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Abstract

During a 4-week experiment on oyster grazing in coastal ponds (claires) near La Rochelle

(France), a red coloration was observed in the digestive gland of oysters. This pigmentation was

attributed to an intensive grazing on cryptophyte nanoflagellates. Three different techniques led to this

conclusion, mentioning for the first time free-living cryptophytes as responsible for such a

phenomenon. Spectrofluorometry was used to demonstrate that the red coloration was due to the

presence of a phycoerythrin, characteristic of cryptophytes. Microscopic observations and accessory

pigments analyses in water ponds confirmed that the source of this pigment was of cryptomonadal

origin. Oyster grazing on these algae is evidenced by large differences in alloxanthin concentrations

and flagellate abundances between the two experimental ponds. The winter occurrence of this

phenomenon is of importance for oyster commercialization and a short-term depuration is suggested

to remove the undesirable pigmentation.
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1. Introduction

The occurrence of red-coloured digestive gland in cultured molluscs is a well known

phenomenon, already described for Crassostrea gigas (Hata and Hata, 1982 ; Hata et al.,

1982a,b). According to these authors, the discoloration is due to the ingestion of the

dinoflagellate Prorocentrum micans by the oysters. The pigment responsible for the red

color is the water soluble peridinin–chlorophyll a–protein complex described by Prézelin

and Haxo (1976).

The ciliate Mesodinium rubrum also induces a similar color in cultured bivalves

(oysters, mussels or scallops) (Kat, 1984; Carver et al., 1996). It harbours a phycoerythrin

containing chloroplast, whose origin is under discussion (Gustafson et al., 2000).

The macroscopic evidence of pigment accumulation in bivalves implies an intense

grazing on the pigment-containing organism. This observation could be explained either by

the fact that these organisms are predominant or that oysters preferentially select them

among food particles present in the water. Particle selection in suspension feeders is well

documented (Shumway et al., 1985; Ward et al., 1997) and it has been shown that several

mechanisms are involved in this process.

Red coloration of oysters also occurs occasionally in French oyster farms along the

Atlantic and Mediterranean coasts. Such a phenomenon was observed in December 1998

during an experimental study of the food-web in oyster ponds of the French Atlantic coast

(Dupuy et al., 2000).

The present study reports on environmental conditions prevailing during this event,

planktonic populations present in the ponds and pigment analyses. Although never

associated to any toxic event, the presence of a red outflow under shell opening hampers

oyster commercialization.
2. Materials and methods

The study was carried out in two experimental ponds (claires) near La Rochelle (French

Atlantic coast, 46j9VN and 1j9VW). The two experimental ponds were located side by side

and had the same limited surface area (200 m2) and depth (f 1 m). They were supplied

with coastal marine water via an inlet pipe connected to the sea during the period of spring

tides. Seawater was confined for 4 weeks in the ponds, one without oysters considered as

the control, the other with 20 oysters (mean dry weight: 1 g) per square meter, a density

usually used by oyster farmers.

Sampling strategy was performed as described by Dupuy et al. (2000): 12 subsurface

samples were collected weekly, between 1400 and 1500 h, using a 2.5-l ‘‘Van Doorn’’

bottle. Autotrophic and heterotrophic planktonic communities were studied by microscopy

and HPLC pigment analysis.

The experimental site was equipped with a weather station to automatically record

illumination, rainfall, temperature and salinity (see Begout-Anras, 1995).

Flagellates were fixed, stained and enumerated according to Haas (1982), Caron (1983)

and Sherr et al. (1994) as modified by Dupuy et al. (1999). Samples were preserved with

formaldehyde (final concentration 1%). Each sample was concentrated to 10 ml and stained
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by primulin (50 Ag ml� 1 final concentration). This method allows discrimination between

autotrophic and heterotrophic flagellates without specific identification. In order to identify

the flagellates at the species level, an aliquot was examined with a scanning electron

microscope.

Samples were fixed with 4% formalin before being processed for scanning electron

microscopy. Cells were centrifuged on a plastic cell culture coverslip (Thermanox) coated

with L-polylysine for a better adhesion of material. Coverslips were critical point dried

before mounted on stubs, coated with gold and examined in a Hitachi S 4500 scanning

electron microscope in Perpignan, France.

Pigments were extracted in 2 ml methanol 100% by crushing and stirring with a glass

rod and sonicating for 30 s. Vials were then stored for 1 h in the dark at 4 jC. The extract
Fig. 1. Fluorescence excitation (A) and emission (B) spectra in phosphate buffer of the pigments extracted from

the proximal (straight line) and distal (dashed line) part of oyster digestive tract.
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was filtered on a GF/F membrane and, just before injection, was diluted with ammonium

acetate buffer (0.5M) to an 80% methanol concentration.

Chlorophylls and carotenoids were analysed by HPLC using the method described by

Wright et al. (1991). The system consisted of a Kontron liquid chromatograph equipped

with three HPLC 422 pumps, a diode array detector 440 and a spectrofluorometer SFM 25.

The reverse phase column used was Allsphere ODS2, 25 cm� 4.6 mm ID, 5 Am particle

size (Alltech). Pigments were identified by diode array spectroscopy during elution and

quantified by injection of standard pigments.

Accessory pigments used as taxonomic markers were fucoxanthin for diatoms, peridinin

for autotroph dinoflagellates, chlorophyll b for green flagellates (chlorophytes and

prasinophytes) and alloxanthin for cryptophytes (see Jeffrey and Vesk, 1997 for a review).

In order to analyze digested food separately from recently ingested food, the digestive

tracts of bivalves were dissected into two parts. The proximal part of the gut was considered

as the portion of the digestive tract between oesophagus and stomach whereas the distal part

corresponded to the intestine between the digestive gland and the anus. The digestive

glands of three oysters (mean dry weight 1 g) were sampled and pooled in order to get

enough material for spectrofluorometry analysis. Samples were kept at � 80 jC until

extraction.

The proximal and distal part of the digestive tract were gently grounded with a freshly

broken end of a glass rod in 6 ml of a 0.1 M phosphate buffer (pH = 6.5) and extracted for 3

h at 4 jC (Lantoine and Neveux, 1997). The resulting mixture was filtered onto 25-mm GF/

F filters and the filtrate was centifugated at 800 RCF (relative centrifugal field) to remove

any cellular fragments of the solution. Excitation and emission fluorescence spectra of the

pink supernatant were recorded with a MPF-66 Perkin-Elmer spectrofluorometer after

dilution in phosphate buffer looking for phycoerythrin and phycocyanin.
Fig. 2. Abundance of >5 Am autotrophic flagellates (expressed in 106� cell l� 1) in oyster pond (dashed line) and

control pond (solid line) during the 1998 winter season. Abundance data (meanF SD) were collected from three

subsamples.
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3. Results

After 4 weeks of sequestration in the experimental pond, oysters were sampled for dry

weight measurement and opened on December 17, 1998. While opening the oyster shells, a

pink liquid running from the mouth into the palleal cavity of the bivalve was observed.

Identification of the pigment involved in this unusual color was performed by spectro-

fluorometry. Excitation and emission spectral properties were different in the two parts of

the digestive tract. Excitation spectra of both fractions presented a clear peak at 544–545

nm, but the pigment found in the proximal part showed an additional shoulder around 564

nm (Fig. 1). Additionally, the emission spectra for the proximal and distal parts of the

digestive tract showed different peaks at 577 and 572 nm, respectively. Both pigments,

despite their differing spectral properties, are characteristics of Cryptomonad phycoery-

thrins. Examination of spectral absorption around 610 nm and emission at 650 nm revealed

no phycocyanin in the samples.

At the beginning of sequestration, flagellates abundance was 3.2� 106 cells l� 1 in the

control oyster pond where 98% of the flagellates were autotrophs. During the third week, a

bloom of phytoflagellates began and at the end of experimentation, their concentration was
Fig. 3. Chlorophyll a (Chl a) and alloxanthin concentrations (expressed in Ag l� 1) in oyster pond (dashed line)

and in control pond (solid line) during the 1998 winter season.
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15F 3.5� 106 cells l� 1 (Fig. 2). In the oyster pond, the initial concentration was similar to

those in control pond (2.4� 106 flagellates l� 1); 98% of flagellates were phytoflagellates.

A bloom of phytoflagellates appeared after the third week of sequestration, and at the end,

phytoflagellates were ubiquitous in the oyster pond, but attained only 5F 1�106 cells l� 1,

a value three times lower than in the pond without oysters.

Pigment markers identified in both ponds were fucoxanthin (diatoms), peridinin

(dinoflagellates), chlorophyll b (green flagellates) and alloxanthin (cryptophytes). Tempo-

ral evolution of Chl a and alloxanthin concentrations in the oyster and control ponds are

shown in Fig. 3. Chlorophyll a concentration varied from 0.4 to 14 Ag l� 1 in the control
Fig. 4. (A–D) Critical point-dried cells of Plagioselmis prolonga examined by scanning electron microscopy. (A)

Two cells in opposite position, embedded in mucilage. (B) Detail of a cell, showing the ventral sulcus (FU) and

the tail. (C) A cell disrupted in its anterior part, with the chloroplast bulging outside. Periplastic plates (P) and

trichocysts filaments visible. (D) Dorsal view of a cell with its bent tail, lying over detritic material.
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pond. Chl a concentration in the oyster pond was lower than in the control pond and varied

from 0.5 to 5.0 Ag l� 1. Marker pigments concentrations were very low ( < 0.2 Ag l� 1, data

not shown) except for alloxanthin. Alloxanthin concentration ranged from 0.03 to 7.6 Ag
l� 1 in the control pond and from 0.03 to 2.2 Ag l� 1 in the oyster pond (Fig. 3). After 2

weeks of experiment, an increase was observed in both Chl a and alloxanthin concen-

trations in the control pond. The peak of Chl a (14 Ag l� 1) observed at the end of the

experiment was associated to a bloom of cryptophytes (7.6 Ag l� 1 of alloxanthin). In

contrast, Chl a concentration remained constant in the oyster pond during the first 3 weeks.

An increase in both Chl a and alloxanthin was observed between the third and the fourth

weeks of experiment in the oyster pond.

Detailed observation with the scanning electron microscope revealed crytpophycean cell

types identified as Plagioselmis prolonga (Hill, 1992; Novarino et al., 1994) (Fig. 4A–D).

The cells were often embedded in a mucilage made of ejected trichocysts (Fig. 4A–C), but

a ventral sulcus was present and the tail was clearly visible (Fig. 4B). Partially overlapping

scales were also present on the external face of the plasma membrane (Fig. 4C). The dorsal

chloroplast was bulging and is pointing outside the cell on a disrupted part of the anterior

end of a cell (Fig. 4C).

Rainfall, salinity, temperature and light data monitored during the experiment are shown

in Fig. 5. The two experimental ponds were a shallow closed environment that was strongly

affected by meteorological conditions. High variations in environmental conditions were
Fig. 5. Meteorological and hydrological parameters (rainfall, salinity, temperature and light) during the 1998

winter season.
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observed in both ponds during the 1998 winter season (Fig. 5). During the experimental

period (November 20 to December 17), rainfall induced high variations in salinity (from

30.5 to 32 psu) and the temperature range was 8 jC. Light conditions were highly variable

too, ranging from 9 to 31 mW cm� 2.
4. Discussion

Our results showed that the red coloration seen in the oysters was not linked to the

presence of the dinoflagellate P. micans, both from pigment analyses and phytoplanktonic

species found in the ponds.

Accumulation of phycoerythrin in mussels and scallops digestive glands has been

previously described as due toM. rubrum and its cryptomonadal endosymbiont (Kat, 1984;

Carver et al., 1996). Our microscopic observations of planktonic populations in the two

ponds showed that the autotrophic ciliateM. rubrumwas not present, eliminating this ciliate

as the possible source of pigmentation.

Phycoerythrins are found in Cyanophytes, Rhodophytes and Cryptophytes, either free

living or as symbionts. High concentrations of alloxanthin in the control pond clearly

indicated the presence of abundant cryptophytes. These are considered as high nutritional

value preys for zooplankton, as reviewed by Stewart and Wetzel (1986), but they are also

selectively ingested and digested by filter-feeders bivalves (Shumway et al., 1985; Newell

et al., 1989; Loret et al., 2000). In our experiment, cryptophytes were a possible food source

for the oysters. An intense grazing on these algae was evidenced by important differences in

cell counts (Fig. 2) and pigment concentrations in the two ponds (Fig. 3). Phycoerythrin

accumulation in the digestive tract of the oysters was then explained by a high ingestion rate

of these flagellates but raised the question of digestibility of this molecule. Phycoerythrin

pigments having been released during cell lysis occurring in the digestive tract of the

animal, it is likely that the pink liquid we observed running from the mouth into the palleal

cavity of the oysters resulted from the partial digestion of cryptophytes.

Hill and Rowan (1989) reviewing Cryptomonad biliproteins showed that fluorescence

emission characteristics are complementary to the excitation properties to distinguish the

type and diversity of such molecules. Moreover, this diversity can partly be used in the

taxonomy of Cryptomonad algae (Klaveness, 1985; Novarino et al., 1993). Among the

several phycoerythrin types classically described, confusions about nomenclature of these

pigments can be avoided by identifying them according to the wavelength of the maximum

absorption in the visible spectrum as adopted by Hill and Rowan (1989).

By associating the excitation maximum (545 nm) with the shoulder at 564 nm in the

excitation spectrum (Fig. 1), the pigment found in the proximal part of the digestive tract

can be identified as the Cryptophyceae phycoerythin usually called Cr-PE545. However, the

emission maximum of this pigment at 577 nm is slightly different from the maximum

values between 580 and 587 nm reported in the literature (Rowan, 1989; Wedemayer et al.,

1992). Such a shift could be explained by the uncommon chemical conditions found in the

digestive tract of the oyster. Similarly, the absence of shoulder at 564 nm in the excitation

spectrum observed in the distal part of the digestive tract could be the result of alterations

occurring during the digestive process. Glazer et al. (1982) have pointed out that many
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factors can affect the excitation and emission spectra of phycobiliproteins. Consequently, it

is not surprising that the transit in the digestive tract could have modified the pigment

structure and its spectral properties.

Cr-PE545 is a common and widely distributed biliprotein among marine genera. It is

found in Rhodomonas, Rhinomonas, Plagioselmis, Proteomonas and various Cryptomonas

species with uncertain taxonomic affinities (Hill and Rowan, 1989).

Red coloration of oyster C. gigas observed in December 1998 was related to the

proliferation of the free-living cryptophyte P. prolonga. Marine cryptophytes are usually

restricted to coastal and brackish water environments (Prézelin and Boczar, 1986) where

they seasonally dominate nanoplankton communities (Pratt, 1959; Wasmund, 1994; Moline

and Prézelin, 1996; Velikova et al., 1999; Casotti et al., 2000). Cryptophycean blooms have

also been described in the open sea (Gieskes and Kraay, 1983; Buma et al., 1992). To our

knowledge, this is the first time a cryptophytes bloom occurring in a coastal oyster pond

along the French Atlantic coast is reported.

According to the literature, cryptophytes are particularly adapted to low temperature,

low light and low salinity conditions (Stewart and Wetzel, 1986; Wasmund, 1994).

Measurements of growth rates of phytoplankton under conditions of simulated turbulence

have shown that only cryptophytes preferred calm conditions (Kohler, 1997). Results from

mesocosm experiments were consistent with this observation and showed better develop-

ment of cryptophytes when maintained under static conditions (Pinckney et al., 1999;

Richardson et al., 2001). Interestingly, Gervais (1998) pointed out the importance of both

cell motility and diel vertical migration on cryptophytes spatial distribution in a stratified

water column (Lake Cisó, Spain).

As a consequence, we hypothesize that the initiation and continuation of the crypto-

phytes bloom in the oyster pond may have been related to both meteorological and

hydrodynamical conditions present in the area.

There are a few photophysiological studies of cryptophytes, but it is known that their

pigmentation can be light-regulated (Prézelin and Boczar, 1986) and a high content of

phycoerythrin per cell can be expected in low light winter conditions. Environmental

conditions in the oyster ponds could then explain the red coloration of the digestive gland

after a high grazing of heavily pigmented cryptophytes by the oysters.

Thus, three major sources of red pigmentation in bivalves may occur in shellfish

industry. In France, Mesodinium and Prorocentrum were already known to produce red

tides and occasionally a red coloration of oysters (Lassus, 1988), but free-living crypto-

phytes have never been involved in the coloration of the digestive gland. Moreover, such

phenomena have been observed during the summer time while the case reported here

occurred during the winter season, a highly commercial period close to Christmas time and

new year festivities. Because no data is available on cryptophytes abundance in open waters

of this region, the frequency of such blooms cannot be estimated. Further investigations

would be necessary in order to predict such events.

Although far from being toxic to human health, the red pigmentation of oysters is

detrimental to shellfish commercialization. Carver et al. (1996) carried out depuration

experiments of phycoerythrin in mussels. These authors pointed out that visualization of the

red color was only possible with high pigment concentrations but that color disappearance

was obtained after 48 h and full depuration of phycoerythrin needed 4–5 weeks. Short-term
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depuration in ponds devoid of red-pigment producing organisms is therefore suggested to

eliminate this disadvantage.
Acknowledgements
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