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ABSTRACT- Since 1987, Brown Ring Disease, caused by a bacterial pathogen named Vibrio P1 (VPl) ,  
has spread throughout aquacultural sites for the manila clam Ruditapes ph~l~ppinarum along the 
French Atlantic coast. Experimental pathology revealed that the heterotrophic bacterial microflora 
increased during the development of the disease and VP1 levels remained relatively stable. The great- 
est proportion of VP1 bacteria was associated with the surface of the clam flesh. Surface bacteria rep- 
resented about 90% of the VPl amount in experimentally diseased clams. Similarly, the mantle did not 
seem to be deeply colonized by VP1, since an alcohol rinse precluded detection of the pathogen by bac- 
teriological methods. Microscopic observations of heavily diseased clams also revealed that VP1 is par- 
ticularly associated with the periostracal lamina. The possibility of any other major site of infection can 
be eliminated. 
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INTRODUCTION 

The manila clam Ruditapes philippinarum has been 
imported into France since 1972 for aquacultural pur- 
poses. This new venerid culture became increasingly 
widespread up to 1986. Since this time, mass mortalities 
in manila clam beds have occurred, associated with 
Brown Ring Disease (BRD) (Paillard et al. 1989). This 
disease is characterized by an abnormal deposit of con- 
chiolin on the inner surface of the valves, between the 
pallial line and the edge of the shell (Paillard et al. 1989, 
Paillard 1992). A Vibrio sp., subsequently called Vibrio 
P1 or VP1, was isolated and defined as the etiological 
agent (Paillard & Maes 1990, Maes 1992). Bacteria of 
the Vibrio genus had previously been associated with 
bivalve larval mortalities (Tubiash et  al. 1965, 1970, Le 
Pennec & Prieur 1977, Elston & Leibovitz 1980, Nottage 
et al. 1989). To our knowledge, however, BRD along 
with the Pacific Oyster Nocardiosis (Friedman & 
Hedrick 1991, Friedman et al. 1991) are the only 
demonstrated bacterial diseases affecting adult bi- 
valves (Paillard & Maes 1990, Paillard et al. 1994). 

A detailed description of BRD developn~ent has 
recently been proposed by Paillard & Maes (1994). 
These authors demonstrated the cyclic and chronic 
character of the disease and established a classification 
system that accounts for the extent, location and thick- 
ness of the conchiolin deposit. A shell repair process 
was described which consists of deposition of new cal- 
cified layers by the mantle epidermis over the conchi- 
olin deposit. 

It has already been demonstrated that VP1 disrupts 
the clam's normal calcification process by adhering to 
the periostracal lamina and decomposing it (Paillard 
1992, Paillard & Maes 1995a). This alteration provokes 
the deposition and accumulation of the periostracal 
lamina on the inner surface of the shell, thereby pro- 
ducing the conchiolin deposit (Paillard et al. 1994, Pail- 
lard & Maes 1995a, b). Plana & Le Pennec (1991) ob- 
served alterations in the digestive diverticula which 
degenerates in experimentally diseased clams, and 
bacterial bodies have also been observed in the diges- 
tive cells of infected clams (Plana 1995). In addition, 
VP1-contaminated clams exhibit a disruption of their 
immune system as indicated by a decrease in circulat- 
ing hemocyte concentrations and serum aminopep- 

0 Inter-Research 1996 
Resale of full article not permtted 



150 Dis Aquat Org 

tidase specific activity (Oubella et al. 1993, 1994). To 
date, tissue infection by VP1 has never been descnbed. 

The aim of this study was to identify the locatlon of 
the pathogen in the tissues, secretions and shell cavity 
fluid of diseased clams. Two m.ethods tvere used: (1) 
bacteriology, to evaluate bacterial proliferation during 
the development of BRD in experimentally infected 
clams, and (2) microscopic detection of Vibrio P1 by 
mean of immunofluorescence techniques. 

MATERIALS AND METHODS 

Samples. Healthy juvenile manila clams Ruditapes 
philippinarum (10 to 15 mm, showing no signs of BRD 
syndrome! were obtained from hatcheries. Diseased 
adult clams (30 to 40 mm) were collected from clam 
beds in Brouennou (Landeda, North Finistere, France) 
in May 1994. Clams were ~naintained unied through- 
out experiments in aerated marine aquaria at 15 + 1°C. 
Vibrio P1 strain was isolated from diseased clams. 
Other Vibrio strains were isolated from diseased clams 
and subjected to immunofluorescence techniques. 

Infection experiment. An infection experiment was 
performed according to Paillard & Maes (1990, 1994). 
A VP1 suspension of 108 cells ml-' in sterile seawater 
(SSW) was obtained from a 72 h culture grown on 
marine agar. A volume of 0.1 m1 (10' bacteria) from this 
suspension was inoculated into the pallial cavity of 
each experimental juvenile clam without damaging 
the shell. Experimental and control (non-inoculated) 
clams were left out of water for 8 h, and then placed in 
separate aquaria. Surrounding water was changed 
weekly after sample collection. Twenty clams were 
sampled at each time interval (time zero, 8 h, 1, 3, 7, 14, 
28, 46 and 72 d for contaminated clams, and time zero, 
8, 28 and 46 d for controls) and used for bacteriological 
(10 clams per sample) and histo-immunological analy- 
ses (10 clams per sample). Disease progression was 
monitored on the clams analysed for bacteriology. 

Bacteriology. The external shell surface of 10 clams 
was washed by scrubbing under running tap water to 
remove mud and marine life, sprinkled with 70% 
ethanol and allowed to dry. Clams were then opened 
aseptically by cutting the adductor muscles with a 
sterile knife. The shell cavity fluid (all the running fluid 
when clams are opened which contains mainly pallial 
fluid, some peripheral extrapall.ia1 fluid and hemo- 
lymph bled from adductor muscles) from 2 groups of 5 
specimens was extracted and pooled. The tissues of the 
first group were washed with SSW, transferred to a 
sterile plastic jar and weighed. The tissues of the sec- 
ond group were immersed in absolute ethanol for a few 
seconds in order to remove surface bacteria and then 
rinsed with SSW. For the last sampling interval (72 d 

after contamination), the mantle was surgically sepa- 
rated from the rest of the flesh before the different 
rinses. For each of the sampling intervals, the tissues 
were blended for 30 S In SS'GV (1/10; w/v) using a Poly- 
tronTh' blender, and serial dilutions of the homogenates 
were prepared in SSW. A volume of 0.1 m1 of both the 
diluted homogenates and the shell cavity fluid was 
plated on marine agar [ l  1 distilled water, 15 g agar, 
20 g sea salts (Sigma), 4 g peptone, 0.1 g Fe(PO&] and 
incubated for 72 h at 20°C to determine total hetero- 
trophic bacterial microflora (THBM). Isolation of VP1 
was performed according to Maes (1992). Briefly, repli- 
cate subcultures were used for testing 4 VP1 key char- 
acteristics: non-utilisation of sucrose and mannitol, 
growth on TCBS (thlosulfate citrate bile sucrose), and 
failure to grow above 28°C. The colonies meeting 
these 4 requirements were purified and subjected to a 
slide agglutination test using rabbit anti-VP1 serum. 

Results of bacterial counts are presented as colony 
forming units per m1 (shell cavity fluid; cfu ml-l) or per 
g wet weight (soft tissues; cfu g-l). The term 'superfi- 
cial' bacteria (THBMs or VPIS) refers to the difference 
between the amounts of bacteria (THBM or VP1) 
detected in SSW-rinsed flesh and in ethanol-rinsed 
flesh which should represent only those bacteria 
within the tissues ('tissue' bacteria). 

Histological methods. Clams sampled for histo- 
immunological analyses were fixed with their shells in 
fresh aqueous Bouin's solution for 48 h or longer. With 
the use of a binocular microscope, decalcified shells 
were then carefully removed in such a way as to pre- 
serve the structural integrity of the animal tissues. The 
flesh samples were dehydrated in graded ethanol and 
xylene series, and embedded in paraffin. Paraffin sec- 
tions (5 pm thick) were used for immunofluorescence 
treatments and for Masson's trichrome staining (Gabe 
1968). Additional samples were embedded in resin 
(hydroxyethylmethacrylate activated by benzol perox- 
ide and dimethyl sulfoxyde) to obtain thinner sections 
(2 to 3 pm thick), which tvere dyed with toluidine blue 
(Gabe 1968) or subjected to the immunofluorescence 
technique. 

Immunofluorescence. An indirect immunofluores- 
cence method using an anti-VP1 rabbit serum was 
used to identify VP1 In tissue sections, penostracal 
lamina and conchiolin deposit fragments. The anti- 
VP1 serum was supplied by the Institut Pasteur (Paris, 
France). The slides were rinsed in 0.1 M phosphate- 
buffered solution (PBS, pH 7.4) and covered for 30 min 
at room temperature with a normal-goat serum (20% 
in PBS). The primary antibody (rabbit anti-VP1, 0.5 % 
in PBS) was applied to the histological sections and 
carried out in a moist chamber for 1 h at 30°C. Sections 
were then covered by fluorescein isothiocyanate- 
conjugated goat anti-rabbit antibody [secondary anti- 
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body, diluted in PBS (1 %) containing l O/o bovine serum 
albumin] for 45 min at 30°C in the dark. The prepara- 
tions were then rinsed 3 times with PBS and mounted 
in non-fluorescent microscopic oil before examination 
under an OlympusTM microscope equipped with epi- 
fluorescence illumination and using a 450-490 nm 
exciter-barrier filter and reflector combination. About 
100 histological sections were processed of 5 to 10 
clams per sample. In parallel, smears of both VP1 and 
other Vibrjo sp. strains phenotypically different from 
VP1 and abundant in diseased clams were subjected to 
the same treatments to constitute positive and negative 
controls respectively. 

Statistical analysis. Parametric (Student's t-test) and 
non-parametric tests (Wilcoxon's signed-ranks test) 
were used to examine bacteriological results. As no 
remarkable differences in the bacterial counts were 
noted between the shell cavity fluid subsamples 
(2 pools of a same sample), the mean bacterial count 
for each sample is represented. Student's test was 
applied on these counts (n = 2) converted to loglo by 
assuming that loglo bacterial counts in the shell cavity 
fluid have a normal distribution and by taking into 
account the hypothesis of unequality of variances. Sig- 
nificance levels were noted for each comparison. 

RESULTS 

Bacterial count 

Controls 

Total heterotrophic bacterial microflora (THBM) lev- 
els were checked in the shell cavity fluid (Fig. 1) and 
the flesh (Fig. 2) of uninjected control clams. They 
remained relatively stable (1 to 3.6 X 104 cfu ml-' in the 
shell cavity fluid and 1 to 5 X 105 cfu g-' in the flesh) 
over a period of more than 6 wk. The pathogen (VP1) 
was never detected in control clams. 

Contaminated clams 

Shell cavity fluid. The inoculation of VP1 caused an 
immediate increase in the bacterial levels (Fig. 1). 
After 8 h ,  the bacterial levels (VP1 and THBM) corre- 
sponded approximately to the number of bacteria inoc- 
ulated into the clams (about 107 cfu ml-l). These levels 
decreased dramatically once the clams were placed in 
sea water. 

THBM in infected clams attained 3 X 104 cfu ml-' 
after 1 d ,  and increased slowly to reach 1.5 X 106 cfu 
ml-' at Day 46 (50 times control value, Fig. 1). In fact, 
THBM values were significantly higher in challenged 

10.' f 

0 0.3 1 3 7 14 28 46 72 

Time (days) 

Fig. 1 Ruditapes philippinarum. Bacterial count in the shell 
cavity fluid. Mean * standard deviation (each point repre- 
sents 2 pooled subsamples of 5 clams each). ( m )  THBM in 
challenged clams; ( 0 )  VP1 in challenged clams; (D) THBM in 

control clams 

0 0.3 1 3 7 14 28 46 72 

Time (days) 

Fig. 2 Ruditapes philippinarum. Bacterial count in the flesh. 
Each polnt represents 5 pooled clams. (m) THBM in chal- 
lenged clams; ( 0 )  VP1 In challenged clams; (D) THBM in 

control clams 

than in control clams collected a t  Day 7 (p  = 0.0015), 
Day 28 (p = 0.0095) and Day 46 (p  = 0.0043) (Student's 
l-tailed test). A slight decrease was observed after 72 d 
of incubation. 

VP1 in infected clams attained 4.2 X 103 cfu ml-' after 
1 d and increased slowly to reach 2 X 105 cfu ml-' at 
Day 14 (Fig. 1). A significant decrease (p  = 0.01, Stu- 
dent's l-tailed test) was observed after 72 d of incuba- 
tion (37 times lower than the level detected at Day 46). 
VPl and THBM reached their maximal levels on Days 
14 and 46 respectively. 

Flesh. An increase in THBM following challenge was 
observed (Fig. 2). No remarkable decrease in numbers 
was observed once the clams were placed in sea water. 
The THBM was relatively stable until Day 14 (6 X 10' 
cfu g-l), after which a substantial increase was ob- 
served up until Day 28 (32 times control value). A de- 
crease in bacterial numbers was observed on Day 72. 
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Total concentrations of VP1 for infected clams 
reached values simifar to those observed for THBM fol- 
lowing challenge (Fig. 2). Once the clams were placed 
in sea water, VP1 levels stabilized and remained at rel- 
atively constant levels until Day 46 (2 to 7 X 105 cfu g-l) 
after which a substantial decrease was observed on 
Day 72. Values on this last day were 13 times lower 
than those recorded on Day 46 (Fig. 2). 

Development of the brown ring deposit and mortality 

The development of the disease was also followed in 
the experimentally infected clams (Table 1). Several 
brown spots appeared on the inner face of the valves 
after Day 3 (microscopic sign). These spots became 
enlarged and were visible to the naked eye after 7 d of 
incubation. A well-developed brown ring, made up of 
several layers, was visible after 28 d. Recalcification 
was observed in only 1 clam (out of 10) on Day 46 and 
was more frequent on Day 72 (7 out of 10 clams). Low 
mortality was observed after Day 3 (3%); it increased 
progressively to finally reach 21 % by Day 72. In con- 
trols, the mortality level was low ( S 6 % ) ,  and signs of 
disease were never observed. 

Table 1. Ruditapesphilippinarum. Development of the brown 
ring deposit and cumulative mortality in experimentally in- 

fected clams. ND: no data, n = 10 clams per sample 

Time (d) 
3 7 28 46 72 

Brown Ring Syndrome (%) 
Contaminated clams 20 70 90 100 100 
Controls 0 0 0 0 0  

Recalciflcation 1%) 
Contaminated clams 0 0 0 10 70 

Mortality (%) 
Contaminated clams 3 4.5 8.5 16.5 21 
Controls 2 3 4.5 6 ND 

Localization of VPl 

Bacteriology 

Until Day 14 ,  the pathogen constituted more than 
30 % of the THBM of the flesh (Fig. 3). This proportion 
tended to decrease with the development of the dis- 
ease. Superficial bacteria were predominantly VPl 
(Fig. 3), fluctuating between 60 and 85 % until Day 14. 
VPl/THBM ratios in the flesh had approximately simi- 
lar trends for tissue and superficial bacteria with val- 
ues consistently higher for the superficial bacteria (p  = 

0 G.3 1 3 7 14 28 46 72 

Time (days) 

Fig. 3.  Rud~tapes  philippinarum. VPllTHBM ratio in chal- 
lenged clams. (m) Tissue bacteria; (U) superfic~al bacteria; 

(0) shell cavity fluid 

0 
0 3 3  1 3 7 14 28 46 72 

Time (days) 

Fig. 4. Ruditapes philipplnarum. Percentage of superficial 
bacteria compared to total. ( W )  THBMS/THBM in challenged 
clams; (@) VPlsNPl  in challenged clams; (U) THBMS/THBM 

In controls 

0.013, Wilcoxon's signed-ranks test). The VPlnHBM 
ratio of the shell cavity fluid decreased sharply once 
the clams were placed in sea water but increased 
again to a maximal level on Day 14. The development 
of bacterial microflora (other than VP1) brought about 
a substantial decrease in the VPl/THBM ratios of the 
flesh and the shell cavity fluid from Day 14  until the 
end of the experiment (Fig. 3). 

The greatest proportion of detected VP1 bacteria 
was associated with the flesh surface (Fig. 4 ) .  These 
surface bacteria represented almost 90 % of total VP1 
amounts after Day 14. Percentage of superficial VP1 
was consistently higher than that of THBM (p = 0.013, 
Wilcoxon's signed-ranks test). Analysis of the mantle 
tissue (conducted on Day 72) revealed that no VPI was 
detected after rinsing with alcohol (Fig. 5). In addition, 
the VP1 level in the remaining flesh (without mantle) 
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Fig. 5. Ruditapes philippinarum. Bacterial count in clams 
analysed 72 d after contamination. Black bars: VP1; white 
bars: THBM. M: mantle; RP: remaining flesh; S: superficial 

bacteria; T tissue bacteria 

Microscopic detection of the pathogen 

DISCUSSION 

Bacterial adhesion represen.ts one of the first steps in 
the colonization of tissues (Arbuthnott & Smith 1977). 
The relationship between adhesion and pathogenicity 
has already been established (Rogers 1977, Iijima et al. 
1981) I t  is dependent upon a certain specificity be- 
tween the bacteria and the tissue surfaces they colo- 
nize (Rogers 1977, Smith 1977, Bartkova & Ciznar 
1992, Chen & Hanna 1992). The association of vibrios 
with periostracum has already been reported in oysters 
and clams (Elston et al. 1982). Organic matrix coloniza- 
tion by bacteria is observed in the case of 'hinge 
ligament erosion' affecting juvenile oysters. These 
bacteria, identified as Cytophaga sp., penetrate and 
proliferate into the resilium and use this matrix as a 
growth substrate (Dungan & Elston 1988, Dungan et al. 

was relatively low, being on the order 6 X 103 
cfu g-' or about 1200 bacteria per clam 
(mean of mantle-free flesh wet weight 50.2 g 
at Day 72). 

Specificity of the serum. Five Vibrio spp. 
phenotypically different from VP1 were used 
to test the specificity of the anti-VP1 rabbit 
serum. A very faint fluorescence was de- 
tected on the smear of one of these bacterial 
strains. The other Vibrio spp. presented no 
detectable fluorescence. In addition, VPl 

of an intense fluorescence at the level of the 
bacterial membrane, forming a halo around 
the bacteria. No fluorescence was detected 
when the primary antibody was omitted. 

was easily detectable due to the localization " 

Microscopic observations. Eight hours fol- 
lowing challenge, VP1 was observed adher- 
ing to the surface of the periostracal lamina 
(Fig. 6) and the mantle and was also present 
within the digestive tract. After 24 h of incu- 
bation, VP1 was consistently detectable only 
on and within the periostracal lamina. 
Immunological detection techniques applied I - - - 
to fragments of the periostracal lamina and 
the conchiolin deposit revealed the presence 
of numerous VP1 cells and abundant non- 
identifiable material (Fig. 7) .  Similar obser- Figs. 6 & ?.  Vibno P1 infecting Ruditapes philippinarum. Microscopic 

vations were obtained from diseased clams detection of the pathogen (indirect irnmunofluorescence technique). 
Fig. Adhesion of VP1 to the periostracal lamina 8 h after contamination from 'Ontaminated 'larn beds' The (thin sections). Fig. 7 VP1 adhering to fragments of the periostracal 

pathogen was never detected in control lamina 28 d after contamination. PL: periostracal lamina; B: bacteria. 
clams. Scale bar = 10 pm 
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1989). Our results reveal that the pathogenic agent 
VP1 adheres to the surface of the periostracal lamina 
shortly after inoculation (8 h) and remains present 
throughout the development of the disease. The brown 
conchiolin deposit, from the onset of its formation, is 
also heavily colonized by the pathogen. These repre- 
sent the 2 sites where VP1 is regularly detected by the 
immunofluorescence technique. The results of the pre- 
sent study confirm those of Paillard (1992) and Paillard 
& Maes (1995a, b),  who observed, by means of scan- 
ning electronic microscopy and irnmunofluorescence, 
VPl adhering to the periostracal lamina 12 h after 
inoculation, and who also described non-identifiable 
bacteria colonizing the lamina and the deposit after 
extended incubation. 

The bacteriological results agree with those obtained 
microscopically and demonstrated that the majority 
of the VPl cells were associated wlth the surface of 
the tissues and their numbers in the different clam 
compartments (shell cavity fluid and flesh) remained 
relatively stable throughout the development of the 
disease. This result could be linked to a bacterial 
saturation of the periostracal lamina, the major site of 
infection, during the first days of infection. The lamina 
and the deposit, which are heavily colonized by VP1, 
could regularly liberate bacteria into the pallial cavity 
fluid. These liberated bacteria could then be ingested, 
which would explain their presence in the flesh. 
Pathogen levels in clams may have been underesti- 
mated because a portion of the lamina and the entire 
brown deposit remain fixed to the shell during tissue 
sampling. Paillard (1992) and Paillard & Maes (1995b) 
observed VPl adhering to the mantle. However, the 
results of the present study indicate that the mantle is 
not deeply colonized as the pathogen is not detected in 
this tissue following alcohol rinsing. 

Recently, VP1 has been occasionally observed, using 
the immunogold technique, inside altered digestive 
cells (Plana 1995). This was explained as serious alter- 
ations of cell membrane in highly diseased (moribund) 
clams that allowed bacteria (VP1 and other) to pene- 
trate inside the cells. In our study, the failure to detect 
tissue VP1 microscopically during the development of 
the disease is a consequence of the relatively low lev- 
els present there (10 to 20 % of total levels after Day 
14), which correspond to about 1200 bacteria per clam 
at Day 72. Moreover, superficial VP1 was essentially 
localized on and within the periostracal lamina since 
microscopic detection was consistently successful only 
for this site. These results support the periostracal lam- 
ina being the only major site of infection. 

The development of the brown ring symptom is 
accompanled, by an Increase in the total heterotrophic 
bacterial microflora (THBM other than VPI) which 
brings about a decrease in the VPl/THBM ratios. 

These results confirm those of Maes (1992), who ob- 
served an increase in the number of THBM in diseased 
clams. In parallel, Paillard (1992) noted the presence of 
a multitude of variously shaped bacteria and fungal 
hyphae on the organic deposit. The phenomenon of 
recalclfication, which consists of covering the conchi- 
olin deposit with calcified layers (Palllard 1992, Pail- 
lard & Maes 1994), may explain the decrease in levels 
of THBM and VPI towards the end of the experiment. 
Indeed, Paillard et al. (1994) recently suggested that 
the formation of the brown melanized deposit consti- 
tutes one of the first steps of an external defence sys- 
tem which embeds the bacteria (VP1 in particular) and 
which secondarily leads to a complete covering of the 
abnormal organic deposit with new calcified layers. In 
addition, it would seem that mortality, which was rela- 
tively high at the end of the experiment, produces 
selection of the more resistant clams, which brings 
about an  improvement in the average health of the 
clams and lower bacterial numbers. However until the 
surviving clams and their progeny are tested, this point 
is highly speculative. 

In conclusion, our results indicate that the majority of 
the VP1 cells are localized at the tissue surface and, 
more precisely, on and within the periostracal lamina. 
It would therefore appear that the digestive gland 
changes observed by Plana & Le Pennec (1991) in 
heavily diseased clams are not directly caused by VP1. 
This hypothesis is supported by the low levels of tissue 
VP1 found in this study. The high mortality levels 
observed in the more advanced stages of the dlsease 
may be the result of a combination of complex factors. 
The poor health of extensively starved and diseased 
clams may favour the proliferation of opportunistic 
bacteria (relatively high THBM levels in diseased 
clams) or other pathogenic agents which could lead to 
secondary infections and clam death. 
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