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Highlights

	•
	OA affects energy metabolism, stress responses and calcium homeostasis in oysters.

	•
	Tissue-specific responses were founded in oyster exposed to elevated pCO2.

	•
	Proteomics and metabolomics provided an insightful view into the effects of OA.




Abstract
The gradually increased atmospheric CO2 partial pressure (pCO2) has thrown the carbonate chemistry off balance and resulted in decreased seawater pH in marine ecosystem, termed ocean acidification (OA). Anthropogenic OA is postulated to affect the physiology of many marine calcifying organisms. However, the susceptibility and metabolic pathways of change in most calcifying animals are still far from being well understood. In this work, the effects of exposure to elevated pCO2 were characterized in gills and hepatopancreas of Crassostrea gigas using integrated proteomic and metabolomic approaches. Metabolic responses indicated that high CO2 exposure mainly caused disturbances in energy metabolism and osmotic regulation marked by differentially altered ATP, glucose, glycogen, amino acids and organic osmolytes in oysters, and the depletions of ATP in gills and the accumulations of ATP, glucose and glycogen in hepatopancreas accounted for the difference in energy distribution between these two tissues. Proteomic responses suggested that OA could not only affect energy and primary metabolisms, stress responses and calcium homeostasis in both tissues, but also influence the nucleotide metabolism in gills and cytoskeleton structure in hepatopancreas. This study demonstrated that the combination of proteomics and metabolomics could provide an insightful view into the effects of OA on oyster C. gigas.
Biological significance
The gradually increased atmospheric CO2 partial pressure (pCO2) has thrown the carbonate chemistry off balance and resulted in decreased seawater pH in marine ecosystem, termed ocean acidification (OA). Anthropogenic OA is postulated to affect the physiology of many marine calcifying organisms. However, the susceptibility and metabolic pathways of change in most calcifying animals are still far from being understood. To our knowledge, few studies have focused on the responses induced by pCO2 at both protein and metabolite levels. The pacific oyster C. gigas, widely distributed throughout most of the world's oceans, is a model organism for marine environmental science. In the present study, an integrated metabolomic and proteomic approach was used to elucidate the effects of ocean acidification on Pacific oyster C. gigas, hopefully shedding light on the physiological responses of marine mollusk to the OA stress.
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1. Introduction
Due to human activities such as fossil fuel combustion and deforestation, the global atmospheric concentration of carbon dioxide (CO2) has increased from a pre-industrial value of approximately 280 ppm (parts per million) to 384 ppm in 2007 [1]. Currently, the atmospheric concentration of CO2 is rising with an annual growth rate of about 0.5%, which is about 100 times faster than any change during the past 650 000 years [2]. According to statistics, the surface ocean absorbed approximately 25% of the CO2 released from all human activities into the atmosphere [3]. Consequently, the oceanic uptake of CO2 has resulted in changes to chemistry of marine carbonate system and a reduction of pH, termed ocean acidification (OA) [4]. With increasing CO2 and decreasing pH, the concentration of carbonate ion decreases, whereas that of bicarbonate ion increases [5]. These seawater chemical properties are changing at a rapid and unprecedented rate, and have been predicted to disrupt the fundamental biogeochemical and ecological processes, which impair biodiversity at multiple nutritional levels [6]. Recently, a very rapidly growing body of literature documents the potential negative effects of CO2-driven ocean acidification on marine organisms, especially the calcified organisms. However, ocean acidification research is still in its infancy, and the resulting impacts on marine species and ecosystem processes are far from being well understood [7] and [8].
The pacific oyster Crassostrea gigas, widely distributed throughout most of the world's oceans, is an important marine model organism for environmental science. Previous studies have found that early developmental stages of oysters are more susceptible to OA stresses, leading to various abnormal phenomena such as retarded growth and development, and shell morphological abnormalities  [9], [10], [11] and [12]. Moreover, elevated seawater CO2 concentration (pCO2) impairs the rates of shell deposition and mechanical properties of the shells, and also affects the energy metabolic pathways in oysters  [13] and [14]. However, the underlying mechanisms explaining mollusk responses to ocean acidification have been largely unexplored. Recently, proteomic changes associated with exposure to elevated pCO2 in the mantle tissue of Crassostrea virginica were assayed by using two-dimensional gel electrophoresis and tandem mass spectrometry. Two main functional categories of proteins, oxidative stress related proteins and cytoskeletal proteins were found to be up-regulated in response to the elevated pCO2 level  [15]. These studies indicated that ‘omics’ data could provide more information to reveal the physiological responses of marine animals to OA exposure  [13] and [15]. In the present study, NMR-based metabolomics and 2-DE-based proteomics were integrated to analyze the perturbance of elevated pCO2 in gills and hepatopancreas of C. gigas, hopefully shedding light on the effects and mechanisms induced by elevated pCO2 in a holistic and systematic mode.
2. Materials and methods
2.1. Animal collection
Juvenile oysters (shell length: 2–4 cm) were collected from a local culture farm, and acclimated in filtered (1 μm) and aerated seawater (approx. pH 8.2, pCO2 419 ppm, temperature 18 °C and salinity 29‰) for 2 weeks before the commencement of the experiment. During the acclimation period, oysters were fed daily with Chlorella vulgaris Beij at a concentration of 1 × 104 cells mL− 1 three times daily. After feeding, the seawater was totally renewed daily.
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