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Summary

The symbiotic tubeworm Riftia pachyptilaneeds to fuel = most apical region of the branchial epithelium, close to the
its chemoautotrophic symbiotic bacteria with inorganic  surrounding water. V-H*ATPase is mostly colocalized
carbon. CO; is transported from the surrounding water to  with CA and both enzymes probably allow CQ entry
the bacteriocytes located in the trophosome, through the against the concentration gradient while regulating
branchial plume and the body fluids. Previous studies intracellular pH. Na*K*-ATPase is mostly restricted to the
have demonstrated the implication of carbonic anhydrase basal part of epithelial cells and probably participates in
(CA) and proton pumps (ATPases) at various steps of GO CO» transport to the body fluids. In the trophosome
transport. The present study describes the expression lobules, cytosolic CA is expressed and found in
pattern of cytosolic CA using an RNA probe and its bacteriocytes and peritoneal cells. Hypotheses on the role
histochemical and immunocytochemical localization in of CA in bicarbonate and CQ interconversion to fuel the
the trophosome and branchial plume of Riftia. symbiotic bacteria are discussed.

Immunolocalization of V-H*ATPase and NaK*-ATPase
were also performed and related to CA localization. In the Key words: Vestimentifera, carbonic anhydrase, ‘ARPase,
branchial plume, CA is expressed and localized in the Na‘K*-ATPase, immunolocalizatioim situ hybridization.

Introduction

Carbonic anhydrases (CAs) are important enzymesxternal milieu, the worm must take up sulfide, oxygen, nitrate
(E.C.4.2.1.1) commonly produced by a variety of tissuesand carbon dioxide from the environment and transport these
where they participate in a broad range of physiologicainorganic molecules to the symbionts. All these substances are
processes such as acid—base homeostasis, carbon dioxide tak@n up from the surrounding water through the large and
ion transport and respiration (Henry, 1996). They catalyze theighly vascularized plume (Fig. 1) (Jones, 1988). They are
reversible conversion of bicarbonate and hydrogen ions intmansported by circulating fluids to provide energy, carbon
carbon dioxide (C@) and water. CAs are synthesized in a largeand nitrogen source to the bacterial metabolic cycles, and
number of tissues in animals, from mammals (Maren, 1967) toltimately transferred to the worm as organic molecules. As far
amphibian (Tufts et al., 1999) and fish (Henry et al., 1997)as carbon dioxide is concerned, a number of studies have
CAs have also been described in most invertebrate phykhown that molecular CCenters by diffusion (Goffredi et al.,
studied, from cnidarians (Lucas and Knapp, 1996; Weis, 1991997), and accumulates at very high concentrations in the body
to crustaceans (Henry and Cameron, 1982), to name a few.fluids (up to 30 mmoH) (Childress et al., 1993). Transport of

The work described herein focuses on CA and protein€0z in body fluids is mainly as bicarbonate, a limited amount
involved in ion exchange processes in the giant hydrothermaking bound to the extracellular hemoglobins (Toulmond et al.,
vent tubewornRiftia pachyptilaJones. Adults lack both mouth 1994). However, the bactener secan only utilize molecular
and gut (Jones, 1981) but, however, exhibit the highest growthO, (Scott et al., 1999). In addition, extracellular pH in the
rates among marine animals (Lutz et al., 1994). They actuallyody fluids ofRiftia remains very stable at approximately 7.3,
derive all their nutritional needs from the large population oflespite these high amounts of carbon dioxide (Goffredi et al.,
sulfur-oxidizing chemolithoautotrophic bacterial symbionts1997). As suggested by all these authors, carbon dioxide
that live in cells within a specialized organ located in theirconversion is needed at various steps of the transport processes
trunk, the trophosome (Cavanaugh et al., 1981; Felbeck, 1988nd probably involves high levels of carbonic anhydrase
The trophosome is a soft tissue, composed of highlactivity.
vascularized lobules, and surrounded by coelomic fluid (Jones, Previous studies biochemically characterized a functional
1988). Because the bacterial symbionts are remote from tleytoplasmic CA in the plume and in the trophosomg®iftia
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(Kochevar et al., 1993), and other studies have also quantifiecere dissected onboard immediately after recovery of the
V-H*ATPase and N&*-ATPase activities in several tissues animals, washed several times wWRlitia saline (Fisher et al.,
of R. pachyptila(Goffredi and Childress, 2001; Goffredi et al., 1988) and frozen separately into liquid nitrogen until used.
1999a). According to Goffredi and Childress (200R)itia ~ Membrane and crude homogenates were prepared from 1g of
regulates acid—base balance mainig high concentrations frozen tissue of each body part. The tissues were homogenized
of ATPases, 7-55% higher than other deep-sBavr(ia on ice using a Tissuemizer (Ultra-Turrax, Janke-Kuntel, lka
jerichonana, Calyptogena magnificand Coryphaeniodes Labortechnik, Staufen) by three 30s bursts in 4 ml extraction
acrolepig and shallow-living Arenicola marina, Urechis buffer. The extraction buffer contained 50 mmdITris-HCI,
caupo, Chaetopterus veriodepatasid Themiste pyroidgés pH7.5, 200mmoh! sucrose, 150 mmatt KCI containing
animals. The authors also emphasized the importance of tpeotease inhibitors including 2mmotl EDTA, 1 mmol i1
Na‘/H* exchanger and N&*-ATPase in proton elimination Pefablock (Boehringer Mannheim),ug§mtl chymostatin,
and extracellular pH regulation in the face of the numerousOug mt? leupeptin and 1Qg mt?! aprotinin. Samples were
processes acting to acidify the internal environment in th&ept on ice during the whole procedure and centrifuged at
tubeworm. Moreover, a recent physiological investigation ori0000g for 20min at 4°C. The supernatant (S1) was
isolated bacteriocyte suspensions from the trophosome tisstransferred in a new tube and stored at 4°C. The pellet was
of Riftia revealed the complex interaction of carbonicwashed twice and then solubilized for 1 h in 2ml of membrane
anhydrase with two important ion-transporting enzymes, thbuffer containing 1% Triton X-100 (3 vol.), Tris buffer used
vacuolar-type V-HATPase and the NE*-ATPase. Both above (7 vol.) and 0.2% saponin (1 vol.) (Brion et al., 1997).
enzymes seem to be involved in the transepithelial transpoProteins were solubilized by breaking up the membrane pellet
processes for electrolytes and carbon dioxide (De Cian et aljth a pipette tip, vortexing and sonicating. S1 and the
2002). These results suggest that in the trophosome, the protemiubilized pellet (P1) were then ultracentrifuged at 10@000
motive force of the HATPase drives transport processesfor 1.5h at 4°C resulting in supernatants S2 (from S1, soluble
involved in CQ/HCO3~ (and possibly HStransport) across proteins) and S3 (from P1, membrane-associated proteins).
the cell membrane by generating local acidification of the outefhe pellet P3 was solubilized one more time in |506f the
layer of the membrane. In this symbiotic tissue the relativ@riton X-100 buffer in the same conditions as above and
importance of HATPase minimizes the role of N&"  ultracentrifuged at 100 0@Pfor 1.5h at 4°C, but the resulting
ATPase in ion equilibrium. However, Na*-ATPase is likely  supernatant did not contain significant amount of proteins. All
to play an important role in the plume. samples were stored in homogenization buffer with 5
These physiological results prompted us to investigate theaemmli sample buffer at —40°C (Laemmli, 1970).
respective localization of the various proteins involved, in
order to better understand carbon dioxide transport, conversion Western blots
and incorporation processes that are specific to this symbiosis.Protein concentrations were determined by the method of
The present study describes the expression pattern of cytosaBcadford (1976). fuig of protein from each fraction were
CA wusing an RNA probe and its histochemical andoaded on reducing SDS-PAGE gels for silver nitrate staining
immunocytochemical localization in the trophosome and othesand 3Qug were loaded in triplicates for western blotting
non-symbiotic tissues d&k. pachyptilalmmunolocalization of (Brion et al., 1997). Proteins were transferred to a
the two ion transporter enzymes VVATPase and N&K*- nitrocellulose  (Bio-Rad) membrane using a wet
ATPase were also investigated and related to CA localizatioi{Tris—glycine—20% methanol) transfer unit for 2 h at 4°C and
80V. All blocking and antiserum incubations were done in
, TBST (20 mmolt1 Tris-HCI, pH 7.5, 0.5 moH! NaCl, 0.05%
Materials and methods Tween 20). After blocking for 2h in 5% skimmed milk in
Animals TBST at room temperature, the membrane was split up into
Juvenile specimens &iftia pachyptilalones were collected three identical parts. Each one was incubated overnight at 4°C
at 9°N (9°50N, 104°18W) and 13°N (12°4®, 103°57W)  with a different primary antibody: (i) rabbit anti-chick 30 kDa
hydrothermal vent sites (2600 m depth) along the East PacificA-Il (a generous gift from Dr P. Linser, Whitney Laboratory,
Rise during the HOPE 99 cruise. Animals were collected wittniversity of Florida, St Augustine, USA) diluted 1:1000, (ii)
the telemanipulated arm of the submersibNautiie and mouse monoclonal antibody raised against the 60RPa
brought to the surface in a temperature-insulated containesubunit of yeast V-HATPase (Molecular Probes) diluted
Upon their arrival onboard, small individuals (<5cm) werel:500, and (iii) &5 ascites diluted 1:1000. The primary
removed from the surface of a few adult tubes and immediatebntibody ©o5’, developed by Douglas M. Fambrough, was
transferred to chilled seawater (5°C) in a refrigerated containeobtained from the Developmental Studies Hybridoma Bank
Selected specimens were removed from their tube and checkéelveloped under the auspices of the National Institute of Child

for tactile responsiveness prior to fixation procedure. Health and Development and maintained by The University
_ _ of lowa, Department of Biological Sciences, lowa City, IA
Protein extraction 52242, USA. This antibody was raised against chicken

Plume, vestimentum, body wall and trophosome tissueNatK*-ATPase a-subunit, a 1020-amino-acid membrane
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protein, with a large spectrum of cross-reactions recordeBNase-free conditions with RNase-free products, all provided
from mammals to insect and frog (Lebovitz et al., 1989). Ady Sigma-Aldrich.

positive standard for CA we used bovine CA, present in the Hybridization specificity and optimal conditions of the RNA
molecular mass marker mix (LMW electrophoresis calibratiorprobes were tested on dot blots (data not shown) using total
kit, Amersham Pharmacia Biotech., France). Pre-immun&NA of R. pachyptilatissues as a matrix. Sections were pre-
rabbit serum (Sigma) and omission of the primary antibodyybridized at 45°C for 1h in hybridization buffer (50%
were used as negative controls. The membrane was thdeionized formamide, 0.9 mofiNaCl, 20 mmolt® Tris-HClI,
rinsed 3 times in TBST and incubated for 2h at roonpH7.5, 0.01% SDS, 2% blocking reagent (Boehringer-
temperature with a 1:3000 dilution of pig anti-rabbit Mannheim), and hybridized with DIG-labeled CA riboprobes
horseradish peroxidase-conjugated 1gG antibody (DAKO A/S(100 ng/slide) overnight at 45°C in a wet chamber with a
Denmark) or sheep anti-mouse HRP-conjugated IgG antibodyoverslip. Experimental tissue sections were hybridized with
(Amersham Pharmacia Biotech.). The antigen—antibodyhe anti-sense CA riboprobe and control sections with the sense
complex was revealed by the chemiluminescence systeriboprobe. After stringent washing (20 mmdiITris-HCI,
(ECL, Amersham Pharmacia Biotech., France) accordingH 7.5, 28 mmoH! NaCl, 0.01% SDS, 5mmofl EDTA) at

to the manufacturer’s instructions, and by exposingd7°C for 20 min, immunological detection was performed with
autoradiographic film X-OMAT AR (Eastman Kodak Co. NY, DIG Nucleic Acid Detection Kit [sheep anti-DIG-alkaline

USA) to the nitrocellulose membrane. phosphatase (Fab fragments), and NBT/BCIP as a substrate;
Boehringer-Mannheim] according to the manufacturer’s
Preparation of the probes fan situ hybridization instructions.
The plasmid carryin@iftia. CA cDNA (EMBL accession
number AJ439711; 356-378bp fragment) was linearised Immunocytochemistry

appropriately for either T7 or T3 polymerase-directed RNA Tissue pieces or juveniles (2—-10cm long) were fixed in cold
synthesis. Synthesized RNA was labeled by incorporatinghethanol at —20°C and then cryo-embedded in tissue-teck or
digoxigenin (DIG)-conjugated UTP, as recommended bymbedded in paraffin wax as described above. Cryosections
the manufacturer (Boehringer-Mannheim). The following(7um) were cut on a Microm cryotome at —25°C, collected on
solutions were added toug of linearized template:|# of a  glass slides coated with 1% gelatin, air-dried at room
10mmol ! nucleotide mix (including 3.5mmaott labeled temperature and then stored at —40°C. When used, the sections
UTP and 6.5mmott unlabeled UTP), Rl of 10x  were first postfixed in methanol containing 0.3%O0k to
transcription reaction buffer, |l of RNase Inhibitor, 2l of  inhibit endogenous peroxidase activity, and rinsed in PBS
the specific polymerase and DEPC (diethyl pyrocarbonat&)l0 mmolt® sodium phosphate buffer, pH7.4, 150 mmbl|
water to 2Qul final volume. After 2h at 37°C,|# of DNase |  NacCl). Sections were then incubated in blocking solution [10%
RNase-free was added to digest the cDNA template @hd 2 normal goat serum (NGS), 1% BSA, 0.3% Tween 20 in PBS]
of 0.5moll! EDTA was added to end the transcriptionfor 1h prior to application of the primary antibody. The
reaction. CA sense and antisense mRNAs were purified onfwimary antibodies, i.e. polyclonal anti-CAll, monoclonal anti
Quickspin columns (Boehringer-Mannheim) and stored in th&/-H*ATPase or monoclonabi5’, were diluted 1:50 in PBS

elution buffer (300-500 ng samples iplp at —80°C. containing 1% NGS, 1% BSA, 0.3% Tween 20 (Carrier
_ S Solution, CS). The slides were incubated for 2h in a moist
In situhybridization chamber at 37°C. The sections were then rinsed in CS, and

Small entire juveniles or tissue pieces 5 mm thick were fixethcubated with a 1:100 in CS HRP-labeled anti-mouse for
in  0.1moli! phosphate-buffered 4% paraformaldehydemonoclonal antibodies (DAKO), or fluorescein-conjugated
(pH7.4) for 4 h at 4°C. After rinsing in 100 mmolphosphate goat anti-rabbit IgG secondary antibody for CA antibody
buffer (PB) three times, the specimens were dehydrated {{®igma), for 1 h at room temperature. After washing with CS,
an ethanol series and embedded in paraffin wax. Sectiomsonoclonal antibody binding was visualized by applying a
(5-7um) were collected on Biobond (BBInternational, Cardiff, solution of 4-chloro-1-naphthol (ImmunoPure, Pierce Biotech.,
UK) coated glass slides and air-dried overnight at 40°C. ThRockford, IL, USA) until emergence of the characteristic
sections were dewaxed in toluene, rehydrated in an ethanplirple-blue color. Sections treated with CA antibody were
series and washed in PBS. They were then post-fixed in 4#%ounted in antifading reagent AF3 (Citifluor Ltd, London).
paraformaldehyde in PBS for 15min at room temperature,
deproteinized for 10min with 0.2mof HCI, treated for Histochemical detection of carbonic anhydrase by
10min in % SSC at 70°C, and rinsed in PBS, 0.1mbl| fluorescence
triethanolamine acid, pH 8, containing 0.5% acetic anhydride The CA enzyme was detected with 1-dimethylamino-
under agitation at room temperature. Slides were thenaphthalene-5-sulfonamide (DNSA), a fluorescent inhibitor
incubated with 5Q,g m-1 proteinase K for 15min at 37°C in with a great affinity for the catalytic center of CA (Chen
a wet chamber, rinsed in PBS, and eventually dehydrated in amd Kernohan, 1967; Dermietzel et al., 1985). The emission
ethanol series, air-dried, stored at —80°C and used within \Ravelength of DNSA shifts from 580 to 468 nm when binding
weeks after pre-treatment. All these steps were carried undir CA. The trophosome, plume and vestimentum tissue pieces
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were rinsed in Riftia saline (Fisher et al., 1988) andbandwidth 10nm) allows the detection of the blue
immediately frozen in liquid nitrogen. Cryostat sectionsfluorescence of the CA-bound DNSA (maximum emission at
(10pm in thickness) were prepared at —27°C, transferred t468 nm), but shuts down the yellow-green fluorescence of
poly-L-lysine coated slides (Sigma) and fixed with a drop ofunbound DNSA (maximum emission at 580nm; Chen and
cold methanol (—20°C) before thawing (Just and Walz, 1994Kernohan, 1967).
Immediately after methanol evaporation, sections were stained Micrographs were processed with Adobe Photoshop 5.5
with 0.1 mmoltl DNSA (Sigma) in phosphate buffer in a (Adobe Systems Inc., San José, USA) and NIH Image
wet chamber at room temperature for 30 min, then mounteghttp://rsb.info.nih.gov/nih-image) where appropriate.
in PB (Dermietzel et al., 1985). In control experiments,
non-fluorescent CA inhibitors acetazolamide (AZ) or
ethoxyzolamide (EZ), both provided by Sigma-Aldrich, were Results
added to the incubation medium at a concentration of Fig. 1 shows the different body compartment&ifia, and
1mmol 1, their pattern of total RNA synthesis, detected by Gallocyanin
staining. Tissues showing the darker coloration are the
Microscopy and image acquisition trophosome, together with the internal branchial filaments
In situ hybridizations were observed on a Leitz Laborlux Dwhere these are fused into lamellae (Andersen et al., 2002),
light microscope. Slides used for immunocytolocalization werend the body wall in the vestimentum and trunk, where dark
observed with an Olympus BH-2 epifluorescence microscopgpots visible at the edge of the vestimentum wings and, more
(Olympus Optical Co. Tokyo, Japan) equipped with a mercurdiscretely, along the body wall, might correspond to the
light source and x40 UVFL objective (excitation/emission pyriform glands, the sites of chitin production (Shillito et al.,
filters: 490/515 for fluoroisothiocyanate). Micrographs werel995). These four tissues, branchial plume, vestimentum, trunk
taken with Kodak films P160 (tungsten light) or P1600body wall and trophosome, were thus the obvious targets to
(fluorescence). check the validity of our antibodies and the presence of the
Slides used for histolocalization of CA were observed wittproteins of interest. This step was necessary because of the lack
a Confocal Laser Scanning Biological Microscope (CLSM,of biochemical and molecular tools specific to invertebrates,
Fluoview, Olympus Optical Co. Ltd, Tokyo, Japan). Opticalwhich led us to use different antibodies, raised in commonly
sections (0.im) were taken through bacteriocytes with theused models for immunological studies.
CLSM equipped with a pulsed laser (Mira 900, Coherent,
Santa Clara, CA, USA) to obtain an equivalent biphoton Identification of CA and ATPases
excitation at 380nm and at 470nm. The 470nm barrier filter Western blot analyses were performed on total soluble and

A

Branchial plume

— Vestimentum—

Obturacle
Lamellae

Fig. 1. (A) Sagittal section showing the body parts of the whole vestimentiferan tub&ifGenpachyptilaand the labeling of total RNA by
Gallocyanin. The four main body compartments of the worm are indicated, with their respective RNA synthesis activity. $ByrCiomge
densitometry analysis of the section processed with NIH Image, with a binary transform at 50% threshold. Maximal traastvipyiovas
detected in the trophosome lobules, at the basis of the joined branchial lamellae and in the epithelium of the wingsadilanobtur
vestimentum and body wall showed basal expression levels. Scale bar, 2 mm.



membrane-associated protein extracts f
the four main tissues oRiftia for CA
(Fig. 2) and from branchial plume a
trophosome for the ion transporters (Fig.
Fig. 2A shows the specific protein patte
of each tissue as revealed by silver nit
staining. The vestimentum and the b
wall exhibited very similar patterns for bc
soluble and membrane-associated pr¢
fractions, and differed from the plut
protein profile by several major ban
Meanwhile, the proteins constituting -
symbiotic tissue appeared different fr
the other three tissues. Polyclonal ra
antibody raised against chick 30kDa
cross-reacted with a 27kDa cytost
protein in the plume and a 28 kDa cytos
protein in the trophosome (Fig. 2B). T
antibody did not cross-react with any ot
protein in the four tissues tested. ThB
monoclonal antibody raised against
chicken 1020-amino-acid NE*-ATPase
cross-reacted with membrane-associ
proteins only, labeling two bands in -
trophosome and three bands in the plt
all of them with a molecular mass
115kDa (Fig. 3A). The monoclor
antibody raised against yeast 60k[Da
subunit of V-HATPase cross-reacted w
proteins from the membrane fraction (¢
producing two distinct bands of 59 &
57 kDa in the plume and one band of 571
in the trophosome (Fig. 3B). A lighter be
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Fig. 2. (A) SDS-polyacrylamide gel of total protein extractRdfia pachyptilatissues
(load approx. Tg) stained with silver nitrate, and (B) corresponding immunoblot probed
with rabbit anti-chick CA II. CA cross-reacted with a protein of a 27 kDa in the plume and
one of 28kDa in the trophosome. The vestimentum and the trunk body wall were weakly
immunoreactive to CA antibody. No cross-reaction was observed with pre-immune serum
(data not shown). The positions of marker proteins (kDa) are shown. BW, body wall; PI,

plume; S2, soluble protein fraction; S3, membrane-associated protein fraction; Tr,
Trophosome; V, vestimentum.

Pl \Y
8233823382338283

66 —

45 —
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appears in the cytosolic fraction (S2) in both tissues, at 59 kDsitu hybridization experiments. Hybridization experiments

in the plume and at 57 kDa in the trophosome.

CA localization

with the CA antisense probe and immunolocalization on
transverse sections showed an intense label in the trophosome
(Fig. 4) and the branchial filaments (Fig. 5).

To identify the expression of CA genes in the tissueR.of
pachyptilag degenerate oligonucleotide primers (Table 1) were

designed on the basis of conserved regions in published cDN
membrane-associate S2 S3 S2 S3
mitochondrial and secreted CA in a wide range of species. .
cDNA sequence of 225 nucleotides was amplified, cloned ar
identified via BLAST search of GenBank as a cytosolic-like
This cloned fragment was checked foi
specificity by northern blot (not shown), and then usednfor

sequences coding for cyotosolic,

CA fragment.

Plume Trophosome

< 115 kDa

Fig. 3. (A) Western blot analysis of N&*"-ATPase. Proteins of

molecular mass approx. 115kDa were probed with anti-chicken
Na'K*-ATPase antibody in the plume and in the trophosome
membrane fractions (S3) but not in the soluble fractions (S2).
(B) Western blot analysis of V4ATPase. Two bands of

approximately 59 and 57kDa were visualized with anti-yeast V-
H*ATPase antibody for the plume fraction, but only one band of
57kDa in the trophosome. The positions of marker proteins (kDa) 45—

are shown.

97 —

59 kDa
57 kDa
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Table 1.0ligonucleotide primers employed to amplify carbonic anhydrase fragment usedifiorhybridization with riboprobe
Position in cDNA

Primer set Nucleotide sequencé<3') of A. elegantissima
Degenerate sense primer CA4A GAG CARTTY CAY TTY CAY TGG 282-303
Degenerate antisense primer CA8 CGG ART ANG TCC ART ART C 582-601

Anthopleura elegantissinarbonic anhydrase cDNA GenBank Accession number: AF140537.
N, A/C/IGIT; R, AIG; Y, CIT.

The trophosome consists of numerous lobules,
each of these being a functional unit (Fig. 4A). Each
lobule is provided with an axial efferent blood vessel,
several afferent vessels situated at the periphery of
the lobule, and many capillaries joining them. Four
cell types make up the trophosome lobules: non-
bacteriocyte cells, either (i) unspecialized cells or (ii)
muscle cells in the external layer immediately
adjacent to the axial vessel; (iii) bacteriocytes filling
the whole central part of the lobule, and (iv) a layer
of peritoneal cells in the outermost region. The
bacteriocytes are the specialized cells containing the
chemosynthetic bacteria within vacuoles. No label
was found in the controls incubated with sense
riboprobe (Fig. 4A). Cytosolic CA mRNA was
consistently found in all lobules, except for blood
vessels (Fig. 4B). Close-ups show that both the
bacteriocytes and the peritoneal cells are labelled
(Fig. 4C,D). The intensity of the label was often
weaker in the bacteriocytes compared to the
peritoneal cells (Fig. 4D). Protein immunoreactivity
was also apparent in all trophosome lobules from the
inner to the outer part (Fig. 4E). The central efferent
vessel and the peripheral afferent vessels were all free
of staining (Fig. 4E). The intensity of the green label
was maximum around the intracellular bacteria,
which appeared in red (Fig. 4F). Using DNSA, a
fluorescent, specific inhibitor of CA, the cytoplasm

Fig. 4. Localization of carbonic anhydrase in trophosome
lobules ofRiftia pachyptila(A-D) In situ hybridization of
carbonic anhydrase mRNA with DIG-labeled riboprobe.
(A) Negative control, showing the organization of the
trophosome with numerous lobules (L) bathing in
coelomic fluid (CF). (B-D) Section of a lobule composed
of a central efferent vessel (EV), peripheral afferent
vessels (AV), bacteriocytes (BC) and peritoneal cells (PC)
in the extreme periphery of the lobule. Arrowheads
indicate positive hybridization with the riboprobe in the
bacteriocytes (C) and in the peritoneal cells (D).
(E) Corresponding protein immunolocalization using
rabbit anti-chick CA Il antiserum with (F) a detailed
portion (boxed area in E) focusing on CA labeling in the
bacteriocytes filling the lobule. (G,H) Histochemical
localization of CA with DNSA (G) and corresponding
result of competition with Ethoxyzolamide (H). Scale bar,
150pm (A); 50um (B,E,G,H); 15um (C,D,F).




of the peritoneal cells showed a bright fluoresce
owing to the formation of the enzyme-subsi
complex between CA and DNSA (Fig. 4G). WI
ethoxyzolamide, the non-fluorescent competito
DNSA, was added to the incubation medium, a ¢
and time-dependent disappearance of the fluores
was observed, until the fluorescence was compl
abolished (Fig. 4H).

The same study was performed on the
symbiotic tissues of the worm: the trunk body v
vestimentum and plume. CA mRNA hybridizat
experiments in the body wall and in the vestimer
only gave weak signals, thus we chose to focu:
results on CA expression and immunolocalizatio
the branchial plume. It is a conspicuous organ,
rigid by the axial collagenous obturaculum,
composed of many rows of lamellae formed
contiguous filaments (Fig. 5A). The free distal tif
each filament bears, on its posterior side, two
rows of pinnules (Fig. 5B). Each filament contain:
afferent and an efferent blood vessel bathin
coelomic fluid (Fig. 5D,E). Cytosolic CA mRN
hybridization was labeled in the epidermis of
branchial filaments, where the cells are in contact
the coelomic cavity, but also more apic
(Fig. 5B,D). The connective tissue between jo
lamellae was always free of staining (Fig. 5C),
only a weak signal could be detected directly ar
the afferent and efferent vessels (Fig. 5D).
enzyme itself appeared more specifically localize
the apical region of the epithelial cells, at the inter
between environmental water and plume epiderm
shown by immunolocalization with anti-chick CA
(Fig. 5F). Indeed the expression of CA mR
appeared to be enhanced in the pinnules of
filament (Fig. 5B), and the same intense staining
observed in immunolocalization experiments \
anti-chick CA-Il (data not shown). A similar patt
resulted from the fluorescence signal of CA-bc
DNSA (Fig. 5G), which emphasized the apical sid
the branchial epidermis. Controls performed
sense riboprobe (Fig. 5A), pre-immune se
(Fig. 5E) and competition with EZ (Fig. 5H) did 1
result in any aspecific background staining.

ATPase localization

Immunolocalizations of V-HATPase and N&*-
ATPase were also investigated on trophosome lo
(Fig. 6) and branchial filaments (Fig. 7), to exp
any possible colocalization of these two
transporters with the cytosolic carbonic anhyd
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YAV

EVa

Fig. 5. Localization of carbonic anhydrase in branchial tissueRidtia
pachyptila (A) Negative control with sense riboprobe on a transverse section
of the plume showing its anatomical organisation. Lamellae are attached to the
central obturaculum (Ob), and are composed of filaments (Fl) joined
proximally but free distally. (B—D)n situ hybridization of CA mRNA with
DIG-labeled riboprobe. (B) Transverse section of a single filament; the
arrowhead indicates maximum staining intensity observed in a pinnule.
(C,D) Epithelial cells are clearly stained by CA riboprobe, contrasting with the
weak staining of extracellular matrix (C) and vascular vessels (D).
(E) Negative control for CA immunolocalization using rabbit anti-chick CA 1l
antiserum. (F) Corresponding protein immunolocalization restricted to the
apical region of the epithelial cells. (G) Protein localization with DNSA, and
(H) control section with DNSA on slides pre-incubated with the competitive
CA inhibitor ethoxyzolamide. AV, afferent blood vessel; CF, coelomic fluid;
EV, efferent blood vessel. Scale bar, pé® (A); 40um (E,G,H); 2Qum
(B-D,F).

visualized within the same tissues. Fig. 6A shows a cros®acteriocytes exhibited a more diffuse signal due to the
section of a trophosome lobule from the inner part, the efferestaining of prokaryotic DNA. DAPI staining also distinguished
vessel, to the periphery, stained with DAPI. Dense bluepink-colored host cell membranes on the trophosome section,
colored dots marked nuclei of the non-symbiotic cells, aroundhich were barely visible by light microscopy. Fig. 6B

the efferent vessel and in the outer part of the lobule, whil#lustrates the corresponding

immunolabeling with the
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V-H*ATPase antibody, showing bright label at the level of th€Fig. 7A,B), and a densification of the vacuoles close to the
bacteriocytes (Fig. 6B), but much less around peritoneal cellapical area (Fig. 7B). N&*-ATPase immunostaining on
Higher magnification of the bacteriocytes revealed that thplume filament cross sections was intense and restricted to the
label surrounds the bacteria (Fig. 6C). The use ofKNa basolateral membrane of the cells surrounding the coelomic
ATPase antibody led to a signal that was mostly localized isavity containing the afferent and efferent vessels (Fig. 7C).
bacteriocytes at the periphery of the lobules (Fig. 6D). The No staining was detected when pre-immune mouse or rabbit
linear appearance of the label suggests its localization @erums were used instead of primary antibody, either on
membranes (Fig. 6E), although these were not clearlfrophosome lobules or on branchial filaments.

discernible.

In transverse sections of branchial filaments, the epithelial
cells appeared to possess a VAHIPase with localization
restricted to the apical membrane and intracellular vesicles Antibody specificity

CA, V-H*ATPase and N&K*-ATPase enzymes were
detected in total protein extracts of the trophosome and
branchial plume. The proteins that cross-reacted with the three
antibodies had similar molecular mass to the corresponding
proteins known in vertebrates, and they were the only
immunoreactive proteins visualized on the immunoblots.
Although not conclusive, these biochemical results showed
that the antibodies used apparently detected the true respective
proteins, and could be applied with some confidence for
specific immunohistological localization driftia pachyptila
tissue cross-sections. Such a strong immunoreactivity between
anti-vertebrate antibodies and the target proteiriifina also

Discussion

Fig. 6. Immunocytochemical analyses of VATPase and N&*-ATPase in cryosections of trophosomeRiftia pachyptila (A) Lobule

section stained with DAPI. Bacteriocytes are characterized by a more diffuse staining than peritoneal cells and cellagstinmeffdrent

vessel (EV), due to the staining of bacterial DNA; white arrowheads indicate bacteriocyte cell membranes. (B) Correspmmisigpsecg

the immunolocalization of V-EATPase in the lobule. Staining was abundant all around the bacterial vacuoles, membrane and vacuolar
sublocalization being hardly distinguishable using light microscopy, even at higher magnification (C). (D,E) Immunolocafiistt-

ATPase, where staining was restricted to the periphery of the lobule (D) and appeared to line host cell membranes (EgnAbloatie

vessel; EV, efferent blood vessel. Scale bap2@A,B,D); 6um (C,E).
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suggests that these proteins are highly conserved membersatgo found for two ion pumps, type VEATPase and N&*-
these gene families. In addition, the nucleotide sequence of tAd Pase, which are functionally associated to CA (Goffredi and
cDNA fragment used foin situ hybridization revealed strong Childress, 2001; De Cian et al., 2002). How do the present
similarities with then-CA gene family of vertebrates (data not results help our understanding of the overall transport
shown). processes of COn Riftia? Some of the major implications and

The expression pattern of CA mRNA was analyzed in théaypotheses are discussed below.
branchial plume and trophosomeRiftia pachyptila,as well
as the localization of the corresponding proteins. Evidence was COz transport across the branchial plume epithelium

The branchial plume plays a key role in the physiology of
Riftia, since it is the organ where almost all ion and metabolite
exchanges take place, especially 2Ccorporation and
internal concentration processes. High activity levels of CA
and ATPase have been reportedRirpachyptilaplume tissue:
254pmol COxmin~tg-lwetmass for CA (Goffredi et al.,
1999b) and 64amol P, h-1g-lwet mass for total ATPase, 13%
of which was attributed to NK*-ATPase, and 14% to V-
H*ATPase (Goffredi and Childress, 2001). Physiological
studies have also demonstrated the importance of proton
exclusion mechanisms as well as CA activity in maintaining
an inward CQ flux throughRiftia gill (Goffredi et al., 1997,
1999b). It is therefore interesting that in the branchial
epidermis, CA messenger RNA as well as CA protein are
mainly localized in the pinnules and in the apical part of the
epidermis, in close contact with surrounding seawater.

V-H*ATPase generates both electrochemical and pH
gradient across the endo- and exomembranes of eukaryote cells
(Nelson, 1992), and is thus involved not only in acidifying
endosomes but also the cell environmentRiftia plume, the
epidermal cells appeared to possess a*¥IHPase only at
their apical membrane and in intracellular vesicles located
mainly in the apical part of the cell cytosol. This repartition
could induce local decreases of pH mediated by massive proton
excretion, and shift the boundary layer equilibrium such that
Pco, would increase, driving Cacross the membrane by
diffusion. Such a proton elimination process could be greatly
facilitated by the high concentrations of CA found in the
pinnules. Indeed, CA efficiently contributes to internal pH
regulation and regulation of the net entering2@Eadient in
the circulating fluids by reversible interconversion of2Qto
bicarbonate and protons (Goffredi et al., 1997). Thus, the dual
role of cytoplasmic CA and V-HATPase, essential to sustain
COz influx while regulating intracellular pH, is fully
compatible with the localization of both proteins revealed in
this study.

COz transport in the trophosome lobule

Physiological studies have suggested a role for carbonic
_ ) v . anhydrase in the bacteriocytes: the final consumers @O
Fig. 7. Immunocytochemical analyses of VATPase and N&™- 0 hyacteria that use only molecular OScott et al., 1999),

ATPase in cryosections of .the branCh'aTl f'.lamems R].ft'a but the main form of inorganic carbon in the blood is
pachyptila (A) Transverse section of branchial filament stained for,

V-H*ATPase. (B) Magnification of cell membrane area from Ablcarbonate (Toulmond et al., 1994), hence the need for

showing the apical localization of the V:EAITPase (arrowheads). conversion. CAl a,Ct_i\lllity in tr(_)phosome extracts is high
(C) Localization of N&K*-ATPase in transversal section of (109umOICQ g~ min~% Goffredi et al., 1999b) and recent
branchial filament showing its basal localization in the epidermi$tudies on isolated bacteriocytes have shown that inhibition of

(arrowhead). CF, coelomic fluid; C, cuticle. Scale baymQA,C);  CA by acetazolamide induces both extra- and intracellular pH
10pm (B). variations (De Cian et al., 2002).
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The in situ hybridization experiments on wholRiftia  two tissues ofRiftia pachyptilainvolved in ion exchange,
sections showed that CA mRNA is intensely transcribedhe branchial plume, particularly the symbiotic tissue, the
throughout the trophosome Iobules. Bacteriocytes anttophosome, in carbon transport and conversion, pH regulation
peritoneal cells were labeled for CA mRNA and CA proteinand ionic balance. Interestingly, as described in the
the intensity of the labeling appearing higher in peritoneal cellsnidarian/algal association (Weis et al., 1989), the cytosolic
than in bacteriocytes. But the differences in organelle contei@A localized in Riftia belongs to thea-CA gene family,
between the two cell types revealed by ultrastructurahccording to the nucleotide sequence obtained, and not the
observations (Gardiner and Jones, 1993) may account for thacterialy-CA family. Reynolds et al. (2000) showed that the
difference in staining. The cytoplasm of the bacteriocytes isipregulation of CA gene is a function of symbiosis, since CA
filled with bacteria and does not contain as much endoplasméxpression is enhanced in the presence of symbiotic algae in
reticulum (RER) as the peritoneal cells, so transcriptionahhe host tissue. Sinc®iftia acquires symbionts at each
activity may be higher in the latter. They constitute a cell layegeneration after metamorphosis, it would be of interest to
directly surrounding the multiple peripheral afferent vesselinvestigate the regulation of CA expression Riftia as a
that bring CQ and other solutes to the symbionts, but the innefunction of larval development, and acquisition of the
part of the lobule is also filled with capillaries inbetween thesymbiosis by the worm throughm situ hybridization and
bacteriocytes. Our results with CA labeling, however, do noimmunolocalization. The study of the establishment and
allow us to distinguish any variation of the staining betweemegulation of the expression of the related ATPases in the
the peripheral bacteriocytes and the central ones. Furthplume and trophosome cells under a variety of physiological
investigations should be done using more sensitive techniquesmuli which modify proton transport and related ion-transport
allowing quantitative analysis of the labeling, through the userocesses would also open new perspectives.
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