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Introduction

Abstract

Associations between marine invertebrates and chemoautotrophic bacteria con-
stitute a wide field for the study of symbiotic associations. In these interactions,
symbiont transmission must represent the cornerstone allowing the persistence of
the association throughout generations. Within Bivalvia, in families such as
Solemyidae or Vesicomyidae, symbiont transmission is undoubtedly vertical.
However, in Lucinidae, symbiont transmission is described in the literature as
‘environmental’, symbionts being acquired from the environment by the new host
generations. Hence, if there is transmission, symbionts should be transmitted from
adults to juveniles via the environment. Consequently, we should observe a release
of the symbiont by adults. We attempted to detect such a release within two
Lucinidae species of the genus Codakia. We sampled 10 Codakia orbicularis and 20
Codakia orbiculata distributed in 10 crystallizing dishes containing filtered sea-
water. During 1 month of investigation, we analyzed water of the dishes in order to
detect any release of a symbiont using catalyzed report deposition-FISH techni-
ques. For 140 observations realized during this period, we did not observe any
release of symbionts. This suggests that the idea of host-to-host passage in
Lucinidae is inaccurate. We could therefore consider that the transmission mode
from generation to generation does not occur within Lucinidae, symbiosis
appearing to be advantageous in this case only for the host, and constitutes an
evolutionary dead-end for the bacteria.

One of these associations involves Lucinidae (Mollusca:
Bivalvia) and sulfur-oxidizing (thioautotrophic) intracellu-

Since their discovery in hydrothermal vents (Felbeck et al.,
1981), associations between marine invertebrates and che-
moautotrophic bacteria have been described in more acces-
sible environments such as shallow water sea-grass beds
(Berg & Alatalo, 1984), mangrove swamps (Schweimanns &
Felbeck, 1985), cold seeps (Juniper & Sibuet, 1987), whale
bones (Deming et al., 1997) and sunken woods (Gros &
Gaill, 2007; Duperron et al., 2008). These associations are
present all over the world in many host taxa as an endo- or
an ecto-symbiosis (Gill & Vogel, 1962; Polz et al., 1992; Polz
& Cavanaugh, 1995; Haygood & Davidson, 1997; Zbinden
et al., 2004). According to 16S rRNA gene sequences, the
majority of marine symbionts known to date belong to the
Gammaproteobacteria subdivision (Distel ef al., 1994).
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lar symbionts (Distel et al., 1988, 1994; Durand & Gros,
1996; Williams et al., 2003). Lucinidae are the most diverse
bivalve family, live in a wide variety of marine habitats and
are geographically very widespread (Taylor & Glover, 2005).
All Lucinidae genera studied to date harbor endosymbiotic
thioautotrophic bacteria localized in specialized cells of the
gill called bacteriocytes (Fisher, 1990).

As in all endosymbioses, symbiont transmission must
constitute the most important factor enabling symbiotic
associations to continue. Such transmission can be (1)
vertical (from parents to offspring), which implies the
integration of the symbiont into the gametes, (2) horizontal
(spread of symbionts between contemporary hosts) or (3)
environmental. The latter term has been proposed to define
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the reinfection of the new generation by a stock of micro-
organisms present in the environment without, however,
discussion of the origin of this environmental stock (Le
Pennec et al., 1988; Cary & Giovannoni, 1993).

In Lucinidae, no symbionts in ovaries, eggs, embryos and
larvae of Codakia orbicularis have been described (Gros
et al., 1996), which eliminates the vertical transmission
hypothesis. However, aposymbiotic juveniles of C. orbicu-
laris can be infected in the laboratory with crude sand from
natural habitats of C. orbicularis (Gros et al., 1996). Later,
free-living forms of the C. orbicularis gill endosymbiont
were detected in Thalassia testudinum sea-grass bed sedi-
ments (Gros et al., 2003). These observations led the authors
to conclude that Lucinidae sulfur-oxidizing endosymbionts
were environmentally transmitted.

However, environmental transmission requires the pas-
sage of the symbiont from an infected host (i.e. adults) to a
noninfected host (i.e. aposymbiotic juveniles) via the envir-
onment (Fig. 1), a phenomenon that has not yet been
described in Lucinidae. Consequently, if transmission oc-
curs, a release of the symbiont by adults in the environment
must exist. In this study, we attempted to find it.

Materials and methods

Specimen collection

Approximately 40 mm shell length individuals of C. orbicu-
laris (Linné, 1758) and 15 mm shell length Codakia orbicu-
lata (Montagu, 1808) individuals were collected by hand in
March 2007 from T. testudinum sea-grass sediments on ilet
Cochon (16°12/53.76"N; 61°3205.74”"W) in Guadeloupe
(French West Indies).

Rearing conditions

Clams were divided into 10 crystallizing dishes containing
500 mL of 0.2 um filtered seawater according to the follow-
ing distribution: two crystallizing dishes contained a single
C. orbicularis; four crystallizing dishes contained two
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Multiplication of the symbionts into bacteriocytes

Fig. 1. Schematic representation of the environmental transmission.
Symbionts acquired by juveniles derive from symbionts released by adults
of the contemporary generation after multiplication in the gills of these
last ones. A.1: adult of the parental generation, A.2: adult of the
following generation, a.n.J: aposymbiotic-naive juvenile, J: juvenile, full
ellipses: endosymbiotic bacteria.
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C. orbicularis each; and four crystallizing dishes contained
five to six C. orbiculata each.

To avoid symbiont reacquisition due to bivalve filtration,
individuals were kept raised halfway up the dishes. No
sulfur, food or oxygen was added to the dishes. Every day,
‘old’ seawater was discarded and replaced by ‘fresh’ 0.2 pm
filtered seawater. A positive control (0.2 um filtered seawater
containing C. orbicularis gill extract) was also realized in
order to check whether symbionts could be detected by our
analysis technique.

Probes

Various studies have used fluorescent probes to detect
environmental bacteria or bacterial symbionts in the envir-
onment (Christensen et al., 1999; DeLong et al., 1999; Manz
et al., 2000; Gros et al., 2003). Here, as a positive control, we
used the universal probe EUB338, which targets 16S rRNA
gene of most eubacteria (Amann et al., 1990; Daims et al.,
1999), and the specific probe Symco2A, which hybridizes in
a specific manner the 16S rRNA gene of the symbiont of
C. orbicularis (Gros et al., 1996) and of C. orbiculata, which
harbor a symbiont with the same 16S rRNA gene sequence
(Durand & Gros, 1996).

Catalyzed report deposition (CARD)-FISH

Histological sections or pieces of filters were used for
hybridization using the following probes: EUB338 to target
all eubacteria and Symco2A for C. orbicularis or C. orbicu-
lata gill endosymbiont. This protocol follows Pernthaler
et al. (2002) up to the washing buffer step. Sections were
then washed twice in 1Xx phosphate-buffered solution
(PBS) [15min at room temperature (RT)] and incubated
in a solution of amplification buffer (1/10 [w/v] dextrane
sulfate, 1 x PBS, 2M NaCl and 1/100 [v/v] 10% blocking
reagent), 0.5% diluted H,O, in 1x PBS and 2pL of
fluorescent-labeled tyramide for 15 min at 37 °C in the dark.
Sections were then washed in 1 x PBS (5 min at RT in the
dark), in sterilized water and twice in 50 mL of absolute
ethanol. Sections were air-dried, 4’,6-diamino-2-phenylin-
dole (DAPI) counterstained and embedded in DAKO med-
ium before observation under an epi80i fluorescent
microscope (NIKON, France).

CARD-FISH detection threshold

We purified a gill extract on percoll, following Caro et al.
(2007), and quantified its bacterial concentration by count-
ing on a Malassez cell. We then used this inoculum to
constitute samples containing 0, 10, 10%, 10°, 104, 10°, 10°
and 10" bacteriamL™'. These samples were treated and
analyzed in a manner similar to those used for Symbiont
release detection experiments.
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Symbiont release detection

The experiment was conducted over 30 days. To investigate
the release of symbionts, 50 mL of seawater from the 500-mL
experimental batches were sampled and analyzed at T,
every 4 h the first day, once a day until day 5 and then every
5 days (for a total of 140 observations). Every 50-mL sample
was fixed in 4% PFA for 3h at 4 °C and filtered on GTTP
filters (Millipore, France). Each section of the filter (1/4 of
filter) was analyzed directly or stored at —80°C before
analysis.

Monitoring of the symbiotic population in the
gills by CARD-FISH on slides

To follow the evolution of the symbiotic population in the
gills, individuals were sacrificed at Ty, T+ 10 days, To+20
days and T,+30 days, and gill sections were CARD-FISH
analyzed. Slides were prepared following Dubilier et al.
(1995), with some modifications: after embedding in paraf-
fin, 4 um sections were realized and pasted on SuperFrost®
slides (Menzel-Glaser™). Slides were used immediately or
stored at —20°C. Sections were then deparaffinized in
toluene and rehydrated (100%, 95%, 70% ethanol and
distilled water). Slides were washed in 0.2 M HCI (12 min at
RT), Tris/HCl 20mM (10min at RT), Proteinase K
(0.5 pgmL™" of Tris/HCI 20 mM; 5 min at 37 °C) and finally
in Tris/HCl 20mM for 10min at RT. Slides were then
directly used for CARD-FISH.

Monitoring of the symbiotic population in the
gills by transmission electron microscopy (TEM)

After dissection, gill samples were prefixed in 2.5% glutar-
aldehyde/0.1 M cacodylate buffer (pH 7.2 isosmotic to sea-
water by addition of sodium chloride and CaCl,) for 2h,
and washed three times in the same isosmotic buffer. Pieces
of gill were fixed for a further hour at RT in 1% osmium
tetroxide in the same buffer, and then rinsed in distilled

Fig. 2. Symbiont release detection experiment.
(a) DAPI staining for nucleic acid coloration
(positive control). (b) Hybridization with the
universal EUB338 probe for detection of majority
of eubacteria (positive control). (c) Hybridization
with a Symco2A probe specific to Codakia
orbicularis and the C. orbiculata gill symbiont
(positive control, 10 bacteriamL™"). (d) DAPI
To+1 day. (e) EUB338 To+1 day. (f) Symco2A
To+1 day.
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water before postfixation, using 2% aqueous uranyl acetate
(1h), dehydration through an ethanol series and propylene
oxide before embedding in an Epon—Araldite mixture. Thin
sections, 60 nm thick, were cut for TEM observation. They
were processed and stained by uranyl acetate and lead citrate
using standard TEM methods and observed under a Leo 912
TEM microscope.

Results

The purpose of this study was to check whether sulfur-
oxidizing gill endosymbionts of two tropical lucinids be-
longing to the genus Codakia (C. orbicularis and C. orbicu-
lata) are released by their hosts in the environment. To
answer this question, we attempted to detect these non
cultivable thioautotrophic bacteria using a specific fluores-
cent probe targeting 16S rRNA gene sequences from a
controlled environment.

CARD-FISH detection level

To ensure that the lack of symbiont detection was not due to
a lack of sensitivity of the technique used, we determined the
minimal number of bacteria necessary to observe a signal
using 0.2 um filtered seawater containing a purified fraction
of C. orbicularis gill endosymbionts extracted from a freshly
collected individual of C. orbicularis (Caro et al., 2007) as a
positive control. The EUB338 (Fig. 2b) and Symco2A (Fig.
2c) probes were sufficiently effective in detecting at least
10 bacteriamL™" (minimal density analyzed); the negative
control (0.2pm filtered seawater without a gill extract)
remained negative for the two probes (data not shown).

Symbiont release

Filters of the different sampling points were hybridized with
EUB338 and Symco2A probes. For all the 140 samples
analyzed, no positive hybridization with Symco2A was
found, whether early [every 4h without seawater change

10pm 10pm
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(Toto To+16h)] or late in the experiment [seawater change
every day (T, to Ty+30 days)] (Fig. 2f). In all cases, the
internal positive control of hybridization (EUB338) was
positive, confirming that bacteria could be detected using
our technique (Fig. 2e). A DAPI counterstaining was used to
confirm that positive hybridizations represented bacteria,
and to eliminate auto fluorescent particles from the sedi-
ments (Fig. 2a and d). No host mortality was observed
during the experiment.

Evolution of the symbiotic population inside
gills

CARD-FISH

Gill sections of C. orbicularis and C. orbiculata at 0, 10, 20 or
30 days of starvation were hybridized with EUB338 and
Symco2A. In both cases, probes hybridized only in the
lateral zone of the gill where bacteriocytes are localized.
Based on microscopic observations, sections of T, (Fig. 3a),
Ty+10 days and T+20 days (data not shown) revealed no

20pm

CZ
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hybridization differences (Fig. 3a). However, on the T+30
days (Fig. 3b), the sample presented a weaker hybridization
signal.

TEM

Through the lateral zone of each gill filament, bacteriocytes
correspond to large cells (up to 35 pm length) characterized
by a rounded apical pole in contact with circulating seawater
and a cytoplasm filled with individually enclosed bacteria
(Fig. 4a). Bacterial endosymbionts, which could reach 5 um
in length (Fig. 4a), are characterized by numerous sulfur
granules (appearing as electron-lucent vesicles after conven-
tional TEM preparation) located in the periplasmic space as
described recently using cryo-EFTEM (Lechaire ef al., 2008).
After 1 month of starvation, modifications could be noted in
the gill filaments observed, with a decrease of intracellular
bacteria and the appearance of numerous large secondary
lysosomes (Fig. 4b), indicating an increase of intracellular
digestion of the symbionts.

Fig. 3. In situ hybridization (CARD-FISH) with a
Symco2A probe on Codakia orbicularis gill
sections. (a) Gill section of C. orbicularis at 0 day
(To) of starvation. (b) Gill section of C. orbicularis
at 30 days of starvation (To+30). LZ: Lateral
zone, CZ: ciliated zone.

Fig. 4. Ultrastructural modifications in the Codakia orbicularis gills during starvation according to ultrathin sections (TEM analysis). (a) Bacteriocytes
(BC), which are the most prevalent cells in the gill filament, have a basal nucleus (N) and a rounded apical pole developing a broad contact with pallial
seawater (white arrow). The cytoplasm is crowded by envacuolated bacteria (B), which are individually enclosed inside the bacteriocyte vacuole.
Intercalary cells (IC), characterized by a trumpet shape and an apical nucleus, are regularly interspersed among bacteriocytes. (b) In 1-month starved
specimens, residual bacteriocytes (BC) can be observed with scarce bacteria (B) and large secondary lysosomes (Ly) in their cytoplasm. The larger
symbionts have disappeared and only small symbionts, mostly located at the periphery of the cell, can be observed. BL, blood lacuna; IC, intercalary cells;
N: nucleus.
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Discussion

Symbiont transmission must constitute the most important
factor permitting the persistence of symbiotic associations.
Within Lucinidae (Mollusca: Bivalvia), associated with the
sulfur-oxidizing gill endosymbiont, previous studies (1)
revealed an absence of symbionts in the ovaries, eggs,
embryos and larvae of various lucinids, (2) showed that
juveniles can be infected with crude sand from T. testudinum
sea-grass beds and (3) detected the free-living form of the
symbiont in these sea-grass beds (Gros et al., 1996, 1998,
1999, 2003). Accordingly, the authors of these studies
excluded the possibility of a vertical transmission of sym-
bionts in Lucinidae and concluded that transmission was
environmental. Nevertheless, environmental transmission
being a passage from an infected host (here adults) to a
noninfected host (here juveniles) via the environment, it
would require a release of the symbiosis-competent bacteria
by the adult clams (Fig. 1). In the present study, using
CARD-FISH techniques, we attempted to detect the release
of thioautotrophic symbionts by the lucinids C. orbicularis
and C. orbiculata and we did not find any evidence of such a
release over 1 month of experiment.

No evidence of symbiont release

What hypotheses could explain this result? (1) Our experi-
mental conditions might not be optimal enough to allow
symbiont release to occur, although rearing conditions kept
the hosts alive in an apparently good condition for at least a
month (not a single host died during the whole experi-
ment). (2) The natural release of symbionts could be
restricted to a defined period at the end of the larval
development after metamorphosis (July-September), to
permit a more efficient transmission. The failure to detect a
release could then be because our experiment was conducted
in April. However, we can infect juveniles with crude sand in
the laboratory all the year round and whatever the age of the
juvenile (O. Gros, personal observations). These observa-
tions suggest that the release of symbionts, if it does take
place, could occur efficiently all throughout the year (in sea-
grass beds), which makes the ‘period-restricted release’
hypothesis unlikely. (3) The release took place, but was not
detected. Considering the sensitivity of the method we used,
this is very unlikely because some batches included several
individuals and sampling was conducted 24 h after filtered
seawater exchange. Moreover, the 30 days of the experiment
provided ample opportunities for release to take place, if it
really existed. (4) Release could occur at the death of the
host. Nevertheless, a transmission strategy based on the
death of the host can be successful only in the case of
parasitic microorganisms (Ewald, 1987). Now, sulfur-oxi-
dizing endosymbionts associated with marine invertebrates
were not considered as deleterious (Stewart et al., 2005).
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Finally (5), the symbiont release phenomenon does not exist
and consequently the environmental transmission hypoth-
esis proposed by Gros et al. (1996) could be invalid.

Evolution of the symbiotic population into the
gills

The diminution of the hybridization signal observed on gill
sections must be considered because it could reveal a release
undetected by CARD-FISH. However, this hypothesis is
unlikely because the diminution of the hybridization signal
seems large enough to correspond to a release we should
have been able to detect. Considering that bivalve gills could
harbor ¢. 3 x 10°bacteriag "' of gills, and considering that
the symbiont population decreases up to 30% per month
(A. Caro et al., unpublished data), it may have a release of
3 x 107 bacteria per clam day™'. Considering our detection
limit of 10 bacteriamL ™" (i.e. 5000 bacteria per crystallizing
dish), this release could not have gone undetected. Alter-
native explanations for the decrease of the hybridization
signal are (1) decreasing metabolic activity due to experi-
mental conditions (related with rRNA copy) or (2) lysoso-
mal degradation of the symbionts into the gills. We favor the
latter hypothesis because our TEM observations show a
reduced number of bacteria in the bacteriocytes and an
increased number of secondary lysosome-like structures
(Fig. 4b) similar to those described in the literature (Frenkiel
& Mouéza, 1995; Frenkiel et al., 1996; Liberge et al., 2001).

Consequences for symbiotic relationships

Thus, the lack of release-detection in our experimental
conditions, although not refuted completely, does not sup-
port the environmental transmission mode. However, the
absence of vertical transmission, the ability to infect with
crude sand, the detection of the free-living form and the
absence of symbiont release all agree with the hypothesis
that host-to-host transmission does not take place within
Lucinidae. If this is so, what consequence is there for the
symbiotic relationship?

In chemoautotrophic symbioses, it is commonly sup-
posed that both partners benefit from the symbiosis. On the
host side, harboring a symbiont is very important consider-
ing the clearly established feeding role of bacteria in this type
of symbiosis (Berg & Alatalo, 1984; Fisher, 1990). Indeed,
symbiont carbon fixation covers an important part of the
host’s nutritional needs in chemoautotrophic endosym-
bioses (Stewart et al., 2005). On the symbiont side, gills
would constitute a more favorable and more stable environ-
ment than seawater or sediments, and would provide a
better access to metabolic substrates (e.g. sulfide, CO,)
(Stewart et al., 2005). This pattern leads us to think that the
relation is a mutualism. However, in Lucinidae, if the
symbiont does not multiply in his host (Caro et al., 2007)

Journal compilation © 2008 Federation of European Microbiological Societies
Published by Blackwell Publishing Ltd. No claim to original French government works



266

A'1 \
=

a.n.J

d/
—_——— g"
J

_ —
A2 \"" <> K‘lﬂ o~
i o o o } Multiplication of the

symbionts in sediments

Fig. 5. Schematic representation of the capture of the bacteria. Sym-
bionts acquired by juveniles come from an environmental stock con-
stituted by the multiplication of free-living bacteria in the environment.
A.1, adult of the parental generation; A.2, adult of the following
generation; a.n.J, aposymbiotic-naive juvenile; J, juvenile; full ellipses,
endosymbiotic bacteria; empty ellipses, free-living bacteria.

and if release does not occur (as suggested by our results),
juveniles acquire the bacteria only from a free-living form
of the symbiont that multiplies only in the surroundings
(Fig. 5). This ‘capture’ enables the host to benefit from the
bacteria as described above. On the contrary, for the bacteria
enclosed and exploited inside the gills, this relation consti-
tutes an evolutionary dead-end.
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