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Impact of Brown Ring Disease on the energy budget of the
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Abstract

Brown Ring Disease (BRD) is a bacterial disease caused hyath®gen\Vibrio tapetis The disease
induces formation of a brown deposit on inner shell of the Matiam, Ruditapes philippinarumDevel-
opment of this disease is correlated with a decrease in tiditamn index of infected clams. Experiments
were conduced in order to assess the effect of the develdmh&RD on two parameters affecting the
energy balance of the clams: the clearance and the respirates. Experiments were performed in
a physiological measurement system that allowed simu@eneasures of clearance and respiration
rates. During both acclimation and measurements clams fgdrevith culturedT-iso and temperature
was close to seasonal field temperature Q)0 Our results showed that severely diseased clams (conchi
olin deposit stage, CDS 4) are subject to weight loss in comparison to uninfected pinelicating that
BRD induces a desequilibrium in the energy balance. We dsetraird a reduction of the clearance rate
of severely diseased clams which led to a decrease in eneggisiion. Respiration rate showed asignif-
icant decrease with BRD symptoms, but evidence in the tilezzallowed us to hypothesize that energy
mobilised for an immune response and lesion repair inceeagerall organism maintenance costs. Both
factors should thus contribute to the degradation of theggrgalance of diseased clams. Because effects
of BRD on naturally infected clams only appears significamt@DS > 4, when brown ring assumes a
significant place on the inner shell, we consider that theilatam is tolerant of low disease levels.
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1 Introduction

Brown Ring Disease (BRD) in the Manila clafRuditapes philippinarumwas first observed
in North Finistere (France) in 1987 (Paillard et al., 198%)d can be responsible for mass
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mortalities (see e.g. Paillard et al., 1989; Castro et 8b21 Paillard, 1992, 2004b). This disease
was shown to be caused byibrio sp. (Paillard and Maes, 1990), which was nanvéatio
tapetis(Borrego et al., 1996b). The infection disrupts the promuncof periostracal lamina and
causes an anomalous deposition of periostracum on the stwedirof infected clams (Paillard
and Maes, 1995a,b). Infected clams thus exhibit a charsiitebrown deposit on the inner
surface of the valves (Paillard et al., 1989) that gave teeatie its name. Disease progression
is estimated by the extent of the symptomatic deposit dedrty Paillard and Maes (1994).
Infected clams show depressed defence-associated iastiAllam et al., 2000; Paillard et al.,
2004). The effects of BRD on Manila clams have been reviewedntly by Paillard (2004b).

Different studies of marine bivalve infections by pathogand/or parasites have shown reduc-
tion in reproduction efficiency, condition and growth. Thietpzoan parasitBerkinsus marinus
significantly reduces growth rate, condition index and gagenesis of its hosCrassostrea
virginica (Kennedy et al., 1995; Paytner, 1996; Dittman et al., 208KXimilar pattern has also
been shown foPerkinsus olsenin the clamTapes decussatysee review in Villalba et al.,
2004). The latter parasite also reduces the reproductitgubof R. philippinarum(Ngo and
Choi, 2004; Park et al., 2004). The ascetosporan pardspdosporidium nelsorilso inhibits
gametogenesis and reduces condition and glycogen res®ritseost, the oyste€. virginica
(Barber et al., 1988a,b; Ford and Figueras, 1988). Thes#sedlowed the authors to conclude
that infection induces an alteration of the host’s energyget. Nevertheless, few studies have
been performed to document the influence of pathogens apdrasites on components of the
energy budget of bivalves such as food consumption and wietab The influence of the par-
asitism by the gastropoBoonea impressan these parameters in the oystervirginica was
documented by Ward and Langdon (1986) and Gale et al. (19B#&)effects oP. olsenion food
consumption and metabolism d&pes decussatwsere documented in Casas (2002). Newell
(1985) showed that the infection by the parakitglosporidium nelsormeduced clearance rate
but does not affect oxygen comsumption rate of the Bostrginica

Experimental infections of Manila clams Mbrio tapetisinduced development of BRD, weight
loss and depletion of glycogen reserves, suggesting agetiecost of the disease (Plana, 1995;
Plana et al., 1996). In the field, Goulletquer (1989) alsmatbthat winter mass mortalities of
Manila clams were associated with low condition index angtggien reserves. These mor-
talities were subsequently associated with BRD and Pdil4992) demonstrated that BRD
infected Manila clams exhibited low condition index. Allete results lead to the conclusion
that the development of BRD affects the energy balance oMaeila clam. The aim of this
physiological study was to document the influence of the ldgveent of BRD on two compo-
nents of the energy budget of naturally infected Manila dathe clearance rate, a parameter
involved in energy acquisition, and the respiration ragéélecting the overall metabolism of the
Manila clam.
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2 Materials and methods

2.1 Biological material and acclimation procedure

Manila clams,R. philippinarum were provided by th&ATMAR hatchery and were grown in
the Chausey Islands (Manche, France). Clams ranging fromv370 50mm were then trans-
ferred to Landéda (North Finistere, France) during autuf®b2By early January 2006, BRD
prevalence was 50%.

Samples were collected at low tide and transferregkEMER Argenton Shellfish Laboratory
(North Finistére, France) on 13 January, and 2 and 28 Fehrd@06. As gametogenesis is
initiated at 12C in this species (Laruelle et al., 1994), clams from thedls@mples had empty
gonads. Once in the laboratory, clams (37 tab0 length) were held in flow-through tanks
in sieves containing field sediment. Tanks were supplietl thiermoregulated, filtered (1m)
seawater enriched in cultured microaldaechrysis aff. galbana (T.isopalinity (35 %a) and
temperature (1) were kept constant during all experiments and were nesedsonal field
conditions (field average temperature measured at Landé@®dhe experimental period was
9°C). Minimal acclimation time of one week before measuremevds respected in order to
limit influence of the stress due transfer from field to lalb@na on our measurements. We
limited acclimation time to a maximum of 4 weeks to avoid mgp@an processes or further
development of BRD symptoms in laboratory conditions.

2.2 Physiological measurements

2.2.1 Physiological measurement system

Ecophysiological measurements were performed inkreMER Argenton Shellfish Labora-
tory, which is equipped with an experimental apparatusaatig the simultaneous monitoring
of clearance rate({R, L h') and respiration rate{R, mgO, h~') in individual flow-through
chambers, for seven individuals at a time (Savina and Pauy2004).

The apparatus consists of eight flow-through transparesinblers each having a volume of
1.2L, (Fig.1 B) filled with 370y of sand. Sand was sieved omin mesh to avoid recirculation
of small particles in the system and bakedl 4t 450C to limit bacterial metabolism in the
chambers. The first chamber (C0) was used as a control, tha sévers (C1-C7) contained an-
imals. Upstream water was thermoregulated, filtered(}, and enriched with cultivated algae
at a controlled concentration by means of a peristaltic pubhe flow rate through the cham-
bers was controlled using manual flow meters (FMO to FM7). Jemrature, oxygen concentra-
tion and fluorescence were monitored alternately in theawitfig water of each chamber using
an oxygen—meter(f,; WTW sensor) and a fluorometer (F; Seapoint sensor). Dataneg by
these sensors were collected by the controller and sentamauter via a local area network.
The controller controlled the valves that shunted watelitttee the measurement probes or to
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waste. The system allowed sampling of out-flowing water fotiple counts.
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seawater
Y Micro-algae
(peristaltic pump)
Web
&
co Cl c2 Cc3 C4 C5 Cc6 c7
Controller

Vo Vi1 V2 V3 va V5 V6

A 4 {7 A4 A4 A4 A4 {Y

DRAINING OF WATER

Outflowing water

Inflowing water

Sediment

Fig. 1. The ecophysiological measurement system. A: Geviera (C: chamber, FM: manual flow meter,
V: valve, T: temperature sens@py: oxygen sensor, FL: fluorometer); B: individual chamber.

2.2.2 Experimental conditions

A total of 15 experiments was performed between 15 Januah®8rMarch 2006. For all ex-
periments, conditions were similar. Temperature varigsvben 9.6 and 10°€ and cultured
algae concentrationgochrysis aff. galbana; T-igan inflowing water was set to 5&lls uL~*.
Preliminary experiments (unpublished data) showed thatatlga concentration was below the
pseudofaeces production threshold Rarphilippinarum No pseudofaeces production was ob-
served in any experiment thus ingestion rate was equividdiitration rate.
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2.2.3 Measurement procedure

For each experiment, individuals were placed in one of tgatendividual chambers. A time
interval of at least 2 between the transfer of clams to the chambers and the bagirii
any measurements allowed the clams to return to a normaitgciihis time was chosen af-
ter preliminary experiments which showed that clams weresisbently active 2 after being
transferred to the chambers. The first chamber was used agraland had sediment but no
clams. Flow rate in the chambers was constant and equal #/6.7. This value was chosen
after preliminary tests and allowed measurement of theinsgm rate, while preventing the
clam from removing too much algae. Experimental chambers wgccessively measured con-
tinuously for 5min. Prior to each experimental chamber measurement, theotachamber was
continuously measured for@in. Between each measurement af# interval with no mea-
surement allowed water from the next chamber to reach theosenrhis resulted in a record
every 2h and 20min for each animal.

Every day, a new alga culture was used. Because the contbemwéthe culture varied, the flow
rate of the peristaltic pump was adjusted to provide an algatentration of 50ells uL~'. Ev-
ery day, excurrent water samples were collected for celhting (Coulter counter, multisizer),
which allowed an intercalibration between fluorescencecaticconcentration.

Characterization and classification of the BRD symptom iregwobservation of the inner sur-
face of the clam shell (Paillard and Maes, 1994). Although tian be done in living clams,
it is stressful (Ford and Paillard, 2006). As a consequetiiegnosis of BRD had to be done
after the physiological measurements. Rhythmic variationactivity are well documented in
bivalves (e.g. Bougrier et al., 1998; Kim et al., 2003; Onimand Greishaber, 2003; Rodland
et al., 2006), including the Manila clam (Kim et al., 19990202004). They must be taken
into account in order to obtain reliable individual measoeats of clearance rate and respi-
ration rate. A preliminary experiment was performed to datee the minimum experimental
time needed to integrate these variations of activity. & warformed over 5 days under the ex-
perimental conditions cited above. After each respiratada and clearance rate measurement,
the average values were calculated from the beginning oéxperiment. For both respiration
and clearance rate, in all measured individuals, the aeestapilized after 48. Thus 48 was
assumed to be the minimum experimental time needed to ofm@asures that would reliably
integrate variations in the activity of Manila clams.

2.3 Ecophysiological data processing

2.3.1 Average clearance rate

For each record, average values of the fluorescence of themffivater from the control and
from the experimental chamber were calculated. For eachoaediveulture, water-sample cell
concentrations were measured using the Coulter Countdidizelr 3 to allow the calculation of
a regression equation between fluorescence and cell coattent Using this equation, average
fluorescence values were converted to cell concentratidhs (C—1). Then, for each record, the
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clearance rate{R, L h~') was calculated following the equation (Hildreth and Cyritp76):

C.—C,

CR = c

x FR (1)

whereC, is the cell concentration:¢/ls L) in the effluent water from the control chambet,

is the cell concentratiore¢/ls L~') in the effluent water from the measured animal chamber and
FRis the flow rate { h~') through the chambers. The average of all records (c.a.@kds

per animal) was then calculated for each animal.

2.3.2 Average respiration rate

For each record, average values of the oxygen concentrafitime effluent water from the
control and from the experimental chamber were calculafiéén, the oxygen consumption
rate RR, mg O, h~') was calculated following the equation:

RR = (0, —0,) x FR )

whereO. is the oxygenig O, L~!) in the effluent water from the control chambéy, is the
oxygen (ng O, L™1) in the effluent water from the measured animal chamber/aRds the
flow rate (L h~') through the chamber. Then the average of all records (¢.ae@rds per
animal) was then calculated for each animal.

2.3.3 Maximum clearance rate

Our measurement procedure allowed us to examine instamtameeasurements of clearance
rate (e.g. each of the 21 records). Maximum clearance rasedefined as the average of the
three highest values obtained in the 21 records. Maximuarahee rate provides information
about the filtration capacity of the clams, and permits dhisicration between the impact of
BRD on behaviour and that on physiological capacities.

2.3.4 Filtration and respiration—time activity

Filtration—time activity (FTA) and respiration—time adty (RTA) are defined as the propor-
tion of time spent in the activity of filtration and respi@tirespectively (Bougrier et al., 1998;
Huvet, 2000). Following Savina and Pouvreau (2004), FTARMm4 were calculated for each
individual as the ratio between the number of records shgwimeasurable filtration or res-
piration activity and the total number of records. Thesai@alprovide information about the
behaviour of the clams.
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2.3.5 Standardisation of clearance and respiration rates

In order to compare values obtained for different size iitligls, clearance and respiration rates
were corrected for weight differences between individé@lswing the formula of Bayne et al.
(1987):

)’ x Y, (3)

WereY; is the physiological rate for an individual of standard sdey weightV , Y, is the
measured physiological rate for an individual of shell dmight 11, andb the weight expo-
nent for the physiological rate function. Clearance angiration rates were standardised for a
clam with a shell dry weight of1 g (corresponding to a length dB.9 mm). Considering that
filtration and respiration processes scale with somatsuésveight and that BRD may induce
a loss of reserves rather than somatic tissue, shell dryhiveigs used as a proxy of somatic
weight for correction of physiological rates for size. R®wvs concerning weight exponents cal-
culated for several bivalves (Pouvreau et al., 1999; SaamthPouvreau, 2004, for clearance
and respiration, respectively) showed that average weigianents are generally around 2/3 for
clearance and 3/4 for respiration. These values were thaseolfor standardisation of clearance
and respiration rates respectively.

2.4 Biological sample treatment

2.4.1 Condition index

After each experiment, clams were individually numberegsHlwas removed from the shell,
freeze-dried to constant mass (48h) and weighed. Shells measured along the maximum
length axis, dried and weighed. Condition indéX{ was calculated following

_ Flesh Dry Weight

Cl =
Shell Dry Weight

x 100 (4)

2.4.2 Characterisation and classification of BRD syndrome

Disease stage was classified according to the descriptiailtdrd and Maes (1994). According
to these authors, conchiolin deposit stage (CDS) range fmenoscopic brown spots on the
inner face of the shell in the earliest stage (CDS 1) to a cetaghick brown ring in the most
advanced stage (CDS 7).
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2.4.3 Statistical analysis

Statistical analysis were performed using the R softwar®éRelopment Core Team, 2006).
ANOVA was used to test the effect of BRD development stageSioih measured physiological
rates after checking homoscedasticity (Barttlet test)c&FTA and RTA are ratios, data were
arcsin—transformed and the same procedure used.

3 Results

3.1 Effect of BRD stage on condition index

Development of BRD symptoms was associated with a weigktdbshe clams. Condition in-
dex decreased as the severity of BRD symptoms increased?f-ighere were significant dif-
ferences of condition index among CDS levels (ANOVAyalue=12.89P-value=1.7 10~!1).
In clams with CDS > 4, condition index was 27 to 35 % less tha ¢ asymptomatic (CDS =
0) clams (HSD TukeyR-value < 0.05, see Fig. 2); however there were no significdierednces
between clams in CDS=0 and in those in CDS=1-4.

00 A

Condition Index

CDS

Fig. 2. Relationship of mean condition index (me&rSE) with conchiolin deposit stage (CDS). p is the
HSD TukeyP-value for the comparison with CDS=0. n = number of individua each CDS class.

3.2 Effect of BRD stage on respiration rate

Respiration rate decreased with the extent of BRD developiiég. 3) and was significantly
lower for clams with CDS> 5 in comparison to asymptomatic (CDS=0) ones (ANOWA,
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value=4.86,P-value=1.110~%; HSD Tukey,P-value < 0.05, see Fig. 3 ). No clear effect of
BRD was found for respiration—time activity.

0.6

0.5

0.2

L p=0.001

p=0.039
p=0.006

Respiration rate (mg O, h*)
0.3
®

0.0

0 1 2 3 4 5 6 7
CDS
Fig. 3. Relationship of mean respiration rate (megaSE) with conchiolin deposit stage (CDS). p is the

HSD TukeyP-value for the comparison with CDS=0. The number of indigilduin each CDS class is
indicated in Fig. 2.

3.3 Effect of BRD stage on clearance rate

Average clearance rate was negatively affected by the dewetnt of the brown ring symptom
(Fig. 4). The clearance rate of clams with CBS! was significantly lower than that of asymp-
tomatic (CDS=0) clams (ANOVAF-value=9.01,P-value=2.010-8; HSD Tukey,P-value <
0.05, see Fig. 4). The clearance rate of the former was 45%%ol6wer compared to latter.

Maximum clearance decreased with the development of BRDp&yms (Fig. 5), and was sig-
nificantly lower in clams with CDS> 4 compared to asymptomatic ones (CDS = 0) (ANOVA,
F-value=8.35P-value=7.4 10~%; HSD Tukey,P-value < 0.05, see Fig. 5). Maximum clearance
rate in the former decreased between 41% and 56% in compaasatter, thus suggesting that
filtration capacity is affected by the development of BRD.

Filtration—time activity was also negatively affected e tdevelopment of BRD (Fig. 6). In
individuals with CDS> 4, FTA was significantly lower than for asymptomatic indwads
(ANOVA, F-value=6.40P-value=3.810~% HSD Tukey,P-value < 0.05, see. Fig. 6 ) except
for individuals with CDS = 6 (HSD Tukeyr-value > 0.05, see. Fig. 6 ) presumably because of
the low number of individuals (n=6). On average, individuaith CDS < 4 spent between 80
and 95% in filtration activity, whereas severely diseasessd@DS> 4) spent between 67 and
59%.
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Fig. 4. Relationship of mean clearance rate (m&a8E) with conchiolin deposit stage (CDS). p is the
HSD TukeyP-value for the comparison with CDS=0. The number of indiaiduin each CDS class is
indicated in Fig. 2.
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Fig. 5. Relationship of mean maximum clearance rate (e&i) with conchiolin deposit stage (CDS).
p is the HSD TukeyP-value for the comparison with CDS=0. The number of indialduin each CDS
class is indicated in Fig. 2.

4 Discussion

Effect of BRD development on the Manila clam energy budget Clams with high CDS (>
4) exhibited a decrease of 27% to 35% in their condition indadicating significant weight

10
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Fig. 6. Relationship of filtration—time activity (FTA; meah SE) with conchiolin deposit stage (CDS).
p is the HSD TukeyP-value for the comparison with CDS=0. The number of indialdun each CDS
class is indicated in Fig. 2.

loss associated with the disease. These results are indaowa with Goulletquer (1989), who
showed that winter mortalities in Manila clams along thenere Atlantic coast in the 1980s
were associated with a decrease in the condition index atieeiglycogen reserves, wich con-
stitute the main energy reserves for bivalves (see revigvzabbot, 1976, 1983; Lucas, 1993).
These winter mortalities were subsequently attributedR@BPaillard, 1992). Our results also
confirm the observations of Plana (1995) and Plana et al6)1 980 showed that Manila clams
experimentally infected byibrio tapetisshowed a significant decrease in dry weight and glyco-
gen reserves in comparison to uninfected individuals. Inmaeivalves, weight loss associated
with microparasite infection is a general pattertaplosporidium nelsonand Perkinus mari-
nusinfections have been shown to reduce condition of the BastgsterCrassostrea virginica
(see e.g. Barber et al., 1988a; Paytner, 19B6dlseniwas also shown to reduce condition in
the clamsTapes decussatifsee. review in Villalba et al., 2004) aRuditapes philippinarum
(Park et al., 1999). Our results show that BRD, as is the cébeother pathological conditions,
affects the energy budget of the Manila clam.

Effects of BRD development on filtration activity A first source of alteration of the energy
budget of infected Manila clams is the decrease of the aearlgrance rate. Clams exhibiting
elevated CDSX* 4) showed a 45% to 62% decrease in their clearance rate, dtosasing the
energy input. Maximum clearance rates are significantlycadd by the development of BRD
also, which tends to show that filtration capacity is affddig BRD. Different explanations can
be hypothesized to explain this decrease in the filtratigacity.

(1) Vibrio tapetis the etiologic agent of BRD, could induce gills lesions theatuld affect
filtration ability. Such gills lesion were found in Manilaachs populations experiencing

11
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winter mortalities in British Columbia by (Bower, 1992),tiihese mortalities were not
linked to BRD. Moreover gills lesions have never been asdgediwith the development of
this disease (Paillard, unpublished observations).

(2) Another explanation is that gill activity could be inftdd by a factor secreted byib-
rio tapetis McHenery and Birkbeck (1986) showed that suspensions ahmaibrios {.
anguillarumandV. fisher) inhibited filtration by adultMytilus edulis These authors hy-
pothesized the involvement of an inhibitory surface or st factor, which inhibited gill
ciliary activity, to explain this phenomenon. Secretiontafins has been shown for dif-
ferent pathogeniibrio species. Labreuche et al. (2006) showed thhtio aesturianus
extracellular products (ECP) induced an inhibition in pp@gdic and adhesive capabilities
of Crassostrea gigaBaemocytes. These authors concluded that an importantiptme
pathogenicity of this bacteria is attributable\orio aesturianusextracellular products.
Vibrio tapetisECP have been shown to induce vacuolization, roundingyking, detach-
ing, and finally, destruction of fish cultured cells (Borregfoal., 1996a) and to inhibit
adhesion properties d?. philippinarumhaemocytes (Choquet, 2004). The existence of
deleterious ECP effects by tapetissupports the hypothesis that filtration activity could
be inhibited by one or more factors produced by this baateriu

(3) Goulletquer et al. (1989) showed that the siphons of slaith heavy brown ring deposit
tend to remain retracted and to maintain them at‘aadfgle rather than vertically. This in-
terference could thus decrease the pumping efficiencyh&umtore, these authors showed
that thickness of the brown depositinduces a lack of tigsgmé pallial cavity, which could
contribute to the degradation of the filter—pump efficiefidyus a mechanical interference
could be hypothesized to explain decreased filtration égpac

Considering that the effects of BRD on filtration become Bigant only at CDS> 4, when
the brown deposit assumes a significant place on the inndrsshréace (Paillard and Maes,
1994) and that the relationship betweénapetisdensities and CDS is higly variable, as high
tapetisconcentrations can be found in clams with low CDS (Paillargbublished data) the latter
hypothesis appears most consistent with available dathelfield, Manila clams live mainly in
the intertidal zone and filtration is not possible during lbeke. Moreover, food concentration
may vary with the tidal cycle and over short time scales (Sraad Haas, 1997; Smaal and
Zurburg, 1997). Consequently, for such an intertidal lvgafood is available during a limited
period only; thus, decreased filtration capacity should teaa pronounced loss of efficiency in
the exploitation of available trophic resources.

Our results also show that filtration behaviour is affectgdhz development of BRD because
filtration—time activity is reduced in clams with CDS 4. Ward and Langdon (1986) showed
that physical irritation of the mantle by the parasitic gagbd Boonea impressanduces fre-
guent valve adductions iGrassostrea virginicaesulting in a decreased clearance rate. The
presence of a thick conchiolin deposit along the shell nmangay similarly cause an irritation
that reduces time spent in filtration activity. Finally, lawing activity has been shown to be
affected in strongly diseased clams (Goulletquer et aB91®aillard, 1992). We can thus hy-
pothesize that the development of BRD induces an inhibiticthe overall activity of diseased
clams.

12
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This study shows that decrease in the average clearanaaf Mtila clams with CDS> 4 can
be attributed both to a decrease in the filtration capacityeachange in the filtration behaviour.
Plana and Le Pennec (1991) and Plana (1995) showed that BiRIdes a degeneration of
the digestive diverticula and concluded that digestiortieificy may be negatively affected by
development of BRD. Such a decrease in the average clearaigceombined with a possible
loss in digestion efficiency translate into reduced enemgwi that explains part of the observed
weight loss linked to BRD development.

Effects of BRD development on overall metabolism Respiration rate decreased with the de-
velopment of BRD symptoms. Highly diseased clams (CBS) had lower respiration rates
than asymptomatic ones. As feeeding rate is depressed sditiee CDS levels, this decrease in
oxygen consumption could be interpreted as a compensadugtion of metabolic rate. Nev-
ertheless, feeding processes may be associated with amtanpenergy expenditure (Bayne,
2004) because digestion and absorption may amount to 1562886 total energy expenditure
(Widdows and Hawkins, 1989); moreover feeding in bivahedeépendent on the secretion of
mucus (Beninger and Venoit, 1999). Thus, part of the respiraneasured during our experi-
ments may be attributable to the feeding processes. Thierpsin this decrease of respiration
rate at CDS-5, when filtration was reduced.

Furthermore, Plana et al. (1996) and Plana (1995) preseniddnce suggesting that starved
Manila clams experimentally infected by tapetislost weight at a greater rate than did unin-
fected control clams. This differential weight loss andrggelepletion could not be explained

by a difference in energy acquisition since both groups wtae/ed. Rather, these results sug-
gest an extra energy expenditure linked to the infectionthnsg other explanations for the effect

of BRD on the clam’s energy budget should be considered:

(1) Energy is required for the growth of thébrio tapetispopulation which is normally re-
stricted to the extrapallial fluids. This bacteria, was shdw have a high growth rate
(0.84 A1) when cultured in Manila clam extrapallial fluids (Habenkp005). Taking
into account this growth rate, the average bacterial bumlentrapallial fluids at CDS=7
(2.2510° cells mi~'; measured by ELISA test; Paillard, unpublished data) andrexc
value of yield efficiency for microrganisms (0.024 W produced pef J consumed; cal-
culated from Prochazka et al., 1970), the energy consumpfitheV. tapetispopulation
for its growth was estimated as less than 1% of the metalgodisergy (respiration) of the
clam. This value may be overestimated because growth rate was obtained at 28,
temperature which is near to the thermal growth optimu. ¢petis(Haberkorn, 2005).
This rough estimate allows us to conclude that the host griess due to thé/. tapetis
population growth is very low and can not explain the weigisisland reserve depletion
observed by Plana et al. (1996) and Plana (1995). Choi €989 showed that, for heav-
ily infected oyster€rassotrea virginicathe protozoan parasii marinusconsumes more
energy than the oyster has available after meeting its ovtalmoéc needs. This difference
can be explained by the fact that, in the case of BRD, the paisabiomass relative to the
host’s biomass is much lower.

(2) Lesions have been observed in the digestive gland andainde of highly infected clams
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(Paillard, 1992; Plana and Le Pennec, 1991; Plana, 199a#@aR004b); thus, an energy
demand could be associated with cell repair functions aearahce of damaged tissues.
However, such processes are difficult to assess, althowgh th evidence for their en-
ergetic cost (Freitak et al., 2003; Romanyukha et al., 208f)energetic cost may also
be associated with production of the symptomatic conahidéposit. Conchiolin being
mainly composed of proteins (Goulletquer et al., 1989)pitsduction may also be ener-
getically costly. Nevertheless, the dynamic of this prdotucremains poorly known and
can’t be precisely estimated.

(3) The energy mobilised for the development of immunolabjiesponse to the pathogen (see
reviews in Paillard, 2004b,a) may deplete reserves. Thaloét cost of immunity is dif-
ficult to assess during an immune challenge (Schmid-Her2p6B) and very few studies
exist that show evidence of the energetic trade-off amongunity and other competing
physiological and behavioral functions in molluscs. Aatien cost of the response of im-
mune system has been convincingly demonstrated in a widgerahanimals and uses
up a tangible part of an organism’s energy budget (see rdwechmid-Hempel, 2003).
In mammals (Lochmiller and Deerenberg, 2000) the metalwolgts of mounting an im-
mune response range from about 10% up to 30% of the restingowiet rate; in birds,
an increase in basal metabolic activity of 9% has been medsuaorrelated with a 3%
weight loss (Kerimov et al., 2001). Butterfly pupae raisesirtetandard metabolic rate 8%
when both humoral and cellular immune responses leadingelamzation are induced
(Freitak et al., 2003). Development of BRD may induce an getarally costly response
of the clam’s immune system in the context of the trade-offfaspt, coupled to finite en-
ergy inputs and reserves that must be allocated to a widetyasf competing biological
functions. Furthermore, shell reparation by calcificanbthe conchiolin deposit has been
documented (Paillard and Maes, 1994). An energy demandl ¢ous be associated with
shell repair functions. Palmer (1992) emphasized that thie @nergetic cost of produc-
tion of shell in marine molluscs can be attributed to shejbmic matrix. Goulletquer and
Wolowicz (1989) showed that the shell matrix accounts f@%-of the total shell weight
in the Manila clam. Consequently, the energetic cost ofl sephir is probably not very
high.

All these energetic costs are included in the organism’sadvmaintenance costs and should
lead to variations in the basal metabolism. Further measemés of respiration rate on starving
animals are needed to document the influence of BRD develoijponehe basal metabolism of
R. philippinarum

Conclusions In conclusion, the present study shows that in naturallgdtgd clams, the ob-
served effects of BRD become significant only for CBS!, when the conchiolin deposit as-
sumes a significant place on the inner shell surface. Thihasipe that the energetic cost of
BRD is dependent on the intensity of the symptoms. Alteratibthe energy balance of the
Manila clams by the presence ¥f tapetiscan be summarized by the scheme in Fig. 7. One
primary way in which the energy balance is affected is theaese in the energy inputs through
a degradation of the filtration capacity and a modificatiotheffiltration behaviour. A second
way may be an increase in maintenance costs, due to the dgfemmesses induced against the
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Fig. 7. Energetics of Manila clamVibrio tapetisinteractions. Althought a small amount of energy is
required forV. tapetispopulation growth, the energy balance of the Manila clamalterated by the
development of BRD through two main ways: (1) interferencgt wnergy acquisition by a decrease in
the filtration capacity and a modification of the filtratiorhagiour and (2) increased maintenance costs.

pathogen. Further investigations are needed to deterinéneetative contribution of these two
factors on the overall degradation of the host energy budget

Aknowledgements

This work was funded by Région Bretagrer(R MODELMAB program). The authors thank
SATMAR for furnishing clams for these experiments, and PierrickSoeichu, Isabelle Quéau,
Mathieu Lajeunesse and Magali Hervy from Station Expérimmlend’ ArgentoniIFREMER for
their technical help, Sophie Miezkin for her help and Nelly Goic fromLEMAR for BRD
diagnosis. The authors also thank Susan E. Ford for ctiticaliewing this paper. This is
IUEM contribution r? XXXXX.

References
Allam, B., Paillard, C., Howard, A., Le Pennec, M., 2000.lémn of the pathogerVib-

rio tapetisand defense parameters in brown ring diseased Manila cRoditapes philip-
pinarum culivated in England. Dis. Aquat. Org. 41, 105-113.

15



hal-00452254, version 1 - 2 Feb 2010

Barber, B. J., Ford, S. E., Haskin, H. H., 1988a. Effects effiarasite MSXHKaplosporidium
nelson) on oyster Crassostrea virginicaenergy metabolism. I. Condition index and relative
fecundity. Journal of Shellfish Research 7, 25-31.

Barber, B. J., Ford, S. E., Haskin, H. H., 1988b. Effects efpharasite MSXHKaplosporidium
nelson) on oyster Crassostrea virginicaenergy metabolism. II: Tissue biochemical compo-
sition. Comp. Biochem. Physiol. 91 (3), 603—-608.

Bayne, B. L., 2004. Phenotypic flexibility and physiolodittadeoffs in the feeding and growth
of marine bivalve molluscs. Integr. Comp. Biol. 44, 425-432

Bayne, B. L., Hawkins, A. J. S., Navarro, E., 1987. Feedimf@digestion by the mussdéWytilus
edulisL. (Bivalvia: Mollusca) in mixtures of silt and algal cell biw concentrations. J. Exp.
Mar. Biol. Ecol. 111, 1-22.

Beninger, P. G., Venoit, A., 1999. The oyster proves the Miechanism of pseudofeaces trans-
port and rejection on the mantle Gfassostrea virginicandC. gigas Mar. Ecol. Prog. Ser.
190, 179-188.

Borrego, J., Luque, A., Castro, D., Santamaria, J. A., Ma#iManzanares, E., 1996a. Viru-
lence factors olibrio P1, the causative angent of brown ring disease in the Malda,c
Ruditapes philippinarumAquat. Living Resour. 9, 125-136.

Borrego, J. J., Castro, D., Luque, A., Paillard, C., MaesGPacia, M., Ventosa, A., 1996b.
Vibrio tapetissp.nov., the causative agent of the brown ring diseasetiaffecultured clams.
Int. J. Syst. B 46, 480—484.

Bougrier, S., Collet, B., Geairon, P., Geffard, O., Héral, Deslous-Paoli, J., 1998. Respiratory
time activity of the Japonese oyst€rassostrea gigagThunberg). J. Exp. Mar. Biol. Ecol.
219, 205-216.

Bower, S. M., 1992. Winter mortalities and histopatholagyapanese littleneck$gpes philip-
pinarum(A. Adams and Reeves, 1850)] in British Columbia due to fiegzemperatures.
Journal of Shellfish Research 2, 255-263.

Casas, S. M., 2002. Estudio de la perkinsosis en la almejaTa@es decusssatlsinnaeus
1758), de Galicia. Ph.D. Thesis, University of Santiago den@ostela, Spain.

Castro, D., Martinez-Manzanares, E., Luque, A., Fouz, BariMgo, M., Borrego, J. J.,
Toranzo, A. E., 1992. Characterization of strains relatedbrown ring disease outbreaks
in southwestern spain. Dis. Aquat. Org. 14, 229-236.

Choi, K.-S., Wilason, E. A., Lewis, D. H., Powell, E. N., R&,M., 1989. The energetic cost of
Perkinsus marinuparasitism in oysters: quantification of the thioglycalatethod. Journal
of Shellfish Research 8, 125-131.

Choquet, G., 2004. Caractérisation et pathogénie dedssddv/ibrio tapetis bactérie respon-
sable de la maladie de I'anneau brun chez les palourdese TeBoctorat, Université de
Bretagne Occidentale, Brest.

Dittman, D. E., Ford, S. E., Padilla, D. K., 2001. EffectsRarkinsus marinus®n reproduc-
tion and condition of the Eastern oyst€rassostrea virginicadepend on timing. Journal of
Shellfish Research 20, 1025-1034.

Ford, S. E., Figueras, A. J., 1988. Effects of sublethaldiinda by the parasitelaplosporidium
nelsoni(MSX) on gametogenesis, spawning, and sex ratios of oyist@slaware Bay, USA.
Dis. Aquat. Org. 4, 121-133.

Ford, S. E., Paillard, C., 2006. Repeated sampling of iddi&i bivalve mollusks I: Intraindivid-
ual variability and consequences for haemolymph constituef the Manila clamRuditapes

16



hal-00452254, version 1 - 2 Feb 2010

philippinarum Fish Shellfish Immunol. XX, XX.

Freitak, D., Ots, I., Vanatoa, A., Horak, P., 2003. Immunspomse is energetically costly in
white cabbage butterfly pupae. Proc. R. Soc. B 270 (Biologtete Suppl. 2), S220-S222.

Gabbot, P. A., 1976. Energy metabolism. In: Bayne, B. (Bdgrine Mussels, their Ecology
and Physiology. Cambridge University Press, Cambridge2®4—-355.

Gabbot, P. A., 1983. Developmental and seasonal metaluiitias in marine molluscs. In:
Hochachka, P., K.M., W. (Eds.), The Mollusca, Vol 2. Envimental Biochemistry and Phys-
iology. Academic Press, New York, pp. 165-217.

Gale, L. D., Manzi, J. J., Crosby, M. P., 1991. Energeticxtsthe eastern oyst@rassostrea
virginicadue to recent parasitism by the ectoparasitic gastr@omhea impressaar. Ecol.
Prog. Ser. 79, 89-98.

Goulletquer, P., 1989. Mortalité hivernale chez la paleyaponaisdruditapes philippinarum
sur le littoral Atlantique : aspects biochimiques et ecapbipgiques. Haliotis 19, 215-226.

Goulletquer, P., Héral, M., Bechemin, C., Richard, P., 198hormal calcification in the shell
of the manila clam&uditapes philippinarunrcaracterization and comparison of amino-acid
content in different shell parts. Aquacult. 81, 169-183.

Goulletquer, P., Wolowicz, M., 1989. The shell Gardium edule Cardium glaucunandRu-
ditapes philippinarum Organic content, composition and energy value, as detecnby
different methods. J. Mar. Biol. Assoc. 132, 563-572.

Haberkorn, H., 2005. Description des paramétres de cruissale cytotoxicité et des carac-
téristiques sérologiques et génétiques d’une souchid® sp. thermotolérante. Rapport de
master, Université de Bretagne Occidentale, Quimper.

Hildreth, D., Crisp, D., 1976. A corrected formula for cdbtiion of filtration rate of bivalve
molluscs in an experimental flowing system. J. Mar. Biol. #&s2JK 56 (11), 111-120.

Huvet, A., 2000. Ressources génétiques et phylogéograj@sichuitres creusesrassostrea
gigaset C. angulata variabilité, différenciation et adaptation des popuas naturelles et
introduites. These de doctorat, Université de Tours, Tours

Kennedy, V. S., Newell, R. I. E., Krantz, G. E., Otto, S., 19B®productive capacity of the
eastern oysteCrassostrea virginicénfected with the parasiteerkinsus marinudis. Aquat.
Org. 23, 135-144.

Kerimov, A. B., Ivankina, E. V,, llyina, T. A., Horak, P., 2Q0Immune challenge affects basal
metabolic activity in wintering great tits. Proc. R. Soc. @821472), 1175-1181.

Kim, W., Huh, H., Je, J.-G., Han, K.-N., 2003. Evidence of telock control of endogenous
rhythm in the Washington clangaxidomus purpuratudarine Biology 142, 305-309.

Kim, W., Huh, H. T., Huh, S. H., Lee, J. H., 2001. Effects ofis&y on endogenous rhythm
of the the Manila clanRuditapes philippinarun{Bivalvia: Veneridae). Mar. Biol. 138, 157—
162.

Kim, W., Huh, H.T. Lee, J.-H., Rumohr, H., Koh, C., 1999. Egdaous circatidal rhythm in the
Manila clamRuditapes philippinaruniBivalvia: Veneridae). Marine Biology 134, 107-112.

Kim, W. S., Yoon, S.-J., Yang, D.-B., 2004. Effects of chigiifos on the endogenous rhythm of
the Manila clamRuditapes philippinaruniBivalvia: Veneridae). Marine Pollution Bulletin
48, 164-192.

Labreuche, Y., Soudant, P., Goncgalvez, M., Lambert, C.pl&; J.-L., 2006. Effects of ex-
tracellular products from the pathogenibrio aesturianusstrain 01/32 on the lethality and
cellular immune responses of the oystgassostrea gigadDevelopmental and Comparative

17



hal-00452254, version 1 - 2 Feb 2010

Immunology 30, 367-379.

Laruelle, F., Guillou, J., Paulet, Y., 1994. Reproductiagt@rn of the clamsRuditapes decus-
satusand Ruditapes philippinarurmon intertidal flats in Brittany. J. Mar. Biol. Assoc. 172,
69-96.

Lochmiller, R. L., Deerenberg, C., 2000. Trade-offs in eNmnary immunology: just what is
the cost of immunity? Oikos 88, 87—-98.

Lucas, A., 1993. Bioénergétique des animaux aquatiquessdfa Paris.

McHenery, J. M., Birkbeck, T. H., 1986. Inhibition of filtiah in Mytilus edulisL. by marine
vibrios. J. Fish Dis. 9, 257-261.

Newell, R. I. E., 1985. Physiological effects of the MSX maraHaplosporidium Nelsoni
(Haskin, Stauber and Mackin) on the american oy§tmssostrea virginicalournal of Shell-
fish Research 5 (2).

Ngo, T. T. T., Choi, K.-S., 2004. Seasonal chang®eifkinsusand Cercariainfections in the
Manila clamRuditapes philippinarurfrom Jeju, Korea. Aquacult. 239, 57—68.

Ortmann, C., Greishaber, M. K., 2003. Energy metabolism\ahee closure behaviour in the
asian clanCorbicula flumineaThe Journal of Experimental Biology 206, 4167-4178.

Paillard, C., 1992. Etiologie et caractérisation de la mhal@e I'anneau brun chez la palourde
d’élevage Ruditapes philippinarumThése de Doctorat, Université de Bretagne Occidentale,
Brest.

Paillard, C., 2004a. Réle de I'environnement dans lesaateons hétes-pathogenes; développe-
ment d’un modéele de vibriose chez les bivalves. Habilitafiairiger des recherches (HDR),
Université de Bretagne Occidentale, Brest.

Paillard, C., 2004b. A short-review of brown ring diseasejaiosis affecting clamsRuditapes
philippinarumandRuditapes decussatusquat. Living Resour. 17, 467—475.

Paillard, C., Allam, B., Oubella, R., 2004. Effect of tempierre on defense parameters in
Manila clamsRuditapes philippinarunchallenged withvibrio tapetis Dis. Aquat. Org. 59,
249-262.

Paillard, C., Maes, P., 1990. Etiologie de la maladie denéau brun cheZapes philippinarum
pathogénicité d’urvibrio sp. C. R. Acad. Sci. Paris 310, 15-20.

Paillard, C., Maes, P., 1994. Brown ring disease in the MacldmRuditapes philippinarum
establishment of a classification system. Dis. Aquat. O9g187—-146.

Paillard, C., Maes, P., 1995a. Brown ring disease in the Matam,Ruditapes philippinarum
. ultrastructural alterations of the periostracal lamihdnvertebr. Pathol. 65, 91-100.

Paillard, C., Maes, P., 1995b. Brown ring disease in the Mamam,Ruditapes philippinarum
[I. microscopy study of the brown ring syndrome. J. Invert&athol. 65, 101-110.

Paillard, C., Percelay, L., Le Pennec, M., Picard, D. L.,498rigine pathogene de I'"anneau
brun" chezTapes philippinaruniMollusque, bivalve). C. R. Acad. Sci. Paris 309, 235-241.

Palmer, A. R., 1992. Calcification in marine molluscs: howtbpis it? Proc. Natl. Acad. Sci.
USA 89, 1379-1382.

Park, K.-I., Choi, K.-S., Choi, J.-W., 1999. EpizootiologlPerkinsussp. found in the Manila
clam,Ruditapes philippinarurm Komsoe Bay, Korea. J. Korean Fish. Soc. 32, 303—-309.
Park, K.-I., Figueras, A., Choi, K.-S., 2004. Applicatidremzyme-linked immunosorbent assay
(ELISA) for the study of reproduction in the Manila clam mlarfRuditapes philippinarum
(Mollusca: Bivalvia) Il. impacts oPerkinsus olsenon clam reproduction. Aquacult. 251,

182-191.

18



hal-00452254, version 1 - 2 Feb 2010

Paytner, K. T., 1996. The effects Berkinsus marinugfection on physiological processes in
the Eastern oyste€rassostrea virginicalournal of Shellfish Research 15, 119-125.

Plana, S., 1995. Perturbations de la glande digestive etéatmlisme chez la palourde aqua-
cole,Ruditapes philippinarumaffectée par la maladie de I'anneau brun. These de Doctorat
Université de Bretagne Occidentale, Brest.

Plana, S., Le Pennec, M., 1991. Alteration of the digestiverticule and nutritional conse-
quences in the manila claRuditapes philippinaruninfected by aVibrio. Aquat. Living
Resour. 4, 255-264.

Plana, S., Sinquin, G., Maes, P., Paillard, C., Le Pennegc,1806. Variation in biochemical
composition of juvenileRuditapes philippinarunmfected by aVibrio sp. Dis. Aquat. Org.
24, 205-213.

Pouvreau, S., Jonquiéres, G., Buestel, D., 1999. Filmdtjothe pearl oysteRinctada margar-
itifera, under conditions of low seston load and small particle isizetropical lagoon habitat.
Aquacult. 176, 295-314.

Prochazka, G. J., Payne, W. J., Mayberry, W. R., 1970. Gal@ontent of certain bacteria and
fungi. Journal of Bacteriology 104, 646—649.

R Development Core Team, 2006. R: A Language and Environfoe@tatistical Computing.
R Foundation for Statistical Computing, Vienna, AustrBN 3-900051-07-0.

URL http://ww. R-project.org

Rodland, D. L., Schone, B. R., Helama, S., Nielsen, J. KeB&., 2006. A clockwork mollusc:
Ultradian rhythms in bivalve activity revealed by digitddgtography. J. Exp. Mar. Biol. Ecol.
334, 316-323.

Romanyukha, A. A., Rudneyv, S. G., Sidorov, I. A., 2006. Egergst of infection burden: An
approach to understanding the dynamics of host-pathoderastions. J. Theor. Biol. 241,
1-13.

Savina, M., Pouvreau, S., 2004. A comparative ecophysicabgtudy of two infaunal filter-
feeding bivalvesPaphia rhomboideandGlycymeris glycymerisAquacult. 239, 289-306.
Schmid-Hempel, P., 2003. Variation in immune defence asestiun of evolutionary ecology.

Proc. R. Soc. B 270, 357-366.

Smaal, A., Haas, H., 1997. Seston dynamics and food aviiiyaton mussel and cockle beds.
Estuar. Coast. Shelf. Sci. 47, 247-259.

Smaal, A., Zurburg, W., 1997. The uptake and release of sulgoeand dissolved material by
osyters and mussels in Marennes—Oléron Bay. Aquat. LiviegpRr. 10, 23—-30.

Villalba, A., Reece, K. S., Camino Ordas, M., Casas, S. Mju€ias, A., 2004. Perkinsosis in
molluscs: A review. Aquat. Living Resour. 17, 411-432.

Ward, J. E., Langdon, C. J., 1986. Effects of the ectopa&&sibnea(=Odostomia impressa
(Say) (Gastropoda:pyramidellidae) on the growth rateafithn rate, and valve movements
of the hostCrassotrea virginicg Gmelin). J. Exp. Mar. Biol. Ecol. 99, 163-180.

Widdows, J., Hawkins, A. J. S., 1989. Patrtitioning of ratdneét dissipation biytilus edulis
into maintenance, feeding and growth components. Phy&iaol. 62, 764—784.

19



