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Abstract

A field monitoring of hemocyte parameters of the Manila clamRuditapes philippinarum
was conducted from July 2004 to September 2005 in Gulf of Morbihan (France), in order to
assess (1) the factors controlling the hemocyte parametersof the Manila clam and (2) their
relative contribution to the overall variability of these parameters. Monthly, sixty clams
were sampled and Total Hemocyte Count (THC), granulocyte and hyalinocyte counts,
phagocytosis, phenoloxidase specific activity, length, flesh dry weight, and condition index
were measured individually.Perkinsussp. infection and Brown Ring Disease symptoms
were also monitored.Temperature and trophic resource werealso monitored.

Results indicate that temperature controls granulocyte counts and subsequently THC.
Other environmental factors had no direct influence on the measured hemocyte parame-
ters. Almost all measured parameters were significantly affected by size/age and condition
index. There were poor relationships between both pathologies and hemocyte parameters
presumably because of low infection intensities. Nevertheless, highPerkinsussp. infection
intensity significantly increased total and granulocyte counts and decreased phagocytosis.

An interesting result of this study is that the measured biotic and abiotic factors poorly
contribute to the explanation of the total variability of hemocyte parameters. Granulocyte
concentration was the best explained parameter. However, only 16.4% of its variance was
explained by cumulating temperature, length, condition index andPerkinsussp. infection
effects. This study emphasizes the need for a better understanding of hemocyte functions
and the factors modulating these functions.
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1 Introduction

The Manila clamRuditapes(=Tapes, =Venerupis) philippinarumis one of the most
extensively cultivated bivalve molluscs. This species wasoriginally endemic to
Indo-Pacific waters and its high adaptive capacity to various rearing environments
made of it a target species for aquaculture. In Europe, this species was first in-
troduced in France between 1972 and 1975 for aquaculture purposes and later in
England, Spain and Italy (Flassch and Leborgne, 1992). In the late 1980s, natural
population have developed in Italy (Marin et al., 2003), in England (Jensen et al.,
2004; Humphreys et al., 2007) and in most embayments along the French Atlantic
coast, resulting in a fishery of ca. 1500 tons in the Gulf of Morbihan at the end of
the 1990s. This species is mainly affected by two pathologies: Brown Ring Disease
(BRD) and Perkinsosis (seee.g.Paillard, 2004b; Villalba et al., 2004). Brown ring
disease is caused by the bacteriumVibrio tapetis(Paillard and Maes, 1990; Bor-
rego et al., 1996) which disrupts the production of periostracal lamina and causes
an anomalous deposition of periostracum on the inner shell (Paillard and Maes,
1995a,b). Perkinsosis is induced by the protozoan parasitePerkinsussp. and can
affect bothRuditapes decussatusandR. philippinarum(see Villalba et al., 2004,
for a review). Both pathologies can interfere with host energy balance (Ngo and
Choi, 2004; Park et al., 2006; Leite et al., 2004; Flye-Sainte-Marie et al., 2007b)
and can be responsible for mass mortalities (seee.g.Paillard et al., 1989; Castro
et al., 1992; Paillard, 1992, 2004b; Villalba et al., 2005, 2004). Epidemiological
surveys also showed that both pathologies have also been shown to be influenced
by environment factors (Paillard et al., 1997; Villalba et al., 2005). Different labora-
tory experiments have been performed to assess the effect ofenvironmental factors
(temperature and salinity) on celluar-defence related parameters (Reid et al., 2003;
Paillard et al., 2004) in link with pathologies and few field studies assessed the
seasonal variation of these parameters (Matozzo et al., 2003; Soudant et al., 2004).
Collection of field data is needed to better understand the relationships between en-
vironmental factors, defence–related parameters, physiological status and disease
development.

Mainly as a result of aquaculture and fisheries industry and associated disease
events, hemocyte system, thought to be involved in immune response of bivalves,
were extensively studied during the past 30 years. More recently appeared the inter-
est in using bivalve hemocyte parameters as biomarkers of environmental perturba-
tions. Numbers of studies allowed to show that hemocyte parameters are controlled
by numerous factors such as environmental factors (temperature and salinity), par-
asites and internal factors (reproduction; see review in Chu, 2000). These factors
may contribute to explain the high degree of variability of the hemocyte responses
and activities which has been reported only in few studies (seee.g.Ashton-Alcox
and Ford, 1998; Ford and Paillard, 2007). In the aim of betterunderstanding the
linkages between environment, host physiology and diseasedevelopment, the rela-
tive contribution of biotic and abiotic factors to the overall variability of the hemo-
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cyte parameters in the field is a key question and remains poorly known.

A multiparametric study was designed to assess the relativeeffect of environmen-
tal and internal factors and diseases on hemocyte parameters in the field. Gulf of
Morbihan is one of the largest Manila clam fisheries of Brittany. Meanwhile, in-
formation on the physiology and reproduction of the Manila clam of Gulf of Mor-
bihan are available (Laruelle et al., 1994; Laruelle, 1999;Calvez, 2003). Manila
clams populations from this site are known to be moderately affected by both BRD
and perkinsosis (Paillard et al., 1997; Paillard, 2004a,b;Lassalle et al., 2007). Sea-
sonal variations were taken into account by monthly sampling over a 1–year period.
Flow cytometry methods were applied to determine hemocyte counts, viability and
phagocytosis activity.

2 Materials and methods

2.1 Clam sampling

Fig. 1. Location of Bailleron island in Gulf of Morbihan, Southern Brittany, France.

From July 2004 to September 2005, 60R. philippinarumranging from 20 mm to
50 mm were monthly sampled at low tide from the natural clam bed of Bailleron
island in Gulf of Morbihan, southern Brittany, France (Fig.1). Clams were stored
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in an icebox until being processed in the laboratory. A totalof 1020 individuals was
sampled from 17 sampling dates. At each sampling date, 60 clams were processed
individually according to the protocol that follows.

2.2 Analysis of hemocyte parameters by flow cytometry

Hemolymph sampling

A minimum of 450µL of hemolymph was withdrawn from the adductor muscle of
individual clams using a 1 mL plastic syringe fitted with a 25-gauge needle and ob-
served under microscope to control the sample and sampling qualities. Hemolymph
samples were filtered through a 80µm mesh in order to eliminate large debris and
were stored individually in 1.5 mL micro–tubes held on ice.

Instrumentation

Analysis of hemocyte parameters were performed using a FACScalibur flow cy-
tometer (Becton-Dickinson, San Diego, CA, USA) equipped with a 488 nm argon
laser. The light scattered by particles indicated (1) theirsize through the FSC de-
tector (Forward SCatter height) and (2) their internal complexity through the SSC
detector (Side SCatter height). The flow cytometer is equipped with three specific
fluorescence sensors: FL1 (green, 500-530 nm), FL2 (orange,550-600 nm) and FL3
(red, >630 nm) allowing the detection of autofluorescence orfluorescent dyes.

Hemocyte viability, total and differential hemocyte counts (THC and DHC)

These parameters were measured following the protocol developed by Delaporte
et al. (2003). Briefly, 100µL of hemolymph from each individual were added in a
tube containing 200µL of anti-aggregant solution for bivalve hemocytes (AASH;
Auffret and Oubella, 1994) and 100µL of filtered sterile seawater (FSSW). Sam-
ples were incubated 2 h at 18◦C in dark conditions with 4µL of SYBR Green
working solution (obtained by diluting 10 x the commercial solution; Molecular
probes, Oregon, USA) and propidium iodide (PI, Sigma) at a final concentration
of 10µg mL−1. Live and dead cells containing DNA are stained by SYBR Green;
whereas, dead cells are only stained by PI. SYBR Green fluorescence is detected
by the FL1 detector of the flow cytometer, and PI fluorescence is detected by the
FL3 detector. By using a density plot visualisation of FL1 vsFL3, it was possible
to estimate precisely the percentage of dead cells in each sample.

A density plot visualisation of SSC vs FL1 allowed differentiation and gating of
hemocytes stained by SYBR green from other particles in the hemolymph. This
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allowed to calculate THC by taking into account the flow rate of the cytometer
calculated according to the method of Marie et al. (1999).

Similarly to Allam et al. (2002a), two distinct sub-populations could be identified
on a FSC vs SSC density plot: granulocytes (high SSC and high FSC), hyalinocytes
(low SSC and high FSC). Results of THC, granulocyte and hyalinocyte counts are
expressed as number of cells per mL of hemolymph.

Phagocytosis assays

Phagocytic activity of hemocytes was measured following the protocol described
in Delaporte et al. (2003) and Labreuche et al. (2006) using 2µm diameter latex
fluorescent beads (fluoresbrite microspheres YG 2.0 microns, polysciences, Eppel-
heim, Germany). A 150µL sub-sample of hemolymph, primarily diluted with 150
µL of FSSW, was brought in contact with 30µL of the working solution of fluo-
rescent beads (obtained by diluting 50 x the commercial solution) in micro–tubes.
Tubes were incubated for 2 h at 18◦C in dark condition. Analysis by flow cytometry
allowed to detect hemocytes containing fluorescent beads onthe FL1 detector. The
phagocytic activity of hemocytes was calculated as the percentage of hemocytes
that have ingested three fluorescent beads or more.

Phenoloxidase activity

Ninety-six-well plates containing 100µL hemolymph samples were thawed and
phenoloxidase activity measured as described by Reid et al.(2003). Briefly, 50
µL of Tris–HCl buffer (0.2 M, pH = 8) with 100µL of L–DOPA (20 mM, L-3,4-
dihydrophenyl-alanine, Sigma D9628) were added to each well. The microplate
was rapidly mixed for 10 s. The reaction was then measured at ambient temper-
ature with colour change recorded every 5 min, at 492 nm, overa period of 1 h.
The microplate was mixed again prior to each measurement. Controls, without
hemolymph, but containingL–DOPA and Tris–SDS buffer, were run in parallel
and the values subtracted from test values to correct for possible auto-oxidation of
theL-DOPA. Hemolymph protein concentration of each individualwas determined
from thawed 50-µL hemolymph samples using a BCA Protein Assay Kit (Pierce,
USA) with bovine serum albumin as a standard, following the manufacturer’s guide
for the Microwell plate protocol. Results of the specific PO activity were expressed
in arbitrary units : 1 A.U.=∆ DO490 nm min−1 mg protein−1.
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2.3 Diseases

Detection and quantification of Perkinsussp. infection

Detection and quantification ofPerkinsussp. were performed in gills since Choi
et al. (2002) showed that the total number ofPerkinsussp. cells in the whole clams
is linearly correlated with the number ofPerkinsuscells in the gill tissue. After
hemolymph sampling, clams were opened using a scalpel, gills were dissected and
wet weighted.Perkinsussp. presence and infection intensity in the gills were as-
sessed according to the quantitative method of Ray (1966) asmodified by Choi et al.
(1989). Gills of individual clams incubated in 10 mL of fluid thioglycollate medium
(FTM, Difco) supplemented with 67µg of streptomycin (Sigma) and 32µg of peni-
cilin G (Sigma) dissolved in 100µL in distilled water to limit bacterial growth.
Vials were then incubated at room temperature over one week in the dark.Perkin-
suscells were then counted after dissolving the FTM cultivatedclam gills with 2 M
NaOH according to Choi et al. (1989).

Characterisation and classification of Brown Ring Disease (BRD) syndrome

BRD symptoms were monitored on the inner surface of the clamsshells according
to the description of Paillard and Maes (1994): conchiolin deposit stage (CDS)
range from microscopic brown spots on the inner face of the shell in the earliest
stage (CDS 1), to a thick brown deposit covering most of the inner shell in the most
advanced stage (CDS 7).

2.4 Biometric measurements

After gill dissection, remaining flesh were removed from theshell and placed in
pre-weighted aluminium capsules. Capsules were then freeze-dried for 48 h and
dry flesh were weighted. As gills were removed forPerkinsussp. diagnosis, total
flesh dry weight were calculated by adding dry flesh weight andgills dry weight.
Gills dry weight were estimated from wet gills weight using the coefficient 0.153
g dry g wet estimated from clams collected in Bailleron island (additional samples,
n = 25; S.D. = 0.008).

Shells were air dried and weighted. Length following the maximum length axis
was then measured using an electronic caliper and shells were stored until BRD
diagnosis.
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Condition index was calculated using the following formula:

CI =
F lesh Dry Weight

Shell Dry Weight
× 100

2.5 Environmental factors

Temperature and salinity In situ sediment temperature was measured using an
autonomous temperature data logger (EBI-85A, Ebro, Germany) embedded at 5cm
in the sediment, the depth at which Manila clam are usually found. The probe mea-
sured temperature every 20 min. A daily average was then calculated. Salinity data
were provided byIFREMER laboratory of La Trinité-sur-Mer (LER-MPL) and were
measured using a Micrel probe in Fort Espagnol were salinityvariation are sup-
posed to be correlated to that in Bailleron island.

Trophic resource The monitoring of trophic resource begun in September 2004.
Water samples were collected weekly at 50 cm above the sediment, and stored in
a freezer (-18◦C) until further analysis. For each water sample, six sub-samples
were filtered through pre-weighted GF/F filters (25 mm) and freeze-dried to con-
stant weight, and allowed to measure total suspended particulate matter (TPM).
Three of the six filters were burnt (4h, 450◦C) and allowed to measure suspended
particulate inorganic matter (PIM). Particulate organic matter (POM, mg L−1) was
calculated by subtracting TPM and PIM. Burnt and unburnt filters were analysed
for total carbon and nitrogen on a CE Instruments NC2500 elemental analyser (CE
Elantech, USA). Particulate organic carbon (POC, mg L−1) and nitrogen (PON,
mg L−1) were then calculated by subtracting particulate carbon from unburnt and
burnt filters. The choice of characterisation of suspended organic matter quantity
(POM) and quality (COP and NOP) rather than chlorophylla to estimate trophic
resource for the Manila clam was motivated by a modelling study that emphasized
that chlorophylla was not a good estimator of trophic resource for the Manila clam
(Flye-Sainte-Marie et al., 2007a).

2.6 Statistical analysis

Statistical analysis were performed using the R software (RDevelopment Core
Team, 2006). Differences in hemocyte parameters among sampling dates were
tested using Kruskal–Wallis test, differences in prevalence of both disease among
sampling dates were tested using aχ2 test. Relationships between environmental
factors and hemocyte parameters were assessed by the mean oflinear models.
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When seasonal effect on a biological variable was significant (i.e.hemocyte param-
eters and condition index), it was removed to test the relationships between those
variables and between hemocyte parameters and length or sex. Seasonal trend was
considered to be represented by the variations of the mean ofthe considered bio-
logical variable in healthy individuals (i.e. BRD-asymptomatic and nullPerkinsus
sp. clams), as along sampling dates. The season detrended value of the variable was
calculated for each individual as:

Ds = Xtn − X̄tH

WhereDs is the season detrended residual,Xtn is the original value of the variable
on sampling datet for individualn andX̄tH is the mean of the variable on sampling
datet calculated for healthy clams.

Length of clams had a significant effect on THC, concentration of both granulocytes
and hyalinocytes, and on proportion of dead cells in healthyclams. Size of clams
also had a significant effect on prevalence for both pathologies. In order to test for
the effect of pathologies independently of size, a linear model was used to calculate
the effect of length on each of those variables among healthyclams; residuals of
these models were used in further calculations for testing the potential effect of
pathologies on those hemocyte parameters.

To assess effect of categorical factors (i.e. infectedversusnon infected),t–test was
used for normal–distributed data. Fisher test for homogeneity of variance was per-
formed, if variances were significantly different Welsch approximation to the de-
grees of freedom was used. Wilcoxon test was used for non–normal data. Effect of
continuous factors (i.e. length) on hemocyte parameters were assessed using linear
models.

3 Results

3.1 Environmental factors

Average daily temperature in the sediment varied between 6 and 23◦C (Fig. 2 A)
during the sampling period. Temperature and salinity profiles were highly cor-
related (Fig. 2 A; Pearsonr = 0.66,p–value = 6 10−3). Particulate organic matter
(POM, Fig. 2 B) was highly correlated to particulate organiccarbon (POC) and
particulate organic nitrogen (PON) (Pearsonr>0.94,p–value<10−3).

8



A

B

Fig. 2. Evolution of environmental factors during the studied period. A: daily average tem-
perature in the sediment and salinity at the sampling dates.B: evolution of particulate or-
ganic matter (POM).

3.2 Influence of environmental factors on hemocyte parameters

Fig. 3. Evolution of Total Hemocyte Count (THC, bars indicate standard error ), granulo-
cyte concentrations and temperature during the studied period.

Evolution of hemocyte counts (total hemocyte and granulocyte counts) are shown
in Fig. 3. All hemocyte parameters significantly varied during the sampling pe-
riod (Kruskal–Wallis test;p-values < 0.005). Nevertheless, there were few signifi-
cant relationships between hemocyte parameters and measured environmental fac-
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Table 1. Relationships between environmental factors and hemocyte parameters tested using linear models. POM: particulate organic matter, POC
particulate organic carbon, PON, particulate organic nitrogen.

,

Hemocyte parameter Temperature Salinity Trophic resource

(◦C) (‰) POM (mg L−1) POC (mg L−1) PON (mg L−1)

slope p–value slope p–value slope p–value slope p–value slope p–value

THC (cell mL−1) 1.7 104 * 4.5 104 NS -4.2 104 NS -3.9 104 NS -2.9 105 NS

Granulocytes (cell mL−1) 1.7 104 ** 4.6 104 * -1.7 104 NS 3.0 103 NS 6.1 104 NS

Hyalinocytes (cell mL−1) -1.2 103 NS -3.9 103 NS -2.2 104 NS -3.8 104 NS -3.2 105 NS

Aggregates (nb mL−1) 1.3 103 * 2.4 103 NS -2.9 103 NS -3.8 103 NS -3.0 104 NS

Dead cells (%) -0.03 NS -0.23 NS -0.07 NS -0.45 NS -4.01 NS

Phagocytosis (%) -0.78 NS -1.3 NS -0.44 NS 0.96 NS 8.6 NS

PO activity (A.U.) 7.7 10−5 NS 1.9 10−4 NS 1.2 10−5 NS -6.4 10−6 NS -2.5 10−4 NS

A.U. = arbitrary units (∆ DO490 nm min−1 mg protein−1)

Significance of the slope of the linear model:

NS: not significant (p–value > 0.05); *:p–value < 0.05; **p–value < 0.01

1
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tors (Tab. 1). Temperature significantly and positively affected all hemocyte counts
(THC, granulocyte and hyalinocyte counts, Tab. 1) and number of aggregates. The
significance was higher for the granulocyte concentration,the correlation coeffi-
cient of the linear model was high (r2 = 0.62) and the correlation is clearly visible
on Fig. 3. Salinity only affected granulocyte concentration (Tab. 1). Neverthless,
salinity and temperature were correlated, only the effect of temperature was tested
against hemocyte parameters (Tab. 1) because temperature was more correlated to
THC and granulocytes than salinity. Food quantity (POM) andquality (POC and
PON) had no significant effects on hemocyte parameters (Tab.1). Hyalinocyte con-
centration, percentage of dead cells, phagocytosis percentage and PO activity were
not correlated to any of the measured environmental factors(Tab. 1).

3.3 Influence of endogenous factors on hemocyte parameters

Effect of size/age Relationships between size/age (length) and hemocyte parame-
ters were tested by the mean of linear models only in uninfected individuals (neither
BRD–symptomatic andPerkinsusaffected clams) to avoid effect of disease (Tab.
2). Althoughr2 were low, all hemocyte counts (THC, granulocyte and hyalinocyte
concentrations) significantly increased with size/age. The percentage of dead cells
and the PO activity significantly decreased with size/age (Tab. 2).

Effect of sex and reproduction Effect of sex was tested during the reproduction
period (end of April to end of September) when sex determination was possible.
There were no significant differences between males and females in any of the
hemocyte parameters (t–test and Wilcoxon test ;p–values > 0.05). Massive spawn-
ing generally occurs at the mid August/beginning of September in Gulf of Morbi-
han and result in a decrease of the condition index (Laruelleet al., 1994; Laruelle,
1999; Calvez, 2003). The decrease in the granulocyte concentration in the 2004-
Aug-03 and 2004-Sep-03 samples (Fig. 3) coincide with this period. Although con-
dition index indicated that clams has spawned at the 16th sample (2005-Aug-24)
the decrease of granulocyte count was not observed.

Condition index residuals In order to test if energetic status could be linked to
hemocyte parameters independently of seasonal variations, relationships between
condition index residuals and hemocyte parameters were tested using linear models
(Tab. 2). There were significant positive relations betweencondition index residuals
and all hemocyte counts butr2 were very low (<0.01).
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Table 2
Relationships between length and hemocyte parameters residuals in uninfected individuals
and between condition index residuals and hemocyte parameters residuals (in uninfected
and infected clams) tested using linear models.

Hemocyte parameter Length Condition index residuals

residuals (uninfected clams) (all clams)

slope r
2 p–value slope r

2 p–value

THC (cells mL−1) 1.9 104 0.034 ** 4.2 104 0.009 *

Granulocytes (cells mL−1) 1.2 104 0.052 ** 1.9 104 0.006 *

Hyalinocytes (cells mL−1) 6.9 103 0.010 ** 2.4 104 0.008 *

Aggregates (nb mL−1) -1.5 102 0.000 NS -1.2 103 0.004 NS

Dead cells (%) -0.07 0.017 ** -0.03 0.000 NS

Phagocytosis (%) -0.08 0.001 NS -0.74 0.004 NS

PO activity (A.U.) -1.4 10−4 0.023 ** -1.4 10−4 0.002 NS

A.U. = arbitrary units (∆ DO490 nm min−1 mg protein−1)

Significance of the slope of the linear model:

NS:p–value > 0.05; *:p–value < 0.05; **p–value < 0.01

3.4 Diseases

3.4.1 Prevalences of BRD symptoms and perkinsosis

BRD prevalence was low (Fig. 4 A.; average prevalence: 9.7%)and showed no
significant variation during the sampling period (χ2 = 12.96, df = 16, p-value =
0.675), disease intensity was also low: 90% of the symptomatic clams had a CDS
lower than 4 on a scale going from 0 to 7.

Perkinsosis prevalence was moderated (Fig. 4 A.; 20–50% average prevalence:
38.2%). Although variations in prevalence during the sampling period were sig-
nificant (χ2 = 37.79;df = 16;p–value = 2.10−3) no clear seasonal pattern appeared.
Perkinsussp. infection intensity ranged between 0 and 1.63 106 cells/g gill WW,
with a mean of 1.96 104. Perkinsussp. prevalence and infection intensity were not
correlated to temperature (linear models,p–value = 0.902 and 0.979 for prevalence
and infection intensity, respectively).

There were significant positive correlations between size and both BRD (Fig. 4 B.)
and perkinsosis prevalences (Fig. 4 C.)
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A

B C

Fig. 4. A: Evolution of prevalence of perkinsosis and BRD during the sampling pe-
riod; B: Relationship between center of the size classes andBRD symptom prevalence
(y = 0.94x − 0.25; r

2 = 0.52; p-value = 0.005); C: Relationship between center of the
size classes and perkinsosis prevalence (y = 2.57x−59; r

2 = 0.77; p-value = 1.83 10−6)

3.5 Influence of diseases on hemocyte parameters

There were no difference in any measured hemocyte parameterresiduals between
BRD–asymptomatic clams and symptomatic clams (p–values > 0.05), neither be-
tween BRD–asymptomatic clams and clams with CDS = 3 and higher (p–values >
0.05). No significant relationship between condition indexresiduals and BRD stage
was found (linear model,p–value = 0.211).

Effect of perkinsosis could only be detected (Fig. 5) when comparing uninfected
clams with highly infected clams (>100 000Perkinsussp. cell/g gill WW).Perkin-
sussp. significantly increased granulocyte concentration andTHC and significantly
decreased the phagocytosis percentage (Fig. 5). No effect of Perkinsussp. infection
was observed on hyalinocyte concentration, number of aggregates (t–test,pvalue >
0.05), dead cells percentage (t–test,pvalue > 0.05) and PO activity (Wilcoxon Test,
p–value > 0.05).
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A B C

Fig. 5. Comparisons of A: Total hemocyte count, B: Granulocyte count, C: Phagocyto-
sis percentage between uninfected individuals (0Perkinsussp. cell/g gill WW; i.e. un-
der the detection threshold) and highly infected individuals (> 100 000Perkinsussp.
cell/g gill WW). Results are expressed as mean±95% confidence interval. The stars (*)
indicates significant differences (p–value < 0.05).

3.6 Overall variability of hemocyte parameters

Contributions of the environmental condition, internal factors and diseases to over-
all variability of four hemocyte parameters (THC, granulocyte and hyalinocyte con-
centration, phagocytosis) were investigated by the mean ofa MANOVA (Tab. 3),
only factors that had a significant effect on these hemocyte parameters were in-
cluded. Results indicate that the most explained hemocyte parameter was the granu-
locyte concentration (Tab. 3) for which only 16.4% of the variability was explained
by temperature (11.3%), length (4.1%),Perkinsussp. infection (0.6%) and condi-
tion index residuals (0.4%). Only 10% of the THC variabilitywas explained by
these factors. Factors explaining most of the variance of the hemocyte parameters
were temperature and length.Perkinsussp. only explained very little of the overall
variability of the hemocyte system : its effects are significant when comparing un-
infected to heavily infected clams (Fig. 5) but no significant trend could be detected
when using continuous linear model of THC or phagocytosis against concentration
of Perkinsussp.

4 Discussion

The aim of this study was to better understand the relative effect of environmental
and internal factors and diseases on hemocyte parameters inthe field. Independent
effect of each factor on the hemocyte parameters will first bediscussed. The com-
bined effect of measured factors to the overall variabilityof hemocyte will finally
be discussed.
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Table 3. Summary of the weights of environmental factor (temperature) and internal factors (size/age and condition index residuals) andPerkinsussp.
infection on the total variability of THC, granulocyte concentration (cell mL−1), hyalinocyte concentration (cell mL−1) and phagocytosis percentage
computed from a MANOVA. Factors that had no significant effect were not included for computations. Partial r2 values indicate the weight of each
factor on the total variability of each parameter, r2 indicate the weight of all included factor on the total variability of each parameter.

THC Granulocyte conc. Hyalinocyte conc. Phagocytosis

Factor partial r2 p–value partial r2 p–value partial r2 p–value partial r2 p–value

Temperature 0.033 ** 0.113 ** NI NI

Length 0.055 ** 0.041 ** 0.030 ** 0.028 **

CI residuals 0.009 ** 0.004 * 0.009 ** NI

Perkinsussp. 0.003 NS 0.006 ** NI 2.4 10−5 NS

r2 p–value r2 p–value r2 p–value r2 p–value

All factors 0.100 ** 0.164 ** 0.039 ** 0.028 **

CI: condition index

NI: not included in MANOVA

NS: not significant (p–value > 0.05); *:p–value < 0.05; **p–value < 0.01

1
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4.1 Effect of environmental factors on hemocyte parameters

Temperature was the major environmental factor modulatinghemocyte parameters.
There were positive correlation between temperature and both granulocyte and total
hemocyte counts. Since the slopes of the linear models relating temperature with
granulocyte concentration and THC are equal (Tab. 1) it is possible to conclude
that the increase in THC simply reflects the increase in granulocyte concentration.
Several laboratory experiments emphasized the positive effect of temperature on
hemocyte concentration in hemolymph in various bivalve andcrustacean species
(seee.g.Truscott and White, 1990; Chu and La Peyre, 1993; Fisher et al., 1996;
Chu, 1998; Liu et al., 2004; Paillard et al., 2004; Monari et al., 2007), few studies
however showed the occurrence of this pattern in the field (Fisher et al., 1996; Car-
ballal et al., 1998; Soudant et al., 2004). The increase of circulating hemocyte count
is generally considered as a consequence of proliferation or movement of cells from
tissue into hemolymph (Pipe and Coles, 1995). Thus, an increase of the hemo-
cyte proliferation with temperature could explain the observed pattern. Number of
hemocyte aggregates was also positively correlated to temperature. Hemocyte ag-
gregation is presumed to be involved in hemostasis and woundhealing (Chen and
Bayne, 1995) but also in defence mechanisms (Tiscar and Mosca, 2004). Formation
of hemocyte aggregates is the result of the adhesion activity of hemocytes (Chen
and Bayne, 1995; Auffret and Oubella, 1997). Since bivalvesare poikilotherms,
hemocyte activity may scale with temperature thus explaining the correlation be-
tween aggregate concentration and temperature.

Extreme (high and low) salinities have been shown to induce variations of total
hemocyte counts in several bivalve species (Chu and La Peyre, 1991; Reid et al.,
2003; Matozzo et al., 2007), but generally variation of salinity within the life range
of the species does not affect hemocyte counts (Matozzo et al., 2007). This tend to
confirm that, in this study, the observed correlation between salinity and granulo-
cyte concentration is only attributable to the correlationbetween temperature and
salinity.

Although phagocytosis significantly varied during the studied period, this parame-
ter does not seem to be affected by any of the measured environmental factors. This
result appears contradictory with laboratory experimentswhich showed that phago-
cytosis varied with temperature (Chu and La Peyre, 1993; Allam et al., 2002b;
Monari et al., 2007) and salinity (Reid et al., 2003). The reasons for this difference
remains unclear but this emphasizes the difficulty in extending laboratory results to
the field.

Low food levels and starvation have been shown to reduce THC in oysters (Dela-
porte et al., 2006; Butt et al., 2007). However, in an earlierstudy, Ashton-Alcox
and Ford (1998) showed that a 4-week starvation did not affect hemocyte counts in
oysters. This result suggest that this period is not long enough to induce a starvation
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stress. In our study, indicators of food quantity (POM) and quality (POC, PON) did
not appeared to affect any of the measured hemocyte parameters. This suggest that
in such natural conditions food level and quality were not low enough to induce
any modification of hemocyte parameters during the studied period.

The poor relationships between other environmental factors and hemocyte param-
eters emphasize the difficulty to assess the environmental control of hemocyte sys-
tem in the field.

4.2 Effect of endogenous variables

Size/age Variability of hemocyte parameters with size/age have beenlittle stud-
ied (Carballal et al., 1997; Lopez et al., 1997; Carballal etal., 1998; Barracco et al.,
1999) and a clear effect of size on the hemocyte parameters was rarely found. Only
Carballal et al. (1998) found a significant increase in number of circulating granu-
locytes with age inMytilus galloprovincialis. In most of the above studies, the size
ranges were smaller than in our study (this study: 200 % of difference between the
smallest and the largest individuals and 127 % to 150 % in Lopez et al., 1997;
Carballal et al., 1998; Barracco et al., 1999, studies). Furthermore, the large num-
ber of individuals sampled in our study allowed to distinguish the effect of size/age
within the large variability of the hemocyte parameters. Our study emphasizes that,
in the Manila clam, total hemocyte, granulocyte and hyalinocyte counts are signif-
icantly positively correlated to size while phagocytosis and dead cells percentage
are negatively correlated to size.

Sex and reproduction Links between gender and hemocyte system have poorly
been studied (Barracco et al., 1999; Gagné et al., 2007). In both studies, as in the
present one, results tend to show that hemocyte parameters are independent of gen-
der. Such relationships may not be expected since hemocyte systems plays an im-
portant role in maintaining organism homeostasis. Such requirement may not vary
with gender.

However, gonadal cycle can influence the hemocyte system (see Oliver and Fisher,
1999, for a review), in a laboratory experiment Delaporte etal. (2006) observed
that THC decreased during gametogenesis in the oysterCrassotrea gigas. Field
studies showed that THC decrease during spawning period (inMytilus galloprovin-
cialis andCrassostrea virginica,Pipe et al., 1995; Fisher et al., 1996) presumably
because of hemocyte infiltration in gonadal tissue. In our study, condition index
profile indicated that clams had already spawned on the 2004-sep-01 and 2005-
aug-24 ; these events could not be associated to a decrease inTHC or any other of
the measured parameters.
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Condition index residuals Condition index residuals provide a rough informa-
tion about the energetic status independently of seasonal variation (i.e. is the in-
dividual more or less fat for the season?). Our study shows that there is a little
positive effect, but nonetheless significant, of conditionindex residuals on hemo-
cyte counts. This tends to confirm the hypothesis of Ashton-Alcox and Ford (1998)
who suggested that variability of molluscan hemocyte parameters could be linked to
the amount of stored energy reserves to explain the high observed inter–individual
variations. This relationship could be explained by the involvement of hemocytes
in nutrient mobilisation (Cheng, 1996). Nevertheless, therelationship only explains
little of the total variability of hemocyte parameters.

4.3 Diseases

Prevalence and intensity of perkinsosis and BRD Prevalence ofPerkinsussp.
infection was moderated and ranged between 20 and 50% (average 38.2%) which is
comparable to the values reported by by Ngo and Choi (2004) inR. philippinarum
andR. decussatusbeds of Jeju (Korea) and Portugal (Ngo and Choi, 2004; Leite
et al., 2004). These prevalences are lower than those reported by Park and Choi
(2001) in various places of Korea where prevalence reached 100% in some loca-
tions and by Villalba et al. (2005) in naturalR. decussatusbeds of Galicia (Spain),
where prevalence ranged between 45 and 100%. Although perkinsosis prevalence
showed significant variation during the study period, no clear annual pattern ap-
peared. Epizootiology studies showed thatPerkinsus marinusinfection in the oys-
ter Crassostrea virginicaprevalence is closely related to temperature and salinity
(see review in Villalba et al., 2004) which results in an increased prevalence in sum-
mer. Surveys ofP. olseniinfections inRuditapes decussatusandR. philippinarum
showed an annual pattern with an increase of prevalence in autumn and/or spring
(Villalba et al., 2005; Ngo and Choi, 2004). These studies contrast with our results.
Nevertheless, Leite et al. (2004) did not found any annual pattern ofPerkinsussp.
in R. decussatusalong the Portugese coasts during their 2–year survey whichshows
that seasonal pattern is not always observed inP. olseniinfection prevalence.

Estimation ofPerkinsussp. burden in gill (cells/g gill WW) provide an over–esti-
mation of the total body burden (cells/g flesh WW) (Choi et al., 2002). In our study
Perkinsussp. infection intensity was low (average: 2 104 cells/g gill WW) and our
values are consistent with the values obtained by Lassalle et al. (2007) in Gulf of
Morbihan. Higher values have been reported in location moresouthern along the
French Atlantic coast : more than 8 104 cells/g gill WW in Arcachon bay (Lassalle
et al., 2007). Higher values were also reported in Korea (up to 8.7 106 cells/g flesh
WW; Park and Choi, 2001), in Japan (2.25 106 cells/g flesh WW; Ishaya bay; Choi
et al., 2002) and in Spain (⋍ 5 104 cells/g flesh WW inR. decussatusfrom Galicia;
Villalba et al., 2005).
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Average prevalence of BRD symptoms during the study period (9.7%) was low
in comparison to the prevalences observed in aquaculture clams beds of North-
ern Brittanny (Brouennou, Finistère, France) that ranged between 33 and 100%
(Paillard, 1992; Paillard et al., 1997; Paillard, 2004a). Our results are in accor-
dance with previous studies performed in natural populations of Gulf of Morbi-
han (Paillard, 2004a; Lassalle et al., 2007) that found prevalences between 4 and
30%. However, no annual pattern in BRD prevalence was found and this contrasts
with the field surveys of Paillard et al. (1997) and Paillard (2004a). These studies
showed that symptomatic clams are found during all the year,but generally BRD
symptoms prevalence increases toward the beginning of the spring and decreases
towards the beginning of the summer. Low temperatures during the rising phase of
prevalence have been invoked to explain this pattern (Paillard et al., 1997, 2004;
Paillard, 2004a,b). The lack of pattern observed in our study may be explained by
the low prevalence and intensity of BRD during the studied period : 80% of the
symptomatic clams had a CDS of 3 or less, stage at which the extend of the brown
deposit is localised to small area of the inner shell (Paillard and Maes, 1994))

Size-prevalence relationships The positive relationships between size and preva-
lence for both diseases correspond to the general pattern observed for most para-
sites in filter feeder bivalves (Guralnick et al., 2004). This pattern has already been
shown for theP. marinus/C. virginica(Andrews and Hewatt, 1957) andP. olseni/R.
decussatusinteractions (Villalba et al., 2005). The explanation of such a pattern lies
in both an increased filtration rate in biggest individuals and an accumulation of the
parasite during life span, these processes leading to an increase of prevalence and
infection intensity with size (Andrews and Hewatt, 1957; Guralnick et al., 2004;
Villalba et al., 2005). Nevertheless, another interpretation for the size–BRD preva-
lence relationship have been given in Flye-Sainte-Marie etal. (2008): increased
body surface area with size could lead to higher probabilityof contact with big
sediment grains that may induce disruptions and subsequently a potential entry for
the pathogenV. tapetis.

Relations between hemocyte parameters and diseasesHigh Perkinsussp. in-
fection significantly increased granulocyte concentration and consequently THC in
highly infected individuals (> 100 000Perkinsussp. cells/g gill WW). This result is
contradictory with those of Ordás et al. (2000) who found a decrease of THC inR.
decussatusinfected byP. olseni. Nevertheless, augmentation of circulating hemo-
cytes have been widely documented inC. virginicaheavily infected byP. marinus
(seee.g.Anderson et al., 1992; Chu and La Peyre, 1993; Anderson et al., 1995;
La Peyre et al., 1995; Anderson et al., 1996). These authors suggest that this in-
crease reflects a mobilisation/production of hemocytes to counteractPerkinsussp.
development. In our study, highP. olseniinfection also significantly reduced hemo-
cyte phagocytosis percentage which is in accordance with previous studies who
showed an inability ofR. decussatushemocyte to phagocyteP. olsenizoospores
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(Lopez et al., 1997) and a decrease in percentage of phagocytosis in P. olseni-
infectedR. decussatus(Ordás et al., 2000). Although Muñoz et al. (2006) showed
an increase in the PO activity inR. decussatuslowly and moderately infected byP.
olseni, no significant effect ofPerkinsussp. on this parameter could be found from
our data.

In this study, BRD had no significant influence on any of the hemocyte parame-
ters. These results contrast with previous experimental studies which showed that
(1) V. tapetisinoculation induces an increase in THC (Paillard et al., 1994; Allam
et al., 2000, 2006; Paillard, 2004b), (2) a decrease in phagocytic activity (Allam
et al., 2002b; Allam and Ford, 2006), and (3) an increase of dead cell percent-
age (Allam et al., 2000; Allam and Ford, 2006; Allam et al., 2006). Symptoms of
BRD results of the interaction between the bacteria and the clam over time. Exper-
imental infection may uncouple bacterial burden and symptoms (brown deposit).
In these conditions, effect on hemocyte system may be detected before apparition
of symptoms. Thus, discrepancy between the above experimental observations and
our results may be explained by the low natural infection intensity, presumably as-
sociated to a lowV. tapetisburden. Consistently with our study, Reid et al. (2003)
experimental work failed to find any significant effect of BRDon PO activity.

Allam et al. (2001) experimental study suggested that higher granulocyte concen-
tration may be related to a higher resistance to BRD. Interestingly, in our study,
granulocyte concentration significantly varied but BRD prevalence was not lower
when granulocyte concentration was high. Granulocyte concentration significantly
increased with size/age but prevalence and size were also correlated. Thus, it was
not possible to link a high granulocyte concentration with any variation of BRD
prevalence. This observation is consistent with Reid et al.(2003) who indicated
that increased hemocyte population did not appear to have a direct role in reduc-
ing BRD levels. This suggests that association of resistance to BRD and hemocyte
parameters is not straightforward.

Diseases and condition index Low infection intensities of both diseases ob-
served during the studied period explains that condition index was not affected in
infected individuals. These results are consistent with previous studies indicating
that both diseases are susceptible to interfere with energybalance and to affect con-
dition index (Leite et al., 2004; Park et al., 2006; Flye-Sainte-Marie et al., 2007b)
only at high infection intensities.

4.4 Variability of hemocyte parameters in the field

Consistently with previous studies, this multiparametricfield study emphasizes that
part of the variability of the hemocyte system of bivalves isattributable to en-
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vironmental and internal factors as well as diseases. Temperature was the only
environmental factor explaining seasonal variations of some of the hemocyte pa-
rameters and contributed to 10% of the variability of granulocyte concentration.
Effect of size/age on hemocyte parameters have been poorly described in literature
(Carballal et al., 1997; Lopez et al., 1997; Carballal et al., 1998; Barracco et al.,
1999). It was nevertheless the factor both affecting most ofthe measured hemo-
cyte parameters and significantly contributing to the explanation of the variability
of hemocyte system. Interestingly, although links betweendisease and hemocyte
system has been extensively described in the literature these links were little con-
firmed in our study. In accordance with Adamo (2004), this study emphasizes that
the measures of hemocyte parameters cannot directly be interpreted as measure-
ment of immunocompetence (i.e.capacity of defence against a pathogen).

Although this study identified factors that significantly affected the hemocyte sys-
tem, these factors only explained little of the overall variability of the hemocyte
parameters. For the mostly explained parameter (granulocyte concentration) only
16.4% of the variance could be explained from the measured factors. Part of the un-
explained variability can be attributed to unexplained month to month variations,
suggesting that other environmental factors than temperature, salinity or trophic re-
source may modulate the hemocyte system. Effect of contaminants and toxic algae
on hemocyte system of bivalves have been described in literature (seee.g.Oliver
et al., 2001; Auffret et al., 2004, 2006; Hégaret and Wikfors, 2005b,a; Hégaret
et al., 2007) and could explain these month to month variations. Most of the vari-
ability of the hemocyte system could be attributed to inter–individual differences
and thus could not be associated with any parameter that we measured. Ashton-
Alcox and Ford (1998) suggested that variability in molluscan hemocytes could
be more immediately linked to individual metabolic condition than to an inabil-
ity to buffer hemolymph against external ambient conditions. In the past 30 years,
many authors have studied the link between hemocyte system and disease and thus
tending to reduce the role of hemocyte system to immune functions. Nevertheless,
although poorly documented, there are evidences of implication of hemocyte sys-
tem in various other functions such as nutrition, wound repair, inflamation (Fisher,
1986; Cheng, 1996) and shell reparation and mineralization(Fisher, 1986, 2004;
Mount et al., 2004). This study emphasizes the need for a better understanding
of the various functions of the hemocyte system and how does the requirements
of these functions control the hemocyte system. Such a knowledge is necessary
to better understand the linkages between environment, bivalve metabolic status,
hemocyte system and disease development, and to use of bivalve hemocyte param-
eters as environmental biomarkers.
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