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Morphology of a ferric iron-encrusted biofilm
forming on the shell of a burrowing bivalve
(Mollusca)

David C. Gillan* Chantal De Ridder

Laboratoire de Biologie marine, CP 160/15, Université Libre de Bruxelles, 50 av. F. D. Roosevelt, B-1050 Bruxelles, Belgium

ABSTRACT: The shell of the bivalve Montacuta ferruginosa is usually covered with a rust-coloured and
ferric iron-encrusted biofilm. The latter is a structured microbial mat with 3 separate layers. The outer
layer is essentially microbial (filamentous bacteria and protozoa). The intermediary layer is both micro-
bial and mineral (heavily ferric iron-encrusted filamentous bacteria and protozoa). The inner layer is
essentially mineral (ferric iron deposits) and generally devoid of living microorganisms. The most abun-
dant microorganisms in the biofilm are filamentous bacteria related to Beggiatoaceae. The genesis of
this mineral-microbial mat could be partly due to a sequence of processes: (1) ferric iron deposition
within bacterial sheaths in the outer layer; (2) the release and accumulation of heavily ferric iron-
encrusted sheaths after lysis of the bacteria in the intermediary layer; (3) degradation of bacterial
sheaths and accumulation of ferric iron minerals in the inner layer.
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INTRODUCTION

Microorganisms (planktonic or sessile} colonize a
wide variety of habitats in the ocean. Microbial attach-
ment to submerged surfaces (rich in adsorbed nutri-
ents) may lead to the further formation of a biofilm or
consortium where various types of microorganisms
coexist and interact (Kogure 1989, Brock et al. 1994,
Cooksey & Wigglesworth-Cooksey 1995). In a biofilm,
the microorganisms are encased in extracellular poly-
saccharides (produced by the cells), a situation that
has some nutritive and mechanical advantages—the
biofilm traps nutrients from free water for its microbial
population and prevents detachment of microorgan-
isms in flowing water. Consequently, biofilms often
show much greater microbial densities and activities
than free water (Brock et al. 1994). A relatively thick
biofilm (up to 3 mm in thickness) coats the shell of
Montacuta ferruginosa, a small bivalve (ca 1 cm in
length) that lives symbiotically in the burrow of an
echinoid, Echinocardium cordatum (Echinodermata).

*E-mail: dgillan@ulb.ac.be

© Inter-Research 1997

Preliminary morphological observations have shown
that this biofilm is a structured microbial community
where filamentous bacteria are predominant (Gillan &
De Ridder 1995). Moreover, a rust-brown ferric iron
deposit is associated with the biofilm and gave the
bivalve its specific name (Gage 1966).

Intimate associations of microorganisms with ferric
iron deposits are widespread in nature. Such microbial
communities occur in freshwater environments (bogs,
lakes, springs, iron seeps, water distribution systems),
in swamps and fjords, in soils and in desert rock var-
nishes (for a review see Ghiorse 1984). In saltwater
environments, these communities occur in the pelagic
zone (Cowen & Silver 1984), in ferromanganese concre-
tions (Burnett & Nealson 1981) and at deep-sea hydro-
thermal vents (Karl et al. 1989, Juniper & Tebo 1995). In
a few cases, ferric iron-encrusted microbial communi-
ties have been found to be epibiotic on deep-sea mussel
and limpet shells as well as worm tubes (Jannasch &
Wirsen 1981, Baross & Deming 1985). Generally speak-
ing, very little is known about the community fine
structure or the specific role that these microorganisms
play in iron oxidation and/or deposition.
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In this report we describe an epibiotic ferric iron-
encrusted microbial community associated with a shore
bivalve, Montacuta ferruginosa. The aim of the present
work is to characterize the morphology of the commu-
nity and describe its main microbial components. The
formation of the ferric iron deposit and its relationships
with the bacteria are tentatively discussed.

MATERIALS AND METHODS

Collection of material. The specimens of Monta-
cuta ferruginosa (Montagu, 1803) were collected
intertidally in the burrows of Echinocardium corda-
tum (Pennant, 1777) (Echinoidea, Spatangoida) at
Wimereux (Pas-de-Calais, France) during 1994 and
1995. Light-microscopy [bright-field and Nomarski
differential interference contrast (DIC) microscopy]
studies on pigments using spectrophotometry and
fluorimetry, and detection of sulfur-oxidizing activity,
were performed on mixed populations of microorgan-
isms that were scraped off the bivalve shells which
had previously been rinsed in sterile seawater. For
electron microscopy, the coating was kept attached to
the bivalves.

Stains for light microscopy. The Gram staining
was carried out according to Adamse (1970). Poly-
B-hydroxybutyrate (PHB) granules were specifically
stained with Sudan black adapting the method de-
scribed in Martoja & Martoja (1967): the samples were
immersed for 15 min in 70% ethanol, stained with
Sudan black for 15 min, then rinsed in 70 % ethanol for
1 min before being observed. Volutin granules were
detected by the Neisser's stain and by metachromatic
staining with aqueous toluidine blue (0.5%) (Gurr
1963).

Detection of chlorophylls. The presence of chloro-
phyll and bacteriochlorophyll in bacterial filaments
was investigated by spectrophotometry according to
Austin (1988) and by fluorimetry. Two sets of bacteria
were tested; the first was previously exposed to light
for 24 h, the other was tested directly (without incuba-
tion). The fluorimetric observations were based on the
red fluorescent light emitted by the chlorophyll when it
was exposed to light of 450 to 490 nm. This was per-
formed under a Leitz Diaplan microscope functioning
in the reflected-light mode and equipped with an 12/3
filter block (band pass of the excitation filter: 450 to
490 nm; the suppression filter stops radiation under
520 nm).

Elemental suliur deposition. The ability to deposit
elemental sulfur in the simultaneous presence of sul-
fide (S*7) and oxygen was tested by placing the bac-
teria in a double gradient {S%7/0,) created in 15 ml
tubes (Falcon). The gradients were prepared adapting

the method described in Nelson & Jannasch (1983):
4 ml agar 1.5%-Na,S 8 mM was poured onto the bot-
tom of the tubes; 4 ml agar 1.5% was then poured over
this layer; the sterile agar medium was then covered
with 4 ml of sterile seawater. The controls contained
8 ml agar 1.5%, covered with 4 ml of sterile seawater.
Both in experimental and in control tubes, the bacteria
were placed at the agar-water interface. The tubes
were then capped with loose plugs and incubated at
4°C for 48 h. After the incubation period, the bacteria
were observed under a Nomarski microscope (DIC).
The identification of sulfur granules was based on their
extraction and subsequent crystalization with pyridine
(Strohl & Larkin 1978b) and on their dissolution in 95 %
ethanol (Williams & Unz 1985).

Scanning electron microscopy (SEM). Specimens of
bivalves were fixed for 24 h either in Bouin's fluid
(without acetic acid) or in 3% glutaraldehyde in ca-
codylate buffer (0.1 M, pH 7.4). The specimens fixed
with glutaraldehyde were rinsed for 3 to 8 d in buffer,
postfixed in 1 % osmium tetroxide in buffer for 1 h, then
briefly rinsed in buffer. All the specimens were then de-
hydrated in graded ethanol (70, 90, 100 %), dried by the
critical-point method using CO, as transition fluid,
mounted, sputter coated with gold, and viewed with a
ISI DS 130 SEM microscope operating at 20 kV.

Transmission electron microscopy (TEM). For TEM
specimens of bivalves were fixed with the ruthenium
red-glutaraldehyde (RRG) procedure (Strohl & Larkin
1978a). The RRG procedure was used to reveal the
bacterial sheaths. The modified Ryter-Kellenberger
(RK) fixation procedure was also performed (Strohl &
Larkin 1978b). This latter preserves the sulfur inclusion
envelopes well (Strohl et al. 1982). After fixation, the
bivalves were dehydrated in graded ethanol as for
SEM. The microorganisms were then scraped away
from the bivalves, immersed for 5 min in propylene
oxide then embedded in Spurr's resin and thin sec-
tioned (LKB ultramicrotome). Thin sections contrasted
with uranyl acetate and Reynold’'s lead citrate were
observed under a Philips EM 300 TEM microscope
operating at 100 kV.

X-ray difiraction and energy-dispersive X-ray
(EDAX) analyses. X-ray diffraction and EDAX analy-
ses were done to characterize the iron precipitate of
the coating. For X-ray diffraction analysis, the coatings
of 3% glutaraldehyde fixed bivalves were scraped off,
air-dried at ambient temperature, ground and washed
with distilled water to eliminate NaCl. After sedimen-
tation on a glass plate and drying, the powder was
placed in a diffractometer and analysed. For EDAX
analysis, the bivalves were fixed with 70% ethanol,
dried for 24 h at 60°C and embedded in araldite. The
block obtained was sectioned, polished with silicon
carbide and diamond powder (Struers) (granulometry
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of 1 pm), carbon coated and observed under a JEOL
superprobe 733 SEM coupled to an EDS detector. The
electron microprobe was pointed on a cross-section of
the bivalve's coating. The analysis was done at 25 kV
with a sample current of 2.5 nA.

RESULTS
General morphology and composition of the coating

The mineral-microbial coating that forms on the
shell of Montacuta ferruginosa (Figs. 1 & 2) is well
structured, showing 3 successive layers (Fig. 3). The
inner layer is essentially made of ferric iron deposits.
The intermediary layer consists of microorganisms
that are heavily encrusted with ferric iron deposits.
The outer layer is made of microorganisms that are
poorly or non-encrusted with ferric iron deposits. The
ferric iron deposits form granules whose diameter
ranges from 0.05 to 1 pm, regardless of their location
in the coating (Fig. 4). The lack of peaks in the X-ray
diffraction patterns indicates that these deposits are
amorphous. Microprobe analysis (EDAX) indicates
that their characteristic elements are iron, phospho-
rus, oxygen and calcium with traces of silicon and
magnesium (Fig. 5). Iron and phosphorus are simi-
larly and homogeneously distributed throughout the
coating.

The inner layer is relatively thick (up to 45 pm) and
made of densely packed mineral granules that adhere
to the periostracum (Figs. 3 & 4). Remains of filamen-
tous bacteria (ferric iron-encrusted empty sheaths and
extracellular material) are occasionally found. The
intermediary layer is relatively thin (up to 10 pm) and
consists of various types of ferric iron-encrusted micro-
organisms (Figs. 6 & 7). Filamentous bacteria are pre-
dominant. Remains of lysed filaments frequently occur
and are always heavily encrusted with ferric iron.
Single rod-shaped bacteria are dispersed over the sur-
face of the filamentous bacteria (Fig. 8) while micro-
colonies of coccoid bacteria (Fig. 9) and stalked bacte-
ria (Fig. 10) locally occur within the layer. Dead stalked
protozoans extensively covered with iron minerals are
also typically seen: they correspond to 2 species of
Ciliophora belonging to the Phyllopharyngea (Suc-
toria) (Fig. 14) and to 1 species of choanoflagellate
(Fig. 15). The outer layer consists of living microorgan-
isms that are similar to those of the intermediary layer.
The filamentous bacteria are particularly abundant
(Figs. 11 to 13); they extend up to 3 mm from the
bivalve. The stalked protozoans and the filamentous
bacteria are usually attached to the intermediary layer
by one of their extremities; often they are partly en-
crusted with ferric minerals.

Features of the filamentous bacteria

The predominant members of the microbial commu-
nity are filamentous bacteria. The filaments have simi-
lar lengths (ca 500 pm) and are non-motile under the
light microscope. They are colourless: chlorophyll or
bacteriochlorophyll are not detected, even after a
24 h exposure to light under aerobic or anaerobic con-
ditions. The filamentous bacteria correspond to 2
morpho-physiological types that differ by the aspect
of their sheath, by the morphology of their constitutive
cells and by their abilities to store PHB and volutin.

Type 1 filaments (Figs. 13 & 16 to 24). These fila-
ments are the most abundant. They show cylindrical
cells of constant diameter (5 um) (Figs. 13, 16, 18). The
filaments consist of either ‘long’ cells (10 to 15 pm in
length) or 'short’ cells (7 to 8 pm in length). Rosettes
are never observed. The filaments are often encrusted
with ferric iron (Fig. 17), mainly at their basal part.
Type 1 filaments produce a thin sheath (ca 40 nm
thick), with a single filament per sheath (Fig. 21).
Under the TEM, the sheath appears to consist of 3 sep-
arate layers, the first is situated 10 nm away from the
cell wall (Fig. 21). The cell wall of these bacteria varies
from 20 nm to more than 150 nm in thickness (Figs. 18
to 22). The filaments are Gram-variable: they are usu-
ally Gram-positive but their base (attached to the inter-
mediary layer of the coating) is Gram-negative. Under
the light microscope, 1 to 10 intracellular refringent
granules may be found in each cell. These granules are
up to 4.5 pm in diameter (Fig. 16); most of them, par-
ticularly the wider ones, contain volutin: they are posi-
tive for Neisser's stain and are metachromatic for tolu-
idine blue. PHB inclusions are not detected. Under the
TEM, 2 inclusion types are observed: the first type
(Fig. 23) is limited by a unit membrane and is generally
10 to 50 nm in diameter (occasionally up to 700 nm in
diameter); the second type (Fig. 24) is limited by a col-
lection of concentric unit membranes and is 200 nm in
diameter. Type 1 filaments do not form light-micro-
scope-detectable sulfur inclusions after the 48 h incu-
bation with sulfide. However, rthombic crystals form
close to the incubated filaments when treated with
pyridine. These crystals do not form with the control
filaments.

Type 2 filaments (Figs. 11, 12, 25 to 31). These fila-
ments are less abundant. They taper from the base (2.5
to 3.5 pm in diameter) (Fig. 12) to the apex (ca 1 pm in
diameter) (Fig. 11). When encrusted, the filaments are
7 to 10 pm in diameter (Fig. 27). Their constitutive cells
are barrel-like, showing a slight narrowing at the cell
junctions (Fig. 12); they are usually 1.2 to 3.5 pm in
length but may reach 5 to 10 pm at the filament tip
(Fig. 11). Particularly thick-walled and rust-brown
colored cells, usually wide (up to 4 pm in diameter), are
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Figs. 1to 15. Montacuta ferruginosa. Fig. 1. General view. Scale bar = 1 mm. Fig. 2. Enlarged view of the umbo. Scanning electron
microscopy (SEM). Scale bar = 1 mm. Fig. 3. Cross-section through the coating (SEM). a: inner layer; b: intermediary layer;
c: outer layer; s: shell of the bivalve. Scale bar = 50 pm. Fig. 4. Detailed view (cross-section) of the inner layer (SEM). Scale bar =
1 pm. Fig. 5. X-ray microanalysis spectra of the coating minerals. Fig. 6. Surface of the intermediary layer where bacterial fila-
ments are progressively encrusted with ferric iron minerals (SEM). Scale bar = 20 um. Fig. 7. Surface of the intermediary layer
(SEM). Scale bar = 1 um. Fig. 8. Rod-shaped bacteria (b) dispersed over the surface of a bacterial filament (f) in the intermediary
layer (SEM}. Scale bar = 1 pm. Fig. 9. Microcolonies of coccoid bacteria in the intermediary layer (SEM). {2: type 2 filamentous
bacteria. Scale bar = 1 uym. Fig. 10. Stalked bacteria (b} in the intermediary layer (SEM). s: stalk. Scale bar = 0.5 pm. Fig. 11. Apex
of a type 2 bacterial filament (f2) in the outer layer (SEM). Scale bar = 5 mm. Fig. 12. Type 2 bacterial filaments (f2) in the outer
layer (SEM). Scale bar = 5 pm. Fig. 13. Type 1 bacterial filaments in the outer layer (SEM). Scale bar = 10 um. Fig. 14. Ciliophora
species in the outer layer (SEM). s: stalk; t: tentacles; th: theca. Scale bar = 10 um. Fig. 15. Choanoflagellate species in the outer
layer (SEM). cb: cellular body; cl: collar; s: stalk. Scale bar = 10 um

found randomly in filaments. Rosette-like structures
are occasionally formed (Fig. 26). These filaments pro-
duce a well-developed sheath (ca 200 nm thick), with
only 1 filament per sheath (Figs. 25 & 29); under the
TEM, this sheath is adherent to the cell wall and is
frequently iron-encrusted (Fig. 28). The cell wall of
these bacteria is ca 20 nm thick (Fig. 28). The filaments
are Gram-negative. Under the light microscope, numer-
ous Intracellular refringent granules (up to 500 nm in
diameter) are observed (Fig. 25). Some contain PHB
(sudanophilic reaction) and others volutin. Under the
TEM, 3 inclusion types are observed (Figs. 28 & 30):
the first and the second type are not limited by a mem-
brane and may reach 200 nm in diameter; the first type
is electron-transparent, the second is electron-dense.
The third inclusion type reaches 100 nm in diameter. It
is limited by a unit membrane often continuous with
the cytoplasmic membrane and is weakly electron-
dense. The filaments are able to form light-microscope-
detectable intracellular sulfur granules (up to 300 nm
in diameter) when they are exposed to sulfide for 48 h
(Fig 31). These granules are extracted with pyridine
and 95 % ethanol. With pyridine, crystals form outside
the filaments. These crystals do not form with the con-
trol filaments.

DISCUSSION

The occurrence of a biofilm on the shell of Montacuta
ferruginosa 1s not surprising because all surfaces im-
mersed in seawater are readily colonised by a variety of
microorganisms (Kogure 1989, Cooksey & Wiggles-
worth-Cooksey 1995). However, the structure of this
biofilm is unique: it forms a thick mat that is deeply fer-
ric iron-encrusted and made essentially of filamentous
bacteria. The mat forming on the shell of M. ferrugi-
nosa is 3-layered, comprising a microbial outer layer
and a mineral inner layer separated by a mixed inter-
mediary layer. This microbial mat presents a similar or-
ganisation to the mat covering mussels at the Galapa-

gos Rift (Jannash & Wirsen 1981, Jannash 1984): both of
them are deeply encrusted and do not feature a lot of
cell layers, so they are very different from stromatolitic
structures. The mineral component of the mat covering
M. ferruginosa probably consists of amorphous ferric
phosphates: phosphorus is one of the predominant ele-
ments detected in the coating minerals, along with iron
and oxygen; infrared absorption studies (D. C. Gillan
unpubl. data) indicate the presence of phosphate. Bac-
terial mats encrusted with amorphous ferric minerals
rich in phosphorus are also known to occur in some
hydrothermal vent fields (Karl et al. 1989).

The filamentous bacteria of this ferric iron-encrusted
consortium belong to 2 major morphotypes: thin-
sheathed filaments with cylindrical cells (morpho-
type 1) and thick-sheathed filaments with barrel-like
cells (morphotype 2). Both morphotypes present key
traits of the Beggiatoaceae (Strohl 1989): they grow as
filaments (cells attached end-to-end), they never form
chlorophyll and they are able to store sulfur in the
presence of sulfide. A key trait of the Beggiatoaceae
not detected here is gliding motion of the filaments.
The sulfur-oxidizing ability appears somewhat differ-
ent according to the bacterial morphotype. In morpho-
lype 1, light-microscope-detectable inclusions are not
formed when the filaments are exposed to sulfide (i.e.
when they are placed in a double gradient S2-/0,).
Morphotype 1 filaments appear, however, able to store
intracellular sulfur: sulfur is extracted from the fila-
ments when they are treated with pyridine (formation
of external rhombic crystals). In contrast, morpho-
type 2 is clearly a sulfur-oxidizer: light-microscope-
detectable inclusions of elemental sulfur are formed
when the filaments are exposed to sulfide, these inclu-
sions disappear with pyridine or ethanol, and extra-
cellular rhombic crystals form close to the filaments
when they are treated with pyridine. Both morpho-
types observed in thin sections have unit membrane-
limited inclusions that are known to typically contain
sulfur in Beggiatoaceae (Bland & Staley 1978, Strohl
et al. 1981, 1982). These inclusions are neither PHB
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Figs. 16 to 31. Montacuta ferruginosa. Fig. 16. Type 1 filaments with intracellular refringent granules (arrows). Differential inter-
ference contrast (DIC) microscopy. Scale bar = 5 pm. Fig. 17. Type 1 filaments encrusted with ferric iron minerals (DIC). Scale bar
=5 um. Fig. 18. Type 1 filament. Arrows point to small type 1 inclusions (transmission electron microscopy, TEM). c¢: cytoplasm;
m: cell membrane; w: cell wall. Scale bar = 1 pm. Fig. 19. Type 1 filament (enlarged view of Fig. 18) (TEM). ¢: cytoplasm; il: type 1
inclusions; m: cell membrane; w: cell wall. Scale bar = 50 nm. Fig. 20. Type 1 filament with a ferric iron-encrusted sheath (TEM).
c: cytoplasm; il: type 1 inclusions; ir: iron oxide; m: cell membrane; w: cell wall. Scale bar = 100 nm. Fig. 21. Type 1 filament with
a sheath (sh) revealed by ruthenium red (TEM). c1, ¢2: 2 adjoining cells; m: cell membrane; w: cell wall. Scale bar = 50 nm.
Fig. 22. Type 1 filament with a large type 1 inclusion (11) (TEM). c¢: cytoplasm; m: cell membrane; w: cell wall. Scale bar = 100 nm.
Fig. 23. Enlarged view of type 1 inclusion (i1) inside a type 1 filament (TEM). c: cytoplasm; mil: membrane of the type 1 inclusion.
Scale bar = 100 nm. Fig. 24. Enlarged view of a type 2 inclusion inside a type 1 filament (TEM). ¢: cytoplasm. Scale bar = 100 nm.
Fig. 25. Type 2 filaments (DIC). Arrow points to a sheathed filament. Scale bar = 5 pm. Fig. 26. Type 2 filaments forming a rosette-
like structure {DIC). Scale bar = 5 um. Fig. 27. Type 2 filaments encrusted with ferric iron minerals (DIC). Scale bar = 5 pm. Fig. 28.
Type 2 filament with a ferric iron-encrusted sheath (TEM). ¢: cytoplasm; i1, i2, i3: inclusions of types 1, 2 and 3; ir- ferric iron;
m: cell membrane; w: cell wall. Scale bar = 500 nm. Fig. 29. Type 2 filament with a sheath (sh] revealed by ruthenium red (TEM).
c: cytoplasm; ir: ferric iron. Scale bar = 500 nm. Fig. 30. Type 2 filament (TEM). c: cytoplasm; i1, i2, i3: inclusions of types 1, 2 and
3. Scale bar = 100 nm. Fig. 31. Type 2 filaments showing intracellular sulfur granules after exposure to sulfide. Arrow points to a
type 1 filament (DIC). Scale bar = 5 pm

(PHB inclusions are limited by a non-unit membrane})
nor volutin (volutin inclusions are not membrane-lim-
ited) (Shively 1974). Although the 2 morphotypes share
several morpho-physiological features, their general
morphology and ultrastructure (under identical fixa-
tion and staining procedures) suggest they do not
belong to the same species. With regard to this last
point, morphotype 1 possesses a maximum of 4 elec-
tron-dense layers external to the cytoplasmic mem-
brane (the first layer, close to the cytoplasmic mem-
brane, is the thick wall; the second layer, aherent to the
sheath could represent the outer membrane of the
wall; the last 2 layers are in the sheath) whereas mor-
photype 2 possesses 2 electron-dense layers external
to the cytoplasmic membrane (one is the outer mem-
brane, the other the sheath).

Morphotypes 1 and 2 share some morpho-physiolog-
1cal features with the genera Beggiatoa and Thiothrix,
respectively:

Morphotype 1 and Beggiatoa have in common their
general dimensions (cylindrical cells), the presence of
a poorly developed sheath, the presence of inclusions
limited by several concentric unit membranes and the
ability to store volutin (Strohl et al. 1982, Strohl 1989).
However, morphotype 1 differs from Beggiatoa by its
Gram staining (Beggiatoa is Gram-negative), by its cell
wall sometimes being very thick (accounting likely for
the Gram-positive reaction along the major part of the
filaments) and by the apparent absence of PHB. In ad-
dition, the envelope (wall and sheath) architecture of
morphotype 1 differs from that of previous studies on
Beggiatoa spp. (Maier & Murray 1965, Strohl et al. 1982).

Morphotype 2 presents features of the genus Thio-
thrix, 1.e. a relatively narrow diameter (1 to 3.5 pmy}, the
presence of a well-developed sheath, the occurrence
of 1 filament per sheath, the differentiation into a basal
and apical region (Winogradsky 1949, Bland & Staley

1978, Larkin 1980, Strohl 1989). As is Thiothrix, mor-
photype 2 is able to store volutin and PHB. However,
the ability to form rosettes is doubtful (the rosette-like
structure of Flg. 26 was only observed once and the
contact point of the filaments was not clearly resolved).
In addition, the envelope architecture of morphotype 2
is somewhat different from that of Thiothrix depicted
by Williams et al. (1987) in that no intensely staining
layer corresponding to the peptidoglycan layer has
been detected in the wall (the cytoplasmic and outer
membrane of the cell wall are separated by an almost
clear region). The general morphology and envelope
structure of morphotype 2 are also very different
from those of Thiothrix-like bacteria occurring in mats
around subtidal hydrothermal vents (Jacq et al. 1989).
Although the 2 morphotypes both present key traits
found in the Beggiatoaceae, their taxonomic position
remains tentative (molecular studies in progress should
clarify the situation).

It is worth noting that heavy metal-encrusted micro-
bial communities featuring Beggiatoa- and Thiothrix-
like filaments were also observed at the Galapagos Rift
vent site (Jannasch & Wirsen 1981), but the ultrastruc-
ture of the filaments was not studied in detail so direct
comparisons cannot be made. The filamentous mor-
photypes of Montacuta ferruginosa appear different
from those described in other deep-sea heavy metal-
encrusted microbial communities, at the Loihi Sea-
mount (Karl et al. 1989) or at Juan de Fuca Ridge
(Juniper et al. 1995).

The filamentous bacteria of Montacuta ferruginosa
contain amorphous ferric iron minerals in their sheaths,
but the processes leading to this accumulation were
not studied here. According to the literature, several
pathways can lead to the accumulation of ferric iron
within bacterial sheaths. They can be summarized as
follows:
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(1) Though pure forms are rare, colloidal oxyhydrox-
ides featuring iron occur in seawater (Wells et al.
1995). Bacteria could passively accumulate iron col-
loids in their anionic exopolymeric substances (EPS)
(sheath, capsule) if the colloids are positively charged
(Macrae & Edwards 1972). In this (bio)accumulation
process, the bacteria are not involved in the mineral-
ization.

(2) Free ionic iron species [ferrous ions, ferric ions,
and the hydrolysis products Fe(OH),", Fe(OH),™] are
very scarce in oxic seawater (1078 to 107!% M) (Wells et
al. 1995). Bacteria may directly accumulate the iron
cations in their EPS. They may also oxidize ferrous ions
then accumulate the resulting ferric ions. Such an
oxidation may be indirect (induced by a redox modifi-
cation of the medium due to the excretion of molecules
stemming from the general metabolism of the bacteria)
or direct (due to the presence of an extracellular iron-
oxidizing enzyme, as with Leptothrix discophora;
Corstjens et al. 1992).

(3) Insoluble ferric minerals could also be accumu-
lated extracellularly by the microbial degradation of
ferric ion chelates such as siderophores and other
organic complexes (Dahanayake & Krumbein 1986,
Ehrlich 1990).

In these last 2 processes, the deposition of ferric iron
minerals on bacteria may be considered as a biominer-
alization process (Lowenstam & Weiner 1983) as the
bacteria contribute to the formation of the minerals.
Interactions between bacteria and iron are numerous
and reviewed in detail elsewhere (Brierley et al. 1989,
Ferris 1989, Geesey & Jang 1989, Ehrlich 1990). In
addition, once initiated by the bacteria (passively or
actively), the precipitation of ferric iron minerals in
EPS could go further through nucleation as described
for iron phosphates (Dalas 1990).

The simple presence of deposited oxidized iron on
the epibiotic microorganisms of Montacuta ferruginosa
cannot be taken as diagnostic for any of the above
accumulation pathways, so it is at present not known if
we are faced with bioaccumulation, biomineralisation
or both processes. However, knowing that the EPS of
microorganisms readily bind a variety of metals
(McLean et al. 1996) and that Fe(lll)-oxyhydroxide
coatings readily and irreversibly bind bacterial cells
(Mills et al. 1994), 3 complementary processes could
at least partly explain the accumulation of ferric iron
minerals on the bivalve: (1) the deposition of ferric iron
within bacterial EPS in the outer layer, (2) the accumu-
lation of heavily ferric iron-encrusted bacteria would
form the intermediary layer, (3) the degradation of the
bacteria and EPS would lead to the subsequent accu-
mulation of the ferric iron minerals, forming the inner
layer. Microorganisms and ferric iron granules, in a
very thin ferric iron-encrusted biofilm, are found on

very young bivalves. This last observation shows that
bacteria are always present and that the 3 step process
could take place throughout the life of the bivalves,
until a thick mat with an almost mineral inner layer is
formed.

The simultaneous presence of ferric iron minerals
and sulfide oxidizing bacteria is interesting: the oxida-
tion of sulfur compounds by bacteria produces a lower-
ing of the pH (Brock et al. 1994) that might dissolve the
ferric iron minerals that are deposited in the biofilm. In
addition, some sulfur-oxidizing bacteria are able to use
oxidized iron as an external electron acceptor in
metabolism (Lovley 1991); this dissimilatory iron
reduction process also dissolves the ferric iron miner-
als. Such a process could occur in anaerobic regions of
the biofilm with the subsequent production of soluble
ferrous iron. On the other hand, the hypothesis has
been advanced that a low pH within sheaths, gener-
ated by sulfur oxidation, might enable some bacteria
to profit from an energy-yielding iron oxidation (Jan-
nasch 1984); in this last process, the soluble ferrous
ions are consumed and a ferric iron deposit precipi-
tates. Although they were not demonstrated, one may
tentatively suggest the existence of the above pro-
cesses; they would lead to the creation of a localized
iron cycle within the biofilm, as suggested for the ferric
iron-encrusted biofilm described by Emerson & Revs-
bech (1994).

The presence of sulfide in the environment is also
interesting: if Montacuta ferruginosa is periodically
exposed to sulfide, the ferric iron minerals of the
biofilm are expected to be reduced to black ferrous
sulphide. Although in the field the bivalves were
always found coated with a rust-coloured deposit,
under experimental conditions M. ferruginosa black-
ens after exposure to sulfide, a situation similar to Hali-
cryptus spinulosus (Oeschger & Vetter 1992). Actually,
M. ferruginosa possesses the nearly complete periph-
eral system of sulfide defense mechanisms described
by Vismann (1991): a shell, ferric iron deposits, ecto-
symbionts and water flow over its body (see below).

The characterization of microbial communities exist-
ing at sites where active iron deposition occurs is
important for geochemists as models for understanding
the biogeochemical processes that lead to iron or
manganese ore deposition (Emerson & Revsbech
1994). In that context, the microbial mat occurring on
Montacuta ferruginosa could be compared to a type of
biolaminated particle, i.e. an oncoid, as described by
Dahanayake & Krumbein (1986) and Gerdes & Krum-
bein (1987). These authors define an oncoid as a single
laminated particle that is of biogenic origin and whose
diameter exceeds 2 mm. They mention in particular
that biolaminated deposits (structures and particles)
consisting of microbial or fungal mats are observed in
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iron formations from early Proterozoic to modern ages.
They also interestingly infer paleoenvironmental data
from the comparative study of fossil and present-day
biolaminated deposits. With regard to this question, it
is appropriate to note that the environment of M. fer-
ruginosa is rather particular The bivalve lives in the
burrow of Echinocardium cordatum that is located up
to 20 cm deep in medium to fine-grained sediments.
The burrow is connected to the sediment surface via a
vertical tube and is the source of oxygenated weak
water currents due to the echinoid ciliature (Foster-
Smith 1978). The bivalve usually lies behind the echi-
noid in a tubular extension of the burrow that is called
the sanitary drain. In this location, the bivalve is
exposed to weak water currents that simultaneously
carry oxygen and waste products (i.e. the echinoid
faeces). In this location M. ferruginosa is presumably
exposed to 2 independent sources of ferrous iron, i.e.
the deep anoxic sediments located beneath the redox
potential discontinuity layer (RPD) as suggested by
Gage (1966) and the faeces produced by the echinoid
(Gillan & De Ridder 1995). Actually, the faeces of E.
cordatum consist of reduced sediments (De Ridder &
Jangoux 1985) and seemingly contain ferrous ions
(Buchanan et al. 1980).
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