under the eminent threat of global climate change, the ability of marine species early life 

stages to cope with a multitude of environmental stressors will condition species survival and 

ecosystem functioning (Byrne et al., 2011). Changes in abiotic factors such as salinity and 

temperature can directly influence the development of marine invertebrates early life stages 

(Carbalheira et al., 2011; Verween et al., 2007), and can also affect the sensitivity of these stages 

to pollutants (Coglianese, 1982; His et al. 1999; His et al., 1989). 

In oysters species of the Crassostrea genus, early free-living life stages include gametes, 

embryos and larvae (Kasyanov et al., 1998). The early development of C. gigas embryos into 

straight hinged larvae (D-shape) is a process of intense cellular activity, during which any 

impairment within a series of biochemical and physiological mechanisms can result in malformed 

larvae (Leverett & Thain, 2013). Due to the cost effectiveness of C. gigas in vitro fertilization, 

ecological relevance and high sensitivity of embryos to common contaminants (Beiras & His, 

1994), several embryotoxicity protocols have been developed: Thain (1991), USEPA (1996), His 

et al. (1997), ASTM (2004), and ISO (2015). Further applications include sediment quality 

assessment (Geffard et al., 2001; Ghirardini et al., 2005; Libralato et al., 2008), wastewater 

toxicity (Libralato et al., 2010; Mamindy-Pajany et al., 2010), emergent pollutant screening (Fabbri 

et al., 2014) and climate change stressors (Gamain et al., 2016). 
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1.4.2 Biochemical response 

The use of enzymatic and non-enzymatic biomarkers as indicators of organisms response 

to environmental stress have been extensively used, namely through the assessment of oxidative 

stress status of organisms exposed to pollutants (Monserrat et al., 2007, Regoli & Giuliana, 2014), 

and most recently to climate change related factors (Matozzo et al., 2013; Velez et al., 2016) 

including in oysters (Matoo et al., 2013). Oxidative stress is an inevitable consequence of aerobic 

life, because reactive oxygen species (ROS) are constantly generated as byproducts of aerobic 

metabolism (Davies, 2000). The most important ROS generated during cellular metabolism are 

singlet oxygen (1O2), superoxide anion (O2
-), hydrogen peroxide (H2O2) and hydroxyl radical (OH•) 

(Regoli & Giuliana, 2014), which can readily interact with macromolecules (lipids, protein and 

DNA) and thus impair critical cellular processes (Livingstone, 2003). Organisms have developed 

adequate antioxidant mechanisms to protect cells from oxidative injury. The onset of oxidative 

stress is generally described as an imbalance between ROS production rates and the antioxidant 

defense system (reviewed in Metcalfe & Alonso‐Alvarez, 2010). 

The antioxidant system comprises a complex network of several antioxidant scavengers 

that enable cells for aerobic respiration, avoiding the toxic effects of ROS. These include 

enzymatic and non-enzymatic scavengers. Antioxidant enzymes have been widely used as 

biomarkers of environmental stress in bivalve species from a wide range of stressors including 

the exposure to xenobiotics (e.g. Freitas et al., 2014; Regoli et al., 1997), climate change related 

stressors (e.g. Matoo et al., 2013; Matozzo et al., 2013), as well as to the combined effects of 

both xenobiotics and climate change parameters (e.g. Moreira et al., 2016; Verlecar et al., 2007). 

Because organisms hold the capacity to modulate the activity of antioxidant enzymes in response 

to stress related enhanced ROS formation to prevent oxidative damage, the measurement of 

antioxidant enzymes (e.g. superoxide dismutase and catalase) activity give indications on the 

oxidative challenge organisms are subjected under a given scenario (Valavanidis et al., 2006). 

Among non-enzymatic antioxidants, glutathione is the most abundant ROS scavenger that 

plays a central role in cellular redox status maintenance and oxidative stress repair (Rahman, 

2007). Reduced glutathione (GSH) serves as electron donor in numerous reductive processes, 

either directly reducing oxidized molecules, or indirectly as cofactor of several 

antioxidant/biotransformation enzymes (e.g. Glutathione S-transferases, Glutathione 

peroxidase). The ratio of reduced (GSH) to oxidized (GSSG) glutathione gives a measure of the 

oxidative stress status of a given organism. 

The onset of oxidative damage occurs when the antioxidant system is insufficient or 

impaired, leading to the reaction of ROS with membrane lipids. This is one of the most important 

mechanisms of cellular injury, that involves a cascade of oxidation reactions generally termed 

lipid peroxidation (Halliwell & Gutterige, 1999). Aldehydes such as malonaldehyde (MDA) are 

among the most important degradation products of the lipid peroxidation chain reaction, and 

therefore MDA concentration has been used as a measure of cellular membrane peroxidation 
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resulting from oxidative stress in aquatic organisms including oysters (Amiard-Triquet et al., 2016; 

Géret et al., 2002; Zanette et al., 2011). 

Recent studies have also highlighted the importance of metabolic modulation and energetic 

fitness in marine invertebrates stress response (Rivera-Ingraham & Lignot, 2017; Sokolova, 2013; 

Tomanek, 2015). For instance, alterations in mitochondria respiration capacity and electron 

transport flow through the electron transport chain to modulate ROS production (Harms et al., 

2014; Gibbin et al., 2017), and such alterations may be induced as a defence mechanism to 

prevent ROS mediated damage (Abele et al., 2007; Tomanek, 2015). In line with these notions, 

metabolic status and energetic fitness have been proposed as important biomarkers to assess 

environmental stress (Sokolova et al., 2012). Accordingly, biomarkers related to metabolism, such 

as the electron transport system (ETS) activity, has successfully been used as a measure of 

metabolic potential in different organisms (Berridge et al., 2005), including the assessment of the 

effects of environmental factors such as anoxia, temperature, salinity and pollutants in oyster 

species (García-Esquivel et al., 2001; Le Moullac et al., 2007; Samain & McCombie, 2008). 

Because the energetic fitness dictates the available energy for antioxidant defence and repair 

systems (Sokolova et al., 2012), the study of organisms energetic status has gained importance 

in the field of ecotoxicology and climate change (Rivera-Ingraham & Lignot, 2017). In bivalves, 

glycogen (GLY) is the most important carbohydrate stored in tissues (Beukema, 1997), and can 

be utilised as an energy source to sustain several physiological processes (Deslous-Paoli & Héral, 

1988). Several studies have assessed GLY content as a measure of bivalves physiological 

response to environmental stressors such as salinity shifts, pollutant contamination and high 

pCO2 (Carregosa et al., 2014; Velez et al., 2016). 

Apart from oxidative stress, metabolic and energy related responses, the biomineralization 

capacity is an important feature affecting oyster species, especially considering OA (Gazeau et 

al., 2013). Carbonic anhydrase (CA), an ubiquitous metalloenzyme that plays key roles in a variety 

of physiological mechanisms involving CO2 and HCO3
-, such as osmoregulation, gas exchange, 

nitrogen metabolism and biomineralization (Lionetto et al., 2000, 2006; Monserrat et al., 2007), is 

sensitive to pollutant exposure and has been proposed as biomarker for environmental monitoring 

(Lionetto et al., 2012). This enzyme is especially important in bivalve molluscs, because it 

participates in calcification and biomineralization processes (Gazeau et al., 2013; Le Roy et al., 

2014), and has been identified as one of the most important shell formation enzymes in C. gigas 

(Zhang et al., 2012). In line with these features, CA has been measured as a biomarker for 

biomineralization in oyster species exposed to environmental stress such as OA and hypoxia (e.g. 

Beniash et al., 2010; David et al., 2005; Dickinson et al., 2012). 
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1.4.3 Proteomics 

The term “Proteomics” can be generally defined as the analysis of the protein complement 

of a cell, tissue type or organism, under a specific condition (Yu et al., 2010), including the 

characterization of protein function, as well as the interactions of these proteins with other 

molecules (Bradshaw & Burlingame, 2005). The term proteomics can also be applied in more 

specialized contexts, such as “cell map proteomics” (characterizes all proteins within particular 

organelles to gain insight in cellular architecture and protein function), and “functional proteomics” 

(characterizes proteins in a cell, tissue or organisms that undergo changes in response to a 

specific biological condition) (Smith, 2009). The recent development of Proteomics as a central 

field of biological research has been largely based on advances in high throughput technologies, 

namely two-dimensional gel electrophoresis (2DE), and mass spectrometry (e.g. matrix-assisted 

laser desorption ionization mass, MALDI) (Bradshaw & Burlingame, 2005). Two-dimensional gel 

electrophoresis (2DE) separates proteins from complex samples in two dimensions: molecular 

charge and molecular size. Each protein is therefore resolved at a unique isoelectric 

point/molecular size coordinate, enabling to visualise and measure differential expression of each 

protein with specialized software. Proteins of interest can then be excised from the gel and 

identified by mass spectrometry sequence analysis and database comparison (Smith, 2009). A 

large number of proteins can therefore be analysed simultaneously, providing complex protein 

expression signatures, together with quantitative information on the response of individual 

proteins and the underlying biological functions associated to those proteins (Thompson et al., 

2012). 

Because proteins constitute the organisms biochemical machinery, and thus represent the 

functional processes towards environmental stress, proteomic approaches have been recently 

applied to study the modes of action (MoA) involved in stress adaptation of marine bivalves in 

response to external stimuli (reviewed in Tomanek 2014, 2015). In fact, an extensive body of 

research on oyster species proteomic response to climate change associated stressors, as well 

as to pollutants, have been published (e.g. Harney et al., 2016; Muralidharan et al., 2012; 

Timmins-Schiffman et al., 2014; Tomanek et al., 2011; Zhang et al., 2015b; among others). 

Additionally, due to the high throughput of such approaches, proteomics allows comparisons 

between closely related congeners and discriminate if different environmental stressors induce 

different stress response signatures (Tomanek, 2015). For instance, proteomics has been applied 

to assess closely related Mytilus congeners (Tomanek et al., 2012), and different breeding lines 

of Saccostrea glomerata oysters (Stapp et al., 2017; Thompson et al., 2016) in response to 

different environmental stressors (e.g. thermal, osmotic and hypercapnic stress). 
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1.5 Aims of the present thesis 

In context with the topics outlined in the previous sections, the present thesis aimed to 

answer the following questions: i) How do different oyster species respond to climate change 

related phenomena? ii) How does the combination of climate change and pollutant exposure 

influence oyster species performance? iii) Do different life stages present different susceptibilities 

to these stressors? 

To answer these questions, a series of laboratory based experiments were conducted on 

different oyster species and life stages, to simulate scenarios of seawater acidification, salinity 

shifts, temperature rise, and the combined effects of a model pollutant. The following endpoints 

were selected to infer on species comparative performance: embryo-larval development; 

biomarkers of oxidative stress, biomineralization capacity, metabolic potential and energetic 

fitness; and 2DE-Proteomics. 
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2.1 Study organisms 

Crassostrea angulata specimens were collected in the Sado estuary – Portugal. 

Progenitors for embryo-larvae experiments, and juveniles (2.6-3.8 cm shell height, 1.9-2.3 cm 

shell length) for exposures were provided by an aquaculture facility operating in the Sado estuary, 

Portugal. Adult specimens were collected in natural intertidal banks, where oyster agregations 

grow on top of soft sediment (6.9-7.6 cm shell height, 4.4-5.3 cm shell length). 

Crassostrea gigas progenitors for embryo-larvae experiments were obtained from 

Guernsey Sea Farms (United Kingdom). Juveniles (2.6-3.8 cm shell height, 1.9-2.3 cm shell 

length) were obtained from an aquaculture facility operating in the Sado estuary – Portugal. Adult 

oysters were provided by an aquaculture facility operating in the Ria de Aveiro estuary – Portugal 

(7.2-8.1 cm shell height, 4.5-4.9 cm shell length). 

Crassostrea brasiliana specimens were collected from submerged oyster racks in the 

Cananéia estuary (25°00′29.50″S 48°01′29.35″W) in the Extractive Reserve of the Mandira – 

Brazil. Average shell height of C. brasiliana juveniles was 4.0 ± 0.8 cm, and 7.2 ± 0.4 cm in adults. 

Crassostrea gigas specimens studied in Brazil were provided by the Laboratory of Marine 

Molluscs of the University of Santa Catarina – Brazil. Average shell height of C. gigas juveniles 

was 4.2 ± 0.2 cm, and 7.8 ± 0.3 cm in adults. 

 

Phylogenetic lineage confirmation 

Due to morphological resemblance between oyster species, the phylogenetic lineage of 

each species batch studied (subsamples, n=10) was confirmed, based on mitochondrial 

cytochrome oxidase subunit 1 (COI) gene sequencing and analysis (excluding C. gigas 

progenitors from Guernsey Sea Farms). Genomic DNA extractions were made with NZY Tissue 

gDNA Isolation Kit (NZYTech) using oysters adductor muscle. 

C. angulata and C. gigas COI was amplified with primers designed by Folmer et al. (1994) 

and amplification cycles described in Reece et al. (2008). C. brasiliana COI was amplified with 

primers and amplification cycles described in Melo et al. (2010). Nucleotide sequencing of each 

purified Polymerase Chain Reaction (PCR) product was commercially performed by STABvida 

(Portugal). Blast and multiple alignments of sense and antisense sequences were conducted with 

MEGA v6, using default alignment settings of the CLUSTALW algorithm (Tamura et al., 2013). 

Phylogenetic relationships were calculated by Maximum likelihood (ML) reconstruction method 

(Jukes-Cantor model), with MEGA v6 software. Node support was assessed by 1000 bootstrap 

value replicates. 

Analysed COI sequences were deposited in GenBank, under assession numbers 

KT932101 to KT932019 (C. angulata); KT932093 to KT932100 (C. gigas – Portugal); KX436134 

to KX4361421 (C. brasiliana); KX436124 to KX436133 (C. gigas – Brazil) 
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2.2 Experimental assays  

2.2.1 Crassostrea angulata and Crassostrea gigas (Portugal) 

 Embryo-larvae development 

The sensitivity of C. angulata and C. gigas embryo-larval development was assessed 

considering various exposure scenarios including changes in arsenic (As) concentration, salinity 

and temperature levels. Embryotoxicity tests on C. angulata and C. gigas were carried out 

considering a range of As concentrations (30, 60, 120, 240, 480, 960 and 1920 µg L-1), different 

salinity (20, 26 and 33) and temperature (20, 24 and 28 ºC) levels, as well as different time of 

exposure (24 and 48 h) to investigate: i) the effect of varying salinity and temperature on embryo-

larval development; ii) As embryotoxicity; and iii) the effects of varying salinity and temperature 

on embryos sensitivity to As. 

 

Experimental setup 

Experiments were conducted using previously cleaned and sterilised glassware for the 

entire experimental setup. Analytical grade artificial seawater (Tropic Marine Sea Salt) from the 

same batch was used for exposure media preparation and spawning, prepared according to the 

manufacturer’s instructions using reverse osmosis (RO) water, 3 days before the experiments 

took place too achieve a salinity of 33 (i.e. reference salinity) (Leverett & Thain, 2013). After 

complete salt dissolution and equilibration (24 h) seawater was filtered (0.2 µm) through cellulose 

acetate filters (Millipore) using a vacuum filtration unit. Seawater salinity was adjusted to obtain 3 

separate batches at three different salinity levels (20, 26 and 33 ± 1) for exposure media 

preparation using RO water as dilution media (measured pH for all batches of seawater used 

ranged from 8.16 – 8.29 (Hanna-Instruments)). Salinity levels were in accordance to Moreira et 

al. (2018), that showed As toxicity to C. gigas embryos could restrict embryo-larval development 

within 20-33 of salinity. 

A stock solution of sodium arsenate (Na3AsO4) (CAS no. 10048-95-0, Sigma-Aldrich) was 

prepared in ultra-pure water and spiked in separate volumetric vessels to achieve nominal As 

concentrations of 30, 60, 120, 240, 480, 960 and 1920 ® L-1, for each target salinity. Exposure 

concentrations were chosen based on previous studies on C. gigas embryonic development and 

As exposure (Mamindy-Pajany et al., 2013; Martin et al., 1981). Exposure solutions were 

distributed in 24-well sterile capped polystyrene microplates (VWR), giving one microplate per 

salinity level, 3 wells (3 mL each) per exposure condition (As concentration) including negative 

controls. Each microplate corresponding to salinity and As conditions, were 3 fold replicated for 

incubations at different temperatures (20, 24 and 28 ºC) to test ± 4 °C from control temperature 

(24 ºC), within projected global surface temperature rise by the end of the 21st century relative to 

years 1986–2005 (RCP8.5) (IPCC, 2014), and within a temperature range that would allow to 

infer on embryo development under As exposure based on previous data (Moreira et al., 2018). 
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All the microplates were further replicated twice, to test all conditions after two different 

timeframes of embryonic development, to allow for the assessment of As induced delayed 

development to oyster embryos (Moreira et al., 2018), while testing valid exposure time criteria of 

24 h (His et al., 1999) and 48 h (Knezovich et al., 1981) for oyster species (C. gigas). Each 

microplate was incubated at the desired temperature overnight in separate climatic chambers (±1 

ºC) before spawning induction took place to stabilize testing media at the target temperature. 

Copper (Cu(NO3)2) was used as reference toxicant (positive control) (Libralato et at., 2009) at 3, 

6, 12, 18 and, 30 µg L-1 of Cu, for which incubations took place at standard salinity 33 and 

temperature 24 ºC. 

Each stock of seawater used for the embryotoxicity assays (at every combination of salinity 

and As concentration) were analysed by Inductively Coupled Plasma - Mass Spectrometry (ICP-

MS) to determine effective As concentrations for each condition. Multi-Element Standard IV - 71A 

(Inorganic Ventures) was used as standard for As quantification, and calibration curve verified 

with standard reference material (NIST SRM 1643f). 

 

Spawning and fertilization 

Spawning was induced by thermal stimulation, by consecutively changing oysters from 

seawater baths set at 18 and 28 ºC in 30 min consecutive intervals (Libralato et al., 2007). Gamete 

emission and quality (oocyte shape and sperm motility) were visually inspected under a 

microscope. Six male and five female C. angulata were selected for fertilization and spawning, 

while four male and three female C. gigas were selected. 

Selected females were left to spawn in separate beakers, oocyte suspensions were filtered 

through a 100 µm nylon mesh and mixed in a final 500 mL suspension (salinity 33, 24 ºC). Male 

gametes were collected in separate, filtered through a 45 µm nylon mesh into a mixed suspension, 

and left to activate for 20 min. Oocyte suspensions were fertilized by adding approximately 1 to 

106 oocyte-to-sperm ratio, and fertilization success verified by microscopy. 

Zygotes were immediately transferred to microplates containing the exposure media to 

reach approximately 200 embryos per well. Microplates with the exposure media (0, 30, 60, 120, 

240, 480, 960 and 1920 µg L-1 of As) at different salinities (20, 26, 33) and fertilized oocytes were 

left to incubate in the dark, at different temperatures (20, 24 and 28 ±1 ºC) for 24 and 48 h post 

fertilization. 

After incubation, embryo-larval development was stopped by adding buffered formalin 

(4%). Analysis followed visual inspection of embryo-larval development under an inverted 

microscope and camera (Leica: DMIL-1; MC170 HD) by counting 100 embryos per well, and 

characterizing the relative frequencies of different types of development (D-shape, pre-D, 

protruded mantle, kidney shape, indented shell and dead larvae) according to His et al. (1997) 

(Figure 1). 

The validity of the embryotoxicity experiments was inferred by results obtained in the 

negative and positive controls. In the negative control (salinity 33, 24 ºC, 24 h) frequencies of 

well-developed D-shape larvae (>70%), were within the accepted values described in standard 
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embryotoxicity protocols that consider acceptable frequencies of normal developed larvae (D-

shape) should be ≥ 70% (ASTM, 2004; His et al., 1999), after 24 h incubation at standard salinity 

(33) and temperature (24 ºC). Results obtained in positive controls (Cu) (11.40 (9.59-13.54) µg L-

1 of Cu) were within the toxicity thresholds previously reported for Cu in oyster C. gigas (9.47 µg 

L-1 ≤ EC50 ≤ 21.72 µg L-1) (Libralato et al., 2009). 

 

 

Figure 1 - Embryo-larvae types observed in Crassostrea angulata and C. gigas. 

Photographic record of embryo-larvae types observed in C. angulata and C. gigas after embryotoxicity 
exposures: a) D-shape; b) pre-D; c) protruded mantle; d) kidney shape; e) indented shell; and f) dead larvae 
after His et al. (1997). 
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 Chronic assays with juveniles and adults 

The performance of C. angulata and C. gigas (juveniles and adults) was assessed 

considering several exposure scenarios that included simulation of seawater acidification, salinity 

shifts, and the combinations of the former stressors with As exposure. 

Chronic assays (28 days) were conducted on juvenile and adult specimens considering 

simulated seawater acidification (-0.4 or -0.5 pH units towards control pH); different salinity (10, 

20, 30, 40), in the presence or absence of As (0.5 or 4 mg L-1 in juveniles and adults, respectively).  

Endpoints assessed after laboratory exposures included: determination of total As 

accumulation in oyster tissues, biochemical parameter assessment and  2-DE proteomic analysis, 

to investigate: i) the effects of seawater acidification on oyster species performance (in the 

presence or absence of As); ii) the effects of salinity on oyster species performance (in the 

presence or absence of As).  

 

Seawater acidification and Arsenic exposure  

Experimental setup - juveniles 

Juvenile C. angulata and C. gigas were acclimated to laboratory conditions for 6 weeks in 

400 L tanks with recirculated artificial seawater (Tropic Marine Sea Salt) set at 30 ± 1 salinity, 17 

ºC (Hailea), UV filtration (TMC Vecton2), protein skimming (Deltec), and a total recirculation rate 

of 3000 L h-1 (Eheim). During the acclimation period seawater was partially renewed every 2 days 

(30%) and completely renewed every week. After the first week of acclimation, oysters were fed 

live microalgae (Isochrysis galbana and Chaetoceros calcitrans) 5 days per week, at a daily ration 

of ca. 109 cells L-1 day -1 (T-Iso equivalents cells). 

After acclimation, oysters were transferred to 20 L aquaria (10 oysters per aquarium) in a 

triplicate design. Aquaria were filled with fresh seawater and were used to simulate 4 separate 

conditions: control (CTL), As exposure (As), seawater acidification (Low pH) and the combination 

of seawater acidification and As exposure (Low pH+As). Oysters that were subjected to seawater 

acidification (Low pH and Low pH+As) were previously acclimated to acidification by -0.2 pH units 

per day until targeted pH value was achieved. 

For As exposure, a stock solution of sodium arsenate (Na3AO4) (CAS no. 10048-95-0) was 

directly spiked into aquaria to achieve a final concentration of 500 µg As L-1. Arsenic exposure 

concentration was chosen considering: i) previous studies that showed sublethal effects of As to 

adult oysters (Moreira et al., 2016; Zhang et al., 2015a); median effect concentrations to oyster 

embryo-larval development (Mamindy-Pajany et al., 2013; Martin et al., 1986; Moreira et al., 

2018); iii) data on resuspended As concentrations in the water column (Ereira et al., 2015). 

Seawater acidification was achieved by pH manipulation using a pH stat system 

(Aquamedic) targeting a 0.4 pH unit decrease from CTL conditions (pH = 8.0) to pH 7.6. The 

chosen pH was based on: i) the average pH in the Sado Estuary sampling area (Amaral e Costa, 

1999); ii) present global oceanic seawater pH and predicted pH levels by year 2100 (Caldeira and 

Whickett, 2003; Raven et al., 2005); and pCO2 levels (ca. 600 and 1650 µatm) within those 
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predicted for estuarine systems under present and future acidification conditions (Melzner et al., 

2013; Tomanek et al., 2011). To achieve this, independent pH probes were used to constantly 

monitor each aquaria pH in all acidified conditions. Probes were linked to a central computer 

(Aquamedic) that enabled to automatically switch on or off a dedicated solenoid valve for each 

aquarium, enabling for CO2 gas to flow through glass diffusers and maintain targeted pH levels. 

Each pH electrode measurement was crosschecked with that of an independent probe (Hanna 

Instruments) at least every two days, and the pH stat system electrodes recalibrated if necessary.  

Experimental exposures followed 28 days. Maintenance procedures included daily faecal 

debris removal (ca. 5% water change), feeding (I. galbana and C. calcitrans at 109 T-Iso 

equivalent cells L-1) at least 5 days per week, As concentration replenishment, pH monitoring and 

total weekly water renewals. Prior to complete water renewals pH, salinity and temperature were 

measured (Hanna Instruments), and seawater samples collected from each aquarium to 

determine total alkalinity (TA). TA was determined by potentiometric titration (Gran, 1952) for 

each aquarium every week, and data obtained were plotted together with pH, temperature and 

salinity measurements corresponding to the time of each sample collection in CO2SYS Calc 

software (Robbins, 2010) to further characterize seawater carbonate system parameters using 

K1 and K2 CO2 dissociation constants from Mehrbach et al. (1973) refit by Dickson and Millero 

(1987) and KHSO4 from Dickson (1990) (Table I). After 28 days exposure period, oysters were 

immediately frozen in liquid nitrogen, and stored at -80 ºC for further analysis. 

Table I - Carbonate system parameters of the chronic assay on juvenile Crassostrea angulata 
and C. gigas exposed to seawater acidification and As. pH, total alkalinity (TA), partial CO2 
pressure (pCO2), bicarbonate (HCO3

-) and carbonate (CO3
2-) ion concentrations, calcite (ΩCal) 

and aragonite (ΩAg) saturated states (mean ± standard deviation, n=4). 

C. angulata 

 pH 
TA 

(µmol kg-1) 
pCO2 
(µatm) 

HCO3
- 

(µmol kg-1) 
CO3

- 
(µmol kg-1) 

ΩAr ΩCa 

CTL 8.01±0.03 2046±54 576±34 1776±49 110.2±5.2 2.7±0.1 1.8±0.09 

As 7.99±0.02 2103±41 599±28 1830±37 110.2±4.9 2.7±0.1 1.7±0.08 

Low pH 7.59±0.03 2087±61 1633±110 1970±56 46.4±3.6 1.1±0.08 0.7±0.05 

Low pH+As 7.59±0.02 2129±44 1734±99 2015±42 46.4±2.2 1.1±0.05 0.7±0.03 

C. gigas 

 pH 
TA 

(µmol kg-1) 
pCO2 
(µatm) 

HCO3
- 

(µmol kg-1) 
CO3

- 
(µmol kg-1) 

ΩAr ΩCa 

CTL 7.99±0.02 2001±58 586±21 1743±49 102.8±4.7 2.5±0.1 1.6±0.07 

As 7.98±0.04 1996±59 577±13 1739±46 102.8±5.9 2.5±0.1 1.6±0.09 

Low pH 7.57±0.01 2040±64 1732±84 1933±63 42.7±1.7 1.1±0.04 0.7±0.03 

Low pH+As 7.58±0.02 2027±62 1654±62 1920±55 43.8±3.2 1.1±0.08 0.7±0.05 
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Experimental setup – adults 

Acclimation to laboratory conditions followed one month prior to the beginning of 

exposures. During this period, species were maintained in separate tanks, 110 L tanks (0.4 ind L-

1), with constant filtration and water circulation at 1200 L h-1 in artificial seawater (Tropic Marin) 

salinity 29, 20±1 ºC, fed 5 days per week I. galbana and C. calcitrans ca. 109 cells L-1 (T-iso 

equivalent cells). 

After the acclimation period, oysters were transferred to 20 L aquaria (3 oysters per 

aquarium) in a triplicate design. Aquaria were filled with fresh seawater and were used to simulate 

4 separate conditions: control (CTL), As exposure (As), seawater acidification (Low pH) and the 

combination of seawater acidification and As exposure (Low pH+As). Oysters that were subjected 

to seawater acidification (Low pH and Low pH+As) were previously acclimated to acidification by 

-0.2 pH units per day until targeted pH value was achieved 

For As exposure, a stock solution of sodium arsenate (Na3AO4) (CAS no. 10048-95-0) was 

directly spiked into the aquaria to achieve a final concentration of 4 mg L-1, a sublethal As 

concentration to another oyster species (Zhang et al. 2015). 

Seawater acidification was achieved by pH manipulation using a pH stat system 

(Aquamedic) targeting a 0.5 pH unit decrease from CTL conditions (pH = 7.8) to pH 7.3 (3100 

µatm pCO2). The chosen pH was based on: i) the average pH in the Sado Estuary and Ria de 

Aveiro of the sampling area (Amaral & Costa, 1999; Coelho et al., 2014); ii) predicted pH levels 

by year 2100 (Caldeira and Whickett, 2003; Raven et al., 2005); and pCO2 levels (ca. 780 and 

3100 µatm pCO2) within those predicted for estuarine systems under present and future 

acidification conditions (Melzner et al., 2013; Tomanek et al., 2011). To achieve this, independent 

pH probes were used to constantly monitor each aquaria pH in all acidified conditions. Probes 

were linked to a central computer (Aquamedic) that enabled to automatically switch on or off a 

dedicated solenoid valve for each aquarium, enabling for CO2 gas to flow through glass diffusers 

and maintain targeted pH levels. Each pH electrode measurements were crosschecked with an 

independent probe (Hanna Instruments) at least every two days, and the pH stat system 

electrodes recalibrated if necessary. 

Experimental exposures followed 28 days. Maintenance procedures included daily faecal 

debris removal (ca. 5% water change), feeding (I. galbana and C. calcitrans at 109 T-Iso 

equivalent cells L-1) at least 5 days per week, As concentration replenishment, pH monitoring and 

total weekly water renewals. Prior to complete water renewals pH, salinity and temperature were 

measured (Hanna Instruments), and seawater samples collected from each aquarium to 

determine total alkalinity (TA). TA was determined by potentiometric titration (Gran, 1952) for 

each aquarium every week and data obtained were plotted together with pH, temperature and 

salinity measurements corresponding to the time of each sample collection in CO2SYS Calc 

software (Robbins, 2010) to further characterize seawater carbonate system parameters using 

K1 and K2 CO2 dissociation constants from Mehrbach et al. (1973) refit by Dickson and Millero 
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(1987) and KHSO4 from Dickson (1990) (Table II). After 28 days exposure period, oysters were 

immediately frozen in liquid nitrogen, and stored at -80 ºC for further analysis. 

 

Table II - Carbonate system parameters of the chronic assay on adult Crassostrea angulata and 
C. gigas exposed to seawater acidification and As. pH, total alkalinity (TA), partial CO2 pressure 
(pCO2), bicarbonate (HCO3

-) and carbonate (CO3
2-) ion concentrations, calcite (ΩCal) and 

aragonite (ΩAg) saturated states (mean ± standard deviation, n=4). 

C. angulata 

 pH 
TA 

(µmol kg-1) 
pCO2 
(µatm) 

HCO3
- 

(µmol kg-1) 
CO3

- 
(µmol kg-1) 

ΩAr ΩCa 

CTL 7.79±0.04 2180±122 769±102 1946±120 96.9±9.6 1.5±0.1 2.4±0.2 

As 7.82±0.03 2274±181 728±47 2008±150 108.5±15.7 1.7±0.2 2.7±0.4 

Low pH 7.27±0.03 2574±228 3213±390 2488±223 36.1±3.4 0.6±0.05 0.9±0.08 

Low pH+As 7.28±0.03 2524±178 3100±393 2438±176 35.8±1.5 0.6±0.02 0.9±0.09 

C. gigas 

 pH 
TA 

(µmol kg-1) 
pCO2 
(µatm) 

HCO3
- 

(µmol kg-1) 
CO3

- 
(µmol kg-1) 

ΩAr ΩCa 

CTL 7.76±0.04 2133±130 797±124 1911±133 89.4±5.9 1.4±0.09 2.2±0.2 

As 7.82±0.03 2270±119 728±65 2010±100 106.4±13.1 1.7±0.2 2.6±0.3 

Low pH 7.27±0.04 2533±237 3178±446 2446±231 36.1±3.9 0.6±0.06 0.9±0.1 

Low pH+As 7.27±0.03 2550±247 3180±393 2464±241 36.1±3.6 0.6±0.06 0.9±0.04 
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Salinity and Arsenic exposure 

Experimental setup - adults 

Laboratory exposures were performed with Crassostrea angulata and C. gigas to infer on 

species stress response to different salinity levels in the presence or absence of As. 

Acclimation to laboratory conditions followed 6 weeks prior to the beginning of exposures. 

During this period, species were maintained in separate tanks, 110 L tanks (0.4 ind L-1), with 

constant filtration and water circulation at 1200 L h-1 in artificial seawater (Tropic Marin) salinity 

30, 20±1 ºC, and were daily fed (I. galbana and C. calcitrans (109 cells L-1 initial cell density). 

After the acclimation period, oysters were transferred to 20 L aquaria (3 oysters per 

aquarium) in a triplicate design. Aquaria were filled with fresh seawater (salinity 30) and were 

used to simulate 4 salinity levels (10, 20, 30 and 40), in both the presence or absence of As. 

Acclimation to salinity levels was previously conducted by increasing, or lowering salinity at a rate 

of 2 units every 2 days to achieve testing salinities 10, 20 and 40, in the respective testing groups 

after 6 weeks acclimation.  

For As exposure, a stock solution of sodium arsenate (Na3AO4) (CAS no. 10048-95-0) was 

directly spiked into the aquaria to achieve a final concentration of 4 mg L-1, a sublethal As 

concentration to another oyster species (Zhang et al., 2015a). 

Oysters were exposed to each condition for a period of 28 days. Daily procedures included 

fecal debris removal during 10% partial water changes, proportional contamination replenishment 

for As exposure aquaria, and feeding. Live microalgae were provided 5 days a week, as described 

above. At the end of the experiment, each oyster was opened, tissue was immediately frozen 

using liquid nitrogen, and samples stored at -80 ºC. Samples were manually homogenized in 

liquid nitrogen, using a mortar and pestle. Each specimens homogenate was further separated in 

0.5 g aliquots for biochemical analyses. 
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2.2.2 Crassostrea brasiliana and Crassostrea gigas (Brazil) 

 Chronic assays with juveniles and adults 

The performance of C. brasiliana and C. gigas (juveniles and adults) was assessed 

considering several exposure scenarios that included simulation of seawater acidification, and 

thermal stress. 

Chronic assays (28 days) were conducted on juvenile and adult specimens considering 

different acidification levels (pH 7.8, 7.4 and 7.0) and temperature (24, 28 and 32 ºC). Endpoints 

assessed after laboratory exposures included the determination several biochemical parameters 

to investigate: i) the effects of acidification on oyster species performance; ii) the effects of thermal 

stress on oyster species performance.  

Acclimation to laboratory conditions followed one week prior to the beginning of exposures. 

During this period, juvenile and adult specimens were maintained in separate tanks, in 

recirculated artificial seawater (Ocean Fish – Prodac) (pH 7.8; temperature 24 ºC, salinity 25) and 

daily fed with AlgaMac Protein Plus (109 cells L-1 initial cell density). 

 

Seawater acidification 

Experimental setup – juveniles and adults 

After acclimation, oysters were randomly distributed in 50 L aquaria with individual filters 

and circulation pumps (500 L-1 total water flow). Each condition was replicated in three separate 

aquaria, stocked with 4 adults and 8 juveniles each (n=12 adults and n=24 juvenile). Oysters that 

were exposed to intermediate (pH 7.4) and to high acidification (pH 7.0) were progressively 

acclimated to acifified seawater by lowering 0.2 pH units per day until targeted pH values were 

achieved. Three different pH levels were tested, that corresponded to pCO2 of 1000 µatm (pH 

7.8), 4000 µatm (pH 7.4) and 10 000 µatm (pH 7.0). Acidification levels were selected based on 

maximum pH recorded during summer (pH 7.8) in submerged oyster beds in the Cananéia 

estuary (i.e.: pH 7.85, Miraldo and Valenti, unpublished data); an intermediate acidification level 

pH 7.4 (4000 pCO2) (Melzner et al., 2013); and high acidification pH 7.0 (10 000 µatm pCO2) 

based on reported pCO2 in estuarine systems worldwide (Cai, 2011).  

To achieve targeted pH levels, food grade CO2 was diffused into each aquarium (conditions 

pH 7.4 and pH 7.0) through bubble-counter CO2 diffusers, at gas releasing rates that were pre-

established for each condition, and regulated through six-needle valves (ISTA Products) allowing 

for constant and stable gas flow (Duarte et al., 2014). During the entire experimental procedures, 

pH of each tank was measured and checked three times per day (Hanna Instruments).  

After pH equilibration in testing aquaria exposures carried on for 28 days. During this period 

water parameters (temperature, dissolved oxygen, salinity) were daily monitored (YSI Pro plus). 

Faecal debris were removed prior to feeding (AlgaMac Protein Plus) 5 days a week, giving partial 

water renewals of 5%. Oysters were checked for mortality on a daily basis. Water samples were 

collected every week, prior to total water renewals to determine total alkalinity (TA) for each 
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aquarium by potentiometric titration (Gran, 1952) with an automatic titrator (Mettler Toledo). 

Determined TA for each aquarium was plotted against pH, temperature and salinity average 

values measured during each week on CO2SYS Calc software, to determine carbonate system 

variables (Robbins et al., 2010), using dissociation constants K1 and K2 from Mehrbach et al. 

(1973) refit by Dickson and Millero et al. (1987) and KSO4 from Dickinson (1990) (Table III). At 

the end of the experiment (28 days), oysters were frozen at -80 ºC until further analysis. 

 

Table III - Carbonate system parameters of the chronic assay on juvenile and adult Crassostrea 
brasiliana and C. gigas exposed to hypercapnia. pH, total alkalinity (TA), partial CO2 pressure 
(pCO2), bicarbonate (HCO3

-) and carbonate (CO3
2-) ion concentrations, calcite (ΩCal) and 

aragonite (ΩAg) saturated states (mean ± std, n=4). 

C. brasiliana 

Condition pH 
TA 

(μmol.Kg-1) 
ƿCO2 
(μatm) 

HCO3
- 

(μmol.kg-1) 
CO3

2- 

(μmol.kg-1) 
ΩCal ΩAra 

pH 7.8 7.78±0.02 1920±106 1068±65 1764±99 63.6±4.8 1.7±0.1 1.1±0.09 

pH 7.4 7.38±0.03 2508±184 3751±282 2428±176 34.4±4.2 0.9±0.1 0.6±0.07 

pH 7.0 7.00±0.03 2789±96 9992±1023 2751±97 16.7±1.4 0.4±0.04 0.3±0.02 

C. gigas 

Condition pH 
TA 

(μmol.Kg-1) 
ƿCO2 
(μatm) 

HCO3
- 

(μmol.kg-1) 
CO3

2- 

(μmol.kg-1) 
ΩCal ΩAra 

pH 7.8 7.78±0.02 2087±91 1182±80 1937±99 69.0±5.6 1.8±0.2 1.1±0.1 

pH 7.4 7.38±0.02 2679±83 3927±246 2591±81 37.5±2.1 1.0±0.1 0.6±0.04 

pH 7.0 7.01±0.04 2881±103 10101±934 2840±101 17.7±1.8 0.5±0.05 0.3±0.03 

 

 

Thermal stress 

Experimental setup – juveniles and adults 

Oysters were acclimated to laboratory conditions upon arrival, during one week prior to the 

beginning of exposures. During this period, juvenile and adult specimens were maintained in 

separate tanks, in aerated artificial seawater (Ocean Fish – Prodac) (Temperature 24 ºC, Salinity 

29) and daily fed with AlgaMac Protein Plus (initial cell density of 109 cells per L-1). After one-week 

acclimation, oysters were randomly distributed into testing chambers, that consisted of 10 L tanks 

with individual air flow biological filters. Juveniles and adults were maintained in separate (4 

juveniles and 2 adults per chamber). Three different temperature levels were tested (24, 28 and 

32 ºC) in a triplicate design. Acclimation to increased temperature levels (28 and 32 ºC), was 

achieved by increasing 1 ºC per day until the chosen testing values were reached in all testing 

groups. Temperature levels were chosen based on present (24 ºC), and maximum (28 ºC) 

temperature at the Cananéia estuary (Brazil); and a future scenario (32 ºC) considering 

forecasted surface temperature rise of 4 ºC by the end of the 21st century (Solomon, 2007). 

Experimental temperature levels were controlled using thermostats in water baths surrounding 

each group of chambers.  
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Exposures to different temperatures were conducted during 28 days. Water parameters 

(temperature, dissolved oxygen and salinity), were daily monitored (YSI Pro plus). Chambers 

were daily checked for mortality. Faecal debris were removed prior to feeding (AlgaMac Protein 

Plus) 5 days a week, giving partial water renewals of approximately 10%. Total water renewals 

were performed weekly. At the end of the experiment (28 days) oysters were frozen at -80 ºC until 

further analysis. 
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2.3 Biochemical analysis 

A suit of biochemical biomarkers were assessed in oyster samples of juvenile and adult 

specimens after laboratory exposures. These included the determination of antioxidant enzymes 

activity: superoxide dismutase (SOD) and catalase (CAT); biotransformation capacity: glutathione 

S-transferases (GSTs) activity; redox status: ratio between reduced (GSH) and oxidized (GSSG) 

glutathione; membrane damage: lipid peroxidation (LPO) levels; metabolic potential: electron 

transport system (ETS) activity; energetic fitness: glycogen (GLY) content; biomineralization 

capacity: carbonic anhydrase (CA) activity; and protein (PROT) content. 

Tissue samples for biochemical markers determination were extracted in specific buffers 

in a 2:1 ratio (buffer volume : sample weight), and the mixtures sonicated for 15 seconds (55 watts 

cm-2, on ice), and posteriorly centrifuged at 3000 g (for the ETS activity assay) or at 10 000 g (for 

the remaining biomarkers) for 15 min at 4 ºC. 

For SOD, CAT, GSTs activities measurement, as well as GLY and PROT content 

determination, supernatants were extracted in phosphate buffer (50 mM sodium dihydrogen 

phosphate monohydrate; 50 mM disodium hydrogen phosphate dehydrate; 1 mM 

ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA); 1% (v/v) Triton X-100; 1% (v/v) 

(PVP); 1 mM dithiothreitol (DTT) (pH 7.0). For the electron transport system (ETS) activity assay, 

supernatants were extracted in 0.1 M Tris–HCl buffer (15% (w/v) polyvinylpyrrolidone (PVP); 153 

mM magnesium sulfate (MgSO4); 0.2% (v/v) Triton X-100) (pH 8.5). For GSH and GSSG 

quantification, extraction buffer consisted of 0.6% sulfosalicylic acid in potassium phosphate 

buffer (0.1 M dipotassium phosphate, 0.1 M potassium dihydrogen phosphate, 5 mM EDTA, 0.1% 

Triton X-100, pH 7.5). For LPO determinations, supernatants were extracted in 20% (v/v) 

trichloroacetic acid (TCA). For CA assay, extractions were made in 100 mM Tris-HCL buffer (pH 

8.3): 0.1 mM EDTA 1% (w/v) 0.5% PVP (v/v) 2% Triton X-100 (v/v). 

 

2.3.1 Antioxidant and biotransformation enzymes 

Superoxide dismutase (SOD) 

Determination of SOD activity was performed following Beauchamp and Fridovich (1971) 

using SOD standard 0.25–60 U mL-1(superoxide dismuthase from bovine liver, Sigma-Aldrich). 

Reaction mixture consisted of phosphate buffer 50 mM (pH 8.0), 68.4 µM NBT (nitroblue 

tetrazolium chloride), 0.1 mM DTPA (diethylenetriamineppent-acetic acid), 0.1 mM hypoxanthine. 

Enzyme activity was determined at 560 nm in a microplate reader after adding xanthine oxidase 

(5 mU), diluted in phosphate buffer 50 mM (pH 8.0). Absorbance was measured after 20 min 

incubation at 22 ºC, and the rate of NBT reduction determined. SOD activity was expressed in U 

g-1 fresh weight (fw) (U = µmol min-1). 
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Catalase (CAT) 

Measurement of CAT activity was performed according to Johansson and Borg (1988), 

using formaldehyde as standard (0–150 μM). Reaction was made in phosphate buffer (pH 7.0), 

5.6 M methanol, and the presence of 35.28 mM H2O2. Reaction was stopped by adding 10 M 

KOH and 34.2 mM purpald. Absorbance was measured at 540 nm in a microplate reader. CAT 

activity was expressed in U g-1 fw (U = nmol min-1). 

 

Glutathione S-transferases (GSTs) 

Determination of GSTs activity was performed spectrophotometrically at room temperature 

following Habig et al. (1974) with modifications described in Carregosa et al. (2014). Absorbance 

was measured at 340 nm (ε = 9.6 mM-1 cm-1) in a microplate reader, in intervals of 10 s during 5 

min. The GSTs activity was expressed in U per g fw (U = µmol min-1). 

 

2.3.2 Redox status 

Reduced (GSH) and oxidized glutathione (GSSG) 

Quantification of GSH and GSSG concentrations was performed spectrophotometrically at 

412 nm following Rahman (2007), using analytical grade (GSH and GSSG, Sigma-Aldrich) 

standards (0-60 µmol L-1). GSH and GSSG concentrations (nmol g-1 fw) were further expressed 

as a ratio (GSH/GSSG) considering the number of thiol equivalents (GSH/GSSG = [GSH] / 2 x 

[GSSG]) (Rahman, 2007). 

 

2.3.3 Membrane damage 

Lipid peroxidation (LPO) 

Quantification of LPO levels followed an adaptation of the thiobarbituric acid (TBA) assay 

from Buege and Aust (1978). Reaction mixture consisted of TBA at 5% (v/v) in TCA at 20% (v/v). 

Samples were incubated at 96 ºC for 30 min and then cooled on ice. Absorbance was measured 

at 535 nm, and MDA concentrations determined based on ε = 156 mM-1 cm-1. LPO was expressed 

in nmol MDA g-1 fw. 

 

2.3.4 Metabolic and energy related biomarkers 

Electron transport system (ETS) 

Measurement of the ETS activity was performed according to King and Packard (1975) and 

modifications introduced by Coen and Janssen (1997). Reaction mixture consisted of 0.13 M Tris-

HCL buffer (pH 8.5, 0.3% (v/v) Triton X-100), 0.25 mM NADH, 36.5 µM NADPH, and 2.3 mM INT 

(2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-phenyltetrazolium Chloride). Formazan production rate was 

determined spectrophotometrically at 490 nm during 10 min (25 s intervals), and determined 

based on ε = 15,900 M−1 cm−1. Results were expressed in nmol min-1 mg-1 fw. 
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Glycogen content (GLY) 

Quantification of GLY concentrations in samples was performed following Yoshikawa 

(1959), using glucose (Sigma-Aldrich) as standard (0 to 5 mg/mL). Samples were incubated at 

room temperature for 30 min after reacting with phenol (5%) and sulphuric acid (98%). 

Absorbance was measured at 492 nm, and GLY content expressed in mg g-1 fw. 

 

2.3.5 Biomineralization capacity 

Carbonic anhydrase (CA) 

Carbonic anhydrase (CA) activity was measured spectrophotometrically, following a 

microplate adaptation of the titrimetric method described by Warrier et al. (2014) as follows: 20 

μL extracted supernatant in TRIS HCL buffer (pH 8.3) samples were placed in microplate wells, 

with 80 μL TRIS buffer (0.1 M) with 20 ppm Bromothymol Blue. 200 μL of CO2 saturated dH2O 

(Weis, 1991) was added to each sample. Bromothymol Blue conversion rate to yellow was 

immediately measured at 436 nm on a microplate reader during 1 min, and ΔABS·min−1 

determined in triplicate for each sample. Non-enzymatic reaction rate was also determined in 

triplicate, following the same procedure, after denaturing samples at 100 °C for 5 min. All samples 

and reagents were kept and mixed at 4 °C. Mean nonenzymatic reaction rate from each sample 

was subtracted to each sample mean. Results were expressed in ΔpH min-1 g-1 fw. Conversion 

of ΔABS min-1 to ΔpH min-1 was determined by running a set of samples through a conventional 

pH assay (Weis and Reynolds, 1999), and calculating the linear regression between ΔABS min-1 

and ΔpH min-1 (ΔpH =
ΔABS+0.0125

0,1944
, r2=0.9993). 

 

2.3.6 Protein content 

Quantification of PROT concentration in each sample was performed following the Biuret 

method (Robinson and Hogden, 1940), using bovine serum albumin (BSA) as standard. 

Results on enzymatic activities (ETS, SOD, CAT) and glutathione (GSH and GSSG) 

content from exposure assays on C. brasiliana and C. gigas (Brazil), were standardized by PROT 

concentration of each sample. 

  

http://www.sciencedirect.com/science/article/pii/S0269749115001451#bib77
http://www.sciencedirect.com/science/article/pii/S0269749115001451#bib77
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2.4 Proteomic analysis 

2.4.1 Protein extract preparation for proteomic analysis 

Oysters whole soft tissue were used for protein extractions. For each species, the soft 

tissue of two oysters per condition replicate were pooled together, and 3 individual samples (n=3) 

per experimental condition were analysed. Samples were weighted and homogenised (1:3 w/v) 

in 10 mM HEPES buffer, 250 mM sucrose, 1 mM DTT, 1 mM Na2EDTA, 1 mM PMSF, and 

protease inhibitor (Sigma-Aldrich Tablets) with an Ultra-Turrax homogenizer on ice (4 ºC). 

Homogenates were centrifuged at 15 000 g (4 ºC) for 2 h, and the cytosolic fraction (supernatant) 

collected, separated in aliquots and stored (-80 ºC) or immediately used for protein concentration 

determination following the Bradford method using BSA as standard (Bradford, 1976). 

Posteriorly, supernatant volume corresponding to 150 µg protein from each sample was 

precipitated in 10% TCA in acetone solution at 1:9 (v/v) for 2 h at -20 ºC and centrifuged at 10 000 

g for 30 min (4 ºC). After this procedure the pellet containing precipitated protein was washed with 

ice-cold acetone. Washing procedure was repeated three times, and the pellet left to dry for 3-5 

min. The pellet containing dried protein extracts of each sample were reconstituted in 300 µL lyse 

buffer (7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 0.8% (w/v) pharmalyte, 65 Mm DTT, protease 

inhibitor (Sigma-Aldrich Tablets), and traces of bromophenol blue) for 30 min, centrifuged at 

14 000 g for 10 min. Samples were immediately used or stored at -80 ºC for further analysis. 

 

2.4.2 Two-dimensional gel electrophoresis 

Two-dimensional gel electrophoresis was performed twice for each sample, in order to 

obtain 6 gel images representative of each condition. For the first-dimension protein separation 

by isoelectric focusing (IEF), the sample (150 µg protein in 300 µL lyse buffer) was loaded into 24 

cm ceramic immobilized pH gradient (IPG) holders (GE Healthcare). IPG strips (GE Healthcare 

Immobiline DryStrip pH 4-7, 18 cm) were carefully introduced over each sample. The IPG ceramic 

holders were sealed with dedicated mineral oil (GE Healthcare DryStrip Cover Fluid) and lids, 

holding each sample and the IPG strip inside, were placed. IEF was performed on an Ettan 

IPGphor 3 System (GE Healthcare) set to develop the following programme: 6:30 h at 0 V 

(rehydration); 6:30 h at 50 V (fast); 1 h at 1000 V (linear); 1 h at 4000 V (fast); 1 h at 8000 V 

(linear); 1 h 8000 V (fast). After IEF, IPG strips containing separated proteins by their isoelectric 

point, were removed from the ceramic holders and stored at -80 ºC. 

Before the second-dimension protein separation, IPG strips were equilibrated by 

consecutive emersion in two SDS equilibration buffers (6 M urea, 75 mM Tris-HCl pH 8.8; 29.3% 

glycerol; 4% SDS) for 15 min each: the first SDS equilibration buffer contained 1% (w/v) DTT, 0.1 

mM EDTA, and a trace amount of bromophenol blue; the second SDS equilibration buffer 

contained 4% (w/v) iodoacetamide, 0.1 mM EDTA, and a trace amount of bromophenol blue. After 

equilibration, IPG strips were carefully placed on 10% (v/v) polyacrylamide gels (made from 40% 

Acrylamide/Bis Solution 37.5:1, Biorad) containing 0.1% SDS (w/v), sealed using 0.5% agarose, 
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and run under denaturing conditions in an Ettan Dalt 6 (GE Healthcare) refrigerated at 20 ºC 

following a two-step program: 15 mA and 5 w per gel (120V) for 30 min; plus 60 mA and 17 W 

per gel (500 V) for ca. 5 h (until the front die reached the end of the gel). After second dimension 

separation, gels were fixed overnight in 40% (v/v) ethanol and 10% (v/v) acetic acid. Gels were 

silver stained following Blum et al. (1987). After staining, gels were scanned with a densitometer 

(Bio-Rad, GS-800). A total of 6 gel images were obtained representative of each condition for 

each species (3 experimental replicates times 2 duplicates). 

 

2.4.3 Protein identification by mass spectrometry 

In-gel protein digestion was performed as outlined by Shevchenko et al. (2006). Before MS 

analysis, samples were resuspended in 10 μL of formic acid 0.3% (v/v) and 0.5 μL of sample was 

hand-spotted onto a MALDI target plate (384-spot ground steel plate). Posteriorly, 1 μL of a 7 

mg/mL solution of α-cyano-4-hydroxycinnamic acid matrix in 50% (vol/vol) acetonitrile in aqueous 

trifluoroacetic acid 0.1% (vol/vol) was added and allowed to dry. Mass spectra were acquired on 

an Ultraflex II MALDI TOF mass spectrometer (Bruker) operated in positive ion mode using a 

reflectron (m/z range of 600–3500). A total of 500 spectra were acquired for each sample at a 

laser frequency of 50 Hz. External calibration was performed with [M + H]+ monoisotopic peaks 

of bradykinin 1–7 (m/z 757.3992), angiotensin II (m/z 1046.5418), angiotensin I (m/z 1296.6848) 

substance P (m/z 1758.9326), ACTH clip 1–17 (m/z 2093.0862), ACTH18–39 (m/z 2465.1983) 

and somatostatin 28 (m/z 3147.4710). Peptide mass fingerprints (PMF) were searched via 

MASCOT search engine set for the following parameters: (i) NCBInr Crassostrea (138572 

sequences; 81064928 residues); (ii) molecular weight of protein: all; (iii) two missed cleavage; (iv) 

fixed modifications: carbamidomethylation (C); (v) variable modifications: oxidation of methionine 

and (vi) peptide tolerance up to 100 ppm. The significance threshold was set to a minimum of 

95% (p ≤ 0.05). Protein matching was considered successful when protein identification score 

was located out of the random region (Mascot score ≥ 64). 

 

2.5 Elements quantification 

2.5.1 Trace element quantification in embryos 

The zygote suspension that remained unused from embryotoxicity assays were analysed 

for trace elements (As, Cd, Cr, Cu, Hg, Ni, Pb, Sn and Zn), following an adaptation of Weng & 

Wang (2017) protocol as follows. The zygotes suspensions were centrifuged at 3000 g for 20 min 

(4 ºC) followed by pellet collection. The pellets were freeze dried, and posteriorly digested 

overnight with analytical grade nitric acid and hydrogen peroxide (30% w/w), alongside with 

TORT-3 (Lobster Hepatopancreas Reference Material for Trace Metals, NRC Canada) for 

analytical control by elements recovery percentages calculation. The digested samples were 

analysed for As, Cd, Cr, Cu, Hg, Ni, Sn and Zn by ICP-MS, with IV - 71A (Inorganic Ventures) as 

standard, and calibration curves verified with standard reference material (NIST SRM 1643f), 
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calculated measure of trueness over 90%. Recovery percentages based on TORT-3 reference 

values varied between 93.7 and 111.6%. Results were expressed in µg g-1 dry weight (dw). 

 

2.5.2 Arsenic quantification in juveniles 

Total As concentration in oysters was quantified in whole soft tissues homogenates of 3 

oysters from each experimental condition replicate, including in control following the protocol 

described in Freitas et al. (2012). Briefly, each specimens soft tissue was homogenised using a 

mortar and pestle under liquid nitrogen. Known weight aliquots (ca. 0.3 g) from each oyster were 

digested overnight in Teflon bombs with analytical grade HNO3 and H2O2 (30% w/w). The 

digested samples were analysed by ICP-MS and total As determined based on IV-71A standard 

(Inorganic Ventures). Calibration curve was verified with standard reference material (NIST SRM 

1643) (calculated measure of trueness over 90%). The recovery percentage of the digestion 

procedure was verified by parallel digestion of reference standard material TORT-3 (Lobster 

Hepatopancreas, NRC Canada) and recovery percentages determined for As (103.7%). Results 

were expressed in µg g-1 fw. 

 

2.5.3 Arsenic quantification in adults 

Total As concentration in adult oysters exposed to As at different pH levels, and different 

salinities, were quantified in whole soft tissues homogenates in one individual from each 

experimental replica (n=3), following the protocol described in Freitas et al. (2012). Each 

specimens soft tissue was homogenised using a mortar and pestle under liquid nitrogen. Known 

weight aliquots (ca. 0.5 g) from each oyster were digested overnight in Teflon bombs with 

analytical grade HNO3 and H2O2 (30% w/w). The digested samples were analysed by ICP-MS 

and total As determined based on IV-71A standard (Inorganic Ventures). Calibration curve was 

verified with standard reference material (NIST SRM 1643) (calculated measure of trueness over 

90%). The recovery percentage of the digestion procedure was verified by parallel digestion of 

reference standard material TORT-2 (Lobster Hepatopancreas, NRC Canada). Results were 

expressed in µg g-1 fw. 

 

2.6 Data analysis 

2.6.1 Embryo-larval development 

Results obtained were analysed as percentages of abnormal larvae (including pre-D and 

other malformations) according to His et al. (1999), and the validity of the experiments verified by 

results from negative and positive controls, considering the acceptability ranges proposed by 

ASTM (2004) for negative controls, and Libralato et al. (2009) for positive controls.  

To represent embryo-larval development under different salinity and temperature levels, 

frequencies of malformed larvae observed at different salinities and temperature (negative 
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controls), after 24 and 48 h development were represented in Contour plots using SigmaPlot 

version 11.0. 

To assess As embryotoxicity, data on abnormal development observed in As exposures 

were corrected for the effects observed in the respective negative control (salinity and 

temperature) using the Abbott’s formula (ASTM, 2004). Data were submitted to non-linear 

regression analysis using GraphPad Prism version 6.01. Effective As concentrations retrieved 

from ICP-MS for each condition were used for toxicity calculations, after lognormal transformation. 

The best fit dose-response curve values allowed to estimate the median effect concentrations 

(EC50s) and respective 95% confidence intervals for conditions for which larvae development 

was successful. To test the effects of salinity and temperature on embryos sensitivities to As, the 

following null hypotheses were tested: i) H0’: no differences existed among EC50s at different 

salinity levels considering fixed temperature; ii) H0’’: no differences existed among EC50s at 

different temperature levels considering fixed salinity; iii) H0’’’: no differences existed between 

EC50s at 24 and 48 h for each combination of salinity and temperature. To test for differences 

among EC50 values between conditions, analysis of variance was performed using one-way 

ANOVA, followed by Tukey’s multiple comparisons tests, based on values of Log(EC50) and the 

associated standard error returned by the software for each estimated curve (GraphPad Prism 

version 6.01). EC50 values are provided for each species in separate graphs showing the relative 

95% confidence intervals, and significant differences (p ≤ 0.05) were represented with different 

letters: lower-case letters for comparisons of EC50s at different temperature and different 

salinities after 24 h exposure; upper-case letters for comparisons of EC50s at different 

temperature levels and different salinities, after 48 h exposure; asterisks (*) when statistical 

differences between 24 h and 48 h exposures at each fixed combination of salinity and 

temperature were observed. 

 

2.6.2 Biochemical markers 

Data on biochemical parameters were submitted to hypothesis testing using permutational 

analysis of variance, employing the PERMANOVA+ add-on in PRIMER v6 (Anderson et al., 

2008). Parameters were analyzed following a one-way hierarchical design, with each tested 

condition as the main fixed factor. Concerning each descriptor, the null hypothesis tested was: 

H0’) in each species and life stage (juvenile or adult) no significant differences existed among 

tested conditions. Data for each biomarker are presented as mean ± standard error. Significant 

differences (p ≤ 0.05) among groups representing each condition were identified in figures with 

different symbols. 
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2.6.3 Proteomic data analysis 

Gel images (2-DE maps) analysis and statistics were performed using PDQuest software 

version 8.0.1 (Bio-Rad). Master gels representative of each condition were constructed based on 

6 gels (3 experimental replicates times 2 duplicates). Protein spot intensity of each 2-DE map 

was normalized by total density of each gel image. Each protein spot assignment and matching 

between gels were verified using the software matching and group consensus tools. 

Reproducibility of the 2-DE process was verified and accepted for mean coefficients of variation 

among gels representative of the same condition over 70%. Analysis followed pairwise 

comparisons between all conditions by overlaying master gels 2-DE maps. The analysis was 

performed in separate for each species, to test the following null hypothesis: H0’: no significant 

differences existed between each protein spot quantity between conditions. 

Protein expression was considered differentially altered between conditions whenever the 

intersection of quantitative (2-fold or higher) and statistically different (p ≤ 0.05, Student’s t-Test) 

spot intensity changes were observed. Differentially expressed protein spots were ranked by 

highest fold change in each condition, and the most important proteins (top 10 up or 

downregulated proteins) for each condition were selected for excision and mass spectrometry 

analysis. 

 

2.6.4 Arsenic quantification 

Statistical analysis was performed to verify the existence of significant differences 

concerning accumulated As concentrations among conditions using permutational analysis of 

variance (PERMANOVA) with PRIMER v6 software (Anderson et al., 2008). Briefly, hypotheses 

testing were performed on Euclidean distances similarity matrix constructed based on As 

concentration data of each sample. “experimental condition” and “species” were defined as the 

fixed factors. One-way hierarchical designs considering 9999 permutations were followed to test 

the null hypothesis: H0’ for each species no significant differences existed in total accumulated 

As among conditions. Significant differences (p ≤ 0.05) among conditions were represented with 

different letters. 
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3.1 Crassostrea angulata and Crassostrea gigas (Portugal) 

3.1.1 Embryo-larvae 

 Crassostrea angulata 

Influence of salinity and temperature 

Results on C. angulata embryo-larvae development under different combinations of salinity 

and temperature are depicted in Figure 2 A and B (24 and 48 h post fertilization respectively). 

Contour plots show that C. angulata presented low frequencies of malformed larvae (<20%) at 

intermediate and high salinity levels (26 and 32) and temperatures of 24 and 28 ºC, after 24 h 

development (Figure 2A). On the other hand, C. angulata presented high frequencies of 

malformed larvae at every salinity level combined to low temperature (20 ºC) (100% identified as 

Pre-D) after 24 h development (Figure 2A). At higher temperatures and low salinity (20), results 

showed higher percentages of malformed larvae of 90% (28 ºC) and 75% (24 ºC). After 48 h of 

embryo-larval development, C. angulata showed lower frequencies of malformed larvae at the 

intermediate salinity (26) at all temperature levels (Figure 2B), while relatively higher malformation 

percentages were observed at the highest salinity (33), at both 24 and 28 ºC after 48 h 

development, compared to results obtained at 24 h (Figure 2A). At the lowest salinity (20), low 

frequencies of embryo-larval development were observed at the lowest (20 ºC) and highest (28 

ºC) temperature after 48 h of exposure (Figure 2B). 

 

 

Figure 2 - Crassostrea angulata embryo-larvae development under varying salinity and 
temperature. 

Contour plots representing the observed percentage of malformations at different combinations of salinity 
and temperature, for C. angulata after 24 h (A) and 48 h (B) development. Each colour represents a 
different category of percent frequency of malformation. 
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Studies concerning C. angulata teratogenesis date back to the 19th century, when the first 

trials on artificial fecundation of C. angulata were described for full salinity and 22 ºC (Bouchon-

Brandely, 1882), however scarce information is available on the effects of varying salinity and 

temperature on this species embryonic development in laboratory conditions. Even so, early 

studies by Amemiya (1926) found that the lowest limit of salinity for C. angulata embryonic 

development was 21, and optimum salinity to be between 28 and 35 (studies performed at 20-

23.5 ºC, 24 h). Similarly, our data showed that low salinity (20) induced poor embryonic 

development (75-100% malformations) at all tested temperatures, and malformation frequency 

decreased with the increase of salinity. 

The relative increase of the range of temperature and salinity at which embryos 

successfully developed into D-shape larvae observed between 24 and 48 h, reflected differences 

in developing rates that depend on the surrounding media temperature and salinity, because 

increasing the time of exposure allowed for embryo development completion, even at suboptimal 

temperature and salinity conditions. Both these environmental factors affect oyster embryo 

development rate. For instance, studies on Pinctata imbricata showed that suboptimal 

temperature and salinity delayed embryonic development (O’Connor & Lawler, 2004). This 

delayed effect is also observed in later stages, namely D-shape larvae of C. angulata 

(Thiyagarajan & Ko, 2012), C. gigas (His et al., 1989) and P. imbricata (Dove & O’Connor et al. 

(2007). Moreover, data obtained in the present study show that intermediate salinity (26) is likely 

closest to the optimum salinity for this species under laboratory conditions, the salinity at which 

the widest thermal tolerance range was observed (Le Dantec, 1868) (most noticed after 48 h 

development). This is in accordance with studies by Thiyagarajan & Ko (2012) that described 

optimum salinity for C. angulata D-shape larvae development to be between 24 and 27. Also in 

line with environmental studies showing higher survival rates of C. angulata larvae at 

temperatures over 22 ºC and salinities between 28 and 32 (Le Dantec, 1868). 
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Influence of salinity and temperature on oysters sensitivity to Arsenic 

The effects of salinity and temperature on embryos sensitivity to As, measured as the 

median effective concentration (EC50) at every combination of salinity and temperature tested 

are depicted in Table IV and Figure 3. 

As toxicity measured in terms of EC50 considering standard toxicity assay conditions with 

oyster embryos (24 ºC, 33 salinity, 24 h) for C. angulata was 39.2 µg L-1 As (18.7 µg L-1 As at 48 

h) (Table IV), and is likely the first report on the effects of contaminants to C. angulata embryonic 

development. The toxicity of As (EC50) measured in the present study for C. angulata was in the 

lower range of previously reported toxicity threshold values for related oyster species such as 

Crassostrea virginica (with LC50 of 7.2 mg L-1) (Calabrese et al., 1973) and C. gigas (EC50 

ranging from ca. 1 to 920 µg L-1 of As) (Moreira et al., 2018 and Mamindy-Pajany et al., 2013). 

 

Table IV - Embryotoxicity of As to C. angulata at different combinations of salinity, temperature 
and time of exposure. 

Summary table of median effect concentrations (EC50s in µg L-1) of As and relative 95% confidence intervals 
at different combinations of salinity and temperature, after 24 and 48 h exposures. n.c – EC50 value not 
calculated due to low or zero percentage of developed larvae (D-shape).n.d – 95% confidence interval not 
determined due to few points for curve fit parameter estimation. 

T (ºC) Salinity 
EC50 (µg As L-1) 

24 h 48 h 

20 

20 n.c n.c 

26 n.c 
31.0 
(n.d) 

33 n.c n.c 

24 

20 n.c n.c 

26 
29.8 

(29.8-29.8) 
41.8 

(38.7-45.0) 

33 
39.2 

(38.8-39.6) 
18.7 

(17.1-20.5) 

28 

20 n.c nc 

26 
39.6 

(39.5-39.7) 
50.5 

(44.0-58.1) 

33 
36.2 

(28.5-46.1) 
15.9 

(14.6-17.3) 

 

To assess the effects of salinity on embryos sensitivity to As, pairwise comparisons among 

EC50 values obtained at each salinity were performed considering fixed temperature. Pairwise 

comparisons showed that at 24 h, EC50 values between salinities were significantly different only 

at 24 ºC, for which EC50 was higher at salinity 33 than at salinity 26. On the other hand, results 

for C. angulata embryos exposed for 48 h, showed significantly higher EC50 values at salinity 26 

at both compared temperature levels (24 and 28 ºC) (Figure 3). These findings illustrate that 

different salinities as well as time of exposure altered the sensitivity of embryos to As. 
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Figure 3 – Arsenic embryotoxicity under different combinations of salinity and temperature to 
C. angulata. 

Median effect concentrations (EC50s) of As and relative 95% confidence intervals at different salinity and 
temperature conditions, after 24 and 48 h exposure. Different letters represent statistical differences 
between tested groups (p≤0.05): lower-case letters for comparisons between combinations of salinity and 
temperature conditions after 24 h; upper-case letters for comparisons between combinations of salinity 
and temperature conditions after 48 h; * for statistical differences between 24 and 48 h at each 
combination of salinity and temperature. Values are EC50 ± 95% confidence interval (n.d. – undetermined 
95% confidence interval due to few points for curve fit parameter estimation). 

 

Salinity can influence oyster embryo development rate, by increasing the rate with the 

increase of salinity (O’Connor and Lawler, 2004), and therefore the retardation effect of As 

previously described (Moreira et al., 2018) at intermediate salinity (26) could be more noticeable 

than at higher salinity (33), as observed after (24 h). However, these differences were 

counteracted after 48 h exposure, for which significantly higher EC50 values were observed at 

salinity 26 comparing to salinity 33, for both comparable temperature levels (24 and 28 ºC). These 

results, showed in one hand that extending the exposure period from 24 to 48 h had a beneficial 

effect at salinity 26 (significant increase of EC50 at 24 ºC), corroborating the above stated 

hypothesis that developing rates influenced final As toxicity. On the other hand, sensitivity to As 

(lower EC50) increased significantly at higher salinity (33) comparing 24 and 48 h exposures, 

likely resulting from poor physiological status at higher salinities (Thiyagarajan and Ko, 2012), 

also supported by results obtained in negative controls at the same conditions for which we 

observed relatively high frequencies of dead larvae (data not shown). 

To evaluate the effect of temperature on embryos sensitivity to As, pairwise comparisons 

between EC50 values obtained at different temperatures, within each salinity level were 

performed. Results showed significant increases of EC50s with the increase of temperature (24 

and 28 ºC) at salinity 26 for both 24 and 48 h exposures. At salinity 33 no significant differences 

were observed between temperature levels, at either 24 and 48 h exposures (Figure 3). 
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Studies on the effects of temperature on the toxicity of pollutants to bivalve embryos, have 

reported contrasting results. For instance, increased toxicity with the increase of temperature has 

been shown for Cu and Ag (Boukadida et al. (2016), and for Pb (Hrs-Brencko, 1977) in Mytillus 

galloprovincialis. However, studies on C. virginica showed that Cu was more toxic at lower 

temperatures, presumably because closer to suboptimal temperature conditions would induce 

higher toxicity (MacInnes and Calabrese, 1979). Assuming that higher temperature increases the 

rate of chemical reactions in the media, the uptake of contaminants through biological membranes 

can be promoted at higher temperatures (Hazel, 1997), hence toxicity could be expected to 

increase at higher temperatures. 

In the present study results obtained for C. angulata at optimum salinity (26) and both 

exposure periods (24 and 48 h) showed the opposite trend, for which the effect of increasing 

temperature resulted in lower As toxicity. These results were likely related to a counteractive effect 

of increased rates of embryo development at higher temperatures, with the retarding effect of As 

(Moreira et al., 2018), thus resulting in higher EC50s at higher temperatures. 

To assess the effects of salinity on embryo sensitivity to As, pairwise comparisons among 

EC50 values obtained at each salinity were performed considering fixed temperature. Pairwise 

comparisons showed that at 24 h, EC50 values between salinities were significantly different only 

at 24 ºC, for which EC50 was higher at salinity 33 than at salinity 26. On the other hand, results 

for C. angulata embryos exposed for 48 h, showed significantly higher EC50 values at salinity 26 

at both compared temperature levels (24 and 28 ºC) (Figure 3).  
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 Crassostrea gigas 

Influence of salinity and temperature 

Crassostrea gigas embryo-larvae development under different salinity and temperature 

combinations is depicted in Figure 4 A and B (24 and 48 h respectively). Contour plots show that 

C. gigas presented low frequencies of malformed larvae (<30%) at all combinations of salinity 

and temperature after 24 h development, except for embryos exposed to low salinity (20) and low 

temperature (20 ºC), where high percentages of malformed larvae were observed (100% 

identified as pre-D, supplementary table S2) (Figure 4A). 

 

 

Figure 4 - C. gigas embryo-larvae development under varying salinity and temperature. 

Contour plots representing the observed percentage of malformations at different combinations of salinity 
and temperature, for C. gigas after 24 h (A) and 48 h (B) development. Each colour represents a different 
category of percent frequency malformation. 

 

Similarly to the present findings, previous studies showed low percentages of complete 

embryo development (D-shape) of C. gigas at 20 ºC and full salinity (Gamain et al., 2017) (40% 

D-shape larvae after 24 h post fertilization), or even complete arrest of development at salinities 

ranging from 15-32 at 20 ºC (100% trochophore stage at 24 h) (Moreira et al., 2018). In the present 

study, Crassostrea gigas embryos exposed to the same conditions for 48 h, showed high 

frequencies of developed D-shape larvae at all combinations of salinity and temperature (<35% 

malformed larvae), including low salinity (20) and low temperature (20 ºC) (Fig. 4B). 

Taking the present findings and those from previous studies, there appears to be some 

degree of variability in the developing rate of C. gigas at suboptimal temperature (20 ºC), that are 

likely related to differences in development rates at suboptimal thermal regimes. Results obtained 

at 48 h post-fertilization, for which high frequencies of D-shape larvae were observed, 

demonstrated that extending the time of exposure allowed for complete embryo development at 

low temperature (20 ºC). These results are in accordance with those from Parker et al. (2010) 

that also observed high rates of embryonic development at 48 h and low temperature (20 ºC). 



RESULTS & DISCUSSION 

45 
 

Differences in methodology during the embryo-larval assay, namely the origin of seawater source 

(His et al., 1997; Beiras and His, 2004), as well as phenotypic plasticity and genetic variability 

(Pace et al., 2006; Taris et al., 2006 and references therein), could explain the differences 

observed between our findings and some of the results reported in literature. 

 

Influence of salinity and temperature on oysters sensitivity to As 

The effects of salinity and temperature on embryos sensitivity to As, measured as the 

median effective concentration (EC50) at every combination of salinity and temperature tested 

are depicted in Table V and Figure 5. 

EC50 values at standard conditions for C. gigas (24 ºC, 33 salinity, 24 h) was 452 µg L-1 

As (663.5 µg L-1 at 48 h) (Table V), within previously reported EC50 values (920 µg L-1 As from 

Mamindy-Pajany et al. (2013); and 326 µg L-1 As from Martin et al. (1981)). Additionally, in a 

previous study (Moreira et al., 2018) As toxicity determined at standard salinity and temperature 

assay conditions revealed an EC50 lower than 1 µg L-1 As. 

Among the few available data on As toxicity to bivalve embryos, a great variability is 

observed, in contrast to other types of pollutants (His et al., 1999). These discrepancies could be 

related to different reference seawater characteristics (Beiras and Albentosa, 2004), as observed 

in a previous study (Moreira et al., 2018), or different methodological approaches, for instance 

Martin et al. (1981) used different incubation temperature (20 ºC), different time of exposure (48 

h) and different As form (AsO5); other authors made no reference to measured As concentrations 

(Mamindy-Pajany et al., 2013), thus possibly introducing bias when determining EC50. 

 

Table V - Embryotoxicity of As to C. gigas at different combinations of salinity, temperature and 
time of exposure. 

Summary table of median effect concentrations (EC50s in µg L-1) of As and relative 95% confidence intervals 
at different combinations of salinity and temperature, after 24 and 48 h exposures. n.c – EC50 value not 
calculated due to low or zero percentage of developed larvae (D-shape). 

T (ºC) Salinity 

EC50 (µg As L-1) 

24 h 48 h 

20 

20 n.c 
101.1 

(96.9-105.5) 

26 
119.0 

(114.6-123.5) 
161.9 

(147.2-178.0) 

33 
285.5 

(267.3-305.0) 
530.0 

(465.2-603.8) 

24 

20 
101.9 

(101.7-102.0) 
80.71 

(80.70-80.73) 

26 
179.7 

(178.6-180.7) 
214.3 

(206.1-222.9) 

33 
451.5 

(312.6-652.2) 
663.5 

(516.5-852.3) 

28 

20 
103.4 

(90.64-117.9) 
103.3 

(103.0-103.5) 

26 
190.1 

(180.9-199.8) 
198.9 

(185.5-213.3) 

33 
303.7 

(229.6-401.5) 
493.7 

(429.9-567.0) 
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Median effect concentrations (EC50s) of As under different salinity and temperature 

conditions after 24 and 48 h incubation for C. gigas are presented in Figure 5. Results obtained 

show a clear increase of EC50s with the increase of salinity, considering both 24 and 48 h larval 

development, considering fixed temperature levels. 

 

 

Figure 5 - Arsenic embryotoxicity under different combinations of salinity and temperature to 
C. gigas. 

Median effect concentrations (EC50s) of As and relative 95% confidence intervals at different salinity and 
temperature conditions, after 24 and 48 h exposure. Different letters represent statistical differences 
between tested groups (p≤0.05): lower-case letters for comparisons between combinations of salinity and 
temperature conditions after 24 h; upper-case letters for comparisons between combinations of salinity 
and temperature conditions after 48 h; * for statistical differences between 24 and 48 h at each 
combination of salinity and temperature. Values are EC50 ± 95% confidence interval. 

 

Results showing increased sensitivity of C. gigas to As with the decrease of salinity 

observed, are in line with previous studies using C. gigas exposed to As (Moreira et al., 2018), 

Ag and Cu (Coglianese, 1982), Cu and metalochlor (Gamain et al., 2016) at a range of different 

salinities. The increased sensitivity to As (lower EC50s) with the decrease of salinity is likely 

related to different osmoregulation status of oyster embryos in response to low salinty. Under 

hypoosmotic conditions, the ion flux between the embryos and surrounding media may increase, 

inducing higher uptake of soluble contaminant through active transport processes (Connel, 1989; 

Grosell et al., 2007). Another factor contributing to higher sensitivity to As at lower salinities, could 

be related to differences in As speciation with salinity variation, however we discarded such 

possibility, because under a similar range of salinity (and temperature) conditions, As speciation 

analysis showed no important differences in prevailing As species and bioavailability with varying 

salinity and temperature (Moreira et al., 2018). 
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The effect of varying temperature on C. gigas embryos sensitivity to As, inferred by pairwise 

comparisons of EC50 values among temperature levels, were variable within each salinity level 

and incubation period (Figure 5). At the lowest salinity (20), no significant differences were 

observed among EC50s obtained for all temperature levels (at both 24 and 48 h). At salinity 26, 

EC50 was significantly lower at 20 ºC, comparing to the remaining temperature levels, after 24 h 

incubation. At salinity 33 and 24 h embryo development, the highest EC50 value was observed 

at 24 ºC, with significant differences towards that obtained at 20 ºC (Figure 5). 

These findings suggest that higher sensitivity (lower EC50s) observed at lower 

temperatures (20 ºC, 24 h) for all tested salinity levels likely resulted from an additive effect of 

delayed development induced by both As and low temperature, considering that the developing 

rate of oyster larvae decrease at lower temperatures (Dove & O´Conner; 2007 His et al., 1989), 

and that As induces a retarding effect on embryo development (Moreira et al., 2018) 

Results further revealed that after 48 h no significant differences were observed among 

temperature levels at salinity 26 and 33 (Figure 5). These findings demonstrate that the arresting 

effect of As on C. gigas larvae development previously described is not permanent, because 

extending the exposure period to 48 h revealed higher frequencies of embryo-larval development 

completion (lower frequencies of Pre-D larvae) (Supplementary table S2), which in turn resulted 

in similar toxicity effects to larvae exposed at different temperature levels at 48 h, unlike results 

obtained at 24 h for which temperature showed a higher effect. 

Comparisons between EC50 values obtained for each combination of salinity and 

temperature at 24 h incubation and the corresponding conditions after 48 h exposure (Figure 4), 

revealed no differences in EC50 values at any combination of low (20) and intermediate salinities 

(26) at every temperature level between 24 and 48 h exposures (Figure 5). However, significant 

differences were observed at all temperature levels tested at salinity 33, at which significantly 

higher EC50 values were observed after 48 h comparing to values obtained after 24 h. It is 

important to note that at salinity 20 at 20 ºC, EC50 was only possible to calculate after 48 h 

exposure, since after 24 h embryo development was not completed in these conditions (Figure 

5A and B). 

Comparisons between results obtained for C. gigas at 24 and 48 h further revealed a 

significant increase of EC50 at the highest salinity (33), and all combinations of temperature, with 

the increase of exposure time. These results illustrated that toxicity threshold determination can 

depend on time of exposure for toxicants that affect embryonic development by retarding 

development such as As. 
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 Species comparison 

A different range of salinity and temperature was observed for successful embryo-larval 

development of each species, which further reflected in the pattern of sensitivity to As observed. 

C. angulata presented a narrower range of salinity and temperature than C. gigas for which 

embryo-development successfully occurred, considering 24 and 48 h post fertilization. C. 

angulata presented better embryonic development at intermediate salinity (26) and temperatures 

above 20 ºC, while C. gigas presented high frequencies of developing embryos at all 

combinations of salinity and temperatures tested 

Overall, results on embryo-larvae development suggest that C. angulata is more sensitive 

to As than C. gigas, with at least an order of magnitude lower EC50 values. Several factors could 

be hypothesised to have influenced these results, but the most important one could be a 

differentiated species-specific sensitivity to As.  

Indeed, species specific tolerance to As seemed to be the main reason explaining the 

differentiated toxicity observed. Moreover, these results are supported by other studies, namely 

those that showed taxon related differences between C. angulata (Spanish origin) and C. gigas 

(French origin), regarding maturation trais as well as mortality of each progeny (Soletchnik et al., 

2002). Also, Huvet et al., (2002) suggested that C. gigas could present overall better gamete 

quality than C. angulata, while studying hybrid crosses between both species. To our knowledge 

this is the first embryotoxicity study on C. angulata, and the present data add to the body of 

evidence that show differences in ecophysiological traits between these closely related taxa 

(Soletchnik et al., 2002; His et al., 1972; Goulletquer et al., 1999; Heral, 1996; Moreira et al., 

2016). 

Other factors such as broodstock origin or parental exposure history could also have 

influenced each species sensitivity to As but were unlikely given our results and the existing 

literature. For instance, Gamain and co-workers (2017) studied C. gigas from different origins 

(hatchery, cultivated and wild) and found no major differences in embryotoxicity of metolachlor to 

embryos of different parental origins. However, and in contrast with our study, progeny from 

hatchery oysters were more sensitive to Cu than wild and cultivated ones. Therefore, it would be 

unlikely that oysters (hatchery C. gigas, and cultivated C. angulata) from our study, would have 

presented the observed differentiated response to As, solely based on broodstock origin 

(hatchery and cultivated). 

A recent study by Weng & Wang (2017) demonstrated maternal transfer of trace metals in 

Crassostrea hongkongensis adults to their progeny (oocytes and larvae) reflecting parental 

exposure from contaminated sites, with negative impacts on the most contaminated embryos 

development. Hence, parental transfer of trace elements to zygotes in C. angulata could have 

influenced final As toxicity, knowing that the Sado estuary is anthropogenically polluted (Costa et 

al., 2009). However, the results obtained in the present study on trace elements content in 

fertilized oocytes showed only marginal differences in trace elements concentrations between 

species, except for Cr and Ni (higher in C. angulata) and Zn (higher in C. gigas) (Table VI). Trace 
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elements content from both C. angulata and C. gigas were in the lower range of those described 

by Weng & Wang (2017) for C. hongkongensis embryos, considering the lowest reported values 

(lowest contaminated sites) for As, Cd, Cr, Cu, Ni and Zn (4.26 ± 0.83; 0.21 ± 0.11; 0.71 ± 0.39; 

45.3 ± 21.0; 1,42 ± 1.03; 300 ± 87.8 µg g-1 dw, respectively). Hence, the present findings indicate 

that parental element transfer to embryos was not likely to have influenced final As toxicity in 

either species, given that we observed overall low contamination, and few differences in element 

concentrations in embryos between species. 

 

Table VI - Trace elements concentrations (µg g-1 dry weight) determined in C. angulata and C. 

gigas fertilized oocytes suspensions used for embryotoxicity experiments (mean ± relative 
standard deviation). 

 C. angulata C. gigas 

As 3.43±0.031 3.29±0.035 

Cd 0.11±0.0046 0.10±0.0054 

Cr 3.69±0.049 0.36±0.0047 

Cu 7.75±0.078 7.06±0.078 

Hg 0.04±0.0051 0.03±0.0031 

Ni 1.91±0.026 0.76±0.012 

Sn 0.46±0.0085 0.40±0.0051 

Zn 56.69±0.58 78.94±0.86 
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3.1.2 Juveniles 

Seawater acidification and Arsenic exposure  

The effects of seawater acidification and As (single and combined exposures) were 

assessed in juvenile C. angulata and C. gigas after 28 days laboratory exposures to (As), 

seawater acidification (Low pH) and the combined effects of both stressors (Low pH+As) (detailed 

methods in section 2.4). Arsenic accumulation, biochemical markers and 2-DE proteomics were 

assessed in oysters soft tissue. 

 

 Crassostrea angulata 

Influence of Seawater acidification on Arsenic accumulation 

Total As (µg g-1 fw) accumulated in soft tissue of juvenile C. angulata exposed to As, Low 

pH and Low pH+As, are depicted in Table VII. As concentrations were significantly higher in 

oysters exposed to As (As; Low pH+As) than in the remaining conditions (CTL, Low pH). No 

significant differences were observed in As accumulation between oysters exposed to As in 

acidified (Low pH+As) and non-acidified (As) conditions. 

 

Table VII – Total As (µg g-1 fw) accumulated in juvenile C. angulata exposed to CTL (control), As, 

Low pH and Low pH+As. Significant differences (p ≤ 0.05) among tested conditions are 
represented with different letters (mean ± standard error, n=5). 

 CTL As Low pH Low pH+As 

µg As g-1 fw 1.25±0.08a 2.88±0.1b 1.16±0.2ª 2.98±0.3b 

 

The average concentration of As accumulated in juvenile C. angulata ranged from ca 1.0 

to 3.0 µg g-1 fw (equivalent to ca. 5 and 15 µg g-1 dw) (Zhang et al., 2013). Residual As 

concentrations (ca. 1 µg g-1 fw) observed in oysters maintained in CTL, evidenced As 

contamination levels in the estuary where oysters were collected (Costa et al., 2009). The highest 

As concentrations (2.98 µg g-1 fw), equivalent to ca. 15 µg g-1 dw (Zhang et al., 2013) in oysters 

exposed to As, was within reported values in oysters collected in other estuarine systems e.g. up 

to 26.7 µg g-1 dw in C. gigas in France (Kohlmeyer et al., 2002) and 25.4 µg g-1 dw in C. virginica 

from the US (Valette-Silver et al., 1999). 

 

Influence of Seawater acidification and Arsenic on oysters biochemical performance 

Results on biochemical parameters studied in juvenile C. angulata exposed to As, Low pH 

and Low pH+As are depicted in Figure 6. The most prominent changes concerning the 

biochemical markers studied in juvenile C. angulata experiments, were observed in oysters 

exposed Low pH+As, in the form of induced SOD activity, increased GSH/GSSG, and higher 

LPO. Oysters exposed to Low pH presented significantly lower GSTs activity towards the 

remaining conditions. 
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Figure 6 – Biochemical parameters studied in juvenile C. angulata exposed to CTL (control), As, Low pH and Low pH+As. 

A: Superoxide dismutase (SOD) activity; B: Catalase (CAT) activity; C: Glutathione S- transferases (GSTs) activity; D: Reduced to oxidized glutathione ratio (Redox); E: 
Lipid peroxidation (LPO) levels; F: Electron transport system (ETS) activity; G: Glycogen (GLY) content. Significant differences (p≤0.05) between conditions are represented 
with different letters (Mean + standard error; n=12). 
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Antioxidant enzymes have been widely used as biomarkers of environmental stress in 

bivalve species from a wide range of stressors including the exposure to xenobiotics (e.g. Freitas 

et al., 2014; Regoli et al., 1997), climate change related stressors (e.g. Matoo et al., 2013; 

Matozzo et al., 2013), as well as to the combined effects of both xenobiotics and climate change 

parameters (e.g. Freitas et al., 2016a,b; Verlecar et al., 2007). Because the activity of antioxidant 

enzymes is often modulated in response to stress related enhanced ROS formation to prevent 

oxidative damage, the measurement of antioxidant enzymes (e.g. SOD and CAT) activities give 

indications on the oxidative challenge organisms are subjected in a given scenario (Valavanidis 

et al., 2006). In juvenile C. angulata, alterations of antioxidant enzymes activity were observed 

concerning SOD, that was significant higher in oysters exposed to Low pH+As compared to the 

remaining conditions. These results could indicate that these oysters were subjected to higher 

oxidative stress compared to CTL and to single exposures, and likely induced antioxidant 

enzymes to mitigate enhanced ROS formation. 

Among non-enzymatic antioxidants, glutathione is the most abundant ROS scavenger that 

plays a central role in cellular redox status maintenance and oxidative stress repair (Rahman, 

2007). GSH serves as electron donor in numerous reductive processes, either directly reducing 

oxidized molecules, or indirectly as cofactor of several antioxidant/biotransformation enzymes 

(e.g. GSTs, GPx). The ratio of reduced to oxidized glutathione (GSH/GSSG) gives a measure of 

the oxidative stress status of a given organism (Regoli & Giuliana, 2014). It is generally conceived 

that a shift towards an oxidized GSH/GSSG to be indicative of a prooxidant status, despite that 

GSSG export and glutathione reductase (GR) activity should not be neglected (Dalle-Donne et 

al., 2009). 

The present findings, showed significantly higher GSH/GSSG in oysters exposed to As and 

to Low pH+As (compared to CTL and to Low pH), evidencing alterations in the redox status of 

oyster tissues. The increase of GSH/GSSG was due to a significant decrease in GSSG 

concentrations (no change in GSH concentrations were observed). At least two non-mutually 

exclusive hypothesis could explain the observed decrease of GSSG concentrations and 

concomitant increase in GSH/GSSG: i) GSSG could be excreted from the cells towards the 

extracellular matrix (Garcia et al., 2010; Han et al., 2006) to prevent GSSG induced protein 

glutathionylation under oxidative conditions (Hawkins et al., 2010; Hurd et al., 2005); and ii) a shift 

towards NADPH producing pathways characteristic of invertebrates stress response (Tomanek, 

2014) could increase the rate of GSSG reduction by GR, thus shifting the ratio towards the 

reduced form (Bindoli et al., 2009). Similarly, increased NADPH, decreased GSSG and increased 

GSH/GSSG was observed by Yamamoto et al. (2014) in tumour cells. In either case, results on 

GSH/GSSG indicate a shift in the redox status, likely representing a protective mechanism 

towards As induced oxidative stress. 

The reaction of ROS with membrane lipids is one of the most important mechanisms of 

cellular injury, that involves a cascade of oxidation reactions generally termed lipid peroxidation 

(Halliwell & Gutterige, 1999). Aldehydes such as malonaldehyde (MDA) are among the most 

important degradation products of the lipid peroxidation chain reaction, and therefore MDA 
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concentration has been used as a measure of cellular membrane peroxidation resulting from 

oxidative stress in aquatic organisms (Amiard-Triquet et al., 2016). The present findings showed 

that simultaneous exposure to both stressors (Low pH+As) induced higher LPO in juvenile C. 

angulata than single exposures, an indication of higher cellular injury induced by the presence of 

both stressors. 

Another important result was that observed concerning GSTs activity. GSTs are important 

enzymes involved in cellular detoxification processes by conjugation of GSH to electrophilic 

centres of a variety of subtracts (Townsend & Tew, 2002). Results showing lower GSTs activity 

in juvenile C. angulata exposed to Low pH compared to the remaining conditions, suggest 

supressed biotransformation capacity in these oysters. These findings could be related to 

metabolic depression, as a mechanism of physiological adaptation to adverse environmental 

conditions (Guppy & Withers, 2009), also observed in bivalve molluscs exposed to seawater 

acidification (Lesser, 2016; Michaelidis et al., 2005). In such scenario, antioxidant suppression 

can be induced as an energetic trade-off mechanism to prevent energetic depletion due to limited 

energetic reserves (Sokolova et al., 2011), and/or due to lower ROS production rates under 

anaerobic respiration (Abele & Puntarulo, 2004). 

Despite of this, results on the ETS activity and energetic fitness (GLY), did not suggest 

changes in oysters metabolic performance. Nonetheless, proteomic analysis provided other clues 

that are discussed in the following section. 

 

Influence of Seawater acidification and Arsenic on oysters proteome 

Proteomic analysis of juvenile C. angulata showed differentially expressed protein profiles 

among all tested conditions (Figure 7). Protein identification by MS allowed to identify several 

proteins with significantly altered expression levels among conditions, that play biological roles 

related to metabolism (ATPsynthase subunit β), cytoskeleton structure (Actin; Coronin 1-B; 

Severin; Gelsolin) cellular stress response (Retinal dehydrogenase; Lactoylglutathione lyase; 

Alpha crystallin b chain), cell signalling (progesterone-induced-blocking factor 1; piRNA 

biogenesis protein) proteolysis (aminopeptidase W07G4.4), cell differentiation/apoptosis 

(MYCBP-associated protein), cell to cell adherence related proteins (Ependymin; Tight junction 

protein ZO-1), transport (V-type proton ATPase subunit B), as well as two uncharacterized 

proteins (KIAA1109-like isoform X5; LOC105343084 isoform X1) (Figure 7 and Table VIII) 
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Figure 7 – 2DE protein map of identified proteins in juvenile C. angulata exposed to different 
pH levels. 

Protein expression profile of juvenile C. angulata whole soft tissue by 2-DE. Differentially expressed 
proteins identified by MALDI TOF MS are highlighted in the representative gel image. 
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Table VIII – Differentially expressed proteins in juvenile C. angulata exposed to CTL (control), As, Low pH and Low pH+As. 

Differentially expressed proteins identified in Crassostrea angulata by MALDI TOF MS. Observed molecular weight (MW) and isoelectric point (pI) are provided. Fold 
change of spot density between tested groups (CTL; As ; Low pH; and Low pH+As) are expressed for pairwise comparisons that showed significant differences (p≤0.05). 

Spot 
no. 

GenBank ass. no. Protein name 
Mascot 
score 

MW 
(kDa)/pI 

Putative biological 
function(s) 

Fold change 

503 XP_011429993.1 Putative aminopeptidase W07G4.4 64 51.8/4.3 Proteolysis 
3.3 ↑ in Low pH+As vs. Low pH 

7.1 ↑ in Low pH+As vs. As 

1002 XP_011447841.1 
MYCBP-associated protein-like isoform 

X5 
64 18.5/4.4 

Cell differentiation 
Apoptosis 

9.1 ↑ Low pH+As vs. As 

1509 XP_011436817.1 Retinal dehydrogenase 1 108 59.5/4.5 Regeneration 2.3 ↑ in Low pH vs. CTL 

3613 XP_011429476.1 Coronin-1B isoform X5 118 64.0/4.9 Cytoskeleton 2.6 ↑ in Low pH+As vs. CTL 

4304 EKC22157.1 Severin 108 55.1/5.2 Cytoskeleton 
4.3 ↑ in As vs. CTL 

4.8 ↑ in As vs. Low pH 

4305 EKC30581.1 
Progesterone-induced-blocking factor 1 

(Pibf) 
100 38.6/5.0 Immunomodulation 

5.0 ↑ CTL vs. As 
10.0 ↑ in Low pH+As vs. As 

5101 XP_022328428.1 
Uncharacterized protein KIAA1109-like 

isoform X5 
64 34.0/5.5 Lipid metabolism 

2.8 ↑ in As vs Low pH 
4.2 ↑ in As vs. Low pH+As 

5508 EKC36437.1 V-type proton ATPase subunit B 73 53.3/5.1 Transport 3.3 ↑ in Low pH vs. Low pH+As 

6102 EKC27629.1 Alpha-crystallin B chain 111 17.3/5.6 Molecular chaperone 

2.0 ↓ in As vs Low pH+As 
3.0 ↓ in Low pH+As vs. CTL 

4.3 ↓ in As vs Low pH 
6.3 ↓ in As vs. CTL 

6107 XP_011413901.1 Ependymin-related protein 1 114 22.0/5.3 Cell-matrix adhesion 4.4 ↑ in Low pH vs. Low pH+As 

7008 XP_011422530.1 Lactoylglutathione lyase 118 17.8/5.7 Antioxidant defense 
5.9 ↑ in Low pH+As vs. As 

5.6 ↑ in CTL vs. As 
5.9 ↑ in Low pH vs. As 

7303 XP_011427051.1 Gelsolin-like protein 2 80 54.6/5.9 Cytoskeleton 
2.6 ↑ in As vs. Low pH 

4.1 ↑ in As vs. CTL 

7307 NP_001295788.1 Actin 78 47.6/5.6 Cytoskeleton 
4.7 ↑ in Low pH+As vs. CTL 

5.9 ↑ in As vs. CTL 

8107 XP_022321285.1 piRNA biogenesis protein EXD1-like 64 26.4/5.9 Cell signaling 6.7 ↓ in Low pH+As vs. CTL 

8507 EKC39411.1 ATP synthase subunit beta. mitochondrial 64 65.5/5.8 
Oxidative 

phosphorylation 
2.8 ↓ in Low pH+As vs. CTL 

5.2 ↓ in Low pH vs. CTL 

8709 EKC34842.1 Tight junction protein ZO-1 88 91.1/6.0 Cell-Cell adherence 
6.7 ↑ in CTL vs As 

7.1 ↑ in Low pH vs. As 
10.0 ↑ in Low pH+As vs. As 

9101 XP_011448567.1 
Uncharacterized protein LOC105343084 

isoform X1 
83 28.0/6.0 Unknown 2.5 ↑ in Low pH vs. Low pH+As 
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Influence of Arsenic exposure on oysters proteome 

In line with results on biochemical markers, data from proteomic analysis corroborated the 

observed changes in redox status of juvenile C. angulata exposed to As, for which higher 

GSH/GSSG was observed. Particularly, proteomic analysis revealed a significant decrease in 

expression levels of Lactoylglutathione lyase (Lgl) in oysters exposed to the same condition (As) 

(Table VIII). Lgl is an important enzyme in the glyoxalase system, that participates in detoxification 

reactions of reactive α-ketoaldehydes (glycolytic by-products) using glutathione as cofactor 

(Regoli & Giuliana, 2014). Because Lgl regulation depends on cellular redox status (Birkenmeier 

et al., 2010), it is likely that the decrease of Lgl abundance indicates cellular redox imbalance 

induced by As exposure. Accordingly, other studies have shown a negative correlation between 

Lgl and pollutant exposure, including in Macoma balthica exposed to As (Regoli et al., 1998), and 

in Saccrostrea glomerata (Melwani et al., 2016) exposed to high impacted sites (PAHs, PCBs, 

TBT, Pb and Zn). 

C. angulata exposed to As presented higher expression levels of cytoskeleton related 

proteins compared to levels observed in control conditions. These were Actin (Actin), Severin 

(Severin) and Gelsolin-like protein 2 (Gelsolin). Alterations in the expression levels of cytoskeletal 

proteins is a common response mechanism observed in marine organisms exposed to 

environmental stress (Tomanek, 2014), and could be indicative of cytoskeleton rearrangement to 

prevent oxidative damage (Dailianis et al., 2009) or to replace damaged proteins (Anderson, 

2015). Accordingly, altered levels of Actin have also been reported in other oyster species 

(Saccrostrea cucculata and Saccrostrea glomerata) exposed to different types of contaminants 

(Khondee et al., 2016; Melwani et al., 2016; Muralidharan et al., 2012; Thompson et al., 2012). 

Severin and Gelsolin (both assigned to the Gelsolin superfamily), play regulatory roles on 

Actin filament assembly and disassembly processes, and are key proteins in cytoskeleton 

structure maintenance and remodelling (Silacci et al., 2004). Higher abundance of these proteins 

were also observed in juvenile C. angulata exposed to As relative to control (and to Low pH), that 

further corroborate the role of Actin dynamics in C. angulata stress response to As. Similarly, 

other studies have described altered levels of Severin and Gelsolin-like proteins in bivalves 

experiencing environmental stress, such as: Severin increased expression in C. gigas under 

thermal and hypercapnic stress (Dineshram et al., 2015; Harney et al., 2016), and in S. glomerata 

exposed to highly polluted sites (Melwani et al., 2016); and increased abundance of Gelsolin-like 

proteins in S. cucculata exposed to Tributyltin (TBT) (Khondee et al., 2016), as well as in Pecten 

maximus under hypoxia (Artigaud et al., 2015). Considering these studies, results presented here 

suggest eminent cytoskeleton remodelling in C. angulata exposed to As, that could have helped 

to mitigate oxidative stress. For instance, Actin polymerization may lead to increased 

glutathionylation thus protecting the actin cytoskeleton from oxidative stress (Dailianis et al., 

2009). Accordingly, cytoskleleton remodelling could help explain unaltered SOD, CAT and LPO 

in oysters exposed to As. 
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Additionally, C. angulata exposed to As showed significantly lower Tight junction ZO-1 

protein (ZO-1) levels than in all other conditions (Table VIII). ZO-1 are scaffolding proteins integral 

in the link between the tight junction and the actin cytoskeleton, modulating cell to cell adherence 

processes. Different elements have been shown to cause tight junction restructuring and 

deficiency, for instance in mouse respiratory cells exposed to As (Sherwood et al., 2013) and in 

Tegillarca granosa clams exposed to Cadmium (Cd) (Bao et al., 2016). Therefore, the present 

data suggest that As caused impairment of cell to cell adherence process in C. angulata. 

Adding to differences observed between As exposure and CTL, the present data showed 

increased expression of Uncharacterized protein KIAA1109-like (spot no. 5001, Table VIII) in C. 

angulata exposed to As compared to both acidification conditions (Low pH and Low pH+As). This 

protein is assigned to the Fragile site-associated protein (Fsa) domain, and is likely related to lipid 

storage (McKay et al., 2003; Kuo et al., 2006). Hence, increased KIAA1109-like protein in C. 

angulata exposed to As is likely related to alterations in lipid metabolism due to As as observed 

in other organisms (Carlson et al., 2014; Wang et al., 2015). 

 

Influence of Seawater acidification on oysters proteome 

Proteomic analysis of juvenile C. angulata exposed to Low pH corroborated the results 

obtained through biochemical makers, that suggested metabolic depression in juvenile C. 

angulata exposed to Low pH. Namely, regarding results showing lower abundance of ATP 

synthase subunit betta (ATP β) in oysters exposed to the same condition (Low pH) (Table VIII). 

The decrease of ATP synthase subunits expression has been discussed as a means of 

oxidative metabolism suppression (Moya et al., 2012). Metabolic arrest is characteristic of 

organisms incurring extreme stress (Guppy & Withers, 1999), likely resulting from decreased 

aerobic scope for ATP synthesis (Sokolova et al., 2012) and a possible indication of a shift to 

anaerobic metabolism (Hüning et al., 2012). Similarly, other studies described ATP synthase 

subunit depression in marine invertebrates exposed to acidification, including coral (Moya et al., 

2012), polychaete (Wäge et al., 2016) and bivalve species (Harney et al., 2016; Hüning et al., 

2012). Therefore, the decrease of ATP β expression levels observed in C. angulata in Low pH 

condition most likely indicate metabolic depression in response to acidification in this species, 

supporting the idea that GSTs suppression was linked to metabolic arrest, as mentioned in the 

previous section. 

Interestingly, biochemical markers revealed no alterations in metabolic potential measured 

by the ETS activity. This could seem contradictory, because alterations in ATP synthase subunits 

expression would inevitably lead to impairment of ATP synthesis through the electron transport 

chain (Lapaille et al., 2010; Xu et al., 2015). However, because the ETS activity assay measures 

INT reduction capacity primarily at complexes I and III of the electron transport chain (ETC) 

(Packard, 1971), and at a lower extent at extramitochondrial cytosolic, lysosomal and peroxisomal 

fractions (Maldonado et al., 2012), the ETS assay is insensitive to changes at respiratory chain 

complex V (ATP synthase). Hence, results showing downregulation of ATP β would not induce 
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observable effects via the ETS activity assay, and reveal higher sensitivity of the proteomic 

approach in this particular case. 

Another protein, retinal dehydrogenase (Rdh) showed increased expression levels in C. 

angulata exposed to Low pH compared to CTL (Table VIII). Thompson et al. (2015) also observed 

increased Rdh in Saccostrea glomerata exposed to high pCO2. Rdh catalyses the irreversible 

oxidation of retinal to retinoic acid (RA) (Gutierrez-Mazariegos et al., 2015). Thus, increased 

expression of Rdh potentially increases RA concentration in oyster tissues. The physiological 

effects of such alterations in invertebrates remain to be clarified although RA seems to be involved 

in several processes from organ formation, differentiation and regeneration (Albalat, 2009; 

Gutierrez-Mazariegos et al., 2015). The present data, showing upregulated Rdh suggest a 

protection mechanism towards acidification, and could be at least partially responsible for the 

unchanged antioxidant status observed. 

 

Influence of the combined exposure to Seawater acidification and Arsenic on oysters proteome 

Proteomic analysis of oysters exposed to the combination of both stressors (Low pH+As) 

revealed several important alterations in oysters proteome, that helped explain and corroborated 

the results from biochemical analysis. 

Firstly, cytoskeleton modulation was upregulated in oysters exposed to Low pH+As, taken 

results showing enhanced Actin and Coronin abundance levels (Table VIII). Coronin is an actin 

filament binding protein that participates in Actin restructuring dynamics, including filament 

disassembly, bundling, crosslinking and several other actin-network reorganization processes 

(Lin et al., 2010; Rybakin & Clemen, 2005; Srivastava et al., 2015). Concomitantly, Actin was also 

upregulated in the same condition, supporting the effective role of cytoskeleton restructuring 

observed. Similarly, Thompson et al. (2015, 2016) observed simultaneous increase of both 

Coronin and Actin levels in S. glomerata exposed to acidification. In line with the results previously 

discussed, cytoskeleton restructuring may help mitigate oxidative stress. For instance, Actin 

polymerization may lead to increased glutathionylation thus protecting the actin cytoskeleton from 

oxidative insult (Dailianis et al., 2009 and references therein). However, under Low pH+As, 

cytoskeleton modulation capacity appeared not to be sufficient to prevent oxidative damage 

(increased LPO). 

Secondly, metabolic depression via ATP β downregulation was also observed in oysters 

exposed to Low pH+As, despite that the decrease of ATP β was lower (2.8 fold) in Low pH+As 

than in Low pH single exposure (5.2 fold), an indication that metabolic adjustment was possible 

only to a lower extent under the combination of both stressors (Low pH+As), likely due to the 

effect of As on oysters oxidative stress status. 

Thirdly, downregulation of piRNA biogenesis protein (piRNA) in Low pH+As (6.7-fold) 

compared to CTL, suggested genome reconfiguration towards environmental stress. piRNAs are 

involved in genome integrity maintenance via transposon regulation (Iwasaki et al., 2015; Mani & 

Juliano, 2014;). Transposable elements (TEs) are mobile DNA sequences that can move within 
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the genome, and are silenced by piRNAs (Luo & Lu, 2017). Researchers have recently proposed 

that stress-induced TEs mobility via piRNA downregulation allow for genome reconfiguration in 

response to extreme environmental stress (Ryan et al., 2016), enabling for heritable phenotypic 

variation (Piacentini et al., 2014). Considering this theory, and the fact that TEs are abundant in 

the oyster genome (Cross et al., 2014), the present data showing decreased expression of piRNA 

in C. angulata exposed to Low pH+As could imply genome reconfiguration in response to multiple 

stressors, a novel observation concerning oysters adaptive evolution mechanisms. 

Apart from proteomic differences observed between Low pH+As and CTL, results also 

revealed differences in protein abundance profiles between stress conditions (Table VIII). For 

instance, Aminopeptidase W07G4.4 (Aminopeptidase) and MYCBP-associated protein (Mycbp) 

were upregulated in Low pH+As towards Low pH and/or As. On the other hand, C. angulata 

presented downregulation of V-type proton ATPase subunit B (V-ATPase b), Ependymin-related 

protein 1 (Epend-1) and one uncharacterized protein (spot number 9101) in Low pH+As 

compared to levels in Low pH single exposure (Table VIII). 

Upregulation of Aminopeptidase, has also been described in S. glomerata oysters exposed 

to seawater acidification (Thompson et al., 2016), although the same Aminopeptidase was 

downregulated in oysters from highly contaminated sites (Melwani et al. 2016). The molecular 

function of Aminopeptidase suggests a primary role in protein catabolism (Brooks & Isacc, 2004) 

and therefore, increased levels of Aminopeptidase in C. angulata exposed to Low pH+As 

indicates higher protein turnover necessary to endure oxidative stress (Sokolova et al., 2012). 

Results showing decreased expression of V-ATPase b in oysters exposed to Low pH+As 

compared to Low pH could be explained owing to the fact that V-ATPase b expression levels may 

increase in oysters exposed to OA, as observed in other oyster species (C. gigas and S. 

glomerata) (Dineshram et al., 2012; Thompson et al., 2015), but in turn V-ATPase b could be 

depressed under the combined exposure of OA and As. V-ATPases are ATP consuming ion 

channels that play roles in acid-base regulation (HCO3), calcification, carbon concentration 

processes, as well as excessive proton excretion in marine invertebrates exposed to OA (Ivanina 

& Sokolova, 2015; Parker et al., 2013; Tresguerres et al., 2016). The fact that oysters exposed to 

Low pH+As presented significantly lower expression of V-ATPase b levels (Table VI), likely 

reflected the influence of As on oysters response to acidification. This could be related to the 

energetic costs associated to V-ATPases activity (Tresguerres et al., 2016) and the possible 

preferential energy allocation towards As detoxification processes in Low pH+As condition. These 

results highlight different modes of action of C. angulata towards multiple stressors. 

Increased expression of Ependymin related-protein 1 (Epend) was observed in oysters 

exposed to Low pH compared to Low pH+As (Table VII). The physiological role of Ependymin is 

attributed to cell adhesion processes through cell-matrix contact formation. Generally, 

upregulation of these proteins reflect tissue remodelling in response to environmental stimuli as 

reported in Littorina saxatilis (Muraeva et al., 2016) and C. gigas (Zhao et al., 2012) under osmotic 

stress. Zhang et al. (2014), observed a versatile behaviour of ependymin proteins in C. gigas 

exposed to different abiotic factors. These authors described upregulation of Ependymin in 
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oysters exposed to thermal and osmotic stress, while the same proteins were downregulated 

under aerial exposure. The present results suggest that Low pH induced higher Epend to 

modulate cell adhesion, while in the presence of As (Low pH+As) C. angulata presented lower 

capacity to promote Epend biosynthesis with possible impacts on tissue structure modulation 

capacity. 

Other proteins that presented altered abundance levels in single exposures (Low pH or As) 

did not present the same degree of alteration in oysters exposed to the combination of both 

stressors (e.g. Rdh, Severin, Gelsolin, Pibf, ZO-1). No alteration of Rdh levels were observed in 

C. angulata exposed to Low pH+As, in contrast with increased levels of Rdh in Low pH single 

exposure, could be related to inhibition of this enzymes catalytic activity by metals (Luo et al., 

2014; Meng et al., 2015, Bao et al., 2016). These data show that the combined effects of Low pH 

and As induce a different response that the isolated exposure to Low pH regarding Rdh, with 

likely implications at the physiological level. 

Both Severin and Gelsolin, that presented increased expression in oysters exposed to As, 

did not show alterations under Low pH+As, evidencing that multiple stressors induced a 

differentiated response capacity at the cytoskeleton level. Moreover, C. angulata exposed to Low 

pH+As presented the highest fold change of ZO-1 (10-fold lower) and Pibf abundance (10-fold 

higher) (Table VIII) compared to As single exposure, indicating a stronger modulation of cell to 

cell adherence (ZO-1), and higher immunomodulation response (Pibf) in C. angulata exposed to 

multiple stressors. 
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 Crassostrea gigas 

Influence of Seawater acidification on Arsenic accumulation 

Results on total As (µg g-1 fw) accumulated in juvenile C. gigas soft tissue exposed to As, 

Low pH and Low pH+As, are depicted in Table IX. As concentrations were significantly higher in 

oysters exposed to As (As; Low pH+As) than in the remaining conditions (CTL, Low pH). No 

significant differences were observed in As accumulation between oysters exposed to As in 

acidified (Low pH+As) and non-acidified (As) conditions. 

 

Table IX – Total As (µg g-1 fw) accumulated in juvenile C. gigas exposed to CTL (control), As, 

Low pH and Low pH+As. Significant differences (p ≤ 0.05) among tested conditions are 
represented with different letters (mean ± standard error, n=5). 

 CTL As Low pH Low pH+As 

µg As g-1 fw 1.03±0.1a 4.59±0.2b 1.31±0.06a 5.39±0.9b 

 

The average concentration of As in oysters ranged from ca 1.0 to 5.4 µg g-1 fw (equivalent 

to ca. 5 and 27 µg g-1 dry weight (dw) (Zhang et al., 2013). The highest As concentrations (5.39 

µg g-1 fw ca. 27 µg g-1 dw) accumulated in oyster tissues after exposures were equivalent to 

reported values in oysters collected in other estuarine systems e.g. up to 26.7 µg g-1 dw in C. 

gigas in France (Kohlmeyer et al., 2002) and 25.4 µg g-1 dw in C. virginica from the US (Valette-

Silver et al., 1999). 

 

Influence of Seawater acidification and Arsenic on oysters biochemical performance 

Results on biochemical parameters studied in juvenile C. gigas exposed to As, Low pH and 

Low pH+As are depicted in Figure 8. Significant alterations in antioxidant (SOD and CAT) and 

biotransformation (GSTs) enzymes activity, cellular damage (LPO), redox status (GSH/GSSG), 

metabolic potential (ETS) as well as energetic reserves (GLY) were observed among tested 

conditions. 

SOD activity was significantly lower in oysters exposed to As and Low pH compared to 

CTL. Oysters exposed to Low pH showed significantly higher SOD than in As exposure. Results 

obtained for CAT, presented a similar pattern of SOD, with the lowest activity levels observed in 

As exposed oysters. 

Higher GSTs activities were noted in oysters exposed to As and Low pH +As, comparing 

to the remaining conditions, with significant differences in oysters exposed to Low pH+As 

compared to the remaining conditions. 

GSH/GSSG and LPO were significantly higher in oysters exposed to Low pH+As compared 

to the remaining conditions. The ETS activity was significantly lower in oysters exposed to As 

comparing to the remaining conditions. The GLY content was significantly higher in oysters 

exposed to all stress conditions (As, Low pH and Low pH+As) compared to CTL. 
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Figure 8 – Biochemical parameters studied in juvenile C. gigas exposed to As, Low pH, Low pH+As. 

A: Superoxide dismutase (SOD) activity; B: Catalase (CAT) activity; C: Glutathione S- transferases (GSTs) activity; D: Reduced to oxidized glutathione ratio (Redox); E: 
Lipid peroxidation (LPO) levels; F: Electron transport system (ETS) activity; G: Glycogen (GLY) content. Significant differences (p≤0.05) between conditions are represented 
with different letters (Mean + standard error; n=12). 
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Several factors could explain results on decreased antioxidant enzymes (SOD and CAT) 

activity in juvenile C. gigas exposed to As, such as enzyme activity impairment, antioxidant 

response dynamics or lower rates of ROS production in this condition. Under oxidative stress, 

enzymes inhibition could result from direct interaction with ROS, or by indirect mechanisms (e.g. 

glycation) that prevent normal enzymatic function (Lushchak, 2007). Also, antioxidant defence 

systems in marine invertebrates are often dynamic, and present transient patterns of 

inhibition/activation depending on duration of exposure (reviewed in Regoli et al., 2011). 

Interestingly, SOD and CAT activities in oysters exposed to Low pH+As were similar to 

values observed in CTL, and relatively higher than those observed in single exposures, 

evidencing a differentiated antioxidant response in this condition. The differentiated antioxidant 

response between oysters exposed to As in the presence or absence of seawater acidification 

were further elucidated by results on the ETS activity. Alterations in metabolic potential, as 

observed considerinfg the significant decrease of ETS activity in oysters exposed to As, further 

elucidate on the biochemical response of these oysters. 

The ETS assay gives the maximum potential of metabolic rate of a given organism, as 

proxy of the electron transport flow rate through the electron transport chain (Bielen et al., 2016). 

Also, the ETS is the major site for ROS production in mitochondria, particularly at complexes I 

and III during forward electron flow in oxidative phosphorylation reactions (Murphy, 2009). 

Therefore, alterations in the functioning of this system may influence the overall oxidative stress 

status. Indeed, recent evidence suggests that complex I and III of the ETS are sites for ROS 

production rates regulation in marine invertebrates mitochondria, namely through changes in 

these proteins abundance, composition and post-translational modifications (reviewed in 

Tomanek, 2015). Lower ETS activity in oysters exposed to As could therefore be a mechanism 

induced to supress ROS production rates. This hypothesis could also explain antioxidant (SOD 

and CAT) suppression in the same condition. Similar, relations between ETS and antioxidants 

have been described in bivalves (Almeida et al., 2014). On the other hand, lower ETS activity 

could be indicative of mitochondria damage, knowing that As could affect cellular respiratory 

metabolism, given that mitochondria swelling has been described in oysters C. gigas exposed to 

As (Ettajani et al., 1996), and knowing that the activity of the ETS can be inhibited by other 

pollutants, as observed in Anodonta anatina and Sinanodonta woodiana mussels exposed to 

ZnCl2 (Bielen et al., 2016). However, this should be unlikely given the results on As accumulation 

and results on ETS activity in oysters exposed to Low pH+As, for which no alteration in ETS was 

observed. 

Additionally, significantly higher GSTs activity, GSH/GSSG and LPO in oysters exposed to 

Low pH+As, also indicated a differentiated stress response status in oysters exposed to the 

combination of both stressors. The GSTs family constitute a complex of enzymes specifically 

involved in cellular detoxification processes, through the conjugation of toxicants to glutathione or 

other electrophilic compounds (Townsend & Tew, 2003). 

Similarly to C. angulata, the increase of GSH/GSSG in oysters exposed to Low pH+As, 

was due to a significant decrease in GSSG concentrations (no change in GSH concentrations 
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were observed), possibly due to GSSG excretion towards the extracellular matrix (Garcia et al., 

2010; Han et al., 2006; Hawkins et al., 2010; Hurd et al., 2005); and/or a shift towards NADPH 

producing pathways (Tomanek, 2014) and the concomitant increase of the rate of GSSG 

reduction by glutathione reductase (GR), thus shifting the ratio towards the reduced form (Bindoli 

et al., 2009). 

Similarly to C. angulata (previously described) C. gigas also presented higher LPO under 

the combined exposure (Low pH+As) evidencing higher cellular injury induced by the presence 

of both stressors. Overall, these results indicate higher oxidative stress in oysters exposed to Low 

pH+As, with relatively higher antioxidant capacity (SOD, CAT and GSTs) compared to single 

exposures, that were however insufficient to prevent increased oxidative damage (LPO). The 

differentiated response observed should therefore be attributed to the interactive effects of both 

stressors, knowing that As accumulation levels were indistinguishable between oysters exposed 

to As under normocapnic (As) or hypercapnic conditions (Low pH+As). 

Results on GLY content, further revealed changes in oysters energetic fitness. Lower GLY 

content observed in oysters maintained in CTL compared to all other conditions, suggested lower 

physiological activity in oysters exposed to stress conditions. 
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Influence of Seawater acidification and Arsenic on oysters proteome 

Proteomic analysis of C. gigas showed differentially expressed protein profiles between all 

tested conditions (Figure 9). MS analysis allowed to identify significantly altered proteins with 

biological functions related to metabolism (Enolase; Aconitate hydratase), cytoskeleton structure 

(Actin; Atlastine), organellar (Atlastin) and extracellular structure (Neprilysin) and cellular stress 

response (Heme-binding protein 2; Arginine-tRNA-protein transferase 1; Alpha crystallin a chain; 

Atypical serine-protein kinase ATM; Aldehyde dehydrogenase; and Retinal dehydrogenase) 

(Table X and Figure 9). One uncharacterized protein LOC105317411 (annotated in C. gigas 

genome) was also identified, but its molecular and biological roles remain unknown. 

 

 

Figure 9 - 2DE protein map of identified proteins in juvenile C. gigas exposed to As, Low pH 
and Low pH+As. 

Protein expression profile of juvenile C. gigas whole soft tissue by 2-DE. Differentially expressed proteins 
identified by MALDI TOF MS are highlighted in the representative gel image. 
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Table X – Differentially expressed proteins in juvenile C. gigas exposed to CTL (control), As, Low pH and Low pH+As. 

Differentially expressed proteins identified in Crassostrea angulata by MALDI TOF MS. Observed molecular weight (MW) and isoelectric point (pI) are provided. Fold 
change of spot density between tested groups (CTL; As ; Low pH; and Low pH+As) are expressed for pairwise comparisons that showed significant differences (p≤0.05). 

Spot no. GenBank ass. no. Protein name 
Mascot 
score 

MW(kDa)/pi Putative biological function(s) Fold change 

108 EKC31868.1 
Arginyl-tRNA--protein 

transferase 1 
65 28.1/4.6 Stress signalling/apoptosis 4.5 ↓ in As vs. CTL 

505 CGI_10013191 Atlastin-2-like isoform X4 64 60.9/4.4 ER Dynamics 3.1 ↑ in Low pH vs. CTL 

507 XP_022316405.1 Neprilysin-2-like 64 54.6/4.5 Extracelular structure 2.4 ↑ Low pH vs. CTL 

1014 XP_011448780.1 Alpha-crystallin A chain 90 23.5/4.5 Stress protein 7.1 ↓ in As vs. Low ph 

1710 XP_011445349.1 Heme-binding protein 2 60 82.1/4.6 
Redox balance 
Imune response 

2.6 ↑ in As vs. CTL 

2417 XP_011436817.1 Retinal dehydrogenase 129 59.5/4.5 Stress response 2.2 ↑ in Low pH vs Low pH+As 

2719 XP_011411873.1 
Aconitate hydratase isoform 

X2. cytoplasmic 
90 91.8/4.7 Metabolism 2.7 ↑ in As vs Low pH 

3416 XP_011436228.1 Enolase 87 55.6/4.9 Glycolitic process 2.8 ↑ in Low pH vs. Low pH+As 

4408 XP_011450475.1 
Aldehyde dehydrogenase. 

mitochondrial 
94 59.5/4.8 Antioxidant 2.9 ↑ in Low pH+As vs Low pH 

5305 EKC30048.1 Actin 119 45.7/5.4 Cytoskeleton 
3.8 ↑ in Low pH vs. Low pH+As 

4.0 ↑ in Low pH vs. As 
4.1 ↑ in Low pH vs. CTL 

5704 XP_019919028.1 Serine-protein kinase ATM 65 66.8/5.4 
Cell cycle 

Stress response 
2.2 ↑ in Low pH+As vs. CTL 

8504 CGI_10008427 
Uncharacterized 
LOC105317411 

64 61.5/6.0 Unknown 
2.9 ↓ in Low pH vs. CTL 

2.3 ↓ Low pH vs. Low pH+As 
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Influence of Arsenic exposure on oysters proteome 

Data concerning proteomic analysis of juvenile C. gigas exposed to As, revealed altered 

expression levels of proteins involved in oxidative stress repair (Heme-bp), and stress resistance 

(Ate-1) (Table X), that together with results on biochemical parameters provide a mechanistic 

view in oyster stress response mechanisms. 

For instance, Heme-binding protein 2 (Heme-bp), assigned to the SOUL heme-binding 

superfamily, showed increased expression in C. gigas exposed to As. These proteins are involved 

in thiol/disulphide redox switches that modulate ion channel functioning, heme affinity and carbon 

monoxide metabolism (Ragsdale & Yi, 2011). Their biological functions have been related to 

oxidative stress repair, apoptosis and immune response (Fortunato et al., 2016). Other studies 

have described upregulated heme binding genes in marine invertebrates under environmental 

stress, including C. gigas infected by Ostreid herpesvirus-1 (He et al., 2015) and Tigriopus 

japonicus copepods exposed to Cu (Ki et al., 2009). 

On the other hand, lower abundance of Arginine-tRNA-protein transferase 1 (Ate-1) was 

observed in C. gigas exposed to As in comparison to CTL (Table X). Ate-1 mediates proteolysis 

by catalysing protein arginylation, a process involved in actin cytoskeleton regulation (Kashina et 

al., 2014). Additionally, Kumar et al. (2016) recently studied Ate-1 and arginylation processes 

during stress response signalling towards oxidative, thermal, osmotic and metal stress. Among 

several findings, these authors suggested that Ate-1 depletion may increase cellular resistance 

to several stressors (e.g. H2O2, CdCl2, ultra violet radiation and others) and supress apoptosis 

(Kumar et al., 2016). Considering these findings, decreased levels of Ate-1 in C. gigas exposed 

to As suggests increased stress resistance, that corroborate and complement results on 

biochemical parameters that showed no alterations in oxidative damage (unchanged LPO) 

despite lower antioxidant (CAT and SOD) and metabolic (ETS) capacity previously described. 

Interestingly, oysters exposed to the combination of Low pH+As did not present Ate-1 

downregulation, but in turn presented in higher oxidative damage. 

Additionally, proteomic analysis also showed higher abundance of Aconitate hydratase 

(Achd) in C. gigas exposed to As in comparison to oysters exposed to Low pH (Table X). This 

mitochondrial enzyme is an important player in the TCA cycle, and a potential oxidative stress 

biomarker because it is highly sensitive to ROS (Chercasov et al., 2007 and references therein). 

Khondee et al. (2016) also observed increased Achd abundance in C. gigas exposed to Tributyltin 

(TBT) and explained those results as a stimulation of the energy flow through the TCA cycle to 

fuel energetically demanding response mechanisms towards xenobiotic exposure. However, it is 

unlikely that this was the case in C. gigas exposed o As, given the results on lower metabolic 

capacity (ETS) and higher energetic reserves (GLY) observed (previous section). Other factors, 

such as Achd transcriptional upregulation as a compensation mechanism to counteract ROS 

mediated self-inactivation, as proposed for Argopecten irradians scallops under hypoxia (Ivanina 

et al., 2016); or the fact that ROS damaged Achd may form aggregates and accumulate in 

mitochondria (Bota et al., 2002), could explain increased abundance levels of Achd observed, in 

which case reflecting accumulation of damaged protein. 
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Infuence of Seawater acidification on oysters proteome 

C. gigas exposed to Low pH presented increased expression levels of Actin, Atlastin and 

Neprilysin in comparison to oysters maintained in CTL conditions (Table X). These changes 

generally indicated cytoskeleton, organelle and extracellular matrix restructuring, with likely 

implications concerning the interpretation of the biochemical parameters studied. 

For instance, increased expression of Actin in oysters exposed to Low pH suggested 

cytoskeleton restructuring, possibly helping to prevent oxidative damage (Dailianis et al., 2009), 

or to replace damaged protein incurring oxidative damage (Thompson et al., 2016). Actin, the 

predominant structural component of the cytoskeleton (Small, 1988) is among the most regulated 

proteins in oyster species incurring environmental stress (reviewed by Anderson et al., 2015), and 

has also been shown in oysters exposed to seawater acidification (Thompson et al., 2015, 2016).  

Proteomic analysis further revealed induction of Atlastin in C. gigas exposed to Low pH 

compared to oysters maintained in CTL conditions (Table X). Atlastin, has a role in shaping 

endoplasmic reticulum (ER) tubular network, by generating ER branched structures (Barlowe, 

2009) and modulating proteoliposome/membrane fusion (Farhan & Hauri, 2009). The ER is a key 

organelle in protein synthesis/folding, calcium storage, metabolism and many signalling 

processes (Görlach et al., 2006), but is also a major source of reactive oxygen species (ROS) in 

invertebrates experiencing environmental stress (Tomanek, 2015). Therefore, the present results 

suggest reconfiguration of the ER by increased abundance of Atlastin in oysters exposed to Low 

pH, with likely implications in all the above stated cellular processes, including modulation of ROS 

production rates.  

Increased expression of Neprilysin was also observed in C. gigas exposed to Low pH 

comparing to CTL (Table X). In invertebrates the biological roles of Neprilysin have been related 

to neuro stimulation (Turner et al., 2001), regeneration capacity (Sarras et al., 2002), extracellular 

matrix breakdown, gelatinolytic and fibrinolytic activities (Dominguez-Perez et al., 2018). Given 

this, the present results suggest Neprilysin to participate in extracellular restructuring and 

dynamics in C. gigas exposed to Low pH. Overall, considering results on biochemical and 

proteomic markers, it seems that the above stated protein shifts were sufficient to prevent cellular 

damage. 

 

Influence of the combined exposure to Seawater acidification and Arsenic on oysters proteome 

In line with results on biochemical markers that suggested increased antioxidant defence, 

biotransformation capacity, LPO and GSH/GSSG, data from proteomic analysis of juvenile C. 

gigas exposed to Low pH+As brought new insights regarding the physiological status of these 

oysters. 

For instance, abundance of Aldehyde dehydrogenase (Aldh) was higher in Low pH+As 

than in Low pH condition (Table X). Aldh is an enzyme involved in aldehyde detoxification, a 

biproduct of ROS interaction with polyunsaturated fatty acids (Singh et al., 2013). Hence Aldh is 

an important enzyme in the oxidative stress response, by mitigating deleterious effects of 

aldehydes formation in processes such as lipid peroxidation (Marchitti et al., 2008; Singh et al., 
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2013). Several studies have demonstrated Aldh upregulation in bivalve species in response to 

environmental stress, including S. cucculata exposed to TBT (Khondee et al., 2016) and Mytilus 

galloprovincialis under thermal stress (Tomanek, 2012). Apart from aldehyde detoxification, 

another role of Aldh is to provide reducing equivalents (NADPH) to increase reactive oxygen 

species (ROS) scavenging capacity by the glutathione system (Tomanek, 2014; 2015). Therefore, 

the present findings showing higher Aldh levels in C. gigas exposed to Low pH+As in comparison 

to Low pH, demonstrate that the combined exposure elicited higher oxidative stress response in 

C. gigas, in accordance with data from biochemical markers. 

Moreover, results also revealed differences in protein abundance profiles between stress 

conditions, namely Retinal dehydrogenase (Rdh) and Enolase (Table X). Results showing 

increased levels of Retinal dehydrogenase (Rdh) in C. gigas exposed to Low pH compared to 

Low pH+As, were similar to those observed in C. angulata (previously described). These findings 

indicate that upregulation of Rdh could be a common mechanism in oyster species exposed to 

acidification, also in line with results from Thompson et al. (2015), and could likely involve 

increased tissue regeneration capacity (Albalat, 2009; Gutierrez-Mazariegos et al., 2015). 

However, induction of this protein was not observed under the combined effects of Low pH+As, 

evidencing that the presence of both stressors induced a different response capacity, possibly 

because Rdh is inhibited by metals (Bao et al., 2016; Luo et al., 2014; Meng et al., 2015) and 

could be one of the underlying reasons explaining higher oxidative stress in this condition 

observed through biochemical analysis. 

Juvenile C. gigas also presented higher expression levels of Enolase in Low pH exposure 

compared to Low pH+As (Table X). Other studies have described Enolase increased expression 

in bivalves, such as Mytilus edulis under thermal stress (Péden et al., 2016) and S. cucculata 

exposed to Tributyltin (TBT) (Khondee et al., 2016). Glycolysis stimulation by Enolase has been 

discussed as a mechanism to increase carbohydrate metabolism in bivalves experiencing 

energetically demanding conditions (Tomanek, 2014; Artigaud et al., 2015). Considering the 

concept of energy-limiting stress tolerance proposed by Sokolova et al. (2012), and the present 

data showing strong intra and extracellular restructuring (Actin, Atlastine and Neprilysin) as well 

as induced regeneration capacity (Rdh) in C. gigas exposed to Low pH, it is likely that Enolase 

was upregulated to stimulate carbohydrate metabolism as a means to fuel these energetically 

demanding stress response mechanisms. Significant differences of Enolase expression levels 

between Low pH and Low pH+As only, indicate differences in energetic modulation in oysters 

exposed to single and combined exposures. 

It is important to note that several proteins that showed altered expression levels in single 

exposures (Low pH or As) did not present the same alteration in oysters exposed to the 

combination of both stressors. Namely Actin, Atlastine, Neprilysin, Heme-bp (Table X). Generally, 

unchanged expression profiles of these proteins in oysters exposed to Low pH+As, evidenced 

that the combined effects of different stressors induced a different proteomic response in C. gigas, 

and therefore could elucidate the results from biochemical markers analysis.
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 Species comparison 

Different response patterns were observed regarding each species biochemical 

performance towards each stressor. Overall, fewer alterations in oxidative stress parameters 

were observed in C. angulata compared to C. gigas, with the latter presenting higher capacity to 

induce antioxidant and biotransformation enzymes (SOD, CAT and GSTs). Data also suggested 

different metabolic strategies to endure exposure conditions, with C. angulata presenting 

unaltered metabolic potential (ETS) and energetic fitness (GLY). On the contrary, C. gigas 

presented altered metabolic potential (decreased ETS activity in oysters exposed to As) and 

bioenergetics (increased GLY content in oysters exposed to all stress conditions). The combined 

effects of seawater acidification and As induced higher oxidative stress in both species, than 

single exposures. 

The results obtained through proteomic analysis allowed for a deeper insight into the 

modes of action of these closely related oyster species towards the combined effects of 

acidification and As exposure. As a corollary, both species induced cellular remodelling in 

response to external stimuli, observed by altered levels cytoskeleton related proteins, namely 

Actin and Atlastine (C. gigas); Actin, Severin, Coronin and Gelsolin (C. angulata). However, the 

conditions at which each species presented such alterations differed, with C. gigas presenting 

altered levels of cytoskeleton proteins in Low pH exposures, while C. angulata showed most 

alterations under both Arsenic exposures (As and Low pH+As). 

Interestingly, proteomic analysis suggested metabolic suppression in C. angulata 

(downregulation of ATP β) in both Low pH and Low pH+As exposures.  

Proteomic analysis of oysters exposed to the combined exposure to Low pH+As revealed 

important differences in oysters response capacity compared to that observed in single 

exposures, corroborating the working hypothesis that multiple stressors will further challenge 

oyster species in the environment. 

Together, analysis of biochemical performance and proteomics revealed that each species 

presented different mechanisms to endure tested conditions. Overall, C. angulata appeared to be 

less responsive than C. gigas considering the biochemical markers studied. This could either 

indicate a weaker response capacity, or lower sensitivity to tested conditions. 
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3.1.3 Adults 

The effects of seawater acidification and As (single and combined exposures) were 

assessed in adult C. angulata and C. gigas after 28 days laboratory exposures to (As), seawater 

acidification (Low pH) and the combined effects of both stressors (Low pH+As). Arsenic 

accumulation and biochemical markers were assessed in oysters soft tissue. 

 

 Crassostrea angulata 

Seawater acidification and Arsenic exposure  

Influence of Seawater acidification on Arsenic accumulation 

Total As (µg g-1 fw) accumulated in adult C. angulata exposed to As and Low pH+As, are 

depicted in Table XI. No significant differences were observed in As accumulation between 

oysters exposed to As in acidified (Low pH+As) and non-acidified (As) conditions. 

 

Table XI- Total As (µg g-1 fw) accumulated in adult C. angulata exposed to As and Low pH+As. 

Significant differences (p ≤ 0.05) among tested conditions are represented with different letters (mean ± 
standard error, n=3). 

 As Low pH+As 

µg As g-1 fw 3.40±0.6a 3.66±0.3a 

 

Average total As accumulated by adult C. angulata was ca. 3.5 µg g-1 fw (equivalent to ca. 

17.5 µg g-1 dw) (Zhang et al., 2013), was in the low range of reported values in oysters collected 

the environment (e.g. up to 26.7 µg g-1 dw in C. gigas in France, Kohlmeyer et al., 2002; and 25.4 

µg g-1 dw in C. virginica from the US, Valette-Silver et al., 1999). No difference in As accumulation 

considering acidified (Low pH+As) and non-acidified (As) conditions, indicate seawater 

acidification had no effect on As uptake and/or elimination processes. This is in contrast with 

studies on C. virginica exposed to Cu and Cd, that showed higher accumulation of these elements 

in acidified conditions (Götze et al., 2014). 

 

Influence of Seawater acidification and Arsenic on oysters biochemical performance 

Biochemical markers assessed in adult C. angulata exposed to As, Low pH, and Low 

pH+As are depicted in Figure 10.  

No significant alterations were observed concerning antioxidant enzymes activities (SOD 

and CAT) among tested conditions. Significantly higher GSTs activity was observed in oysters 

exposed to As, and Low pH+As comparing to CTL.  

No significant alterations were observed in either GSH content or LPO among tested 

conditions. 

Significantly lower Carbonic anhydrase (CA) activity was observed in oysters exposed to 

As, Low pH and Low pH+As comparing to CTL. CA activity was significantly lower in both Low 

pH and Low pH+As exposures comparing to CTL and As exposure conditions.



RESULTS & DISCUSSION 

72 
 

 

Figure 10 – Biochemical parameters studied in adult C. angulata exposed to CTL (control) As, Low pH and Low pH+As. 

A: Superoxide dismutase (SOD) activity; B: Catalase (CAT) activity; C: Glutathione S-transferases (GSTs) activity; D: Reduced glutathione (GSH) content; E: Lipid 
peroxidation (LPO) levels; F: Carbonic anhydrase (CA) activity. Significant differences (p≤0.05) between conditions are represented with different letters (Mean + standard 
error; n=9). 
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Few alterations in biochemical parameters studied were observed in C. angulata exposed 

to these stressors. For instance, no alteration in either antioxidant enzymes (SOD and CAT) 

activity, GSH content or LPO levels were observed in adult C. angulata, thus suggesting that 

oxidative stress status was similar among tested conditions. Nonetheless, biotransformation 

capacity (GSTs activity) was significantly enhanced in oysters exposed to As (As and Low 

pH+As), compared to organisms under CTL and Low pH. Similarly, Zhang et al. (2015) found that 

GSTs activity was positively correlated to As biotransformation processes in Saccostrea 

cucculata. Other studies have also related GSTs activity to As detoxification steps in fish (Ventura-

Lima et al., 2011). 

Generally, these findings are in contrast with those observed in juvenile C. angulata 

(previously described) for which significant increases in SOD activity and LPO levels were 

observed in oysters exposed to Low pH+As, suggesting that juvenile C. angulata are more 

susceptible to oxidative stress than adults. Differences in antioxidant capacities between bivalve 

specimens of different ages can be expected to occur, although these do not always respond in 

the same pattern. For instance, CAT activity has been shown to decrease with age in C. virginica 

(Ivanina et al., 2008) and M. edulis (Viarengo et al., 1991), or to remain constant as in M. edulis 

and Mya arenaria (Suhkotin et al., 2002), and Laternula elliptica (Philipp et al., 2005). 

Interestingly, adults presented higher capacity to induce GSTs activity, compared to juveniles. 

This could be another important factor explaining differential cellular damage (LPO) in juveniles 

compared to adults. 

Apart from oxidative stress biomarkers, results on biomineralization enzyme CA also 

revealed changes among conditions. CA is one of the major enzymes involved in calcification and 

biomineralization processes in a wide range of taxa (Le Roy et al., 2014), and has been identified 

as one of the most important shell formation enzymes in C. gigas (Zhang et al., 2012). The present 

findings, showing significant inhibition of this enzyme in C. angulata exposed to both stressors 

(Low pH and As), likely represents reduced biomineralization capacity, and suggest that Low pH 

has a more deleterious effect than As single exposure, considering CA only. Other studies have 

shown sensitivity of CA to pollutants. Cadmium has been shown to inhibit CA activity in M. 

galloprovincialis mussels (Lionetto et al., 2006). Skaggs & Henry (2002) demonstrated that Ag+, 

Cd+, Cu2+ and Zn+ inhibited CA activity in Callinectes sapidus and Carcinus maenas crabs. 

Other authors have studied CA in oyster species, despite obtaining contrasting results. For 

instance, Beniash et al. (2010) observed increased CA mRNA expression in Crassostrea virginica 

exposed to hypercapnia (~3500 µatm), and suggested seawater acidification would increase CA 

activity. In contrast, our results indicate that low pH may in fact impact the performance of this 

enzyme. Dickinson et al. (2012) on the other hand, showed no variation in CA activity in C. 

virginica exposed to high pCO2, although testing lower CO2 concentrations than those tested here 

(~700-800 µatm), and therefore these discripancies could indicate that higher pCO2 levels could 

have a measurable effect. As for the combined effect of Low pH+As, no cumulative effect was 

noticed since between pH and pH+As, given that no significant differences were observabed 

considering CA activity. 
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Salinity and Arsenic exposure 

The effects of varying salinity and As (single and combined exposures) were assessed in 

adult C. angulata and C. gigas after 28 days laboratory exposures to different salinities (10, 20, 

30 and 40), in the presence or absence of As. Arsenic accumulation and biochemical markers 

were assessed in oysters soft tissue. 

 

Influence of Salinity on Arsenic accumulation 

Total As (µg g-1 fw) accumulated in adult C. angulata soft tissue exposed to As at different 

salinities (10, 20, 30 and 40) are depicted in Table XII. Arsenic accumulation followed a 

decreasing trend with the increase of salinity, with significantly higher total As concentrations 

observed in oysters at the lowest salinity (10) compared to oysters exposed at the highest salinity 

40. 

 

Table XII- Total As (µg g-1 fw) accumulated in adult C. angulata after 28 days laboratory 

exposures. Significant differences (p ≤ 0.05) among tested conditions are represented with 
different letters (mean ± standard error, n=3). 

Salinity 10 20 30 40 

µg As g-1 fw 5.86±0.7a 5.02±0.7a,b 4.04±0.5a,b 3.39±0.09b 

 

Total As concentrations in oyster tissue was highest at the lowest salinity (10) and followed 

a decreasing trend in concentration with the increase of salinity. The following non-mutually 

exclusive hypothesis could explain these results: firstly, low salinity and the inherent decrease in 

chloride ion concentrations, lead to decreased trace metal ion complexation, and thus enables for 

an increase of free trace metal ion (Bianchini & Gilles 2000; Rainbow et al., 1997). Secondly, 

different salinities may cause changes in elements accumulation, due to alterations of ion fluxes 

between organisms and the environment, consequently increasing elements uptake (Connell, 

1989). Thirdly, organisms physiological behaviour can also play an important role in elements 

uptake, due to changed in filtration, ventilation and metabolic rates (Rainbow et al., 1997). 

Although neither of the above hypotheses can be excluded, data on biochemical markers 

presented evidence of increased metabolic rate at the lowest salinity (10) (ETS activity furtherly 

discussed), and could corroborate the hypothesis of the effects of physiological alterations on As 

uptake. 
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Influence of Salinity and Arsenic on oysters biochemical performance 

Biochemical markers assessed in adult C. angulata exposed to different salinities (10, 20, 

30 and 40) in the presence or absence of As are depicted in Figure 11. 

Significantly higher SOD activity was observed in oysters exposed to salinities 10 and 20 

compared to higher salinities (30 and 40). The lowest SOD activity was observed in oysters 

exposed to salinity 30 (both in the presence or absence of As). SOD activity was significantly 

higher in oysters exposed to salinity 10 in the presence of As compared to the respective negative 

control. 

Catalase (CAT) presented a decreasing trend in activity with increasing salinity considering 

oysters exposed and unexposed to As, with significantly higher CAT activity in oysters exposed 

to the lowest salinity (10). 

Glutathione S-Transferases (GSTs) activity was similar throughout tested salinities, with 

no significant differences among conditions, in oysters exposed and unexposed to As. At each 

salinity level, significantly higher GSTs activity was observed in oysters exposed to As, compared 

to each respective negative control (except for the lowest salinity of 10). 

Considering oysters exposed to salinity only, significantly lower GSH/GSSG was observed 

at salinity 10, in comparison with GSH/GSSG values obtained at salinity 30. In oysters exposed 

to As, significantly higher values GSH/GSSG were observed in individuals exposed to salinities 

20 and 30 relative to oysters exposed to salinity 40. 

Lipid peroxidation (LPO) levels were significantly lower in oysters exposed to As at salinity 

10, with the highest values recorded at salinity 40. In unexposed oysters, significantly lower values 

were observed at salinity 30, with no significant differences among the remaining conditions (10, 

20 and 40). At each tested salinity, LPO was significantly higher in oysters exposed to As at the 

majority of tested salinity (except for salinity 10), compared to the respective negative controls. 

The Electron Transport System (ETS) activity presented a decreasing trend of activity with 

the increase of salinity, both in the presence or absence of As, with significantly higher values at 

the lowest (10) compared to the highest salinity (40). 
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Figure 11 – Biochemical parameters studied in adult C. angulata exposed to salinities 10, 20, 30 and 40 in the presence or absence of As. 

A: Superoxide dismutase (SOD) activity; B: Catalase (CAT) activity; C: Glutathione S-transferases (GSTs) activity; D: Reduced to oxidized glutathione ratio (Redox); E: 
Lipid peroxidation (LPO) levels; F: Electron transport system (ETS) activity. Significant differences (p≤0.05) between conditions are represented with different letters. 
Significant differences observed between oysters exposed in the presence or absence of As at each salinity are represented with an asterisk (Mean + standard error; n=9). 
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The most prominent changes concerning the biochemical markers studied in adult C. 

angulata were observed regarding SOD, CAT, GSTs, GSH/GSSG, LPO and ETS, reflecting the 

complex interaction of mechanisms of physiological adaptation that include alterations in 

metabolism, bioenergetics and oxidative stress (Rivera-Ingraham & Lignot, 2017). 

Antioxidant enzymes SOD and CAT showed overall higher activity in oysters maintained at 

lower salinities (in the presence or absence of As). Higher SOD activities were observed at 

salinities 10 and 20 (with or without As) indicating that hypoosmotic stress mediated an 

antioxidant response in oysters. These findings can be explained due to higher metabolic rates 

(measured by ETS) observed at these salinities. Within the ETS, complexes I and III of the 

electron transport chain are major sites of ROS production (superoxide anions, hydrogen 

peroxide and hydroxyl radicals), and therefore higher metabolic rates are likely to induce higher 

ROS production (Guzy & Shumacker, 2006; Murphy, 2009), which in turn could have induced 

SOD activity. Other studies have demonstrated that hyposaline stress induced SOD mRNA 

expression and enzymatic activity in ark shell Scapharca broughtonii, accompanied by increased 

H2O2 haemolymph concentrations (An & Choi, 2010). Meng et al. (2013) identified induction of 

ROS transduction pathways in C. gigas exposed to low salinity, namely the upregulation of 

glutathione reductase, attributed to a response to high levels of H2O2, induced by hypososmotic 

stress. Tomanek et al. (2012) also described a possible relationship between hyposaline stress, 

increased energy metabolism and oxidative stress in Mytilus trossulus.  

In oysters exposed to As, SOD activity was significantly higher compared to the respective 

negative control at salinity 10, probably due to higher levels of accumulated As observed in this 

condition. Arsenic toxicity may induce an imbalance between prooxidant and antioxidant cellular 

status, often leading to oxidative stress (Samuel et al., 2005), and therefore it would be expected 

that As could induce SOD activity. The lack of a differentiated response in SOD activity between 

oysters maintained at salinities 20, 30 and 40, in the presence or absence of As, may be related 

to lower metabolic potential observed in the same conditions, or to less effectiveness of the 

antioxidant defence system with increasing salinity, as described in other studies (Carregosa et 

al., 2014; Freitas et al., 2015). 

The activity of CAT followed a similar response pattern of SOD. Activity of these enzymes 

are usually linked, since SOD catalyses superoxide anion into hydrogen peroxide, which in turn 

may be catalysed by CAT into water (Monserrat et al., 2007). In contrast, Zanette et al. (2011) did 

not observe alterations in CAT activity in oysters (C. gigas) exposed to a similar salinity gradient.  

Significantly higher GSTs activity in oysters exposed to As at salinities 20, 30 and 40, are 

in accordance with recent studies that have implicated GSTs as important enzymes involved in 

As detoxification processes in oysters C. angulata and C. gigas (Moreira et al., 2016), and 

Saccostrea cucculata (Zhang et al., 2015a). Varying salinity alone did not induce significant 

changes in GSTs activity in the present study, neither the combination of As exposure and 

different salinities showed to affect GSTs activity.  

Results on GSH/GSSG showed overall higher values in oysters held at intermediate 

salinities (20 and 30) and lower ratios in the extreme salinities tested (10 and 40) (both in the 
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presence or absemce of As). In the absence of As, significantly lower GSH/GSSG values were 

observed in oysters maintained at salinity 10 compared to oysters exposed at salinity 30. These 

results can be justified by generally higher prooxidant status observed in oysters kept at low 

salinity (10) evidenced by higher ETS, SOD and CAT activities compared to the remaining 

conditions. In the presence of As, significantly lower GSH/GSSG values were observed at salinity 

40, compared to intermediate salinities of 20 and 30, also indicating oxidative stress in these 

oysters, possibly due to low activities of SOD and CAT previously described for these conditions. 

Lipid peroxidation can be used as a measure of membrane damage linked to oxidative 

stress (de Almeida et al., 2007). In the absence of As, the lowest LPO level was observed at 

salinity 30, possibly due to better physiological status of oysters maintained at closer to optimum 

salinity. In the presence of As, significantly higher LPO levels were observed in oysters exposed 

to As at salinities 20, 30 and 40, compared to the respective negative controls. 

Under varying environmental conditions (e.g. temperature, salinity) physiological 

acclimation often includes changes in the relative abundance membrane lipids, to promote 

adequate membrane fluidity depending on the surrounding media characteristics, a process 

termed homeoviscous acclimation (Nemova et al., 2013). Membrane-bound polyunsaturated fatty 

acids (PUFA) are among the most susceptible lipids to oxidative damage (Monserrat et al., 2007), 

and therefore alterations in membrane PUFA content increases membrane susceptibility to LPO. 

In fact, hypoosmotic stress has been demonstrated to lower PUFA content in bivalves, while the 

opposite trend is observed under hyperosmotic conditions (Fokina et al., 2017). It is therefore 

likely that oysters exposed to low salinity were less susceptible LPO, while high salinity should 

increase susceptibility to LPO, and could explain higher LPO observed in C. angulata exposed to 

higher salinities. 

Interestingly, LPO levels between oysters exposed at salinity 10 (in the presence and 

absence of As) were not significantly different, despite high concentrations of accumulated As 

observed. At lower salinity (10), it appears that oysters presented sufficient antioxidant defence 

mechanisms to prevent LPO increased formation, indicating that increased SOD and CAT 

activities observed may have prevented ROS build up and consequent LPO accumulation. 

Similarly, Géret et al. (2002) also related higher antioxidant enzyme activities with decreasing 

LPO levels in C. angulata. 

The electron transport system (ETS) activity can be used as a measure of metabolic rate, 

as it represents a proxy of the cellular respiratory potential of a given organism (García-Martin et 

al., 2014). The increase of the ETS activity with the decrease of salinity, was likely related to 

increased metabolic costs of isosmotic maintenance of osmoconforming oysters (Eierman & 

Hare, 2014; Meng et al., 2013). It is therefore possible that higher metabolic rate could at least 

partially explain higher As accumulation in oysters exposed at low salinity (10). 
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 Crassostrea gigas 

Seawater acidification and Arsenic exposure  

Influence of Seawater acidification on Arsenic accumulation 

Total As (µg g-1 fw) accumulated in adult C. gigas exposed to As and Low pH+As, are 

depicted in Table XIII. No significant differences were observed in As accumulation between 

oysters exposed to As in acidified (Low pH+As) and non-acidified (As) conditions. 

 

Table XIII- Total As (µg g-1 fw) accumulated in adult C. gigas exposed to As and Low pH+As. 

Significant differences (p ≤ 0.05) among tested conditions are represented with different letters (mean ± 
standard error, n=3). 

 As Low pH+As 

µg As g-1 fw 3.25±0.2a 3.93±0.4a 

 

Average total As accumulated by adult C. gigas (ca. 3.5 µg g-1 fw equivalent to ca. 17.5 

µg g-1 dw, Zhang et al., 2013), was in the low range of reported values in oysters collected in the 

environment (e.g. up to 26.7 µg g-1 dw in C. gigas in France, Kohlmeyer et al., 2002; and 25.4 µg 

g-1 dw in C. virginica from the US, Valette-Silver et al., 1999). No differences in As accumulation 

between oysters exposed to acidified (Low pH+As) and non-acidified (As) conditions, indicate 

seawater acidification had no effect on As uptake and/or elimination processes. 

 

Influence of Seawater acidification and Arsenic on oysters biochemical performance 

Results obtained on the biochemical markers assessed in C. gigas adults exposed to As, 

Low pH and Low pH+As are depicted in Figure 12. 

No significant differences were observed regarding SOD activity among all tested 

conditions. CAT activity was significantly higher in oysters exposed to Low pH and Low pH+As 

relative to CTL. Significantly higher GSTs activity was observed in oysters exposed to As or the 

combination of As with seawater acidification (As and Low pH+As) comparing to CTL. 

A significant increase in reduced glutathione content (GSH) was observed in oysters 

exposed to As, relative to the remaining conditions. No significant differences were observed 

concerning LPO levels among tested conditions. 

Carbonic anhydrase (CA) activity was significantly lower in oysters exposed to As relative 

to CTL. In oysters exposed to Low pH and Low pH+As, CA activity was significantly lower 

compared to both CTL and As. 
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Figure 12 – Biochemical parameters studied in adult C. gigas exposed to As, Low pH and Low pH+As. 

A: Superoxide dismutase (SOD) activity; B: Catalase (CAT) activity; C: Glutathione S-transferases (GSTs) activity; D: Reduced glutathione (GSH) content; E: Lipid 
peroxidation (LPO) levels; F: Carbonic anhydrase (CA) activity. Significant differences (p≤0.05) between conditions are represented with different letters (Mean + standard 
error; n=9). 
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The most prominent changes concerning the biochemical markers studied in adult C. gigas 

exposed to seawater acidification and As, were observed regarding CAT, GSTs, GSH and CA. 

Higher CAT activity in oysters exposed to Low pH relative to CTL (including the combined 

exposure of Low pH+As) suggests enhanced antioxidant capacity towards seawater acidification. 

Similarly, Matozzo et al. (2013) evaluated the effects of seawater acidification on the oxidative 

stress response of the clam Chamelea gallina and the mussel M. galloprovinciales, revealing 

significant increases in CAT activity (pH 7.4).The increase of GSH in C. gigas exposed to As can 

be explained as a means of cells to either eliminate ROS induced by As, or to indirectly participate 

on As biotransformation processes. These hypothesis are supported by studies that have 

implicated GSH as an important player on As detoxification, by either enzymatic (Erickson et al., 

2011; Kala et al., 2004; Shiomi et al., 1996) or non-enzymatic (Kobayashi et al., 2005; Thomas 

et al., 2001) processes. Moreover Bagnyukova et al. (2007) showed an increase of GSH 

concentrations in goldfish Carassius auratus exposed to As, leading authors to propose that 

increased GSH synthesis can be an effective mechanism to withstand As exposure. The 

capability to synthesize more GSH would also allow for more efficient GSTs activity, by providing 

more substrate for conjugation with GSTs. 

Interestingly, the oxidative stress status of adult C. gigas showed an overall different pattern 

than juveniles (previously discussed). Generally, adults presented higher capacity to induce 

antioxidant enzymes (CAT; GSTs), GSH synthesis, possibly influencing the lower propensity for 

LPO observed than juvenile oysters.  

Results on CA activity in C. gigas were consistent with those observed in C. angulata, 

reinforcing the present findings showing that seawater acidification may affect these species 

biomineralization capacity. 
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Salinity and Arsenic exposure 

Influence of Salinity and Arsenic on oysters biochemical performance 

Results on As quantification in adult C. gigas tissues (µg g-1 fw) exposed to As at different 

salinities are depicted in Table XIV. Results showed that As accumulation was inversely related 

to ambient salinity. The highest As concentrations were observed in oysters exposed to As at the 

lowest salinity (10), with significant differences towards all other conditions. Intermediate levels of 

As accumulation were observed at salinity 20, with significant differences compared to all other 

conditions. The lowest As concentrations were observed at the higher salinities (30 and 40). 

 

Table XIV- Total As (µg g-1 fw) accumulated in adult C. gigas after 28 days laboratory exposures. 

Significant differences (p ≤ 0.05) among tested conditions are represented with different letters 
(mean ± standard error, n=3). 

Salinity 10 20 30 40 

µg As g-1 fw 6.72±0.2a 4.42±0.4b 1.32±0.3c 2.19±0.7c 

 

The pattern of As accumulation at different salinity levels in adult C. gigas was similar to 

that observed in C. angulata. Generally, As content was highest at the lowest salinity (10) and 

followed a decreasing trend in concentration with the increase of salinity. Similarly to results 

discussed for C. angulata, the As accumulation pattern observed could be related to the 

interaction of several factors: i) higher availability of free metal ions at lower salinities (Bianchini 

& Gilles 2000; Rainbow et al., 1997); ii) alterations of ion flux between the organisms and the 

environment (Connell, 1989); iii) physiological alterations, such as increased filtration rates 

induced by hypoosmotic stress, could reflect on higher As accumulation (Rainbow et al., 1997). 

 

Influence of Salinity and Arsenic on oysters biochemical performance 

Biochemical markers assessed in adult C. gigas exposed to As at different salinities are 

depicted in Figure 13. 

Oysters unexposed to As presented significantly higher SOD activity at the lowest salinity 

(10) compared to the remaining conditions. In oysters exposed to As, SOD activity was 

significantly higher at salinities 10 and 20 compared to salinities 30 and 40. Significantly higher 

SOD activity was observed in oysters exposed to As at salinity 20 compared to the respective 

negative control. 

CAT activity was significantly higher at salinities 30 and 40, compared to the lowest salinity 

levels (10 and 20) (negative controls). Oysters exposed to As at different salinities presented no 

significant alterations in CAT activity. 

GSTs activity was significantly higher at the lowest salinity (10) relative to the remaining 

conditions in oysters exposed and unexposed to As. However, GSTs activity was significantly 

higher in oysters exposed to As at salinities 10 and 30 compared to the respective negative 

controls. 
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LPO was significantly lower at salinities 10 and 30 compared that observed at salinities 20 

and 40 in oysters exposed or unexposed to As. Oysters exposed to As at salinity 20 presented 

significantly lower LPO than the respective negative control. On the contrary, oysters exposed to 

As at salinity 40 presented higher LPO than the respective negative control. 

GSH/GSSG was significantly higher in oysters maintained at salinities 10 and 30 compared 

to oysters maintained at salinities 20 and 40. In oysters exposed to As at different salinities, 

significantly higher GSH/GSSG was observed at the lowest salinity (10) relative to the remaining 

conditions. Significantly higher GSH/GSSG in oysters exposed to As at salinity 10, relative to the 

respective negative control. 

In the absence of As, the ETS activity was significantly higher in oysters maintained at the 

lowest salinity (10) compared to the remaining conditions. Similarly, in oysters exposed to As at 

different salinities, the highest ETS activity was observed at the lowest salinity (10), with 

significant differences towards the highest salinity (40). 
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Figure 13 – Biochemical parameters studied in adult C. gigas exposed to salinities 10, 20, 30 and 40 in the presence or absence of As. 

A: Superoxide dismutase (SOD) activity; B: Catalase (CAT) activity; C: Glutathione S-transferases (GSTs) activity; D: Reduced to oxidized glutathione ratio (Redox); E: 
Lipid peroxidation (LPO) levels; F: Electron transport system (ETS) activity. Significant differences (p≤0.05) between conditions are represented with different letters. 
Significant differences observed between oysters exposed in the presence or absence of As at each salinity are represented with an asterisk (Mean + standard error; n=9). 
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The most prominent changes concerning the biochemical markers studied in adult C. gigas, 

were observed regarding SOD, GSTs, GSH/GSSG, LPO and ETS. These findings refleted 

mechanisms of physiological adaptation that included alterations in metabolism, bioenergetics 

and oxidative stress (Rivera-Ingraham & Lignot, 2017). 

Significant biochemical alterations were observed at the lowest salinity (10), in which 

oysters presented enhanced activities of SOD, GSTs and ETS, as well as lower GLY content 

regardless of the presence of As, that overall indicate an oxidative stress response to 

hypoosmotic stress. Additionally, results also showed the influence of As on biomarker response, 

namely considering the observations of higher GSTs and GSH/GSSG in oysters exposed to As 

at salinity 10 compared to the respective negative control. 

Significantly enhanced SOD activity in oysters exposed to the lowest salinity (10) without 

As could be related to higher ROS production rates associated to increased metabolism related 

to physiological change under hypoosmotic stress previously described (Rivera-Ingraham & 

Lignot, 2017). In agreement with the results obtained and discussed for C. angulata (previously 

discussed), the hypothesis of increased metabolism are supported by results showing higher ETS 

activity and lower GLY content in these oysters. 

Results showing higher GSTs activity at the lowest salinity in the absence of As could 

indicate the involvement of GSTs as antioxidant, knowing that some GST isoforms may also 

catalyse the reduction of H2O2 to water (Regoli & Giuliana, 2014). Zanette and co-workers (2011), 

found a similar trend of decreasing GSTs activity in C. gigas with the increase of salinity (9, 15, 

25 and 35) despite not significantly, but after 10 days of exposure only. These authors further 

demonstrated that salinity influenced GSTs activity in the presence of xenobiotics, namely the 

lack of induced biotransformation capacity at salinities other than the optimum (9, 15 and 35). 

Interestingly, the present findings showed GSTs activity to be induced in the presence of As only 

at salinities 10 and 30. It is possible that at the lowest salinity GSTs were induced to catalyse 

H2O2 produced from enhanced SOD activity, while at salinity (30) the optimum physiological 

status allowed for GSTs induction. 

Results on GSH/GSSG further revealed alterations in oysters redox status. The significant 

increase of GSH/GSSG in oysters exposed to As at salinity 10 was due to lower GSSG observed 

in the same condition, indicative of deregulation of the glutathione system, possibly due to GSSG 

excretion to prevent protein glutathionylation previously described. In oysters exposed to different 

salinities in the absence As, significantly lower GSH/GSSG was observed at salinities 20 and 40, 

that resulted from a shift of the glutathione system towards the oxidized form (lower GSH and 

higher GSSG), evidencing the involvement of GSH in oxidative stress repair mechanisms in these 

conditions. 

Increased LPO observed in oysters exposed to As at salinities 20 and 40 could be partially 

explained by alterations in oysters antioxidant capacity in these conditions. For instance, the 

absence of GSTs induction in the same conditions could have enabled for LPO increase. Zanette 

et al. (2011) related the lack of GSTs induction with increased MDA levels in C. gigas exposed to 

diesel at different salinities. 
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However, the antioxidant capacity could not explain results showing higher LPO in oysters 

maintained at the highest salinity (40) in the absence of As. These findings could rather be 

explained by alterations in the composition of the lipid bilayer that influences membranes 

susceptibility to oxidative damage. Under varying environmental conditions (e.g. temperature, 

salinity) physiological acclimation often includes changes in the relative abundance membrane 

lipids, to promote adequate membrane fluidity depending on the surrounding media 

characteristics, a process termed homeoviscous acclimation (Nemova et al., 2013). Membrane-

bound polyunsaturated fatty acids (PUFA) are among the most susceptible lipids to oxidative 

damage (Monserrat et al., 2007), and therefore alterations in membrane PUFA content increases 

membrane susceptibility to LPO. In fact, hypoosmotic stress has been demonstrated to induce 

lower PUFA content in bivalves, while the opposite trend is observed under hyperosmotic 

conditions (Fokina et al., 2017). It is therefore likely that oysters exposed to low salinity were less 

susceptible LPO, while high salinity should increase susceptibility to lipid peroxidation reactions, 

and therefore could explain higher LPO observed in oysters exposed to high salinity (40). 
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 Species comparison 

Seawater acidification and Arsenic exposure  

Results demonstrated that adult C. angulata and C. gigas were sensitive to As, to Low pH, 

and Low pH+As. Both species showed low oxidative stress response, despite significant 

enhancement of GSTs activity in oysters exposed to As, that may have helped prevent alterations 

of lipid peroxidation levels. However, biomineralization enzyme CA was significantly inhibited by 

As, and even higher inhibition of CA was observed in low pH exposures. These results bring new 

insights on the negative effects of high CO2 on oysters calcification capacity. The combined effect 

of both stressors proved to have a negative effect on both species response to As, namely 

concerning GSTs activity. Overall C. gigas presented higher stress response capacity (SOD, CAT 

and GSH) than C. angulata, suggesting that the latter species was either less sensitive to the 

tested conditions or presented a lower capacity to respond to tested scenarios. 

 

Salinity and Arsenic exposure 

Results from exposures to different salinity levels showed that both species presented 

alterations in oxidative stress status and metabolic performance. Salinity also affected As 

accumulation dynamics, with oysters exposed to lower salinities tending to accumulate higher As 

concentrations. Overall adult specimens of both species showed similar stress response patterns 

to salinity and As exposures, presenting higher antioxidant capacity (SOD) and metabolic 

potential (ETS) at lower salinities (10 and 20). However, differences were observed considering 

the influence of salinity on each species biotransformation capacity (GSTs), with C. angulata 

presenting induced GSTs at a wider range of salinities (20, 30 and 40) compared to C. gigas (10 

and 30). Moreover, C. angulata presented higher capacity to maintain redox balance at the range 

of salinities tested, and lower degree of alterations in LPO levels among conditions.  
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3.2 Crassostrea brasiliana and Crassostrea gigas (Brazil) 

The effects of different seawater acidification (pH 7.8, pH 7.4 and pH 7.0) and temperature 

(24, 28 and 32 ºC) levels were assessed in juvenile and adult C. brasiliana and C. gigas after 28 

days laboratory exposures. Biochemical markers were assessed in oyster soft tissue in order to 

compare species response capacity to these environmental stressors. 

 

3.2.1 Juveniles 

 Crassostrea brasiliana 

Seawater acidification 

The effects of different levels of seawater acidification on juvenile C. brasiliana assessed 

on the basis of several biochemical markers are depicted in Figure 14. Results showed unaltered 

antioxidant enzymes activity (SOD and CAT) and Redox status among tested conditions. 

Alterations in lipid peroxidation (LPO) levels were observed, with oysters exposed to the highest 

acidification level (pH 7.0) presenting significantly lower LPO compared to the remaining 

conditions. Oysters exposed to both acidification levels (pH 7.4 and pH 7.0) presented 

significantly lower ETS activity compared to oysters in control (pH 7.8). Glycogen (GLY) content 

was significantly lower at the intermediate acidification level (pH 7.4) compared to the remaining 

conditions. 

The most prominent changes concerning the biochemical markers studied in juvenile C. 

brasiliana exposed to different acidification levels, included changes in membrane damage (LPO), 

metabolic potential (ETS) and energetic fitness (GLY) among conditions. 

The decrease of metabolic potential (ETS) with the increase of acidification, observed 

(lower ETS activity in oysters exposed to pH 7.4 and 7.0 compared to CTL), indicate a down 

regulation of metabolic capacity. Other studies have described metabolic depression in marine 

invertebrates exposed to high CO2 concentrations (e.g. Michaelidis et al. 2005; Pörtner et al, 

1998; Reipschläger & Pörtner, 1996), which can be indicative of organisms experiencing 

envirormental stress (Guppy & Withers, 1999; Lannig et al., 2010; Parker et al., 2013). Metabolic 

depression in response to hypercapnia can imply shifts in preferential metabolic pathways 

(Pörtner et al., 2005), as observed in C. gigas through shotgun sequencing (Timmins-Shiffman et 

al., 2014). In the present study, C. brasiliana appeared to have achieved a new state in metabolic 

respiration, with lower potential aerobic capacity after four weeks of exposure to seawater 

acidification conditions, possibly to reconfigure energetic balance. Similarly, the ETS activity has 

also been shown to decrease in Scrobicularia plana clams (pCO2 >5000 µatm), and authors 

suggested these results could be related to metabolic depression to maintain energetic fitness 

(Freitas et al., 2016a). 
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The relatively low antioxidant response observed, as well as the decrease of metabolic 

potential (ETS) with the increase of acidification observed in C. brasiliana, could indicate 

rearrangement of metabolic pathways towards lower ROS production (Tomanek, 2015). Under 

extreme environmental conditions, facultative anaerobes such as oysters, may switch to 

anaerobic metabolism to extend energetic resources until favourable environmental conditions 

are restored (Sokolova et al., 2012). This mechanism also allows for a decrease of ROS 

production rates (Abele et al., 2007; Anestis et al., 2007; Pörtner et al., 2010), and has been 

shown in M. edulis under hypoxia (Rivera-Inhagram et al., 2013). Considering this, the present 

data suggest that C. brasiliana developed a depressed metabolic status, preventing excessive 

ROS production through alterations on the electron transport chain functioning, as well as 

maintaining energetic balance. 

 

 

 

Figure 14 – Biochemical parameters in juvenile C. brasiliana exposed to seawater acidification. 

A: Superoxide dismutase (SOD) activity; B: Catalase (CAT) activity; C: Reduced to oxidized glutathione 
ratio (Redox); D: Lipid peroxidation (LPO) levels; E: Electron transport system (ETS) activity; and F: 
Glycogen (GLY) content. Significant differences (p≤0.05) between conditions are represented with 
different letters (mean + standard error; n=24). 
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Lower LPO observed in juvenile C. brasiliana at the highest acidification level (pH 7.0), 

corroborates the hypothesis that oysters were depressing metabolism, also in accordance with 

results obtained regarding the ETS activity and unchanged antioxidant capacity (SOD, CAT and 

GSH/GSSG). Accordingly, Rivera-Ingraham et al. (2013) showed decreased ROS production in 

M. edulis, mussels exposed to anoxia, accompanied by no change in oxidative damage 

parameters (MDA and protein carbonylation). 

At the intermediate acidification level (pH 7.4) juvenile C. brasiliana presented significantly 

lower GLY content, indicative of oysters enduring energetic burden in response to stress 

(Sokolova & Lannig, 2008). Energetic reserves expenditure has also been demonstrated in 

juvenile C. virginica exposed to acidification (ca. 800 µatm pCO2) (Dickinson et al., 2012). At the 

highest acidification level (pH 7.0) however, high GLY content in juvenile C. brasiliana (similar to 

values in control conditions (pH 7.8), indicate these oysters were under an arrested metabolic 

state, a mechanism employed to conserve energy reported for other mollusc species (Gazeau et 

al., 2013; Michaelidis et al., 2005). The rate of carbohydrate catabolism in facultative anaerobes 

such as oysters is reduced during transition to the pessimum range of tolerance to environmental 

stressors (Sokolova et al., 2012), which could explain similar GLY content observed between low 

(pH 7.8) and high hypercapnia (pH 7.0). Similarly, M. galloprovincialis mussels presented low 

energetic expenditure (high GLY content) when exposed to acidification (Freitas et al., 2017). 

However, metabolic depression is only a time limited mechanism to endure extreme stress 

(Sokolova et al., 2012), and therefore the impacts of extended exposure to acidification would 

likely represent a deleterious scenario for these oysters. 

 

Thermal stress 

The effects of different temperature levels on juvenile C. brasiliana assessed on the basis 

of several biochemical markers are depicted in Figure 15. 

The highest SOD activity was observed in juvenile C. brasiliana exposed to the lowest 

temperature (24 ºC), with significant differences towards 28 and 32 ºC. Moreover, SOD activity in 

oysters exposed to 28 ºC was significantly lower compared to that observed at 32 ºC. 

Significantly higher LPO was observed in oysters exposed to control temperature (24 ºC) 

compared to the upper temperature levels tested (24 and 28 ºC). 

The highest GSH/GSSG was observed in oysters maintained at 28 ºC, the lowest values 

observed at 32 ºC, and an intermediate value was observed at 24 ºC. 

The ETS activity was significantly lower at the highest temperature (32 ºC) relative to 

oysters maintained in control conditions. GLY content was significantly lower in oysters exposed 

to the highest temperature tested compared to that observed in the remaining conditions. 
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The most prominent changes considering the biochemical markers studied in juvenile C. 

brasiliana exposed to different temperature levels, included changes in antioxidant activity (SOD), 

redox balance (GSH/GSSG), cellular damage (LPO), metabolic potential (ETS) and glycogen 

(GLY) content. 

Adaptation to thermal variations can cause shifts in the antioxidant defence status of marine 

bivalve species (Abele et al., 2002; Dimitriadis et al., 2012; Lockwood et al., 2010; Tomanek & 

Zuzow, 2010), that can be influenced by changes in metabolism and membrane phospholipid 

structure that may alter ROS production rates and sources (Pörtner, 2010; Sappal et al., 2015). 

SOD is one of the most important antioxidant enzyme that catalyses free radicals, and has been 

shown to reflect ambient temperature in bivalves such as Mytilus edulis (Lesser et al., 2010), 

Perna viridis (Verlecar et al., 2007), and Scapharca broughtonii (An & Choi, 2010). 

Juvenile C. brasiliana presented significantly different SOD activities among all acclimation 

temperatures, with the highest activity values observed at the lowest temperature (24 ºC) and the 

 

Figure 15 – Biochemical parameters studied in juvenile C. brasiliana exposed to thermal stress. 

A: Superoxide dismutase (SOD) activity; B: Catalase (CAT) actvity; C: Reduced to oxidized glutathione 
ratio (Redox); D: Lipid peroxidation (LPO) levels; E: Electron transport system (ETS) activity; and F: 
Glycogen (GLY) content. Significant differences (p≤0.05) between conditions are represented with 
different letters (mean + standard error; n=12). 
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lowest SOD activities at 28 ºC. Higher SOD activity in juvenile C. brasiliana maintained at 24 ºC 

could reflect higher proportions of polyunsaturated fatty acids (PUFA) in membranes, 

characteristic of homeoviscous adaptation to lower temperatures (Crockett, 2008). PUFA are 

highly susceptible to oxidation, and readily form lipid peroxyl radicals (Lira et al., 2013). Hence, 

higher SOD activity at 24 ºC could be induced as a protective mechanism to prevent excessive 

PUFA oxidation in C. brasiliana. 

The highest GSH/GSSG observed in juveniles at 28 ºC resulted from relatively higher GSH 

concentrations observed (data not shown), resulting from increased GSH synthesis in response 

to increasing temperature (increased total glutathione levels). At 32 ºC, GSH/GSSG in juvenile 

oysters was the lowest, as a result of a shift towards the oxidized form (GSSG), an indication of 

the involvement of glutathione in the oxidative stress response (Lesser, 2006). 

Interestingly, the highest LPO levels in juvenile C. brasiliana were observed in juveniles at 

the lowest temperature (24 ºC), which may have resulted from higher PUFA proportions at lower 

temperatures and thus higher susceptibility to ROS. Accordingly, higher levels of PUFA have 

been observed in C. rhizophorae (here identified as C. brasiliana) during winter (24 ºC) (Lira et 

al., 2013; Martino & Cruz, 2004). 

The decrease of ETS activity in juveniles at the highest temperature (32 ºC) was likely 

related to reduced physiological fitness observed at the same condition, indicated by lower GLY 

content (furtherly discussed). Elevated temperatures may induce physiological stress due to 

increased metabolic activity and result in reduced fitness (Hering et al., 2010). It is likely that 

juvenile oysters maintained at 32 ºC were shifting into a moderate stress status, with the 

associated expenditure of energetic reserves (GLY) and lower GSH/GSSG, indicating an 

oxidative status (Sokolova et al., 2012). Juvenile C. brasiliana may have induced a decrease of 

active ETS enzyme concentrations at this temperature as an energetic trade-off mechanism.  

Lower GLY content in juvenile C. brasiliana at 32 ºC, could result from a shift to a moderate 

stress status (Sokolova et al., 2012), and therefore may indicate the upper thermal tolerance limit 

of these oysters to be close to the highest temperature tested.  
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 Crassostrea gigas (Brazil) 

Seawater acidification 

The effects of seawater acidification levels on juvenile C. gigas assessed on the basis of 

several biochemical markers are depicted in Figure 16. 

Antioxidant enzymes activity (SOD and CAT) were significantly higher in oysters 

maintained in control conditions (pH 7.8), compared to increased acidification (pH 7.4 and pH 

7.0).  

Significantly higher LPO was observed at the intermediate acidification level (pH 7.4), while 

Redox status was significantly higher at the highest acidification level (pH 7.0), compared to the 

remaining conditions. 

The ETS activity was significantly higher at the intermediate acidification level (pH 7.4) 

relative to control (pH 7.8). No alterations in glycogen (GLY) content were observed among tested 

conditions. 

 

Figure 16 – Biochemical parameters in juvenile C. gigas exposed to seawater acidification. 

A: Superoxide dismutase (SOD) activity; B: Catalase (CAT) activity; C: Reduced to oxidized glutathione 
ratio (Redox); D: Lipid peroxidation (LPO) levels; E: Electron transport system (ETS) activity; and F: 
Glycogen (GLY) content. Significant differences (p≤0.05) between conditions are represented with 
different letters (mean + standard error; n=12). 
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The most prominent changes concerning the biochemical markers studied in juvenile C. 

gigas exposed to seawater acidification levels, included changes in antioxidants activity (SOD 

and CAT), redox balance (GSH/GSSG), cellular damage (LPO) and metabolic potential (ETS) 

among conditions. 

These findings can be integrated and discussed in light of the concept of energy-limited 

tolerance to stress (Sokolova, 2013; Sokolova et al., 2012). According to this concept, the stress 

status of a given organism exposed to increasing levels of environmental stress may be generally 

classified in two main categories: moderate or extreme stress. These are mainly defined by the 

organisms metabolic strategy (compensation or conservation), that in turn depend on organisms 

energetic fitness, aerobic scope, and energetic trade-offs between cellular maintenance costs, 

growth and reproduction.  

The antioxidant capacity of juvenile C. gigas exposed to increasing acidification, 

characterized by depressed antioxidant enzymes (SOD, CAT), could be related to the preferential 

use of other antioxidants, namely glutathione (GSH), an important non-enzymatic antioxidant 

scavenger that is a key participant in processes of ROS neutralization (Rahman, 2007). The 

present data suggest that juvenile C. gigas shifted towards the preferential use of GSH as primary 

detoxification mechanism, despite presenting differentiated capacities. The significant decrease 

of both reduced (GSH), and oxidized (GSSG) glutathione content observed in juvenile C. gigas 

with the increase of acidification (data not presented), that resulted in lower tGSH levels and 

higher GSH/GSSG at the highest acidification level, indicate that glutathione was being involved 

in detoxification mechanisms in response to acidification, as reported in other bivalve species 

under hypercapnic or hypoxic conditions (Khan & Ringwood 2016; Nardi et al., 2017). These 

findings could explain results showing lower SOD and CAT activities in juvenile C. gigas at both 

acidification levels (pH 7.4; pH 7.0), that together indicate a metabolic shift towards glutathione 

mediated ROS-quenching pathways, as observed in Mytilid species exposed to heat stress 

(Tomanek, 2014). The increase of GSH/GSSG observed in juveniles at the highest acidification 

level (pH 7.0) further indicate oysters were actively transporting glutathione in its oxidised form 

(GSSG) out of the organism, also reflecting in a lower tGSH content (data not shown). Under 

oxidative conditions, excessive GSSG can react with thiol groups of proteins, a process known 

as glutathionylation, leading to alterations of protein functioning (Hawkins et al., 2010; Hurd et al., 

2005). The loss of cellular GSH/GSSG redox control makes glutathionylation a deleterious event 

(Ghezzi & Di Simplicio, 2009), hence GSSG can be exported from the cell to the extracellular 

matrix (Garcia et al., 2010; Han et al., 2006). Given this, these findings suggest that the 

antioxidant capacity of juvenile C. gigas at the highest acidification level (pH 7.0) was exceeded, 

with excess glutathione oxidation, and GSSG excretion resulting in lower total glutathione content, 

as seen in other bivalve species experiencing oxidative stress (Hannam, 2010; Peña-Llopis et al., 

2002; Regolli et al., 1999). It is possible that juveniles presented a preferential use of GSH as the 

main antioxidant defence in detriment of antioxidant enzymes (SOD and CAT), because it is 

energetically less costly (Pannunzio & Storey, 1988), the capacity to replenish tGSH levels 

showed to be insufficient at the highest acidification level (pH 7.0).  
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Juvenile C. gigas were susceptible to membrane damage, with an observed increase of 

LPO in oysters exposed to the intermediate acidification level (pH 7.4), which could have resulted 

from significantly lower SOD and CAT activities previously discussed. At the highest acidification 

level (pH 7.0), LPO in juvenile C. gigas was similar to that observed in oysters maintained in 

control (pH 7.8), possibly as a result of glutathione mediated ROS quenching capacity previously 

described. However, tGSH depletion associated to excessive GSSG may be a precursor of 

increased LPO (Ringwood et al., 1999). Therefore, this mechanism is likely to become time limited 

for juvenile C. gigas. 

Enhanced ETS activity observed in juvenile C. gigas at the intermediate acidification level 

(pH 7.4), indicate the development of increased metabolic potential in response to intermediate 

acidification in these oysters. These results are in line with those described for other ectothermic 

marine metazoans exposed to acidification. Strobel et al. (2013) observed increased aerobic 

capacity (higher activities of citrate synthase and cytochrome oxidase enzymes) in red muscle of 

Notothenia rossii fish exposed to acidification, and suggested that this could either be a 

mechanism to sustain elevated costs of acid-base balance regulation, or a compensation 

mechanism for alterations in mitochondria metabolism. Similarly, Harms et al. (2014) observed 

upregulation of ETS related genes in Hyas araneus crab exposed to >900 µatm pCO2, and their 

results were justified as a mechanism to compensate for increased energetic costs of acid-base 

maintenance in acidification exposed animals. Also, the ETS activity in C. gigas has been shown 

to increase in conditions of hypoxia (Le Moullac et al., 2007; Samain & McCombie, 2008), and 

could be a common response mechanism triggered by these stressors, because hypoxia and 

acidification/hypercapnia often occur simultaneously in the environment, namely during 

eutrophication (Willson & Burnett, 2000).  

Interestingly, the same was not observed at the highest acidification level (pH 7.0). Instead, 

oysters showed intermediate ETS activity compared to the remaining conditions. It is likely that 

oysters exposed to higher levels of hypercapnia induced metabolic arrest, indicative of a transition 

towards the pessimum range of aerobic scope, consistent with unaltered energetic reserves 

(GLY) (Sokolova et al., 2012).  
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Thermal stress 

The effects of different temperature levels on juvenile C. gigas assessed on the basis of 

several biochemical markers are depicted in Figure 17. Juveniles presented high mortality rates 

at 32 ºC and were not considered for biochemical analysis. 

Significantly higher SOD activity was observed in juvenile C. gigas at 28 ºC compared to 

that observed under control temperature (24 ºC). No alterations in CAT activity was observed 

between oysters exposed to the temperature levels tested. 

No significant alterations were observed regarding redox status (GSH/GSSG) among 

tested temperatures. LPO levels were significantly lower in juvenile C. gigas exposed to 28 ºC 

compared to results obtained in oysters maintained at control temperature (24 ºC). No significant 

alterations were observed regarding the ETS activity among tested temperatures. Significantly 

lower GLY content was observed in oysters exposed to the highest temperature. 

 

 

Figure 17 – Biochemical parameters studied in juvenile C. gigas exposed to thermal stress. 

A: Superoxide dismutase (SOD) activity; B: Catalase (CAT) activity; C: Reduced to oxidized glutathione 
ratio (Redox); D: Lipid peroxidation (LPO) levels; E: Electron transport system (ETS) activity; and F: 
Glycogen (GLY) content. Significant differences (p≤0.05) between conditions are represented with 
different letters (mean + standard error; n=12) 
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Due to high mortality (67%) observed for C. gigas juveniles exposed to the highest 

temperature (32 ºC), oysters that survived at 32 ºC were excluded from analysis in order prevent 

a biased effect of selecting the most resistant individuals. The most prominent changes in juvenile 

C. gigas exposed to thermal stress were observed concerning SOD activity, LPO levels and GLY 

content. 

Higher SOD activity observed in juvenile C. gigas maintained at 28 ºC, could relate to 

species metabolic adjustment. Metabolic adaptation during transitions from metabolically active 

states to arrested metabolic states in response to stress, organisms may experience what can be 

defined as moderate stress (Sokolova et al., 2012). At this physiological status, organisms 

develop several mechanisms to mitigate the impacts of a given stressor. These are energetically 

costly, and can include increased metabolic rates and upregulation of cellular protection 

mechanisms, such as antioxidant enzyme superoxide dismutase (Sokolova et al., 2012; 

Tomanek, 2014). Accordingly, lower GLY in juvenile C. gigas at 28 ºC, indicate a mismatch 

between energy supply and demand, a characteristic of a shift to a moderate stress status ( 

Sokolova & Lannig, 2008; Sokolova et al., 2012). Additionally, increased SOD activity shows 

upregulation of antioxidant defences towards suboptimal temperature. 

It is possible that the increase of energy demand to cope with high temperature and 

consequent GLY depletion, likely led to high mortality at 32 ºC in C. gigas juveniles. Similarly, 

Flores-Vergara et al. (2004) observed increased mortality in C. gigas spat reared up to 6 weeks 

at 32 ºC, and also showed progressive energetic depletion measured as carbohydrate content 

with increasing temperatures (23, 26, 29 and 32 ºC). 

Higher LPO levels observed in juvenile C. gigas at the lowest temperature (24 ºC), was 

explained by the interaction of several factors, namely membrane structure, metabolic adjustment 

and antioxidant capacity. Temperature variations induce membrane restructuring in biological 

systems, a common response mechanism known to ectotherms (Crockett, 2008). The most 

important of these mechanisms involve changes of phospholipids unsaturation levels, with 

organisms commonly present higher proportions of membrane polyunsaturated fatty acids 

(PUFA), when either acclimated or acclimatized to lower temperatures (Hazel & Williams, 1990). 

In turn, the saturation state of biological membranes is likely to influence organisms susceptibility 

to LPO (Crockett, 2008; Halliwell & Gutteridge, 1999), since higher proportions of PUFA increase 

the propensity of membranes to peroxidation reactions (de Zwart et al., 1999). Higher LPO levels 

in juvenile C. gigas at 24 ºC, could therefore be a result of higher PUFA proportions in 

membranes. Studies on C. gigas from the environment have correlated higher PUFA levels with 

lower temperatures in adults (Dagorn et al., 2016; Pazos et al., 1996), as well as in spat under 

laboratory conditions (23-32 ºC) (Flores-Vergara et al., 2004). Increased LPO in juveniles at the 

lowest temperature could therefore be partially explained by membranes fatty acid composition, 

and has also been hypothesised for oysters collected in the environment (Zanette et al., 2006). 
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 Species comparison 

Seawater acidification 

Different response patterns were observed in juvenile C. brasiliana and C. gigas exposed 

to seawater acidification. In fact, an opposite trend was demonstrated regarding metabolic 

potential modulation between both species, assessed by the ETS activity, with C. gigas 

presenting increased metabolic capacity (ETS) with the increase of acidification, while C. 

brasiliana presented depressed metabolic potential under the same conditions. 

The decrease of antioxidant capacity observed in C. gigas juveniles exposed to seawater 

acidification, demonstrated by lower antioxidant enzymes SOD and CAT activity, increased LPO, 

as well as impairment of the redox balance (GSH/GSSG) observed, indicated the onset of 

oxidative stress in these oysters. In contrast, C. brasiliana showed unaltered antioxidant capacity, 

and lower LPO at the highest acidification level (pH 7.0), consistent with the results suggesting 

metabolic depression (ETS, GLY). 

Given these results it seems that C. brasiliana juveniles were more tolerant to seawater 

acidification than C. gigas, despite the fact that metabolic depression is only a time limited 

mechanism to endure extreme stress. 

 

Thermal stress 

Different response patterns were observed in juvenile C. brasiliana and C. gigas exposed 

to increasing temperature. High mortality observed in C. gigas juveniles exposed to the highest 

temperature (32 ºC) indicates the thermal tolerance window was exceeded in this species 

considering the juvenile life stage. Moreover, results showed enhanced antioxidant capacity in C. 

gigas exposed to 28 ºC (SOD), possibly related to lower cellular damage (LPO) observed, despite 

with significant energetic depletion (GLY). 

An opposite trend was observed regarding C. brasiliana juveniles stress response to 

temperature rise, during which enzymatic antioxidant capacity (SOD) was depressed, while GSH 

mediated ROS quenching capacity was enhanced. This stress response strategy was 

accompanied by metabolic depression (ETS) and lower cellular damage (LPO) with the increase 

of ambient temperature, despite that energetic burden was observed at 32 ºC (GLY). 

Overall, these findings indicate that C. brasiliana juveniles were more tolerant to 

temperature rise than C. gigas, with the latter species presenting a lower maximum thermal 

tolerance range. Nonetheless, given that metabolic depression is only a time limited mechanism 

to endure abiotic stress, the physiological fitness and survival of C. brasiliana juveniles may 

depend on the duration of episodes of thermal stress, especially if environmental temperatures 

exceed 32 ºC. 
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3.2.2 Adults 

Hypercapnic stress 

 Crassostrea brasiliana  

The effects of different seawater acidification levels on adult C. brasiliana assessed on the 

basis of several biochemical markers are depicted in Figure 18. 

SOD activity was significantly higher in adult C. brasiliana exposed to the intermediate 

acidification level (pH 7.4) towards that observed in control (pH 7.8). No alterations in either CAT 

activity, GSH/GSSG, or LPO levels were observed among tested acidification levels. Significantly 

lower ETS activity was observed at both acidification levels (pH 7.4 and pH 7.0) compared to 

control (pH 7.8). Glycogen (GLY) content tended to be lower at the highest acidification levels 

(pH 7.4 and pH 7.0) compared to control (pH 7.8), despite not statistically significant. 

 

 

Figure 18 – Biochemical parameters in adult C. brasiliana exposed to seawater acidification. 

A: Superoxide dismutase (SOD) activity; B: Catalase (CAT) activity; C: Reduced to oxidized glutathione 
ratio (Redox); D: Lipid peroxidation (LPO) levels; E: Electron transport system (ETS) activity; and F: 
Glycogen (GLY) content. Significant differences (p≤0.05) between conditions are represented with 
different letters (mean + standard error; n=12) 
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The most prominent changes concerning the biochemical markers studied in adult C. 

brasiliana exposed to different acidification levels, included changes in antioxidant activity (SOD) 

and metabolic potential (ETS) among tested conditions. 

Overall, adult C. brasiliana presented a similar response pattern to that observed in juvenile 

specimens. Like juveniles, adult C. brasiliana presented decreased metabolic potential (ETS) with 

the increase of hypercapnia, that indicated metabolic depression in the presence of high CO2 

concentrations, in line with results from other studies on bivalve molluscs (Michaelidis et al., 2005; 

Pörtner et al., 1998; Reipschläger & Pörtner, 1996), that are generally indicative of organisms 

experiencing environmental stress (Guppy & Withers, 1999; Lannig et al., 2010; Parker et al., 

2013). 

Nonetheless, and unlike juveniles, adult C. brasiliana presented increased SOD activity 

with the increase of acidification, unaltered GLY content and LPO. These results suggest that 

adult oyster were more efficient in maintaining energetic fitness than juveniles, possibly because 

younger organisms generally require higher metabolic demand (Hawkins, 1995). 

 

Thermal stress 

The effects of different temperature levels on adult C. brasiliana assessed on the basis of 

several biochemical markers are depicted in Figure 19. 

No significant alterations were observed concerning SOD activity among tested conditions, 

despite an apparent decreasing trend in SOD activity with the increase of temperature. 

Significantly higher CAT activity was observed at both increased temperature scenarios (28 and 

32 ºC) compared to control temperature (24 ºC). The highest GSH/GSSG was observed in oysters 

maintained at 32 ºC, the lowest values observed at 28 ºC, and an intermediate value was 

observed at 24 ºC. Results showed no alterations in either LPO, ETS activity or GLY content 

among temperature levels. 

Increased CAT activity in adult C. brasiliana exposed to 28 and 32 ºC relative to the lowest 

temperature, indicated that these oysters induced higher antioxidant capacity towards hydrogen 

peroxide at higher temperatures. Moreover, results showing higher GSH/GSSG in oysters 

exposed to 32 ºC compared to 28 ºC, were influenced by a significant increase of GSH 

concentrations (data not shown), indicating oysters were actively synthesising GSH at 32 ºC in 

response to thermal stress. 

Taking into consideration the biomarkers studied, it appears that adult C. brasiliana was 

fairly insensitive to the tested temperatures, and was able to maintain overall physiological fitness 

(unchanged LPO, ETS and GLY among conditions). Interestingly, these findings are in contrast 

with those observed in juvenile specimens that showed higher responsiveness to thermal stress.  
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Differences in antioxidant capacities between bivalve individuals of different age can be 

expected to occur, although these do not always respond in the same pattern. For instance, CAT 

activity has shown to decrease with age in C. virginica (Ivanina et al., 2008) and M. edulis 

(Viarengo et al., 1991), or to remain constant as in M. edulis and Mya arenaria (Suhkotin et al., 

2002), and L. elliptica (Philipp et al., 2005). These are in contrast to our findings for C. brasiliana, 

although they were obtained for wider age ranges, different species and tissues than those from 

the present study. Nonetheless, the mechanisms responsible for these patterns are still under 

debate (Ivanina et al., 2008), and the present findings further illustrate that different temperatures 

of acclimation can yield different antioxidant response (CAT and SOD) among different life stages. 

Additionally, and unlike juveniles, adult C. brasiliana presented unchanged metabolic 

potential (ETS) and energetic reserves (GLY) among temperatures. Unchanged metabolic 

potential in adults, could derive from the fact that respiratory enzymes tend to remain fully active 

within the organisms thermal tolerance range (Simčič et al., 2014; Yurista, 1999), and knowing 

 

Figure 19 – Biochemical parameters studied in adult C. brasiliana exposed to thermal stress. 

A: Superoxide dismutase (SOD) activity; B: Catalase (CAT) activity; C: Reduced to oxidized glutathione 
ratio (Redox); D: Lipid peroxidation (LPO) levels; E: Electron transport system (ETS) activity; and F: 
Glycogen (GLY) content. Significant differences (p≤0.05) between conditions are represented with 
different letters (mean + standard error; n=6) 
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that the tested temperatures were similar to the natural temperature range described for the 

species geographical distribution (20 to 32 ºC) (Menzel, 1991). However, the different response 

pattern observed in juveniles, was likely related to differences in energetic efficiency, knowing 

that juvenile bivalves generally present higher metabolic activity that adults (Sukhotin & Pörtner, 

2001). It is therefore possible that energetic reserves could suffice to maintain ETS concentrations 

equal among temperatures in adults, whereas in juveniles this balance was impaired. Indeed, 

results on oysters energetic fitness (GLY) corroborated this hypothesis, for which juveniles 

presented higher energetic burden (decreased GLY at the highest temperature), while adults 

showed no alterations in the same parameter. Unaltered GLY content in adults with the increase 

of temperature suggests that the thermal range did not induce higher energetic burden, or that 

the glycolytic flux was down-regulated (Storey, 1998). 
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 Crassostrea gigas (Brazil) 

Seawater acidification 

The effects of seawater acidification on adult C. gigas assessed on the basis of several 

biochemical markers are depicted in Figure 20. 

Significantly lower SOD activity was observed in adult C. gigas exposed to the intermediate 

acidification level (pH 7.4) compared to the remaining conditions. Similarly, significantly lower 

CAT activity was observed in oysters exposed to the intermediate acidification level (pH 7.4), with 

significant differences towards the highest acidification level (pH 7.0). No alterations were 

observed regarding Redox status, nor LPO levels among tested conditions. 

The ETS activity was significantly higher at the highest acidification level (pH 7.0) compared 

to control (pH 7.8). A significant decrease in GLY content was observed between intermediate 

(pH 7.4) and high (pH 7.0) acidification levels. 

 

 

 

Figure 20 – Biochemical parameters in adult C. gigas exposed to seawater acidification. 

A: Superoxide dismutase (SOD) activity; B: Catalase (CAT) activity; C: Reduced to oxidized glutathione 
ratio (Redox); D: Lipid peroxidation (LPO) levels; E: Electron transport system (ETS) activity; and F: 
Glycogen (GLY) content. Significant differences (p≤0.05) between conditions are represented with 
different letters (mean + standard error; n=12) 
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The most prominent changes concerning the biochemical markers studied in juvenile C. 

gigas exposed to different acidification levels, were observed at the highest acidification level (pH 

7.0), and included changes in antioxidant activity ( CAT), metabolic potential (ETS) and energetic 

fitness (GLY) among conditions. 

Increased ETS activity observed in adult C. gigas at the highest acidification level (pH 7.0), 

indicate the development of increased metabolic potential in response to extreme hypercapnia in 

these oysters, and are in line with recent studies on other ectothermic marine metazoans exposed 

to acidification (Harms et al., 2014; Strobel et al., 2013). It is important to note that adults 

presented increased metabolic rate at a higher acidification level than juveniles, which could 

indicate a differentiated metabolic response capacity of adults towards tested acidification levels. 

Induced CAT activity at the highest acidification level (pH 7.0), coincided with significantly 

higher metabolic potential (ETS), and could have been triggered to mitigate the negative effects 

of higher ROS production occurring from the mitochondria electron transport chain (Gibbin et al., 

2017; Harms et al., 2014). 

Although no alterations were noted in GSH/GSSG in adult C. gigas, results also showed 

higher total glutathione (tGSH) concentrations in oyster tissues (data not shown). The increase 

of tGSH, by de novo synthesis of GSH is a common mechanism that may allow for higher 

antioxidant capacity in these oysters (Trevisan et al., 2014). These results were different from 

those observed in juvenile C. gigas (previously discussed) that evidenced GSH/GSSG alterations 

and even decreased tGSH replenishment capacity in oysters exposed to the highest acidification 

level (pH 7.0). Together these data suggest higher capacity to maintain redox balance in adult 

oysters. Similarly, Philipp et al. (2008) observed a more pronounced decrease of glutathione in 

young Aequipecten opercularis scallops than adults after swimming bursts, and concluded that 

younger animals were less effective on homeostatic regulation. 

In line with this, unchanged LPO in adult C. gigas among acidification levels, suggest that 

cellular or physiological mechanisms could have been employed to prevent membrane oxidative 

damage. Indeed, higher CAT activities at the highest acidification level, as well as an increase of 

the glutathione pool (tGSH), together may have prevented LPO increased formation. 

Results obtained for C. gigas indicate higher energetic expenditure in adult oysters 

exposed to the highest acidification level (pH 7.0) (lower GLY content). These results are 

important considering that the energetic status of bivalves can reflect the level of environmental 

stress (Storey, 1998). Also, the decrease of GLY content was consistent with results obtained 

regarding higher metabolic costs of increased ETS and antioxidant enzymes activities observed 

in the same condition (CAT, tGSH). In contrast, Timmins-Shiffman and co-authors (2014) found 

no change in GLY content of C. gigas exposed to acidification, although testing lower pCO2 

concentrations (2,800 µatm) than in the present study. Hence, our results suggest that higher 

levels of pCO2 (10,000 µatm) may further challenge adult C. gigas energetic fitness. 

Together, results obtained concerning GLY, ETS and antioxidant capacity in C. gigas 

indicate acidification induced a transition to a moderate stress status, according to the concept of 
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energy-limited stress tolerance (Sokolova et al. 2012), for which an increase of metabolic capacity 

and energetic turnover occurs as a compensation mechanism for homeostatic maintenance and 

damage repair in response to a given stressor. 

 

Thermal stress 

The effects of different temperature levels on adult C. gigas assessed on the basis of 

several biochemical markers are depicted in Figure 21. 

No significant alterations were observed concidering SOD and CAT activities in oysters 

among tested conditions. Redox status (GSH/GSSG) and LPO levels were significantly lower at 

the highest temperature level (32 ºC). The ETS activity was significantly higher in oysters exposed 

to 28 ºC compared to control (24 ºC). Lower glycogen (GLY) content was observed in oysters 

exposed to higher temperatures (28 and 32 ºC) compared to those exposed at 24 ºC, despite 

differences were not significant. 

 

 

Figure 21 – Biochemical parameters studied in adult C. gigas exposed to thermal stress. 

A: Superoxide dismutase (SOD) activity; B: Catalase (CAT) activity; C: Reduced to oxidized glutathione 
ratio (Redox); D: Lipid peroxidation (LPO) levels; E: Electron transport system (ETS) activity; and F: 
Glycogen (GLY) content. Significant differences (p≤0.05) between conditions are represented with 
different letters (mean + standard error; n=6) 
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The most prominent changes in adult C. gigas exposed to thermal stress were observed 

concerning GSH/GSSG, LPO levels and ETS activity.  

Significantly lower GSH/GSSG in adults at 32 ºC comparing to individuals exposed to 28 

ºC, indicate a prooxidant status at this temperature level. Lannig et al. (2006) also observed lower 

GSH/GSSG in Crassostrea virginica with increasing temperature, as well as a limited capacity of 

this species to synthesise GSH at high temperatures (up to 28 ºC). 

Alterations in LPO levels in adult C. gigas can be explained by a number of mechanisms 

and their interactions, such as membrane structure, metabolic adjustment and antioxidant 

capacity. Unlike juveniles, LPO levels in adult C. gigas did not show lower LPO at the lowest 

temperature (24 ºC), instead adults showed lower LPO at the highest temperature (32 ºC). These 

results suggest an age dependent function of LPO formation. Accordingly, Ivanina et al. (2008) 

observed higher rates of fluorescent ageing pigments (the end product of LPO) formation in 

younger individuals of C. virginica. These differences could be related to differentiated metabolic 

rates between age groups (Ivanina et al., 2008; Sukhotin & Pörtner, 2001). Higher metabolic 

activity in juveniles could render higher ROS as a function of size, or because older organisms 

can present depressed metabolic rates (Sukhotin & Portner, 2001). The decrease of LPO at 32 

ºC in adult oysters could be explained by the onset of anaerobiosis at the pessimum range of 

thermal tolerance (Sokolova et al., 2012). Successful facultative anaerobes such as oysters can 

alternate between aerobic and anaerobic metabolism in response to conditions of extreme stress 

thus minimizing ROS production rates (Anestis et al., 2007; Pörtner, 2010; Tomanek, 2014). 

Rivera-Ingraham et al. (2013), showed lower ROS production in Mytillus edulis under hypoxic 

conditions, evidencing that intertidal molluscs possess mechanisms that allow for anaerobic 

respiration with low deleterious free radical production. Several adaptive mechanisms are known 

to mitigate ROS formation in marine facultative anaerobes (Abele et al., 2007). During anaerobic 

respiration such mechanisms are likely to become active and could explain lower LPO levels in 

adults comparing to the lower temperatures where aerobic metabolism is probably more 

prevalent. Further investigation on aerobic and anaerobic respiration is required to understand 

these mechanisms. 

The increase of ETS activity in adults indicate an increase of active ETS enzyme 

concentrations in response to the intermediate temperature (28 ºC). It is generally accepted that 

in the absence of other limiting factors, increasing temperature induces higher metabolic rates 

(Angilletta, 2009; Pörtner et al., 2006). Le Moullac et al. (2007) observed increased ETS activity 

with increasing temperature in adult C. gigas, although testing a temperature range of 12, 15 and 

20 ºC. Assuming these authors results, and those observed in the present study (increased ETS 

activity from 24 to 28 ºC), overall the findings support that adult C. gigas can increase the 

efficiency and/or concentrations of active ETS units in response to increasing temperature up to 

a certain threshold. Increasing the number of rate limiting enzymes to sustain aerobic metabolism 

(as proposed here for ETS) has been shown in mussel Modiolus modiolus, although during 

acclimation to cold temperatures, namely aerobic enzymes citrate synthase and cytochrome 

oxidase (Lesser & Kruse, 2004). Other examples of such adaptation mechanisms include studies 
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on the copepod Acartia tonsa, that showed increased activity of ETS with the increase of 

temperature from 17 to 21 or 29 ºC, leading the author to conclude that higher concentrations of 

rate limiting enzymes were present at higher temperatures (Båmstedt, 1980). The ETS of zebra 

mussel Dreissena polymorpha in the environment also presented different activity levels 

depending on season and site location, with higher activities observed during late spring (Fanslow 

et al., 2001). No further increase of ETS activity at the highest temperature could be indicative of 

a transition into an arrested state of metabolic potential, in line with the concept of energy limited 

stress tolerance (Sokolova, 2013). No change in GLY content could further corroborate the 

hypothesis of metabolic conservation strategy. Indeed, bivalve molluscs may present decreased 

glycolytic flux and ATP consumption, as a means of GLY reserves maintenance to extend survival 

during periods of stress (Brooks & Storey, 1997; Storey, 1998) 

 

 Species comparison 

Seawater acidification 

The present data show marked differences in each species response pattern to this 

environmental stressor, in accordance with other studies assessing comparative performances 

between other closely related bivalve species enduring abiotic stress, namely Mytilid (Tomanek, 

2014) and Venerid (Velez et al., 2016) congeners. Similarly to juveniles, an opposite trend was 

demonstrated regarding metabolic potential between both species, assessed by the ETS activity, 

with C. gigas presenting increased metabolic capacity (ETS) in acidification exposures. 

Adult C. gigas presented higher capacity to induce antioxidant enzymes activity than 

juveniles, namely at the highest acidification level, demonstrated by the increase of antioxidant 

enzymes SOD and CAT activities, as well as changes in non-enzymatic ROS scavenger GSH 

oxidation form and concentration, indicate that these conditions induced a prooxidant status. C. 

gigas presented GSH as preferential antioxidant to cope with acidification induced oxidative 

stress, with observable effects on the total glutathione pool (tGSH) and GSH/GSSG, most evident 

in juvenile specimens at the highest acidification level. The antioxidant capacity of C. gigas may 

have mitigated increased cellular damage (LPO), except in juveniles held at the intermediate 

acidification level. Nonetheless, data on GSH mediated antioxidant response suggest that this 

mechanism is time limited.  

In contrast, C. brasiliana presented a decrease of metabolic potential, noted by lower ETS 

activity with the increase of hypercapnia. These results suggest metabolic depression to 

withstand acidification in this species, and were further supported by low antioxidant capacity, no 

change or even decrease (juveniles at pH 7.0) of LPO, indicating reduced aerobic scope to 

sustain energetic fitness under seawater acidification. 
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Thermal stress 

Generally, the present findings suggest that C. brasiliana presented a higher capacity to 

utilize GSH as an antioxidant than C. gigas (higher total glutathione pool, data not shown). The 

use of GSH as an antioxidant can be energetically less costly than to induce antioxidant enzymes 

(Pannunzio & Storey, 1998), and could therefore present advantages for energetic fitness. The 

preferential use of GSH observed in C. brasiliana juveniles may be related to the induction of 

metabolic pathways towards lower ROS production (NADPH oriented) and higher GSH 

quenching capacity) described for Mytillid species (Tomanek, 2014). 

The present study illustrates the complexity of the biochemical response of two oyster 

species to different temperature levels, and reflects different species strategies to endure the 

tested thermal regimes. Overall, juveniles from both species showed to be more responsive to 

thermal regime than adults, presenting higher mortality, higher susceptibility to cellular damage, 

stimulated antioxidant response and energetic depletion, with results suggesting higher upper 

thermal tolerance in the native species. On the contrary, adult oysters showed to be less 

responsive to thermal stress. Comparisons between species revealed that thermal stress induced 

greater alterations in C. gigas, with overall higher SOD activity comparing to C. brasiliana, also 

indicating greater energetic costs in response to increasing temperature in C. gigas comparing to 

C. brasiliana. These results suggest that energetic metabolism of C. brasiliana was more efficient 

than that of C. gigas under the tested thermal window, possibly because this species is adapted 

to lower latitudes, and thus to warmer thermal regimes. Despite high mortality of juveniles, the 

introduced species presented mechanisms that allowed adults to be resilient to thermal stress, at 

temperatures higher than those predicted for C. gigas in south America (Carrasco & Barón, 2009). 

This study brings new insights on the biochemical mechanisms involved in the response of two 

important oyster species to different thermal regimes, and highlights the importance of studying 

different life stages in order to better understand the ecological impacts of environmental 

stressors. Results obtained indicate that C. gigas holds mechanisms that may enable it to survive 

at higher temperatures. The question remains if these mechanisms would be sufficient on the 

long term for the introduced species to survive such thermal regime. If adults are able to survive 

and spawn, increased resistance of offspring (Parker et al., 2012) could enable for competition in 

a changing environment.  
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Experiments conducted during the development of the present thesis allowed to infer on 

different oyster species performance towards several climate change related stressors, with the 

aim to answer the following questions: i) How do different oyster species respond to climate 

change related phenomena? ii) How does the combination of climate change and pollutant 

exposure influence oyster species performance? iii) Do different life stages present different 

susceptibilities to these stressors? 

Data obtained during this investigation allowed to answer the above stated questions, 

bringing new insights into stress response signatures that characterize species tolerance 

capacities in the perspective of global change. The present findings thus contribute to better 

understand the molecular and physiological mechanisms that define different oyster species 

capacities to endure and compete in a changing environment. Ultimately, and in line with the 

goals of experimental biology, this study presents evidence on species capacities and limits to 

adaptation, important for policy makers and management entities (Sutherland et al., 2004). 

The complexity of the stress response signatures of Crassostrea species were evident, and 

were interpreted considering the interplay between subcellular stress response mechanisms, 

oysters energetic and physiological fitness, metabolic capacity, homeoviscous adaptation and 

aerobic scope, in light of the existing literature. Indeed, different stress response strategies and 

performances were observed between species, and life stages. The combination of climate 

change and pollutant exposure also revealed to influence oysters performance. 

 

4.1 Crassostrea angulata and Crassostrea gigas (Portugal) 

4.1.1 Embryo-larvae 

Differences in each species embryo-development capacity were evident, concerning the 

tolerance range to salinity and temperature, which further reflected in the pattern of sensitivity to 

As observed. C. angulata presented a narrower range of salinity and temperature than C. gigas 

for which embryo-development successfully occurred, considering 24 and 48 h post fertilization. 

C. angulata presented better embryonic development at intermediate salinity (26) and 

temperatures above 20 ºC, while C. gigas presented high frequencies of developing embryos at 

all combinations of salinity and temperatures tested. Overall, these results suggest that early 

ontogeny of C. angulata may be limited to a narrower range of abiotic factors (salinity and 

temperature) compared to C. gigas, with possible implications at the population level. Considering 

that early life stages generally constitute the most susceptible stage of oysters life cycle, the 

thermohaline differences observed for embryo development may dictate species competitive 

advantages towards one another under the projected scenarios of climate driven alterations of 

temperature and salinity regimes in estuarine systems worldwide. Hence, C. angulata may be 

more susceptible to environmental change than C. gigas. 

Comparisons of As toxicity between species (measured as EC50 values) showed that C. 

angulata was at least 10 times more sensitive to As than C. gigas and these differences were 
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likely species related. These findings suggest that the survival of C. angulata strongly depends 

on a narrower range of abiotic factors compared to its closely related congener, and therefore the 

future of this species populations may be endangered considering the future projections on 

climate change and pollution worldwide. 

 

4.1.2 Juveniles 

Different response patterns were observed regarding each species biochemical 

performance towards each stressor. Overall, fewer alterations in oxidative stress parameters 

were observed in C. angulata compared to C. gigas, with the latter presenting higher capacity to 

induce antioxidant and biotransformation enzymes (SOD, CAT and GSTs). Data also suggested 

different metabolic strategies to endure exposure conditions, with C. angulata presenting 

unaltered metabolic potential (ETS) and energetic fitness (GLY). On the contrary, C. gigas 

presented altered metabolic potential and bioenergetics (GLY). The combined effects of seawater 

acidification and As induced higher oxidative stress in both species (LPO) than single exposures. 

The results obtained through proteomic analysis allowed for a deeper insight into the 

modes of action of these closely related oyster species towards the combined effects of 

acidification and As exposure. As a corollary, both species induced cellular remodelling in 

response to external stimuli, observed by altered levels cytoskeleton related proteins, namely 

Actin and Atlastine (C. gigas); Actin, Severin, Coronin and Gelsolin (C. angulata). However, the 

conditions at which each species presented such alterations differed, with C. gigas presenting 

altered cytoskeleton proteins in Low pH exposures, while C. angulata showed most alterations 

under both Arsenic exposures (As and Low pH+As). Interestingly, proteomic analysis revealed 

metabolic suppression in C. angulata (downregulation of ATP β) in both Low pH and Low pH+As 

exposures.  

Protein changes observed in oysters exposed to the combined exposure to Low pH+As 

revealed important differences in oysters response capacity compared to that observed in single 

exposures, corroborating the working hypothesis that multiple stressors will further challenge 

oyster species in the environment. Together, analysis of biochemical performance and 

proteomics revealed that each species presented different mechanisms to endure tested 

conditions. Overall, C. angulata appeared to be less responsive than C. gigas considering the 

biochemical markers studied. This could either indicate a weaker response capacity, or lower 

sensitivity to tested conditions. 

Overall, data on protein changes towards Low pH+As evidenced the induction of different 

modes of action by each species. Interestingly, decreased abundance of piRNA in C. angulata 

suggested genome reconfiguration in response to Low pH+As (as opposed to C. gigas), possibly 

induced as an adaptive mechanism towards extreme stress. These data add to recent findings 

by Li et al. (2017) that showed higher phenotypic plasticity of C. angulata compared to C. gigas 

towards environmental change and suggested higher adaptive potential of the former species in 

a changing environment. 
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4.1.3 Adults 

Overall results demonstrated that adult C. angulata and C. gigas were less responsive to 

tested conditions than juveniles considering seawater acidification experiments (Low pH, As, and 

Low pH+As). Both species showed low oxidative stress response towards tested conditions, 

despite significant enhancement of GSTs activity in oysters exposed to As, that may have helped 

prevent alterations of lipid peroxidation levels. Interestingly, biomineralization capacity (CA) was 

significantly impaired by both Low pH and As exposures. The combined exposure to both 

stressors proved to have a negative effect on both species response capacity to As, namely 

regarding GSTs activity. Overall C. gigas presented higher stress response capacity (SOD, CAT 

and GSH) than C. angulata, suggesting that the latter species was either less sensitive to the 

tested conditions or presented a lower capacity to respond to the tested scenarios. 

Results from exposures to different salinity levels showed that both species presented 

alterations in oxidative stress status and metabolic performance. Salinity also affected As 

accumulation dynamics, with oysters exposed to lower salinities tending to accumulate higher As 

concentrations. Overall adult specimens of both species showed similar stress response patterns 

to salinity and As exposures, presenting higher antioxidant capacity (SOD) and metabolic 

potential (ETS) at lower salinities (10 and 20). However, differences were observed considering 

the influence of salinity on each species biotransformation capacity (GSTs), with C. angulata 

presenting induced GSTs at a wider range of salinities (20, 30 and 40) compared to C. gigas (10 

and 30). Moreover, C. angulata presented higher capacity to maintain redox balance at the range 

of salinities tested, and lower degree of alterations in LPO levels among conditions.  
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4.2 Crassostrea brasiliana and Crassostrea gigas (Brazil) 

4.2.1 Juveniles and adults 

Seawater acidification 

Results obtained concerning both species stress response to acidification, highlighted 

different strategies to cope with increased pCO2, and bring new insights on species tolerance 

capacity and differentiated response mechanisms. The time duration of environmental 

hypercapnia in estuarine systems may be of upmost importance, since oyster response 

mechanisms to high environmental pCO2 suggested to be time limited. According to the energy-

limited tolerance concept (Sokolova et al., 2012) the present data indicate that the mangrove 

oyster (C. brasiliana) transitioned into the pessimum tolerance range when exposed to 

acidification, as a conservation mechanism to endure extreme stress, while response patterns 

observed for the pacific oyster (C. gigas) reflected a moderate stress status, which could generally 

imply a wider range of tolerance towards acidification than C. brasiliana, as well as a longer and 

more sustainable energetic balance. The differentiated response pattern observed could have 

further implications at the population level, and influence species competitive advantages towards 

each other in the event of ocean acidification. In a scenario of coexistence of the two species in 

the same geographical areas, it appears that C. gigas may be more resilient than the native 

species (C. brasiliana) to environmental hypercapnia, with ecological repercussions that are hard 

to predict. Therefore, efforts should be made to prevent the spread of the non-native species into 

pristine environments where C. brasiliana still thrives. 

 

Thermal stress 

The present study illustrates the complexity of the biochemical response of two oyster 

species to different temperature levels, and reflects different species strategies to endure the 

tested thermal window. Overall, juveniles of both species showed to be more responsive to 

thermal stress than adults, presenting higher mortality, higher susceptibility to cellular damage, 

stimulated antioxidant response and energetic depletion, with results suggesting higher upper 

thermal tolerance in the native species (C. brasiliana). On the contrary, adult oysters showed to 

be less responsive to thermal stress. Comparison between species revealed that thermal stress 

induced greater alterations in C. gigas, with overall higher SOD activity comparing to C. brasiliana, 

also indicating greater energetic costs in response to increasing temperature in C. gigas 

comparing to C. brasiliana. These results suggest that energetic metabolism of C. brasiliana was 

more efficient than that of C. gigas considering the tested thermal window. Despite of high 

mortality of juvenile C. gigas, adult oysters developed mechanisms that enabled to cope thermal 

stress, at temperatures higher than those predicted for C. gigas in south America (Carrasco & 

Barón, 2009). This study brings new insights on the biochemical mechanisms involved in the 

response of two important oyster species to different thermal regimes, and highlights the 

importance of studying different life stages in order to better understand the ecological impacts of 
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environmental stressors. Results obtained indicate that C. gigas holds mechanisms that may 

enable it to survive at higher temperatures. The question remains if these mechanisms would be 

sufficient on the long term for the introduced species to survive such thermal regime. If adult are 

able to survive and spawn, increased resistance of offspring (Parker et al., 2012) could enable for 

competition in a changing environment.
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Supplementary table S1 – Mean percentage of C. angulata embryos presenting delayed development (Pre-
D) at different combinations of salinity, temperature and As concentrations, after 24 and 48-hour exposures. 
Conditions for which 100 % embryos were classified as Pre-D are highlighted in dark grey. 

   µg L-1 of As 

2
4

 h
 

Salinity 
Temperature 

(ºC) 
0 30 60 120 240 480 960 1920 

20 

20 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

24 75.3 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

28 75.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

26 

20 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

24 4.0 24.0 95.7 100.0 100.0 100.0 100.0 100.0 

28 8.0 19.0 93.0 99.3 100.0 100.0 100.0 100.0 

33 

20 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

24 4.3 5.0 97.7 98.0 99.3 100.0 100.0 100.0 

28 5.0 5.3 62.0 88.7 99.3 100.0 100.0 100.0 

4
8

 h
 

Salinity 
Temperature 

(ºC) 
        

20 

20 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

24 35.5 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

28 62.5 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

26 

20 10.3 48.3 100.0 100.0 100.0 100.0 100.0 100.0 

24 0.3 3.0 93.3 100.0 100.0 100.0 100.0 100.0 

28 4.7 6.3 87.0 15.0 100.0 100.0 100.0 100.0 

33 

20 97.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

24 1.3 1.5 43.0 90.3 99.0 100.0 100.0 100.0 

28 39.0 76.7 63.0 33.7 1.0 0.3 100.0 100.0 
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Supplementary table S2 – Mean percentage of C. gigas embryos presenting delayed development (Pre-D) 
at different combinations of salinity, temperature and As concentrations, after 24 and 48-h exposures. 
Conditions for which 100 % embryos were classified as Pre-D are highlighted in dark grey. 

 

  

µg L-1 of As 

2
4

 h
 

Salinity 
Temperature 

(ºC) 
0 30 60 120 240 480 960 1920 

20 

20 99.3 100.0 100.0 100.0 100.0 100.0 100.0 100.0 

24 20.7 6.7 88.0 100.0 100.0 100.0 100.0 100.0 

28 14.7 23.0 25.3 12.0 0.3 100.0 100.0 100.0 

26 

20 6.3 1.7 2.3 28.0 89.7 99.7 100.0 100.0 

24 1.0 1.3 22.7 79.7 99.3 100.0 100.0 100.0 

28 5.0 3.7 4.3 18.7 79.0 99.3 100.0 100.0 

33 

20 10.0 12.0 4.3 6.3 17.3 40.7 77.7 96.0 

24 5.3 1.7 1.3 2.3 4.3 20.0 84.7 83.0 

28 4.0 1.3 2.7 2.7 4.3 41.0 81.0 92.7 

4
8

 h
 

Salinity 
Temperature 

(ºC) 
        

20 
  

20 4,3 4,0 14,3 60,0 100,0 100,0 100,0 100,0 

24 11,0 8,0 27,0 99,0 100,0 100,0 100,0 100,0 

28 1,3 3,0 11,3 73,0 100,0 100,0 100,0 100,0 

26 
  

20 0,3 3,3 1,3 14,3 53,0 99,7 100,0 100,0 

24 1,5 2,7 0,7 7,7 67,0 96,3 100,0 100,0 

28 6,0 8,0 14,7 21,3 13,7 0,7 100,0 100,0 

33 
  

20 7,3 0,3 1,3 2,3 0,3 42,7 86,7 96,0 

24 0,0 0,3 0,7 0,0 0,0 20,0 58,7 74,0 

28 25,3 21,0 30,0 29,7 27,7 35,3 23,3 5,3 
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