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Abstract

High variability among individuals is often encoergd when hemocyte characteristics are measurédvadves.
Such variability is suspected to result partly frgenetic factors. In this study, hemocyte charattes of six families of
Crassostrea gigas were compared by flow cytometry at one samplintgg dia October 2001. These families were obtained
from a nested, halfsibling cross design, and reémem July to October 2001 at three sites distéduélong the French
Atlantic coast from north to south: Baie des Vey®rfNandy), Riviere d'Auray (Brittany) and Ronce (Marestoléron
Basin, Poitou Charentes). Among the 15 measured hgenobaracteristics, production of reactive oxygpacies (ROS) of
untreated hemocytes (maintained in filtered stexlawater) and treated hemocytes (zymosan at 2@lgsuper hemocyte,
and withVibrio sp. S322 at 50 bacteria per hemocyte) was the nobable differences between families. This sumptire
existence of a genetic basis, at least partlytHerhemocyte characteristics of oysters, and esiheddr ROS production.
Among the six families analyzed, three have shoigh burvival during summer (named“assistant, mean mortality 5.2%)
and three experienced high mortality during sumgnamed assusceptiblg 30.6% mean mortality). Families showing high
or low survival to summer mortality had similar haegte characteristics, regardless of the environaheronditions or
reproductive state. Resistant families were obsetwdthve higher total hemocyte counts and lowedpetion of ROS than
susceptible families. Moreover, ROS production ahbeytes from susceptible families was diminisheghigicantly more
by pathogenid/ibrio than that of resistant families. However, thisdgtdemonstrates also that rearing site strongkycédtl
the hemocyte characteristics of all families of teys, most notably hemocyte concentration and nwogly (size and
granularity), production of reactive oxygen spedBOS), and susceptibility to the cytotoxic activit§ the pathogenic
Vibrio sp. S322 (50 bacteria/ hemocyte). Food availghalitd reproductive state are the most probableaagtibns for the
site differences observed. Finally, it appearefiadilt to link oyster survival during summer moitglto hemocyte profiles
evaluated at one sampling date; other relevantétdis would probably help explaining oyster suaiduring summer
mortality events.

Keywords: Summer mortalityCrassostrea gigas, Hemocyte; Adhesion; Reactive oxygen species (RBIS)y
cytometry; Genetic

1. Introduction

Summer mortalities have been reported in the Raoifster,Crassostrea gigas, for many years and in
several countriesQlude, 1974; Koganezawa, 1974; Cheney et al., RGG0France, summer mortality affects
both adults and juvenilesGpulletquer et al., 1998 with no clinical signs of diseases. A combinatiof
environmental, physiological and pathologicélgechter et al., 200Zactors were proposed as possible causes
of oyster summer mortality. Oysters have died nyathlring the reproductive period when water tempees
are over a critical value of 19 °Gdgletchnik et al., 1999, 2003, 2003 he high energetic cost associated with
reproduction, combined with high summer temperatusesuspected to weaken the oysters and makertioeen
susceptible to opportunistic pathogens.

It is well-established that the capability of arstgy to react to diseases, injuries or parasitestafion
depends upon the innate-immune defense systigafet et al., 2003aHemocytes are considered to be the
main cellular mediators of the defense system vralbes {olety and Chu, 1995; Cheng, 199@\bility to
quantify morphological and functional charactecstiof oyster hemocytes has been improved recently b
advanced methods of single-cell analysis by flowometry. In 1994, cytometric analyses of oyster beytes
were initiated Ford et al., 1994 More recently, flow-cytometric methods were adalpto analyzeC. gigas
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hemocytesl(ambert et al., 2003 specifically, total and differential counts affdrent types of hemocytes and
production of reactive oxygen species (ROS). Meshaare successfully used . gigas and Ruditapes
philippinarum hemocyteselaporte et al., 20030 study the effect of various algal diets on iuma functions,
and inC. virginica (Hégaret et al., 2003a,b, 2004 study the effect of a sudden temperature &lmvaas well
as quantity and quality of algal diet, on hemoafttaracteristics. In the present study, hemocytesoreaments
made were: total and differential hemocyte coumisrphology of the cell sub-populations (size arahgtarity),
production of reactive oxygen species (ROS), adinesind susceptibility of oyster hemocytes to dqgenic
Vibrio. Functional parameters such as ROS productiomloesion can provide information concerning defense
capacity of the hemocytes as well as environmerttadlition (stress). Descriptive parameters, sudieasocyte
concentration or size could provide informationaatl division or infection processes. Increase ranglarity
could reveal the synthesis of enzymes within gresmuh the hemocyte cytoplasm. However, interpretatf
these hemocyte variables remains tentative be¢hagéave been applied in few studies in bivalves.

As noted above, opportunistic pathogens were steppetv act as a final, lethal stress in oysters
previously weakened by gonad maturation and higipegature. As the possible role of opportunistithpgens
in oyster summer mortality was hypothesized, treesptibility of hemocyte functions to an opporttici&ibrio
sp. was assessed.

Genetic variability is suspected to influence bieatlefense capabilities. Indeed, It has been shbain
susceptibility to summer mortality can be linked, dome extent, to genetic heritaggedttie et al., 1980;
Hershberger et al., 1984; Ernande et al., 2004 ydagnt et al., 2007 To better understand the influences of
genetic history on oyster summer mortalities, donai, multidisciplinary program (the MOREST prdjewas
established in France. The program developed atigeseection approach to assess whether seldotesding

could modulate survival under varying environmergahditions Dégremont, 2003; Dégremont et al., 2003,
2005, 200y.

Thus, in the present study, oysters from six bip@leamilies were reared at three different expernital
sites along the French coast during summer (frotp thu October). Then, their hemocyte charactesstic
morphological and functionat were compared once in October 2001, at least onghrafter the*normal
spawning period (JubAugust in the southern sites and AugiBgptember for the northern site). These six
families were composed of three families presentowg survival, named‘'susceptiblé and three with high
survival during summer, namédesistarit Comparisons were analyzed to answer two maintigmss 1) Do
oyster hemocyte characteristics have a geneticsbaglependent of environmental conditions? 2) Dibes
selection based upon summer survival lead to @iffehemocyte characteristics?
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Fig. 1. Experimental sites along the Atlantic French coasts: Bate des Veys (Normandy), Riviére d”Auray ( Brittany) and Ronce (Marennes-Oléron Bay,
Poitou Charentes). The Ifremer hatchery 15 situated i La Tremblade (Poitou Charentes). The Seudre esmary flows into the Marennes-Oléron Bay.
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2. Materials and methods
2.1. Production and selection of families

Production and selection of families have beeniptsly described in detaiDggremont et al., 2005,
2007. Briefly, adultC. gigas were collected in the Seudre estuary and conditian the Ifremer hatchery at La
Tremblade (Poitou Charentes, FranEgg. 1) to form the parental population. In March 2001-parental
families were produced by crossing each of six maléh different females. Each family is noted akofws:
letter F for family then the number of the malephgn, the number of the female (example: F9-34erA&rval
and post-larval culture at La Tremblade accordiogrmethods previously describefirfande et al., 2003
progeny from 15 families were tested in the fidéhdJuly 2001, at age 4-months, these 15 familie®weployed
at three sites along the French codsg.(1): Ronce (southwest), Riviere d'Auray (west) andeBdes Veys
(northwest). The sites represented various enviemtah conditions for oyster culture along the Frenoast,
with differing temperature cycles, food availalyilietc. Oysters were reared following usual prastion 70
cmhigh racks, in 7 mm-mesh, flat plastic bags.

Survival and growth were assessed after 89 daysasfng in October 2001Dggremont et al., 2005
From the 15 families, six were then selected adogrtb their survival and used for hemocyte sangplihree
susceptible families showing low survival, and ¢resistant families showing high survival. Repritke state
was estimated visually by using a basic gonadic uradibn scale (P.G. Fleury, Ifremer, personal
communication) and confirmed by neutral lipid asédy(J. Moal and JR Le Coz, Ifremer, unpubl. data).

2.2. Sampling of oysters for hemocyte measurements

In October 2001, after approximately three montaplayment on site, 20 animals from each of the 6
selected families, from each of the three sitesewmansported in coolers maintained at 4 °C tddberatory at
the IUEM (Institut Universitaire Européen de la MBrittany). Animals from the first site were reeed on day
one, those from the second site on day two ancethbshe third site on day three. Particular caes taken to
apply identical conditions to oysters from all site

After arrival, a notch was ground in the oysterlisteefacilitate hemolymph extraction, and animelsre
left for about 24 hours in a flow-through seawatgstem at 1516 °C and 3435 salinity. These conditions are
very close to those found in October in the thtedyssites. In fact, data collected from 2000 t02(M. Ropert,
Ifremer Port en Bessin, France, personal commuaiteshowed that the mean seawater temperaturetiob@r
was approximately 16 °C (15.5 to 16.5 °C) and thfitrences between the three sites during thisodesf the
year were less than 0.5 °C.

2.3.Vibrio suspension preparation

One Vibrio sp. culture, strain S322, was used in this stddye strain is pathogenic to larvae of the
scallopPecten maximus and to the oyster@. gigas and Ostrea edulis\{colas et al., 1996and has been shown
to reduce the ROS productionfmaximus andC. gigas hemocytesl(ambert and Nicolas, 1998; Lambert et al.,
2001, 2003. The strain was cultured in Zobell's 2216E mediiDifco) at 18 °C on a shaker table for 24 h.
Cultured bacterial cells were collected by cengiéftion (2500 g, 10 min), washed twice with stefilered
seawater (FSSW), and re-suspended in FSSW. Bdewalhdensity was measured as optical densitpp(at
492 nm, at which the correlation between directnt®ycolony forming units) and O.D. had been presip
established.

2.4. Hemolymph sampling

Sampling and analysis of all 6 selected familiesnfreach site were performed within 1 day. Hemolymph
was withdrawn from the adductor muscle, through rib&ch previously ground, using a 1-ml plastic 1sg&
fitted with a 25-gauge needle. Bleeding of 120 exstvas achieved within 2 h, thus all families weaenpled
synoptically. Hemolymph from each oyster was trarrefd into an individual micro-centrifuge tube held ice
to minimize cell clumping prior to analysis. Hemwolgh from at least 5 animals was pooled and theerdid
through a 8Qtm mesh. For each family, three pools of 5 individwaere made, for a total of 18 pools from the
six families for each site.

Pooling of hemolymph was chosen instead of indi@idoneasurement for practical reasons. In fact,
oysters sampled were only 7 months old, with a nvegight of about 12 g and a shell height of appr@tely 5
cm. Withdrawing the 90@.L volume of hemolymph needed to complete all assegs thus impossible from
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such small individuals. The use of pooled sampfdsemolymph was previously validated to evaluateean
and variance of hemocyte measurements for thero@stérginica (Hégaret et al., 2003b
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Fig. 2. Flow cyimmeter density plot of C. gigas hemocoytes allowing
the distinction of sub-populations (agranulocytes, granulocyies and
hyalinocytes) accordimg to ther relative size (FSC) and complexity/
pranutanty (8SC).

2.5. Measurements of hemocyte parameters by fldanostry

Quantification of hemocyte type, number and funtdiovere determined using a FACScalibur (BD
Biosciences, San Jose, CA USA) flow cytometer qupdpwith a 488 nm argon laser. Methods to measure
hemocyte parameters are described hereafter.

2.5.1. Total and differential hemocyte counts

Total and differential hemocyte counts were meabaxording to described method3e(aporte et al.,
2006. A 1004l sub-sample from each hemolymph pool was fixe@dging 30Qul of a 4% formalin solution in
FSSW. Samples were incubated with SYBR® green ll¢kldar Probes, 10x final concentration, =1/1000 of
the DMSO commercial solution), a nucleic acid-sfiealye, in darkness at room temperature for 30uteis
before flow-cytometric analysis. For each partithe flow cytometer measured side scatter (SS@jesenting
granularity or internal complexity of particles,rfeard scatter (FSC), estimating the size of pasicland
fluorescence intensity with the FL1 detector (yellbuorescence) to detect the SYBR® green-stairatigtes.

A density plot visualization, in log scale, of S8€FL1 allowed differentiation and gating of hemiasystained

by SYBR® green from other particles in the hemolyynphree distinct sub-populations of hemocyfeg (2
were identified on a FSC-SSC density plot accordiogtheir SSC and FSC ranges; these were termed:
granulocytes (high SSC and high FSC) hyalinocytas §SC, high FSC) and small agranulocytes (low BS&

low SSC). The flow rate of the cytometer was meadars previously describellgrie et al., 199Pby weighing

a tube containing distilled water before and aft¢imed analysis to determine the volume analy@adculated
flow rate was used to determine hemocyte conceémtisat For suspended cell concentrations, resulte we
expressed as total hemocytes, granulocytes, hysiie® and small agranulocytes per ml; for morphickig
characteristics, results were expressed as FSG8advalues, in arbitrary units recorded by the mtier, for
size and the granularity, respectively, of theéhrtemocyte subpopulations.

2.5.2. Reactive oxygen species (ROS) production

Measurement of ROS production was done using-dchlorofluorescin diacetate (DCFH-DA, Sigma).
The method used was first described in mammaliandbkells Bass et al., 1983and recently adapted fo.
gigas hemocytes l(ambert et al., 2003and toC. virginica (Hégaret et al., 2003a,b; Goedken and De Guise,
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2009). One advantage of this flow-cytometric methodhis ability to differentiate ROS production in difént
hemocyte sub-populations, even during or after pbgigsis of non self particles such as zymosanastdsia
(Hégaret et al., 2003a; Lambert et al., 2003

To prepare the zymosan-particle working suspensg&ed in this work, 200 mg of zymosan A (Sigma)
were suspended in 10 ml of FSSW, heated in a lgeiliater bath for 30 min, and then washed twice @ad
suspended in FSSW. Particle count was done micpasadty using a Malassez cell, and aliquots weozén at
-20 °C.

For the ROS-production assay, hemocyte concemtiataf the 18 different hemolymph pools were
equalized by adding FSSW. Next, three sub-sampleX)0 pl hemolymph from each of the 18 pools were
distributed into 5-ml polystyrene tubes (Falcon®y anaintained on ice. Zymosan particles were addexhe
sub-sample (30Ql) to a final ratio of 20 particles per hemocy#brio sp. strain S322 was added (30Pto a
second sub-sample at a final ratio of 50 bactegiahemocyte. Finally, 300l of FSSW were added to the third
sub-sample as a control (untreated hemocytes).

FourpulL of a DCFH-DA working solution (1 mM in 10% DMSCSSW) were added to each tube to yield
a final concentration of 0.01 mM. Measurements wpezformed after 120 min of incubation at room
temperature (222 °C) for the zymosan assay and after 180 mirufdareated hemocytes (+FSSW) and the
Vibrio assay. The duration of each measurement was B@uhation time was chosen according to previous
results Lambert et al., 2003howing that ROS production in untreated hemacytached a plateau at 180 min;
For theVibrio assay, an effect of live bacteria was noted ordynft=180 min but an effect of addition of
zymosan particles was noted within 2 h.

For each sub-population, the DCF green fluorescememsity measured at 56830 nm by the FL1
detector of the flow cytometer was expressed intrary detector units. Intracellular oxidation ofCPH to
fluorescent DCF is quantitatively related to hemed®OS production.

Results were expressed as:

e The mean fluorescence (FL1 in arbitrary units) loé tifferent hemocyte sub-populations in
FSSW at t=180 min.

e The ratio of the FL1 fluorescence of the differév@mocyte sub-populations incubated with
zymosan particles to fluorescence in FSSWat t=120. mhis ratio represented the activation of
hemocyte ROS production by the zymosan patrticles.

e The ratio of the FL1 fluorescence of the differév@mocyte sub-populations incubated with
Vibrio sp. S322 to fluorescence in FSSW at t=180 minatfomear 1 indicated that the hemocyte ROS
production was not modified by the addition of lesigt; a ratio less than 1 corresponded to inhibitid
the hemocyte ROS production; a ratio greater thenditated activationlambert et al., 2003

2.5.3. Hemocyte adhesion

Hemocytes are naturally able to adhere to a glagslastic surface, usually within 30 min at room
temperatureRBachére et al., 1991; Lambert and Nicolas, )988erestingly, som&ibrio species are known to
inhibit hemocyte adhesionChoquet et al., 2003 In this study, the method utilized to assess dw/te
susceptibility to pathogenic bacteria was adaptethfa previous studyChoquet et al., 2003 but using the
Vibrio sp. strain S322 (see ‘¥/ibrio suspension preparatin In this cytotoxicity assay, contact between
hemocytes and bacteria was accomplished in 24mielo-culture plates. Two sub-samples of each hgmph
pool were distributed (100l per well) in a micro-culture plate. Then, 1QDof FSSW were added to the first
subsample as a control and L400of Vibrio sp. (S322) suspension to the second, to obtainah ratio of 50
bacteria per hemocyte. After 3 h of incubation &t°C, 200ul of a 6% formalin solution in FSSW (v/v) were
added to stop the interaction. Supernatants wese fiftered through 8@im mesh and transferred into 5-ml
polystyrene tubes (Falcon®). After addition ofidof the SYBR® green (10x final concentration), ésbwvere
incubated 30 min at room temperature, and then bgfmaounts in the supernatant were evaluated ubimg
flow cytometer as described above (sed @tal and differential hemocyte coufjtsResults were expressed as
percentage of adhering hemocytes after exposuF&EW or tovibrio sp. S322.
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2.5.4. Statistical analysis

Each group of families was produced by crossingdHemales with one male. Consequently, the data
were analyzed using a nested model, with threeliigsmivithin two groups, i.e. two malethigh survival or
“resistarit and “low survival' or “susceptiblg. A nested MANOVA was performed to compare hemecyt
measurements of oysters (independent variablegydiog to three factors, families (nested), gro@ifamilies
(resistant vs susceptible), rearing site, and tii@ractions'site x family groupsand*“site x families (nestetl)
Percentage or ratio data were transformed using\tbsine transformation (arc sine of the squard)rpdor to
analysis. The method used to discriminate betwbhennieans was Fisher's least significant differgh&D)
procedure. Results were deemed significankat@b.

Table 1
Mean mortality (%) of ovsters evaluated in October 2001 after 89 davs
of rearing for the 6 selected fmilies sccording to the rearing site

Mortality %o Farmlies Baies Riviere Ronce All
des Veys . d’Auray 4iles
“Susceptible™ Low  F7-25 196 6.0 5T.6 444
survival group F7-26 8.7 8.1 IRT 5.2
Fl127 ho 313 280 274
“Resistant™ High Fit34 36 10.3 4.2 6.0
survival group F9.35 4.1 G0 2.0 5.7
Fo-36 2.5 6.2 3.1 3.9
Mean of the three 11.8 41.4 ig4 30.6
susceptible families
Mean of the three 34 8.5 3.8 52
resistant families
Mean of the six families 76 25:1 21.1 17.9

3. Results
3.1. Survival, growth and reproductive status ef@hselected families

After 89 days of rearing on site, large differencemortality and growth were observed between fiasi
(Dégremont et al., 2005The three selected families showing high suivi#8-34, F9-35, F9-36=resistant) had
a mean mortality of 5.2%, while the three familgedected for low survival (F7-25, F7-26, F7-27=sysible)
experienced 30.6% mean mortalifjaple ). The final mean weight of the three high-survitamilies was
equivalent to that of the low-survival families (229 for the high-survival families and 12.7 g the low-
survival families). As shown in th€able 1 the mortality level was different from one siteanother; however,
family groups showing high survival in one site wled high survival in all sites. Thus, relative suaV
appeared independent of the rearing site.

At the sampling date (mid-October), oysters fromtiorthern site, Baie des Veys, still contained g
Knowing that the normal spawning period in Baie Weygs occurred sometime between August and Septembe
gonads were assumed to be in the gamete-resogtéige. In southern sites, Ronce and Riviere d'Awngsters
had spawned sometime in JuAugust and were in the gametogenic resting phase.

3.2. Hemocyte characteristics

In this study, each of the six selected familiegach of the three sites was analyzed for the fféreint
hemocyte measurements presentetlaible 2

Small agranulocyte cells were the least-activesdalithe hemolymph, and they represented only 16% o
the total number of hemocytes; therefore, reswdteerning this sub-population are not presentetii;istudy.
3.3. Comparison of the hemocyte measurements athlyy bi-parental families Seven of 15 hemocyte
variables differentiated at least one family frotheys of the 6 analyzed (nested MANOVFable 3. ROS
production was the most notably-affected hemocwgable. As an exampldsig. 3 presents results of ROS
production by untreated granulocytes (incubatedterile seawater) obtained for the six families|yred,
regardless of the site.
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Table 2

Statistical analysis (nested MANOVA) comparing the hemocyte parameters of oysters from six different farnilies (F7-25, 26, 27 and F9-34, 35, 36)
(m=9) (Cir: granulocyte; Hy: hyalinocyte; FSSW: filtered sterile seawater, Zym: zymosan, Fibrio: Fibrio sp, 8322; ROS: reactive oxygen species, —:
no significant differences, ®p<0.05, **p<0.01; **=p<0.001)

Parameters Family effect (nested) F7-23 F7-26 F7-27 F9-34 F9-35 F9-36 Interaction site/family
Concentration

1) Gr . 11910° 139100 134100 LIS 131wt 179wt -
2) Hy - 460 10° 47410 451100 S48 10° 646 10° 66210° -
3) Total = 7.0210¢ 760 10F 693 10° TSP 94010 9ss10¢ -
Morphology

4) Granularity Gr - 472 456 465 455 445 463 -
5) Granularity Hy - 62 [ 62 63 63 68

6) Size Gr *e 462 415 411 356 409 341

7) Size Hy - 383 392 374 386 380 395

ROS production

%) FSSW Gir - 562 BOR 416 355 362 450 -
9) FSSW Hy * 435 488 368 398 389 519 -
10) Zym Gr e 1.40 1.58 1.93 1.78 1.55 1.54 -
11) Zym Hy * 1,00 1.07 1.2 1.22 1.16 1.04 -
12) Vibrio Gr b 0.92 0.68 0.94 1.07 1.01 085 *
13) Vibrio Hy e 0.79 0.55 0,68 047 0.78 067 **
Adhesion

14) FS5W - 0.1 78.2 80.4 85.3 83.0 80,9 b
15) Vibrio . 919 925 LK) 91.2 90,9 92,1 -

Concentration in cefls mL™': 1) granulocytes, 2) hyalinocytes, 3) ol hemocytes.,

Granularity in arbitrary units (S5C value): 4) granulocyies, 5) hyalinocytes.

Size i arbitrary units (FSC value): &) granulocytes, 7) hyvalinocyies.

ROS production in arbitmey units (FL1 value) at 180 min in FSSW: 8) granulocytes, 9) hvalinocytes.

ROS production: ratio FL1 level of 10) gmnulocytes or 11) hyalinoeytes+zym to control (+FSSW ) at 1= 120 min.

ROS production: ratto of FL1 level of 12) granulocytes or 13) hyalinocytes + Vibrto sp. 8322 1o control (+FSSW) at 1= 180 min.
Adhesion: Percentage of adherent hemocytes after 3 h exposure to FSSW (14) and Fibriosp. 8322 (15).

3.4. Comparison of the hemocyte measurements betihiechigh-survival (resistant) and low-survival
(susceptible) families

Seven of 15 hemocyte variables differentiated fasvith low survival from families with high sumal
(Table 3. Oysters from high-survival families had a highegan hyalinocyte concentratiofig. 4), and smaller
granulocytes than did oysters with low surviviilg( 5. Granulocytes of low-survival oysters had a higihean
ROS production in FSSWF{g. 6) and were more inhibited by thbrio sp. S322Fig. 7).
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Fig. 3. Granulocyte reactive oxvgen species (ROS) production in seawater, at = 180 min, of hemocytes (DCF fluorescence <FLI value in ahitrary
detector units, Mean+SE, n=3)of six oyster bi-parental families (F7-25, F7-26, F7-27, FO-34, F2-35 and F2-36) afier three months rearing at three
different sites: Baie des Veys, Riviére d"Auray and Ronce, Lettets indicate significant differences between families, nested MANOVA, p< 0,05,
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3.5. Differences in hemocyte measurements analygedaring site

Analysis of site effects showed that 13 of the J&asured variables were statistically different lestw
sites {(Table 3. Oysters reared in Baie des Veys had nearly tviltee concentration of hyalinocytes,
approximately 7.9x1{xells per ml, compared to Riviere d'Auray and Rowbere hyalinocytes averaged 4.1x
1Gscells per ml Fig. 4); Granulocytes were larger (FSC=456 A.U.) in ossfeom Baie des Veys than in oysters
from Riviére d'Auray or Ronce (FSC=368 and 373 A.téspectively,Fig. 5; The ROS production of
granulocytes in FSSW was twice as high in oystesmfBaie des Veys (686 A.U.) as in oysters from ¢&on
(318 A.U.) or Riviere d'Auray (372 A.UEig. 6); Granulocyte ROS production was inhibited\igrio sp. S322
in oysters reared in Ronce or Riviére d'Auray @i#ti Fig. 7) but not in Baie des Veys (ratio=1.06). Although
significant differences were observed between diteshemocyte adhesion when incubated with FSSW, th
range of variation was low; from 88.2% in Rivierduray to 95.9% in RonceF{g. 8a). However, hemocyte
adhesion was clearly more sensitive to the cytoteffiect of theVibrio sp. S322 in Riviére d'Auray than in Baie
des Veys and in Ronc€if). &).

[0 Resizstant (High survival)
B Suscaptible (Low survival) ***

:

L

-

SEEEE

i

Hyalinocyte concentration (cell ml™)

Baie des Veys Rividre d'Auray Ronce
Rearing sites

Fig. 4. Hyalinocyte concentrations (cells mi™) in hemolymph of
resistant (high-survival) and susceptible (bow-survival) ovster famil tes
after three months rearing ot three di tferent sites: Baie des Vevs, Riviére
d’Auray gnd Ronce (Memn£3SE, n=9). Letters indicate significant
differences between rearing sites, MANOVA, p<0.05; *indicates sig-
nificant differences between resistant (high-survival ) and susceptible

{low-survival) ovster families ot p<0.05;**p<0.01, ***p<0,001, NS
not significant.
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Fig. 5. Granulocyte size from resistant (high-survival) and susceptible
{lowe-survival) oyster families after three months rearing at three dif-
ferent sites: Baie des Veys, Riviére d’Auray and Ronce (Mean FSC
value in arbitrary detector units + SE, n =9}, Leters indicate significant
differences bepween rearing sites, MANOVA, p<0.05; *indicates sig-
nificant differences between resistant (high-survival) and susceptible
{low-survival) ovster fumilies at p<0.03; **p< 0.01, ***p<0.001,
NS not s gnificant.
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= 8004 E Susceptible (Low survival) “**
o
E 7004
£ 600
£ 500
'-E 400+
3 300
£ 200
o 100/
2 o
Bale des Veys  Riviére d'Auray Ronce
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Fig. 6. Gronulocyie reactive oxvgen species (ROS) production of
seawater-incubated  hemocyies from resistant (high-survival) and
susceptible (low-survival) oyster families after three months earing
ot three different sites: Baie des Veys, Riviére d’Aumy and Ronce
{incubation time = 1 80 min, DCF flunrescence=FL1 value in arbiteary
detector units, Mean+SE, n= %) Leters mdicate significant differ-
ences hetween rearing sites, MANOVA, p<0035; * ndicates sig-
nificant differences berween resistant (high-survivaly and susceptible
(low-survival) ovster families at p<0.05; **p< 0.01, *p<0.001,
NS not significant.
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Fig. 7. Granulocyte resctive oxygen species (ROS) production by
hemocvies challenged with Fibrio sp. 8322, The data are expressed as
the ratio of RDS production in seawater {control) divided by the ROS
production of Fibrio sp. 8322-challenped hemocytes from resistant
(high-survival} and susceptible (low-survival) ovster families after
three months rearing ot three different sites: Baie des Veys, Riviére
d*Auray and Ronce (Mean+5E, n=9), Letters indicate significant
differences between rearing sites, MANOVA, p<0.05; *mndicates
significant differences berween resistant (high-survival) and suscep-
tible (low-survival) oyster families al p<0.05; **p<0.01, **¥p<
0.001, NS not significant. Note: a ratio near 1 indicates that the
hemocyte ROS production 1s not changed by the addition of bacteria,
less than | corresponds to an inhibition of the hemocyie ROS pro-
duction and more than 1, to an activation,



Lambert et al, 2007 (Aquaculture 270, 276-288)

O Resistant (High survival)
120 @ Susceptible (Low survival)
100 # " o

exposed to FSSW
¢ & 8

Adhesion % of hemocytes

u.
Baie des Veys  Riviére d'Auray Ronce

rearing sites
b
155 O Resistant (High survival)
] B Susceptible (Low survival)*
1001 a
b

Adhesion % of hemocytes
exposed to Vibrio sp. 8322
c 5 8 8

Baie des Veys Riviére d'Auray
rearing sites

Fig. 8. Adhesion percentage in FSSW — (a) and Fbrio sp, $322 —
{b) exposed hembcytes from resistant (high-survival) and susceptible
{low-survival) oyster families after three months reagng at three dif-
ferent sites: Baie des Vevs, Riviére d"Auray and Ronce (Mean+5SE,
n=9). Letters indicate significant differences between rearing sites,
MANOVA, p<0.05; *mdicates significant differences betwesn
resistant (high-survival) nd susceptib e (low-survival) ovster families
at p<0.05; ** 520,01, ***p<0.001, NS not significant.
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Table 3
Stanstical analysis (MANOVA ) comparing the hemocyte parameters of ovsters according to the rearing site (n = 18} and according to high-survival
(ressstant) and lbow-survival (suscepbible) ovster farmilies (n =27}

Parameters Site Baies Riviére Ronce Resistant vy Resistant Susceptible Interaction
efiect des Vevs d” Auray suscepiible site/ Tami by

Concentration

1) Gir L41 10° 151 10° 117 10° 1.42 10° 131

2) Hy o TEE10° b 416 107 a 415107 a e 6:19 10° 462 107

3) Totnl T 107 10" b 6.96 107 2 649 10° a g §.90 10° 72107

Morphology

4} Granularity Gr b 401 a 3l6c 460 b 455 464

5) Granularity Hy i 66 b 6l a 63 ab 65 63

) size Cir e, 456 b 368 a iTia b K 425

T) size Hy e 402 ¢ 386 b 367 a 3BT 383

ROS production

#) FSSW Gr i 686 b 372a 318 a o 389 529

9) FSSW Hy o 508 b 431 gb 360 a 435 430

10} Zym Gr * 1.74 b 1.64 ab 149 a 1.62 1.63

11} Zym Hy 1.08 1,10 1,18 1.14 1.09 b
12) Fibwrio Gt w88 1.06 b 0,78 a 0.89 a e 0.98 0.85

13) Vilsric Hy * 077 b 067 a (.74 ab e 077 06T

Adhesion

13) FS5W e 217 b B8l a 9589 ¢ 91.4 924

15) Vibrio et 894 b 62.7 a D1.8Ba o 83.0 795 b
Concentration in cells mL™ " 1) granulocytes, 2) hyvalinocyies, 3) ol hemocytes.

Ciranularity in arbitrary wnits (S50 value): 4) granulocytes, 5) hvalinooytes,

Size m arbitrary units (FSC value): 6) granulocytes, 7) hvalinocytes,

ROS production in arbitmry units (FL1 value) ot 180 min m FSSW: B) granulocyies, %) hyalmocyies,

ROS production: ratio FL1 level of 10) gmnulocyvtes or 11) hyalinocytes +2zym to control (+FSSW)at 1= 120 min.

ROS production: ratio of FLI level of 12) granufocytes or 13) hyalinocytes+ Vibrio sp, 8322 1 control (+FS5W) at r= 180 min,

Adhesion; percentage of adherent hemocytes after 3 h exposure to FSSW (14) and Fibrio sp, 5322 (15).

(Cir: granulocyte;, Hy: hvalinocyie, FSSW: filiered sterile seawater; Zym: symosan, Fibrio! Fibrio sp. 8322, ROS: reactive oxygen species, —: no
significant differences, ®p-<0005, **p<0.01; ***p<0.001; letters indicate significant differences between rearin g sites).

3.6. Interaction of site and bi-parental familydasite and selected high- and low-survival families

Two of 15 analyzed variables showed a statistisahyificant interaction between rearing site anaifg
group (Table 3: hyalinocyte ROS production activated by zymogmaticles and adhesion of hemocytes
exposed td/ibrio sp. S322.

Three of 15 hemocyte variables showed a statilticaignificant interaction between rearing sitedan
biparental family Table 2: inhibition of ROS production by granulocytes dndlinocytes exposed #brio sp.
S322, and adhesion of hemocytes incubated in FSSW.

4. Discussion

The objective of this study was to compare the t@mtgocharacteristics morphological and functional
of oysters from six bi-parental families rearedhaee different experimental sites along the Fresedst during
summer and to answer two main questions.

The first question addressed wakg oyster hemocyte characteristics have a genasis hindependent of
environmental conditions and gametogenic cyclB? address this question, hemocyte characterisfitise six
bi-parental families in this experiment were congplregardless of the rearing site. This analysisved that 7
of the 15 hemocyte variables differentiated attleag family from others of the 6 analyzed. Moraowaly 3 of
15 variables showed a significant interaction betwsite and family. ROS production was the mosaligt
different between families under all incubation dibions. Thus, a genetic basis determining hemocyte
characteristics of oysters, and especially for R@®&duction, is implied. The variations in ROS protion
observed may result from variations in activitidsle enzymes involved in the production (NADPHdase,
NO synthase) or in the detoxification (superoxigeriitase, catalase, glutathione peroxidase) oéthedecules.
Indeed, the genetic basis for the ROS-detoxificatmechanism has been recently reported in the siollu
Biomphalaria glabrata (Goodall et al., 2004; Zelck and Von Janowsky, 90+ currently is being investigated
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with oysters in our laboratory. Expression of gemaslved in ROS detoxification has been shown & b
modulated in oysters by environmental factors, saghypoxia and PAH exposurdxo(itet et al., 2004; David
et al., 2005.

The second question addressed wdsges selection of families for high or low survival summer
mortality lead to different hemocyte characterigtiand, if so“could these different hemocyte characteristics
explain the observed differences of survival?

Although the number of resistant (high-survivaljiiausceptible (low-survival) families was low (targ@
each group), six of the 15 hemocyte variables diffeated the two groups statistically. MoreoveN@VA
results showed few significant interactions betwsié@ and survival group (resistant/ susceptibléjs means
that, except for the adhesion test, resistant asdeptible family groups respond in the same waggndless of
the site. Thus, genetic selection based on surpedbrmance can change hemocyte characteristiCsgias.

A more fundamental question was whether or not bigfival during the summer mortality period could
be attributed to differences in hemocytes: the heteoprofile of resistant oysters was comparedhtd bf
susceptible oyster families. High-survival familiead higher hemocyte counts, lower inhibition o tROS
productionby theVibrio sp. S322, and lower susceptibility to bacterighia adhesion test. These hemocyte
attributes could be hypothesized to confer betagracity for high survival when challenged by patg
bacteria, for example. Resistant oysters, howelso, had smaller granulocytes and lower ROS pramtucthe
latter parameter has been observed to be modulgtegicute stressLécoste et al., 2002 infection by V.
aestuarianus (Labreuche et al., 2006h,and dietary changeBélaporte et al., 2007Cellular ROS content also
depends on ROS-detoxification capacities and raspir processes in other organisnshdehan and Power,
1999; Batandier et al., 2002; Cadenas, 2004; Kelleal., 2004; Manduzio et al., 200%When suppressien
subtractive hybridization (SSH) techniqueswere ubathg theMOREST progranti(vet et al., 2004 resistant
and susceptible oysters were shown to expressratitially a cavortin-like gene, later characterizasl an
hemocyte Cu/ Zn superoxide dismutase (SOD) g&mmZfalez et al., 2005In their experiments, these authors
showed that resistant oysters had a higher Cu/@D §ene expression than susceptible oysters. Aoyl
gene expression is thought to contribute to RO$Sxifatation; this may partially explained the diféace in
ROS production in our experiment between resisasot susceptible oysters. Furthermore, one may kiecu
that selection for one or more enzymes involveR®@S production and/or detoxification may have corently
occurred with selection for summer mortality sualiv

Nevertheless, we call attention to the fact thahdeyte measurements were analyzed for the survofors
the selected families after the summer mortalityergy the mean mortality of susceptible oysters was
approximately 30%, and 5% in resistant familiesadtdition, the criterion for selection was survidairing the
first summer, without knowledge of the exact caokenortality. Thus, it is important to remain prudevhen
trying to link hemocyte characteristics with oystervival during the period of summer mortality.

Genetic selection, however, does not overcome allirenmental influences. Indeed, this study
demonstrates that rearing site also strongly afte¢he hemocyte characteristics of all familiesogsters.
Thirteen of the hemocyte variables measured wedeetafl statistically by rearing site. ANOVA resutere
often influenced by the values collected in Bais Weys. These observed differences can probabdttibuted
to variations in environmental conditions and reludive cycles between rearing sites. It is welbwn that
environmental conditions strongly influence hemeogharacteristics of bivalves, including tempemtf@liver
and Fisher, 1995; Fisher et al., 1996; Carballal.etL998 and chemical contaminantSigher et al., 1990, 2000;
Oliver et al., 2001; Auffret et al., 20p2Hemocytes are multi-functional cells involvedvarious activities:
wound and shell repair, nutrition, digestion, traor$ of nutrients, defense, etcCHeng, 1995 Therefore,
hemocyte characteristics are also modified or natddl by the physiological status of the oystergeeistly
during the reproductive cycle, and by the quandibd quality of trophic resource®€laporte et al., 2003;
Hégaret et al., 2004

Although several biotic and abiotic factors coulelibvoked to explain the site effect on the hemesyt
two biological major differences can be highlighteztween Baie des Veys and the two southern §itest, the
growth in Baie des Veys was appreciably higher tilmaRonce or Riviere d'Auray. Such growth perforecgan
(somatic and germinal) suggests that trophic canditin Baie des Veys were favourable for oystersgrms of
energy input. Second, although oysters in Baie\@3s have active gametogenesis, only partial aodniplete
spawning was observed, probably attributable tcetot@mperatures as compared to southern $texthelin et
al., 2000. At the sampling date, one month after the norspalwning period in this area, oysters from Bate de
Veys still contained gonads and underwent gonadrpésn; whereas, in Ronce and Riviere d'Auray,tengss
were in the reproductive resting phase (spawninguwed in JulAugust). As hemocytes are known to
participate in gonad resorption as transportindgsc€heng, 199§ re-cycling processes of the non-spawned
gamete tissues are likely to result in additiona¢rgy for circulating hemocytes. Consequently, lbietter
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energetic balance (trophic conditions and gameserption) of the oysters reared in Baie des Veysidco
partially explain why hemocytes were more numerowstabolically active, (higher ROS production Igwaatd
less susceptible to the pathogeviibrio sp. S322 in vitro.

Overall, this study demonstrated that the hemoclytgacteristics of the oyst€r gigas are influenced by
a complex balance between genetic and environmdatabrs. However, we showed consistent hemocyte
characteristics in oyster families selected forvistal to summer mortality, regardless of the enmim@ntal
conditions and gametogenic status. Further, thiskughlighted the difficulty of easily linking oyasr survival
during summer mortality to a particular hemocytefite that could be used as a health indicatororider to
produce more concrete conclusions in explainingigal of selected families during summer mortaktyents,
development of a broader approach, with in-deptmeration of oyster physiology would be helpful,vesuld
better monitoring of environmental factors. Twoiops can be proposed here: the first one is toystimdmals in
a site equipped with instruments for continuous suneament of temperature, salinity, chlorophyll ada
turbidity, etc..; the second is to follow oystemiéies in experimental hatcheries with controlle/ieonmental
conditions. The latter was performed during the ME3R program and results are under analysis.
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