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Abstract:  
 

In the oyster Crassostrea gigas consumption-related traits, amylase properties and growth were found 
to be linked through genotypes that differed for polymorphism in the two amylase genes AMYA and 
AMYB. Modulation of AMYA mRNA level had already been observed in response to food availability, 
whereas the functional role of AMYB was still unknown. To improve knowledge about the regulation of 
amylase expression in C. gigas and the respective roles of the two genes, we made an assay of 
amylase expression at mRNA and enzymatic levels in the digestive gland of oysters that had received 
dietary supplements of starch. After 18 days, a significant increase of translatable mRNA for AMYB 
was observed, with a correlated increase in Michaelis-Menten constant Km values and a decrease in 
total amylase activity. This modulation is the first evidence of observable functioning of AMYB in 
digestive processes. Amylase B is suggested to display a higher Km than amylase A, offering a means 
of adapting to high substrate concentrations. The highest starch supplement level (10 mg L− 1) induced 
alteration in oyster physiology. The 1 mg L− 1 treatment should be tested as a practical food 
supplement that could lead to growth benefits for oysters. 
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1. Introduction 

 
Knowledge of feeding strategies and adaptive digestive capacities of bivalves under different 
food conditions and their effects on phenotypic traits, such as growth, is of major interest for 
aquaculture. Digestive enzyme activities and the mechanisms controlling them may, 
therefore, be important in maximizing absorption efficiencies and food conversion 
efficiencies. Indeed, activities of digestive enzymes have been reported to affect absorption 
efficiency for their corresponding substrates (Bayne, 1976; Samain et al., 1991, Ibarrola et 
al., 1998, 2000), and this appears to be one of the principal factors explaining in situ growth 
variability of the Pacific oyster Crassostrea gigas (Huvet et al., 2003). Among digestive 
enzymes, α-amylase (α-1,4 glucan-4-glucanohydrolase) is a key enzyme for carbohydrate 
digestion and is possibly a limiting factor in oyster absorption efficiency (Moal et al., 2000; 
Sellos et al., 2003). More broadly, α-amylase can represent individual energy status, as 
observed in Drosophila when starch is the only carbohydrate source in the substrate (Powell 
and Andjelkovic, 1983). α-amylase catalyses the hydrolysis of internal (α-1,4) glucoside 
bonds in starch of related poly and oligosaccharides. In C. gigas, two genes (AMYA and 
AMYB) have been characterized that code for two amylase mRNAs (Sellos et al., 2003). The 
polymorphism of these two genes was analysed, revealing associations with growth, 
consumption related traits and amylase expression (Prudence et al., 2006; Huvet et al., 
2008).  
Numerous articles emphasize the potential effects of external factors on the regulation 
processes of digestive enzymes such as amylase. In rat, for example, amylase activity was 
reported to vary at cellular and molecular levels in response to the carbohydrate content of 
the diet (Wicker et al., 1984). Amylase isozymes were also reported to vary in Gammarus 
and to be induced by a diet rich in glycogen (Borowsky, 1984; Guarna and Borowsky, 1995). 
Adaptation of amylase enzyme was also observed in the shrimp Penaus vannamei, 
depending on casein and protein sources in the diet (Le Moullac et al., 1997), and in Artemia 
salina according to particulate starch concentration in diet (Samain et al., 1980). In the disk 
abalone Haliotis discus discus, mRNA expression of the α-amylase gene appeared to be 
negatively affected by starvation and positively affected by food availability (Nikapitiya et al., 
2009). In C. gigas, we have demonstrated that food availability (i.e., different quantities of the 
same food) constitutes an external regulatory factor for amylase expression. We observed 
that  AMYA could be regulated at the mRNA level when food varied quantitatively, whereas 
AMYB was either not regulated under these conditions or present at such weak mRNA levels 
that its functional role was questionable (Huvet et al., 2003; Huvet et al., 2008). Diet quality 
was also shown to have an effect on digestive processes in oysters, mainly because classes 
of algal species vary in carbohydrate and starch contents (Moal et al., 1987). Therefore, 
investigating effects of diet quality on amylase properties is valuable for understanding 
adaptive digestive capacities of bivalves and the functioning of amylase genes A and B. 
To improve knowledge about the regulation of amylase expression, the respective roles of 
amylase genes A and B, and the relationships between enzymatic properties and absorption 
processes in oyster, we made an assay of amylase expression at mRNA and enzymatic 
levels, in the digestive gland of oysters provided with dietary supplements of starch, the 
substrate of amylase. Our results suggest that the α-amylase B gene could play a role in the 
adaptation to starch variation in the diet. 
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2. Material and Methods 

 

2.1. Biological material 
Oysters were produced at the Ifremer hatchery in La Tremblade (Charente Maritime, France) 
by a controlled spawning with 30 wild oysters collected in Marennes-Oléron Bay. Juveniles 
were then reared at the Ifremer nursery in Bouin (Vendée, France). Three-year-old oysters 
(mean total weight = 98 ± 6 g) were then transferred to the Ifremer shellfish facilities in 
Argenton (Brittany, France), where they underwent an acclimation period of 8 days at 
17.0 ± 1.0 °C in seawater filtered at 20 µm without food supply, before experimental 
treatments were started. 
 

2.2. Experimental design 
Oysters (n = 160) were conditioned in duplicate raceways of 5 µm-filtered seawater (106L/h) 
at 17.0 ± 1.0 °C and fed a diet of Chaetoceros gracilis at a daily ration equal to 8 % dry 
weight algae/dry weight oyster for the control (c), plus 3 other treatments with different final 
starch supplement concentrations 1 mg L-1, 5 mg L-1 and 10 mg L-1. Native wheat starch 
(Avebe, The Netherlands) was dissolved in 5 µm-filtered seawater to obtain a nominal starch 
solution. This solution was distributed to duplicated raceways using a peristaltic pump along 
a 24h cycle to ensure the required final concentration. Additionally, a pump was used in each 
raceway to avoid starch sedimentation. To validate the procedure, the concentrations of 
starch were followed during 24 hours in raceways without animals. Quantity and size of 
wheat starch particles (20µm) were estimated in the water column using a coulter counter 
and remained stable at 0, 3, 9 and 24h assessing the solubility of starch in seawater and the 
particulate matter holding in the raceway during 24h (without significant degradation of the 
starch particles). 
After 10 (T1) and 18 (T2) days of conditioning, 16 oysters were randomly collected per 
raceway (i.e. 32 oysters per treatment). Collected oysters were weighed (wet flesh weight) 
and their digestive glands immediately dissected, pooled (4 pools of 8 glands resulting in 2 
pools per raceway), frozen in liquid nitrogen, crushed to a fine powder at -196 °C with a 
Dangoumau mill and stored in liquid nitrogen until the RNA extraction and enzymatic assay 
were performed. 
 

2.3. Nucleic acid extractions and Reverse transcription – Polymerase Chain Reaction 
(RT-PCR) assay 
Total RNA was isolated using Extract-all reagent (Eurobio) at a concentration of 1 ml/50 mg 
powder, and treated with DNAse I (Sigma, 1U/µg total RNA). RNA concentrations were 
measured at 260 nm (1 OD = 40 µg/ml RNA) using an ND-1000 spectrophotometer 
(Nanodrop Technologies). RNA integrity was assessed using the Agilent 2100 Bioanalyzer 
(Agilent Technologies, Waldbronn, Germany). One µg of total RNA was reverse-transcribed 
following the protocol in Huvet et al. (2003) and amplified in triplicate by real time PCR 
according to Huvet et al. (2004), using specific primers (Huvet et al., 2008). The calculation 
of relative mRNA levels was normalized to Elongation Factor I (primers in Fabioux et al. 
2004) as no significant differences in Ct values were observed for EFI between treatments 
(P = 0.104, CV = 2.5 %). For a studied gene “i”, results were expressed in arbitrary unit as 2-

∆∆Ct (Pfaffl, 2001) with ∆Cq = Cq (i) – Cq (EFI) and ∆∆Cq = ∆Cq of cDNA sample - ∆Cq of the 
cDNA reference. 
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2.4. Enzymatic analysis 
Amylase activity and apparent Michaelis-Menten constant (KM) were evaluated on the  
replicate pools, using a Technicon autoanalyser according to Samain et al. (1977). Briefly, all 
these samples were ground in distilled water with 0.02 M CaCl2 before analysis. Amylase 
activity was then assayed at a substrate concentration of 1 mg/ml by determining starch 
hydrolysis according to the iodine reaction adapted to bivalve amylases. One unit of alpha-
amylase was defined as the amount of enzyme that degrades 1 mg/min starch at 45 °C. 
Soluble proteins were determined according to the method of Lowry et al. (1951). KM was 
determined from a serial dilution analysis of 0.07 to 1 mg/min starch. 

 

2.5. Data analysis 
Three-way split-split plot ANOVAs (adapted from Pernet et al., 2007) were conducted using 
STATGRAPHICS software. The unit of replication was the raceway in which the diet was 
applied (N=2 for each diet, except for mean flesh weight N=16). The main plots were diet 
levels (control, 1, 5 and 10 mg L-1 starch), subplots were replicated raceways, and sub-
subplots were sampling dates (10 and 18 days). Where differences were detected, multiple 
comparison tests were conducted with the Tukey’s HSD method. Normality of the dataset 
was tested using Shapiro–Wilk. When necessary, data were log-transformed or square root 
transformed to achieve homogeneity of variances. Results are expressed as means ± 
standard deviation. Statistical significances were reported at P < 0.05. 
 

3. Results 

 
The mean flesh weight of the oysters sampled after 18 days was 21.5 % lower in the 
treatment with the highest starch (10 mg L-1 starch; mean flesh weight = 10.5 ± 2.9 g; Tables 
1 and 2) than in the three other treatments, for which the mean flesh weight of the oysters 
appeared statistically similar (mean value = 13.4 ± 4.1 g). 
For specific amylase activity, similar significant differences were observed between 
treatments, after 10 and 18 days, giving 3 distinct statistical groups (Table 2, Figure 1). 
Values decreased significantly from 2.27 ± 0.08 UI/mg protein in the control treatment to 1.41 
± 0.09 UI/mg protein in the 1 mg L-1 treatment to 0.52 ± 0.04 UI/mg protein in the 5 and 10 
mg L-1 treatments. In contrast, the Michaelis-Menten constant (KM) was higher in the starch 
treatments than in the control at 10 days (Table 2). The control showed the lowest KM value 
(0.37 ± 0.01; Figure 2), 1 and 10 mg L-1 (0.53 ± 0.01 and 0.50 ± 0.03 mg/mL, respectively) 
were intermediate, to the highest value, 0.75 ± 0.06 mg/mL, was found in the 5 mg L-1 starch 
treatment. At 18 days, KM values were very similar to those obtained at 10 days: KM of the 
control and 1 mg L-1 treatment were the lowest and similar, whereas they were significantly 
different at T1, followed by the 10 mg L-1 and lastly the 5 mg L-1, which was the highest.  
Analysis of amylase gene expression based on real time RT-PCR showed that, relative to 
elongation factor gene expression, only AMYB displayed significantly different levels 
depending on the conditions, increasing with substrate concentration (Table 2). Indeed, 
relative AMYB mRNA levels, showed two significantly different groups (Figure 3B). At 10 
days, transcript level for the 10 mg L-1 treatment (1.96 ± 0.29 UI) was twice that of the control 
and 1 mg L-1 treatment (mean relative expression = 0.90 ± 0.27 UI), the 5 mg L-1 treatment 
being intermediate (and not significantly different from 10 mg L-1). After 18 days, the two 
statistical groups were composed of 5 and 10 mg L-1 treatments, with for the highest relative 
AMYB mRNA level (2.46 ± 0.22 UI), compared with 1 mg L-1 and the control (1.08 ± 0.26 UI). 
For the AMYA gene, no significant differences of mRNA level were noted between the 
treatments after 10 and 18 days (Table 2, Figure 3A). 
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4. Discussion 

 
The present study investigated the effect of dietary starch concentration on the amylase 
enzymes in the digestive gland of oysters, examining enzymatic and molecular responses to 
improve our understanding of digestive regulation in Crassostrea gigas.  
A significant decrease of 20 % was observed in the mean wet weight of oysters after 10 and 
18 days of conditioning at the highest starch concentration (10 mg L-1), suggesting a negative 
effect on growth. Detrimental physiological responses were previously reported with high- or 
moderate-starch diets, which can be explained by several processes. An inhibition of 
amylase release could occur due to amylase inhibitors able to block the active site of the 
enzyme, as observed in crickets by Woodring et al., (2009). A repressive mechanism could 
also be at work, due to a high circulating glucose concentration, as observed in Artemia 
salina by Samain et al., (1980). A detrimental physiological response can also result from a 
decrease of the filtration rate and /or particle retention efficiency due to saturating 
concentration of starch particles in the environment. Changes in retention efficiencies have 
already been reported in C. gigas, depending on particle concentration (Barillé et al., 1993), 
suggesting that this species is able to change its feed intake according to food availability. All 
of these physiological perturbations can have negative consequences for the digestive 
system, in terms of ingestion, size of digestive tubules and of the digestive gland, and the 
synthesis of digestive enzymes, all of which have already been reported to affect oyster 
growth (Huvet et al., 2008). We therefore supposed a gradual or moderate detrimental 
physiological response with high-starch diet that would explain level of AMYB mRNA for the 
5 mg L-1 treatment that appeared intermediate between the group composed with 1 mg L-1 
and the control (difference of 1.8x), and the 10 mg L-1 treatment (difference of 1.4x). The 10 
mg L-1 treatment might indeed lead to a negative feed-back regulatory control of amylase 
activity in oysters creating an unrealistic situation when very high particle concentration was 
used. Finally, the 1 mg L-1 treatment led to wet weight values slightly higher than the control 
(although not significantly different) and should be further tested to assess as an effective 
food supplement for oysters. It would be useful to test the potential of low starch 
supplements and algal diets containing species naturally rich in starch for improving growth 
of oyster spat in commercial or experimental nurseries. 
For amylase activity, a dramatic decrease was observed at only 5 mg L-1 added starch, 
compared with the 1 mg L-1 supplement and pure C. gracilis (control) diet. This decrease of 
specific amylase activity is observed simultaneously with an increase of Km that would lead 
to a lower affinity for the substrate with an increasing starch concentration. When more than 
one enzymes can use the same substrate, as is supposed here with the two amylase 
enzymes A and B, some form of regulation will typically have evolved to allow efficient use of 
the substrate over a range of substrate concentration. When the substrate becomes 
saturating, enzymatic activity is progressively limited to a maximum constant rate and cannot 
be controlled further without changing the enzymatic concentration or Km. Consequently, an 
increase in Km will provide a greater control of enzymatic activity over a broader substrate 
concentration range. This can result in the synthesis or up-regulation of an enzymatic isoform 
that has a different Km value to the isoform synthesized under normal conditions, therefore 
improving adaptation to the high substrate concentration. One or just a few amino 
acid substitutions are sufficient to achieve adaptation via variation in kinetic properties. This 
was observed for LDH orthologs of confamilial and congeneric fishes in response to 
temperature, and is due to only a few specific amino acid substitutions (Somero, 2004). We 
expect the specific amylase activity assayed in the present work to result from the mixture of 
at least two enzymatic isoforms, corresponding to A and B, which we presume to have 
different Km values. Observed changes in Km could be due to variation in the ratio of these 
two proteins in response to variation in starch in the diet, suggested by the relative mRNA 
levels assayed for amylase genes A and B. For amylase expression, a significant increase 
(1.9 to 2.6× in 10 and 5 mg L-1 starch supplement treatments, respectively) in translatable 
mRNA for gene B was observed whereas no significant changes were observed for gene A. 
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Even though correlation between mRNA and protein expression may not hold true for some 
genes, most changes in gene expression profiles are reflected in the proteome, as shown in 
yeast where 87 % of the protein levels were correlated with their mRNA expression levels 
(Newman et al., 2006). This was also the case in mammalian pancreatic acinar cells, where 
differences in amylase protein concentration were thought to be mostly related directly to 
amylase gene transcription (Logsdon et al., 1987).  
Our data suggested that amylase Km increase could, at least partially, be linked to an 
increase in translatable mRNA for the amylase B form in response to variation in starch 
availability. Amylase B enzyme is expected to have a higher Km than amylase A enzyme, 
and should be the subject of further enzymatic study. For further investigation of this point, 
amylase A and B enzymes would need to be specifically assayed. Alternatively, amylase A 
and B functions could be assessed on the basis of altered phenotypes, especially for 
enzymatic properties associated with gene disruption, using methods such as that recently 
developed in oyster with RNA inteference (Fabioux et al., 2009). In this context, the high 
level of polymorphism of amylase A and B genes (Sellos et al., 2003) needs to be taken into 
account considering that polymorphism affects digestive properties and growth in oyster 
(Huvet et al., 2008) and that individuals that are homozygous for particular amylase alleles 
have displayed significant variation of Km values in Drosophila subobscura (Savic et al., 
2008). 

 

To conclude, we demonstrated the capacity for amylase gene B to be regulated at the mRNA 
level when starch varied in the food, whereas the gene A was not regulated under these 
conditions. This is the first study that has found evidence for a putative role of the oyster 
amylase gene B in digestive processes and the first time that changes in its expression have 
been recorded. Genes A and B had been previously found to encode mature proteins of 500 
and 499 amino acids, respectively, with 94 % similarity (Sellos et al., 2003). None of our 
previous investigation showed any regulation of gene B transcription and only showed weak 
levels of AMYB mRNA; so the functional role of the gene B was in question (Huvet et al., 
2003; Huvet et al., 2008). The variation we observed for amylase B mRNA level in the 
present study is in agreement with the adaptation of amylase gene B already reported in 
some vertebrates (Brannon, 1990). Its role might be crucial in the adaptation of C. gigas to 
variation in starch concentration in the diet, whereas amylase gene A has already been 
suggested to adapt digestive processes in response to variation in quantity of the same alga 
in the oyster diet (Huvet et al., 2003). Adaptive significance of gene-enzyme polymorphism 
depending on the carbohydrate composition of the diet, especially at limiting or low level, 
would make an interesting study, through a multifactorial experiment like that developed for 
Drosophila subobscura (Andjelković et al., 2003), particularly considering that activity 
regulation is mostly important for the adaptation to the environment with respect to the level 
of starch it contains (Fujimoto et al., 1999). 
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Tables 

 
Table 1 

Wet flesh weight (in grams) of oysters after 10 (T1) and 18 (T2) days of food conditioning in 
four different treatments. Oysters were fed a Chaetoceros gracilis diet at a daily ration equal 
to 8 % dry weight algae/dry weight oyster for the control (c). For the treatments, a starch 
supplement was added at 1 mg L-1, 5 mg L-1 or 10 mg L-1. 
 

 c 1 mg L-1 5 mg L-1 10 mg L-1 

T1 12.89 ± 3.81 
AB 

14.09 ± 4.94 
A 

13.18 ± 5.90 
A 

10.52 ± 4.96 
B 

T2 12.83 ± 4.35 
A 

13.71 ± 3.88 
A 

13.69 ± 4.17 
A 

10.53 ± 2.88 
B 

 
 
 
 
Table 2 
Summary of the split-split plot three-way ANOVAs on the effect of diet (starch 
supplementation) and sampling date on wet flesh weight, specific amylase activity, apparent 
Michaelis-Menten constant (KM) and relative levels of amylase transcripts (AMYA and 
AMYB). 
 

 Weight Activity KM AMYA AMYB 

Sources of 

variation 
F P F P F P F P F P 

Diet 14.7 0.036 79.57 0.0034 13.22 0.045 0.52 0.699 7.15 0.0026 

Tank 2.94 0.128 1.72 0.265 0.01 0.931 0.34 0.596 2.40 0.139 

Diet x Tank 0.48 0.822 2.77 0.078 1.25 0.326 2.30 0.113 1.56 0.235 

Date 0.66 0.418 0.24 0.634 0.43 0.52 0.15 0.704 1.75 0.203 

Significant probabilities are in bold. Data of wet flesh weight, relative levels of amylase 
transcripts and apparent Michaelis-Menten constant were log-transformed. Specific amylase 
activity data were square root transformed. 
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Figure 1.  

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1. Specific amylase activity (given in UI/mg soluble protein) in the digestive gland of 
oysters after 10 (T1) and 18 (T2) days of food conditioning in four different replicated 
treatments. Oysters were fed a Chaetoceros gracilis diet at a daily ration equal to 8 % dry 
weight algae/dry weight oyster for the control (white bars). For the treatments, a starch 
supplement was added at 1 mg L-1 (grey bars), 5 mg L-1 (hatched bars) or 10 mg L-1 (black 
bars). As no significant effect of the factor “raceway” nor interaction between diet and 
raceway were observed, the replicate data were pooled in the histograms. Results are 
therefore expressed as means of 4 pools of 8 digestive glands ± standard deviation. Multiple 
comparisons were made between treatments using Tukey’s HSD method at the 5 % level: 
homogenous groups have the same letters. 
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Figure 2.  

 

 

 

 

 

 

 

 
 
 
 
  
 
 
 
 
Figure 2. Apparent Michaelis-Menten constant (KM in mg/ml of starch) in the digestive gland 
of oysters after 10 (T1) and 18 (T2) days of food conditioning in four different replicated 
treatments. Oysters were fed a Chaetoceros gracilis diet at a daily ration equal to 8 % dry 
weight algae/dry weight oyster for the control (white bars). For the treatments, a starch 
supplement was added at 1 mg L-1 (grey bars), 5 mg L-1 (hatched bars) and 10 mg L-1 (black 
bars). As no significant effect of the factor “raceway” nor interaction between diet and 
raceway were observed, the replicate data were pooled in the histograms. Results are 
therefore expressed as means of 4 pools of 8 digestive glands ± standard deviation. Multiple 
comparisons were made between treatments using Tukey’s HSD method at the 5 % level; 
homogenous groups have the same letters. 
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Figure 3.  

 

 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Levels of amylase transcripts (A: AMYA and B: AMYB) relative to elongation factor 
transcripts in the digestive gland of oysters after 10 (T1) and 18 (T2) days of food 
conditioning in four different replicated treatments (mean ± standard deviation). Oysters were 
fed a Chaetoceros gracilis diet at a daily ration equal to 8% dry weight algae/dry weight 
oyster for the control (white bars). For the treatments, a starch supplement was added at 1 
mg L-1 (grey bars), 5 mg L-1 (hatched bars) and 10 mg L-1 (black bars). As no significant effect 
of the factor “raceway” nor interaction between diet and raceway were observed, the 
replicate data were pooled in the histograms. Results are therefore expressed as means of 4 
pools of 8 digestive glands ± standard deviation. Multiple comparisons were made between 
treatments using Tukey’s HSD method at the 5 % level; homogenous groups have the same 
letters. 
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