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Abstract: 

Marine intertidal organisms commonly face hypoxic stress during low tide emersion; moreover, 
eutrophic conditions and sediment nearness could lead to hypoxic phenomena; it is indeed important 
to understand the molecular processes involved in the response to hypoxia. In this study the molecular 
response of the Pacific oyster Crassostrea gigas to prolonged hypoxia (2 mg O2 L− 1 for 20 d) was 
investigated under experimental conditions. A transcriptomic approach was employed using a cDNA 
microarray of 9058 C. gigas clones to highlight the genetic expression patterns of the Pacific oyster 
under hypoxic conditions. Lines of oysters resistant (R) and susceptible (S) to summer mortality were 
used in this study. ANOVA analysis was used to identify the genes involved in the response to hypoxia 
in comparison to normoxic conditions. The hypoxic response was maximal at day 20. The principal 
biological processes up-regulated by hypoxic stress were antioxidant defense and the respiratory 
chain compartment, suggesting oxidative stress caused by hypoxia or an anticipatory response for 
normoxic recovery. This is the first study employing microarrays to characterize the genetic markers 
and metabolic pathways responding to hypoxic stress in C. gigas. 
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1. INTRODUCTION 43 

 44 

The hypoxic response in marine mollusks is a challenging subject to study, even if they are 45 

adapted to low oxygen concentrations, hypoxia can act as a stress factor too. In particular, 46 

benthic intertidal communities can face hypoxic conditions. On one hand, they are exposed 47 

twice a day to oxygen deprivation during low tide and they have developed appropriate 48 

survival mechanisms [1]. On the other hand, excessive anthropogenic input of nutrients can 49 

lead to hypoxic phenomena caused by algal bloom or by anoxic sediment nearness [2]. The 50 

first step of the hypoxic response in tolerant organisms is an increase in water pumping-51 

ventilation, in an attempt to maintain oxygen delivery [2, 3]; then, when critical O2 52 

concentrations occur, the metabolic rate decreases. This mechanism is called “metabolic 53 

depression” or “hypometabolism”, and is not a passive shut down of cellular metabolism, but 54 

rather a highly organized suppression of energy consuming mechanisms [4]. As the oxygen 55 

concentration decreases, anaerobic fermentative pathways replace aerobic ATP-producing 56 

mechanisms. Alternative routes of anaerobic carbohydrate catabolism are less efficient in 57 

producing ATP and do not provide enough energy to maintain aerobic consumption; hence 58 

metabolic depression is a well-regulated response to the lower availability of ATP, facilitating 59 

increased survival [4].  60 

In this context, the Pacific oyster Crassostrea gigas, a bivalve distributed worldwide owing to 61 

aquaculture practices, is an example of an intertidal sessile organism tolerant to oxygen 62 

deprivation during low tide emersion. Significant mortality of C. gigas is observed during the 63 

summer months in several countries since 70’s [5], and it has recently been demonstrated that 64 

hypoxic phenomena may have a role in these summer mortality events. Experiments performed 65 

within the framework of the multidisciplinary “Morest” project [6] suggested an involvement 66 

of stress response under hypoxic conditions. The increased activity of catalase and glutamine 67 
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synthetase enzymes and an augmentation of metallothionein concentrations were observed 68 

during exposure to hypoxia for 7 days at 30% O2 saturation [7]. To date, only one study on 69 

global gene regulation under hypoxic stress has been conducted on C. gigas. A suppression 70 

subtractive hybridization (SSH) analysis performed on oysters undergoing prolonged hypoxia 71 

highlighted the over-expression of genes implicated in many physiological pathways such as 72 

respiration, carbohydrate metabolism, lipid metabolism, oxidative metabolism, and the immune 73 

system [8]. Other studies on the hypoxic stress response of C. gigas focused on energetic 74 

metabolism. Changes in energetic metabolism were observed in oyster muscle under hypoxia, 75 

using pyruvate kinase (PK) and phosphoenolpyruvatecarboxykinase (PEPCK) as indicators for 76 

the switch between the aerobic and anaerobic pathways of ATP production [9]. The same 77 

authors determined that the oxygen critical point threshold (PcO2), at which oysters switch to 78 

anaerobic metabolism, is approximately 3 mg O2 L-1 depending on the water temperature [10].  79 

The Morest project also suggested a genetic heritability for resistance to summer mortality 80 

[11], which offered the possibility to develop lines of oysters that were ‘Resistant’ (R) or 81 

‘Susceptible’ (S) to summer mortality [11]. R and S lines differ in their reproductive effort [11] 82 

[12], energetic metabolism [11], immunity [13], and oxidative metabolism [13]; thus, R and S 83 

lines could be utilized to identify hypoxic response mechanisms under summer mortality 84 

conditions.  85 

The main objective of the present study was to compare normoxic and hypoxic oysters in order 86 

to identify the genes and the metabolic pathways involved in the hypoxic response; moreover, 87 

R and S oysters were utilized to investigate if there were differences in the gene expression 88 

profiles between the two lines, as differences in their hypoxic responses have been observed [7] 89 

[13]. We used a microarray that was produced within the Network of Excellence “Marine 90 

Genomic Europe” (http://www.marine-genomics-europe.org/) and the European Union-funded 91 

project “Aquafirst” (http://www.sigenae.org/aquafirst/), and it contained 9058 C. gigas 92 
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expressed sequence tags (ESTs), isolated from several cDNA libraries and the SSH bank. In 93 

this study, R and S oysters were submitted to long-term hypoxia at 2 mg O2 L-1, the threshold 94 

below which bivalves can no longer maintain a sufficient rate of oxygen consumption [14]. The 95 

experiment took place in summer during oysters’ gametogenesis. This is the first study to 96 

investigate the transcriptomic response to hypoxia in oysters using microarray analysis. 97 

 98 

99 
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2. MATERIALS and METHODS 99 

 100 

2.1 Experimental design and animal sampling 101 

 102 

Twelve-months-old oysters from the fourth generation of the R and S C. gigas lines were used 103 

in the experiment. The lines were produced at Ifremer Hatchery in La Tremblade (Charentes-104 

Maritime, France) in 2004 as described by Fleury et al. [15]. At the end of the larval rearing 105 

period, each family was settled on cultch (ground oyster shell). The spat was transferred to the 106 

Bouin nursery (Vendée, France) for culturing away from mortality risks. Twelve-months-old 107 

oysters (March 2005) were transferred in the field at Fort Espagnol (South Brittany, France). 108 

The oysters were cultured in triplicate bags fixed on racks. From April to August, the oysters 109 

were checked and counted to monitor mortality (April 11, May 9, 16, 25, and 30, and June 6 110 

and 20), and dead oysters were removed. 111 

The experiment was performed at the Ifremer laboratory in Argenton (North Brittany, France) 112 

in June 2005. The oysters were placed in six 300 L experimental tanks with 20 µm filtered 113 

running seawater, renewed with a continuous seawater flow of 50 L h-1. Three tanks were used 114 

for each normoxic and hypoxic condition. R and S oysters were placed in each tank in separate 115 

small cases and in an equal number. The oysters were first acclimatized for 1 week to the 116 

laboratory conditions, and the temperature was progressively increased from the initial 117 

temperature of 16°C up to 20°C. This temperature was chosen to mimic the environmental 118 

conditions that occur during the summer mortality period. During the acclimatization and 119 

experimental periods, the oysters were continuously supplied with the microalga Isochrysis 120 

galbana at a concentration of approximately 100 cells µL-1. The algae/oyster ratio (dry weight) 121 

was maintained at 25%. The medium was continuously homogenized using a submerged pump 122 

(1200 W). Normoxic conditions were maintained in 3 tanks continuously supplied with 123 
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seawater saturated in oxygen (8.5 mg L-1, 100% O2 saturation at 20°C). Hypoxia was 124 

permanently maintained in the 3 remaining tanks for 20 d, and the oxygen levels were reduced 125 

by bubbling nitrogen to obtain 2 mg O2 L-1 (30% oxygen saturation at 20°C). To avoid the 126 

exchange of oxygen between the seawater and the air, floating PVC plates were placed on the 127 

surface of the water. Each tank was connected to a system that collected measurements every 2 128 

h 30 min to control for dissolved oxygen and chlorophyll levels [16].  129 

Oysters were sampled at days 0, 2, 10, and 20 after the beginning of hypoxia. On each date, the 130 

digestive gland from 6 oysters was dissected, pooled, and stored at -80°C in Extract-All 131 

Reagent (Eurobio) at a concentration of 1 mL/50 mg tissue until total RNA was extracted. For 132 

each condition (hypoxia and normoxia) and oyster line (R and S), 4 pools were sampled 133 

(biological replicates) for a total of 56 pools during the 4 days of sampling. To ensure that each 134 

individual oyster contributed equally to the pool, 30 mg of tissue was sampled from each 135 

oyster. Furthermore, the entire tissue from 10 wild oysters was collected, pooled, and 136 

homogenized in Extract-all Reagent (Eurobio) to constitute a single total RNA sample to use as 137 

a reference in all slide hybridizations and Real-Time PCR analyses. 138 

 139 

2.2 RNA preparation 140 

 141 

Samples were homogenized using a Pro Polytron tissue disruptor. Total RNA was then isolated 142 

using Extract-all Reagent (Eurobio). All of the extractions were performed by the same 143 

experimenter. RNA quality was assessed using an Agilent Bioanalyzer 2100 and RNA 6000 144 

Nano Kit (Agilent Technologies) according to the manufacturer’s instructions. RNA 145 

concentrations were measured using a NanoDrop 1000 spectrophotometer (Thermo Scientific), 146 

and the samples were stored at −80°C until use. Five µg of total RNA were directly labeled by 147 

reverse transcription using the Direct ChipShot Direct Labeling and Clean-Up Kit (Promega), 148 
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according to the manufacturer’s recommendations. The samples were labeled with Cyanine-5 149 

(Cy5). The reference samples were labeled with Cyanine-3 (Cy3) in separate tubes following 150 

the same protocol. The Cy3-labeled cDNAs were pooled and re-divided to obtain a 151 

homogeneous reference sample. All dye incorporation rates were verified using a NanoDrop 152 

1000 spectrophotometer (Thermo Scientific). 153 

For Real-Time PCR analysis, RNA samples were first treated with 0.5 U RQ1 RNase-Free 154 

DNAse (Promega) per µg of total RNA, precipitated in 3 M sodium acetate and 95% ethanol, 155 

washed twice in 70% ethanol, and finally diluted in 10 µL of RNAse/DNase-free water. Total 156 

RNA quality was assessed using an Agilent Bioanalyzer 2100 and RNA 6000 Nano Kit 157 

(Agilent Technologies), and RNA quantity was determined using a NanoDrop 1000 158 

spectrophotometer (Thermo Scientific). Reverse transcription was carried out with the 159 

RevertAid H Minus First Strand cDNA Synthesis Kit (Fermentas), according to the 160 

manufacturer’s instructions, on 1 µg of total RNA using random hexamer primers to start the 161 

reaction. 162 

 163 

2.3 Microarray hybridization and scanning 164 

 165 

The cDNA microarray slides were prepared and printed as described by Fleury et al. [15]. 166 

Briefly, the slides contained 11088 features spotted in duplicate and were printed at the Max 167 

Planck Institute (Berlin, Germany) in May 2007. cDNA samples and references were 168 

evaporated in a SpeedVac and mixed into a single pool in equimolar amounts with the Chip 169 

Hybe hybridization buffer (Ventana Discovery). Hybridization was performed at the INRA IFR 170 

140 Transcriptomic Facility (Rennes, France) using a Ventana automatic hybridization station 171 

(Ventana Discovery). The slides were filled with a pre-hybridization buffer (Chip Spread 172 

buffer containing 4× SSC and 0.2% SDS) for 1 h at 42°C. Hybridization was conducted 173 
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overnight at 42°C in the automatic station according to the manufacturer’s instructions. After 174 

hybridization, the arrays were washed twice with Ribowash solution (0.1 M Tris, 0.05 M 175 

EDTA, and 0.4 M NaCl) and once with 0.1× SSC, and finally centrifuged (6,000 rpm, 15 s, 176 

room temperature) for drying. Microarray slides were scanned using a Genepix 4000B 177 

microarray scanner (Axon Instruments Inc.) with standard dual laser excitation at 532 nm (17 178 

mW) and 635 nm (10 mW) according to the following parameters: Cy5 Photo Multiplier Tube 179 

(PMT) 550 and Cy3 PMT 590. Images (16-bit TIF) were analyzed using GenePix pro 5.1 180 

software (Axon Instruments Inc.) according to the manufacturer’s instructions. Spots were 181 

filtered for quality according to the parameters described by Fleury et al. [15]; spots not 182 

fulfilling these criteria were eliminated.  183 

 184 

2.4 Microarray data analysis 185 

 186 

Microarray data were initially processed using the language R/BioConductor [17] (R 187 

Development Core Team 2008). LOESS normalization and background correction were 188 

performed with the limma package [18]. All corrected and normalized hybridization values are 189 

deposited in the gene expression omnibus (GEO) repository with the accession number 190 

GSE23883.  191 

Statistical analyses to identify the differentially expressed genes (p < 1.0 × 10e-4) were carried 192 

out by variance analysis using GeneANOVA software [19]. The false discovery rate (FDR) 193 

associated with the selected genes was determined by the following formula: [total number of 194 

analyzed genes (9058) × p value / number of differentially expressed genes] ×100; the FDR 195 

cut-off value was < 5%. Three ANOVA were performed using GeneANOVA software: an 196 

initial global ANOVA with all hybridized samples, a “line” ANOVA accounting for the 197 

hypoxic R and S oysters, and an ANOVA on day 20 samples only. Factors for the global 198 



 10 

ANOVA were: “duplicate” (technical replicate within the array), “day” (days 0, 2, 10, and 20), 199 

“stress” (hypoxia or normoxia), and “line” (R or S). The factors for the ANOVA on the R and 200 

S lines were “duplicate” (technical replicate within the array) and “line” (R or S oysters). The 201 

factors for the ANOVA on day 20 samples were “duplicate” (technical replicate within the 202 

array) and “stress” (hypoxia or normoxia). 203 

Annotations according the Swiss Prot Database (E-value < 1.0 × 10e-5) were identified using 204 

the GigasDatabase [20]. Hierarchical clustering analysis using the average linkage method was 205 

performed with TMev software (Multi Experimental Viewer, TM4 Microarray Software Suite 206 

[21]). Gene ontology (GO) analysis was performed using Blast2GO software [22] to identify 207 

the biological processes in which the selected genes were involved. 208 

 209 

2.5 Real-Time PCR analysis 210 

 211 

Eight identified-microarray genes were selected for their relevant putative annotation and 212 

screened using real-time RT-PCR to validate the microarray results. Five different 213 

housekeeping genes were screened: four classic housekeeping genes (ribosomal 28s, actin, 214 

glyceraldehyde-3-phosphate dehydrogenase GAPDH, elongation factor 1 alpha EF1) and a 215 

non-annotated EST (AM854995) from the microarray chosen on the basis of its low variability. 216 

The geNorm algorithm [23] and the variation coefficient were used to determine the most 217 

stable gene directly from its cycle threshold (Ct) value.  218 

All primers, except for EF1 [24], were designed using Primer Express software V 2.0 (Applied 219 

Biosystems). PCR efficiency (E) was estimated for each primer pair by serial dilutions (from 220 

1/20 to 1/640) of the reference cDNA sample (the same sample used for the common Cy3 221 

reference in the microarrays). The primers efficiency was determined by the slope of the 222 



 11 

standard curves by the following formula: E = 10[-1 / slope [25]. Primer sequences, GenBank 223 

accession numbers of the sequences, and PCR efficiencies are listed in Table 1.  224 

Real-Time PCR was carried out in triplicate in a final volume of 10 µL, using 4.86 µL of 225 

cDNA (1/80 dilution) with 5 µL of Absolute QPCR SYBR Green ROX Mix (Thermo 226 

Scientific) and 0.07 µL of each primer (70 nM) in a 7300 Real-Time PCR System (Applied 227 

Biosystems). Runs started with a 15 min activation of the Thermo-Start DNA Polymerase at 228 

95°C, followed by 45 cycles of 15 s at 95°C, 30 s at 60°C, and 30 s at 72°C, and a melting 229 

curve program from 95–70°C by decreasing the temperature 0.5°C every 10 s in order to assess 230 

the specificity of the amplification reaction. Each run included the cDNA common control, a 231 

no template control, and a water control. Real-Time PCR Ct values were subtracted from the 232 

respective housekeeping gene (hkg) values (for each sample: ∆Ct = Ct target gene – Ct hkg), 233 

the obtained data were then compared to the microarray values. 234 

 235 

236 
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3. RESULTS 236 

 237 

3.1 Identification of differentially expressed genes 238 

 239 

Good hybridization quality resulted in 2% of eliminated spots for each array after the filtering 240 

step, and the mean correlation coefficient between technical duplicates on each slide was 0.8. 241 

The first global ANOVA with all factors identified 1694 genes that were differentially 242 

expressed for the factor “day” (p < 1.0 × 10e-4, FDR = 0.05%), 26 for the factor “stress” (p < 243 

1.0 × 10e-4, FDR = 3.31%), and 73 for the factor “line” (p < 1.0 × 10e-4, FDR = 1.21%). No 244 

differentially expressed genes were found for the “duplicate” factor. No significant interactions 245 

were found between the factors “day”, “stress”, and “line”. The differentially expressed genes 246 

for the factors “day” and “line” are listed in Appendices A and B, respectively, including the 247 

GenBank accession numbers, ANOVA p-values, and putative annotations according to the 248 

Swiss-Prot database (E-value < 1.0 × 10e-5). Among the 26 differentially expressed genes for 249 

the factor “stress”, 10 had a putative annotation according to the Swiss-Prot database. Clusters, 250 

GenBank accession numbers, ANOVA p-values, putative annotations, and E-value for the 251 

genes differentially expressed for the factor “stress” are presented in Table 2. The hierarchical 252 

clustering of genes differentially expressed in the first global ANOVA for the factor “stress” is 253 

presented in Figure 1. The 26 differentially expressed genes did not show a clear trend of 254 

expression depending on the different conditions, but they were clearly divided into two 255 

groups: the first one contained genes that were slightly under- or over-expressed, and the 256 

second one contained genes that were strongly over-expressed. The first cluster contained the 257 

following 5 annotated genes: a protein similar to the human fibrinogen alpha chain protein 258 

involved in blood coagulation (AM854350, UniProtKB P02671), an epidermal grow factor-like 259 

domain 10 involved in the phagocytosis of apoptotic cells by macrophages (BQ427312, 260 
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UniProtKB Q96KG7), S-adenosylmethionine synthetase involved in one-carbon metabolism 261 

(AM854702, UniProtKB Q91X83), a dehydrogenase whose ligand is NADP (AM855507, 262 

UniProtKB Q6DF30) and a peroxisomal oxidoreductase (CU685657, UniProtKB A4FUZ6). 263 

Conversely, the second gene-cluster contained 10 genes, 5 of which were annotated as: ferritin 264 

involved in iron storage and potentially involved in antioxidant response via Fenton’s reaction 265 

(AM854714, UniProtKB P42577), superoxide dismutase converting the superoxide anion into 266 

oxygen peroxide (CU681762), a phosphotransferase (AM854767, UniProtKB A2RU49), a 267 

ganglioside activator involved in lipid metabolism (CU681763, UniProtKB Q8HXX6), and a 268 

transcription inhibitor (CU685227, UniProtKB A5LFW4). Two main sample-clusters were 269 

identified from visual inspection. All samples from the hypoxic conditions (days 2, 10, and 20) 270 

were clustered together, opposite to the normoxic conditions (days 0, 2, and 10). The only 271 

exception was that the normoxic samples from day 20 were regrouped with the hypoxic 272 

samples, but their expression profile differed considerably. 273 

In order to assess if there were differences in gene expression under the hypoxic conditions 274 

between the R and S oysters, ANOVA was performed only on the hypoxic R and S samples. 275 

No gene was differentially expressed with an acceptable FDR according to the factor “line”; 276 

therefore, no differences between the R and S oysters were considered for the following 277 

analysis. 278 

The results from the global approach showed a greater impact of the factor “day” and a clear 279 

gene expression signature at day 20, in which the differences between the hypoxic and 280 

normoxic oysters appeared stronger; thus, for the following analysis, we focused only on data 281 

from day 20 of sampling. ANOVA on day 20 revealed 647 differentially expressed genes for 282 

the factor “stress” (p < 1.0 × 10e-4, FDR = 0.14%), and no genes for the “duplicate” factor. 283 

From these 647 differentially expressed genes from the factor “stress”, 319 accounted for 50% 284 

of the variance. Among these 319 genes, 152 showed a homology with genes of known 285 
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function (Swiss-Prot database E-value < 1.0 × 10e-5), and were retained for further analysis. 286 

Hierarchical clustering by average linkage on these genes (Figure 2) was performed to identify 287 

similar patterns of gene expression. Three main clusters were identified from a visual 288 

inspection. The first cluster contained 19 genes that were slightly under-expressed in normoxic 289 

conditions and strongly under-expressed in hypoxic conditions. The second cluster contained 290 

103 genes that were under-expressed in normoxic conditions, but slightly over-expressed in 291 

hypoxic conditions. The third cluster contained 30 ESTs that were slightly over or under-292 

expressed in normoxic conditions and strongly over-expressed in hypoxic conditions. The 293 

clusters, GenBank accession numbers, ANOVA p-values, putative annotations, and E-values 294 

are presented in Table 3 for the genes retained from the day 20 ANOVA for the factor “stress.” 295 

GO analysis was performed using Blast2GO on the genes retained from the ANOVA analysis 296 

on day 20. The following 10 main biological processes (GO level 2) were represented among 297 

these selected genes: cellular processes (51.1%), multicellular organismal processes (20.6%), 298 

developmental processes (16.6%), response to stimulus (16.6%), metabolic processes (15%), 299 

biological regulation (12.5%), localization (9%), growth (6.6%), reproduction (4.7%), and 300 

immune system processes (1.2%). The biological processes (GO levels 2 and 3), the number of 301 

sequences, and the percentages from GO analysis are presented in Table 4 and in Appendix C 302 

(ordered by score).  303 

 304 

3.2 Real-Time PCR analysis 305 

 306 

The analysis of the stability of the five housekeeping genes (28s, GAPDH, actin, EF1, 307 

cdn20p0002c12) using the geNorm algorithm indicated that actin had the lowest expression 308 

stability measure (M = 0.085) and variation coefficient (0.043) (Table 1). However, given that 309 

the actin gene resulted differentially expressed between oysters exposed to hypoxic conditions 310 
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in a previous study [8], we consider that the actin gene was not suitable for this study. 311 

Therefore, the GAPDH gene was chosen as housekeeping gene for internal standardization, 312 

because it was the most stable gene after actin (M = 0.088) and previously used as reference 313 

gene in several oysters gene expression studies [26, 27, 28]. Gene expression levels for Real-314 

Time PCR and microarray analysis are presented in Figures 3a and 3b, respectively. Results 315 

showed no significant differences were found between normoxia and hypoxia samples using 316 

Real-Time PCR. To determine which technique was more reliable we hypothesized that the 317 

more repeatable observations were the more reliable. Firstly, the standard deviation of the 318 

expressed value was calculated for each gene on technical replicate (duplicate of spot for 319 

microarray, and Real-Time PCR triplicates). Standard deviation was then plotted against the 320 

gene expression value (log ratio for microarray and Ct for Real-Time PCR). For the Real-Time 321 

PCR results, we observed a statistically significant augmentation of the standard deviation with 322 

lower levels of gene expression (Ct > 25) (p << 0.01%, correlation coefficient = 0.305). We did 323 

not observe the same result for microarrays (p = 1.2%, correlation coefficient = -0.113), the 324 

standard deviations remained stable for all ranges of gene expression. Furthermore, we 325 

performed a comparison of the standard deviations of the two techniques. The Real-Time PCR 326 

data were firstly normalized (∆Ct – average / standard deviation), and the distribution of the 327 

two series of standard deviations was compared (Figure 3c for Real-Time PCR data and Figure 328 

3d for the microarrays). The median was two times more elevated for Real-Time PCR data than 329 

for the microarrays (0.160 and 0.088, respectively), and was statistically significant (p << 330 

0.01%, Mann-Whitney bilateral test). This result showed that Real-Time PCR is two times less 331 

accurate than microarray analysis.  332 

 333 

334 
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4. DISCUSSION 334 

 335 

In this study we investigated the transcriptomic response of C. gigas to hypoxia using cDNA 336 

microarray analysis. Oysters kept in normoxic conditions were compared to oysters exposed to 337 

long-term experimental hypoxic conditioning (2 mg O2 L-1, approximately 30% oxygen 338 

saturation, at 20°C for 20 days). First global ANOVA identified 1694 genes that varied 339 

significantly according to the four dates of sampling (factor “day”) independently from the 340 

effects of hypoxia or the oyster line. This high number of genes could be explained by the fact 341 

that the oysters underwent strong gene regulation during the active gametogenesis period, as 342 

shown by Fleury et al. [15] who used the same microarray slides on R and S oyster lines in an 343 

in situ experiment. We hypothesized that hypoxic stress may play a role as an environmental 344 

stressor during summer mortality events. The Morest project indicated that R and S oysters 345 

appear to be different in terms of oxidative management when subjected to hypoxia [13]. S 346 

oysters produced more reactive oxygen species than R oysters, and R oysters activated 347 

antioxidant enzymes such as catalase and glutathione transferase under hypoxic conditions 348 

[13]; however, no genes were differentially expressed between the R and S lines exposed to 349 

hypoxia in this study. This may confirm, as already suggested [11, 12], that the resistance 350 

mechanisms would rather take place at the reproduction level, initially via differential energy 351 

investment between the two lines. 352 

The hypoxic response was more important after 20 days of low oxygen exposure; therefore, we 353 

can infer that the hypoxic effects appeared late in such a low oxygen-tolerant species. Gray et 354 

al. [29] classified marine organisms according to their tolerance to hypoxia, and bivalves 355 

demonstrated the least sensitivity. Their growth was affected by oxygen concentrations lower 356 

than 1.5 mg O2 L-1, while the growth and metabolism of fish and crustaceans were affected by 357 

concentrations of 6 and 4 mg O2 L-1, respectively. Furthermore, Le Moullac et al. [10] 358 
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demonstrated that 3 mg O2 L-1 is the oxygen critical point threshold (PcO2) at which oysters 359 

switch to anaerobic metabolism.  360 

We observed that the 152 annotated differentially expressed genes accounted for 50% of the 361 

variance were generally over-expressed in comparison to the normoxic conditions, except for a 362 

limited set of genes (cluster 1) that were under-expressed in the hypoxic conditions; indeed, we 363 

could not infer a global metabolic depression at the transcriptional level. This result is not 364 

surprising because, as shown in other organisms, metabolic depression induced by hypoxia 365 

mainly concerns protein synthesis, while transcription remains at the basal level, is slightly 366 

reduced, or can even be activated, e.g., some genes required for the re-oxygenation process [1]. 367 

Heterologous array analysis on Littorina littorea after exposure to anoxia demonstrated that 368 

only 0.6% of the sequences were down-regulated [1]. Some studies support the idea that 369 

transcripts remain untranslated in sequestrating complexes and hidden from the translation 370 

apparatus [30, 31]. Transcripts are then kept available as an anticipatory response for a quick 371 

restart of metabolism when normoxic conditions return [32]. Nonetheless, GO analysis of the 372 

selected genes differentially expressed in the hypoxic conditions at day 20 indicated that 6 373 

sequences showed GO codes for negative regulation of transcription (4.6%). Moreover, the 374 

differential expression of a transcriptional inhibitor of cell differentiation (GB CU685227) 375 

identified in the first global ANOVA suggests that some transcriptional processes were 376 

repressed. These results indicate that even if gene expression appears to be maintained or even 377 

activated during hypoxia from the genes present on our microarray, some transcriptional 378 

processes are negatively regulated. Furthermore, 8 sequences (1.8%) were identified using 379 

Blast2GO analysis as negative regulators of cellular metabolic processes; indeed, this result 380 

indicates that a slowing down of metabolism occurs after 20 days of exposure to hypoxia. In 381 

comparison to previous studies of energetic metabolism in oysters undergoing hypoxic stress, 382 

we observed no change in the regulation of the PK and PEPCK genes using the microarray 383 
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approach. Le Moullac et al. [9] observed that PEPCK transcription and enzymatic activity were 384 

induced after 10 days of exposure to hypoxia (2 mg O2 L-1), and PK was initially down-385 

regulated at the enzyme activity level, at day 10, and later at the transcriptomic, level at day 20. 386 

The difference of results in this study is probably due to the tissue specific regulation of the 387 

energetic metabolism; the switch between aerobic and anaerobic pathways observed by Le 388 

Moullac et al. [10] occurred in the muscle, the first storage organ in oysters. Effects of air 389 

exposure on energetic metabolism are even more rapid, as previously observed in a study on 390 

acid-base changes in oysters C. gigas exposed to air [33]. Muscle resulted affected within the 391 

first 12 h of air exposure by a significant acidification of the tissue pH, but no results are 392 

presented on digestive gland. In another recent study on hemolymph biochemical changes on 393 

oysters C. gigas exposed to air, an acidification of the hemolymph pH after 3 days of exposure 394 

was observed [34]; anaerobic metabolism, in fact generally causes acidification because the 395 

final acid end products of fermentative pathways are accumulated in tissues.  396 

Between the genes differentially expressed for the factor “stress” in the global ANOVA, 4 of 397 

the 10 annotated ESTs are involved in redox balance or antioxidant defense: 2 oxidoreductase 398 

genes (a dehydrogenase whose ligand is NADP, AM855507, and a peroxisomal 399 

oxidoreductase, CU685657), ferritin (AM854714), and superoxide dismutase (CU681762). 400 

This may indicate a role for the cellular redox balance in the hypoxic response and an 401 

involvement of antioxidant defense mechanisms. Furthermore, it is of interest the over-402 

expression of many genes coding for enzymes involved in antioxidant defense and reactive 403 

oxygen species (ROS) detoxification within the genes differentially expressed at day 20: 404 

glutathione-S-transferase (AM858066), extracellular superoxide dismutase (AM853310), 405 

superoxide dismutase (AM856093), peroxiredoxin 5 (CX068955), ferritin (AM854714), and 406 

NADP transhydrogenase (AM857387), another enzyme involved in the maintenance of the 407 

cellular redox state. Indeed, this study highlights the importance of the antioxidant 408 
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compartment in the hypoxic response. Moreover, the Blas2GO analysis demonstrated that 409 

“response to stimulus” was the fourth most prevalent biological process (16.62% of the 410 

selected sequences, including 29 sequences). Within this process “response to stress” and 411 

“response to abiotic stimulus” contained 16 (10.7%) and 11 sequences (2.9%), respectively 412 

(Table 4).  413 

The relationship between low oxygen concentration and oxidative stress are still unclear. 414 

Logically, a lower oxygen concentration would result in the reduced production of ROS, as 415 

shown by a study on oyster hemocytes (C. virginica) exposed to hypoxia, in which ROS 416 

production was 33% of that under normoxic conditions [35]. However, many studies on 417 

hypoxic regulation in marine organisms indicated that antioxidant responses were induced 418 

during hypoxia. Ferritin was up-regulated at 6 h and 48 h of hypoxic exposure in the grass 419 

shrimp Palaemonetes pugio [36]. Studies on fish are quite discordant, in a transcriptomic study 420 

of the Japanese medaka Oryzias latipes (Actinopterygii), 4 genes linked with oxygen and ROS 421 

metabolism were down-regulated in the liver after exposure to strong hypoxia (0.17–0.21 mg 422 

O2 L-1) for 6 d [37]; however, in many cases, the genes and enzymes involved in the 423 

antioxidant response are up-regulated, e.g. the ferritin gene in the hypoxia-tolerant goby fish 424 

Gillichthys mirabilis after a short exposure (90 min) to hypoxia (0.8 mg O2 L-1) [38]. The 425 

enzymatic activity of superoxide dismutase (SOD) and catalase in the estuarine fish Leistomus 426 

xanthurus was increased during exposure to hypoxia (0.8 mg O2 L-1) for 12 h [39]. SOD 427 

enzymatic activity was also increased in the scallop Chlamys farreri at 4.5 and 2.5 mg O2 L-1 428 

after 12 h [40]. Finally, a previous study on the transcriptomic response to hypoxia using SSH 429 

on C. gigas under the same hypoxic conditions indicated that some genes of the oxidative 430 

metabolism (glutathione peroxidase and glutathione transferase) were up-regulated after 7–10 d 431 

of exposure to hypoxia [8]. Recently, authors have agreed that low oxygen concentrations can 432 

cause the augmentation of ROS [41], at least at the beginning of hypoxia. The underlying 433 
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mechanisms are still unknown, but it was suggested that a slowing down of the respiratory 434 

chain, caused by a lower oxygen concentration, may increase the lifetime of intermediate 435 

ubisemiquinone forms (a link between complexes II and III) in the electron transport chain, 436 

leading to ROS production [41]. Hence, in this study, the activation of the oxidative stress 437 

response could be a direct effect of hypoxia or an anticipatory technique for the reoxygenation 438 

process. In fact, an oxidative “burst” can occur when returning to normoxic conditions. This 439 

mechanism of cellular hypoxia-reoxygenation injury is well known and described in studies on 440 

ischemia [42]. 441 

In our study, many genes of the respiratory chain were also over-expressed: NADH-ubiquinone 442 

oxidoreductase chains 1, 2, 4, and 5 (complex I of the respiratory chain), succinate 443 

dehydrogenase (complex II), cytochromes b and c (complex III), and cytochrome c oxidase 444 

subunits 1, 2, 3, and 5A (complex IV), indicating that all of the complexes of the electron 445 

transport chain were involved. This up-regulation has already been observed in others animals 446 

under low oxygen conditions such as Littorina littorea, Chrysemys picta, and Rana sylvatica 447 

[4], as well as in the C. gigas hypoxia SSH library [8]. The reason for this up-regulation is not 448 

known, but one explanation could be that the majority of these genes, being encoded in the 449 

mitochondria, are all transcribed from a unique mitochondrial promoter, as proposed by Storey 450 

[4]. Another hypothesis is that the activation of the respiratory chain is necessary to maintain 451 

the energy requirement to survive prolonged hypoxia, as suggested by Le Moullac et al. [10]. 452 

Finally, a stock of untranslated mRNA of respiratory chain subunits may be a mechanism that 453 

anticipates the return to normoxic conditions, as suggested by Larade and Storey [1], in order 454 

to rapidly re-activate electron transfer in the respiratory chain. 455 

Finally, the comparison of 8 selected genes between Real-Time PCR and microarray analysis 456 

demonstrated that the trend of gene expression detected by these two techniques goes in the 457 

same direction; however, the Real-Time technique was less precise and accurate, while 458 
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microarray analysis was more repeatable and reliable. Real-Time PCR is the most commonly 459 

used tool to validate the result from microarray analyses; however, the results from these 460 

techniques could be in disagreement. It is well documented that both techniques have pitfalls 461 

that may influence the data interpretation [43]. It has also been demonstrated that the 462 

correlation between these techniques increases with increased gene expression, commonly a 2-463 

fold change is considered as the limit below which microarray analysis and Real-Time PCR 464 

begin to lose correlation [43]. Actually, within the genes studied using Real-Time PCR, only 465 

NADP transhydrogenase and peroxiredoxin had a fold change > 2. Furthermore, it has recently 466 

been demonstrated that elevated genetic polymorphisms in the Pacific oyster can generate 467 

artifacts in Real-Time PCR [44] and call into question the use of this technique as a tool to 468 

validate transcriptome analysis.  469 

 470 

5. CONCLUSIONS 471 

 472 

The present study is the first microarray-based approach to assess the response to hypoxic 473 

stress in the pacific oyster Crassostrea gigas. We observed the involvement of the oxidative 474 

stress response compartment and the up-regulation of respiratory chain genes. This study 475 

constitutes an initial high yield screen of the hypoxic response of oysters. More precise 476 

investigations of individual genes should be performed using transcriptomic and physiologic 477 

approaches. In particular the link between oxidative stress, hypoxia, and respiratory chain 478 

regulation should be investigated by coupling gene expression analysis to enzymatic activity. 479 

Furthermore, measures of ROS production should be performed and coupled to measures of 480 

mitochondrial respiration under hypoxic conditions. 481 

 482 

483 
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Table 1. Forward, reverse primers sequences and efficiency (E) for Real-Time PCR analyzed genes. The results for the 617 
housekeeping genes tested are showed, gene expression stability measure (M) with geNorm algorithm [23] and variation 618 
coefficient (Var Coef). 619 
 620 
Table 2. Clusters, GenBank access, ANOVA p-value (GeneANOVA software, [19]) and putative annotation (Swiss Prot 621 
Database, E value < 1.0 × 10e -5) for the 26 differentially expressed genes in the global ANOVA for the factor “stress”. 622 
 623 
Table 3. Clusters, GenBank access, ANOVA p-value (GeneANOVA software, [19]) and putative annotation (Swiss Prot 624 
Database, E value < 1.0 × 10e -5) for the 152 differentially expressed annotated genes for the factor “stress” that explain 50% of 625 
variance in the ANOVA on day 20. 626 
 627 
Table 4. Gene ontology analysis (Blast2Go analysis [22]) on the 152 annotated genes differentially expressed for factor 628 
“stress” that explain 50% of variance in the ANOVA on day 20. 629 
 630 
Figure 1. Expression profile of 26 genes resulting differentially expressed with a Global ANOVA (GeneANOVA software, 631 
[19]) for the factor “stress”. Each column represents one condition of day (Day 0, 2, 10, 20), stress (normoxia=N, hypoxia=H) 632 
and lines (resistant=R, sensible=S), and is the average of 4 replicates. Hierarchical gene clustering by average linkage was 633 
obtained with TMev software [21]. Red and green represents increase and decrease in transcript abundance, respectively, 634 
compared to the reference sample. Sample-cluster, are evidenced with blue, cluster 1, and yellow, cluster 2. Gene-cluster, are 635 
evidenced with green, cluster 1, and red, cluster 2. On the right there are the Genbank accession numbers. 636 
 637 
Figure 2. Expression profile of 152 annotated genes resulted differentially expressed in the ANOVA on day 20 (GeneANOVA 638 
software, [19]) for the factor “stress” that explain 50% of variance. Each column represents the samples averaged gene 639 
expression of normoxia (N) and hypoxia (H) conditions. The expression profiles were obtained by hierarchical gene clustering 640 
with average linkage with TMev software [21], 3 main clusters were found (cluster 1: yellow, cluster 2: orange, cluster 3: 641 
blue). Red and green represents increase and decrease in transcript abundance, respectively, compared to the reference sample.  642 
 643 
Figure 3. 3a. Log ratio for samples at day 20 of genes tested by Real-Time PCR; 3b relative expression at day 20 of genes 644 
tested by microarray (GST= glutathione transferase, NADoxi2= NAD oxidoreductase chain 2, SOD= superoxide dismutase, 645 
CCOI= cytochrome c oxidase I, NADPTr= NADP transhydrogenase, ferritin, NADPmal= NADP malic enzyme, PRX= 646 
peroxiredoxin; bars represent standard deviation); 3c Real-Time PCR standard deviation distribution; 3d Microarray standard 647 
deviation distribution. 648 
 649 
Appendix A. GenBank access, ANOVA p-value and putative annotations in accord to the Swiss-Prot database (E-value < 1.0 650 
× 10e -5) for the 1694 genes resulted as differentially expressed for the factor “day” of the global ANOVA. 651 
 652 
Appendix B. GenBank access, ANOVA p-value and putative annotations in accord to the Swiss-Prot database (E-value < 1.0 653 
× 10e -5) for the 73 genes resulted as differentially expressed for the factor “line” of the global ANOVA. 654 
 655 
Appendix C. Gene Ontology Biological processes ordered by score (Blast2Go analysis [22]), from the analysis on annotated 656 
sequences resulted differentially expressed for the factor “stress” on the day 20 ANOVA that explain 50% of the variance. 657 
 658 

659 
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Biological process    N of Seq Score %  
 
Cellular process    82  51.1 
 Cellular component organization 36  10.1 
  and biogenesis  
 Cell Communication   22  7.1 
 Cell proliferation    11  8.6 
 Cell cycle    7  2.7 
 Microtubule-based process  5  2.7 
 Actin filament-based process  5  2.7 
Multicellular organismal process  43  20.6 
 Multicellular organismal development  38  22.4 
 System process   13  3.5 
Developmental process    46  16.6 
 Anatomical structure development 30  14.0 
 Cellular developmental process  21  4.1 
 Death     15  2.4 
Response to stimulus    29  16.6 
 Response to stress   16  10.7 
 Response to abiotic stimulus  11  2.9 
 Response to chemical stimulus  8  7.8 

Response to endogenous stimulus 9  4.2 
 Response to external stimulus  7  3.4 
Metabolic process    59  15.0 
 Cellular metabolic process  56  18.8 
 Primary metabolic process  55  16.8 
 Macromolecule metabolic process 49  13.2 
 Biosynthetic process   26  7.8 
 Catabolic process   8  1.5 
Biological regulation    41  12.5 
 Regulation of biological process  36  13.4 
 Regulation of biological quality  14  5.7 
 Regulation of molecular function 8  0.8 
Localization     36  9.0 
 Establishment of localization  29  8.7 
 Cellular localization   17  2.9 
 Localization of cell   13  5.5 
 Macromolecule localization  12  2.1 
Growth      14  6.6 
Reproduction     18  4.7 
 Reproductive process   13  2.9 
 Sexual reproduction   7  1.9 
Immune system process   4  1.2 
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