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Abstract

A new component of the benthic Thioploca mat microbial ecosystem on the

Chilean continental shelf was detected by epifluorescence microscopy: filamen-

tous, bacterial endobionts of 4–5-mm filament diameter and length sometimes

exceeding 1 mm. These filaments were identified as growing within Thioploca

sheaths located between the sediment surface and c. 5 cm depth. Their location

coincided with maximal biomass and biovolume of Thioploca filaments in surficial

sediments, and with maximal abundance and activity of sulfate-reducing bacterial

populations near the sediment/water interface. FISH and environmental charac-

teristics support the working hypothesis that these endobiont populations are

members of the filamentous, sulfate-reducing bacterial genus Desulfonema. Found

at several sampling stations over a decade-long interval (1994–2006), these

populations appear to be a stable component of the Chilean Thioploca mat

ecosystem.

Introduction

Nitrate-respiring, ammonia-producing, sulfur-oxidizing

mats of Thioploca spp. constitute the dominant microbial

community on eastern South Pacific continental shelf sedi-

ments (Fossing et al., 1995; Jørgensen & Gallardo, 1999; Otte

et al., 1999). Co-occurring with Thioploca within the same

habitat, a new complex community of filamentous bacteria

has been described recently, but their species composition

and functions still remain unknown; they are termed

‘macrobacteria’ (Gallardo & Espinoza, 2007a, b) and differ

in size (c. 1–10mm cell diameter, and up to several milli-

meters filament length) from the considerably larger mat-

forming Thioploca spp. (c. 10–45 mm cell diameter, and up to

several centimeters filament length). The Thioploca mat is

characterized by a highly active sulfur cycle with high rates

of sulfate reduction and sulfur reoxidation (Thamdrup &

Canfield, 1996; Ferdelman et al., 1997; Schubert et al., 2000),

indicating very active populations of sulfate-reducing bac-

teria growing within or associated with the mats. The

microbial associations within the Thioploca mat are com-

prised of heterotrophic bacteria, some of which utilize

sulfate as a terminal electron acceptor. The polysaccharide

sheaths of Thioploca spp. are colonized by filamentous

sulfate-reducing bacteria of the genus Desulfonema (Fukui

et al., 1999) in addition to many other uncultured bacteria.

For example, some Thioploca sheath endobionts hybridize

with 16S rRNA gene probes originally designed for Alpha-

proteobacteria (Muyzer & Ramsing, 1995). 16S rRNA gene

sequence analyses of freshwater Thioploca sheaths from Lake

Biwa, Japan, revealed a sheath-associated community con-

sisting of members of the Bacteroidetes, the uncultured OP8

division, the Acidobacteria and Betaproteobacteria (Kojima

et al., 2006). Cloning and sequencing of dissimilatory sulfite

reductase genes (dsrA) from freshwater Thioploca sheaths

revealed phylotypes related to the deltaproteobacterial gen-

era Desulfobacter, Desulfonema, Desulfococcus, Desulfosarci-

na, Desulfomonile, and Desulforhopalus (Kojima et al., 2006).

This study extends these observations on Thioploca-

associated microbial populations by reporting the detection,

distribution, and microbial and biogeochemical habitat

characteristics of a frequently observed filamentous
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endobiont associated with the sheaths and bundles of

Thioploca araucae and Thioploca chileae on the Chilean

continental shelf near Concepción.

Materials and methods

In January and February 1997 and in January 2006, benthic

Thioploca spp. mats and sediment cores were sampled by a

multicorer and a box corer with RV Kay-Kay at Stations 7

and 18 (c.f. Thamdrup & Canfield, 1996; Schulz et al., 2000)

on the Chilean Continental shelf near Concepción. Sedi-

ment cores from Station 18, c. 20 km offshore northwest of

the Bay of Concepción (88 m depth; 361300800S, 731070600W),

and from nearshore Station 7 located at the entrance to the

Bay of Concepción (37 m depth; 361360500S, 731000600W)

were collected and analyzed (Fig. 1a–c). While aboard the

ship, the sediment cores were maintained at near in situ

temperature (10–12 1C). Upon returning to shore, the cores

were subsampled: subcores of 2.5 cm diameter and

20–30 cm length were extruded from the core liner and

placed on a dissection plate. Here, 1-cm slides of sediment

and Thioploca bundles (multiple filaments within a sheath)

were sliced off using sterile surgical blades and sterile

spatulas. Thioploca bundles were removed from sediment

slices with forceps and toothpicks, rinsed in filter-sterilized

seawater, and fixed in 1� phosphate-buffered saline (PBS)

with 4% paraformaldehyde at 10 1C for 1 day, and then

transferred to a 1� PBS : ethanol mixture (1 : 1 volume)

until hybridization 1–3 days later (Teske et al., 1999). Intact

Thioploca bundles were found from the sediment surface to

a depth of c. 15–20 cm. The upper 10 cm of the sediment

yielded more Thioploca bundles than the deeper layers

similar to previous observations (Schulz et al., 1996, 2000).

FISH

FISH hybridization of Thioploca samples was performed as

described previously (Teske et al., 1995). In brief, short

0.5–1-cm segments were cut from larger Thioploca bundles

with surgical blades. The pieces were placed into wells of

Teflon-coated 6-well slides, which allowed hybridizations of

three Thioploca samples – one from the sediment surface,

one from an intermediate depth, and one from a deep

sediment layer – each in duplicate (Table 1). Pieces of the

same Thioploca bundle or, if not available, Thioploca bundles

from the same sediment sample were used in parallel

hybridizations to check for consistent hybridization results.

The Thioploca samples were dehydrated in a three-step

ethanol series (50%, 80%, and 100%) and hybridized with

fluorescein- and Cy3-labeled 16S rRNA gene-targeted FISH

probes (see the summary of the probes and individual

experiments in the legend of Table 1) at 37 1C and 30%

formamide concentration for 2–3 h following a previously

described hybridization protocol (Teske et al., 1999). A large

(50 mL) Falcon tube was fitted with a small paper towel

wetted in hybridization buffer, and served as a moisturized

incubation chamber for the hybridization slide while

(a)

(c)

(b)

Fig. 1. (a) Map of sampling sites at Station 18 on the inner shelf and

Station 7 within the Bay of Concepción. (b) A dense lawn of Thioploca

filaments covering a sediment core recovered from Station 7. (c) A typical

sediment core from Station 18 with surficial Thioploca mats, its appear-

ance dominated by olive-brown organic phytodetritus.
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floating in a 37 1C water bath. A 5-min counterstaining step

with 40,60-diamino-2-phenylindole (DAPI) was performed

after the hybridization was concluded with two washing

steps with washing buffer and water. FISH hybridization and

DAPI stain images were viewed and photographed using a

Zeiss Axiophot 2 epifluorescence microscope at the Austral

Microbial Diversity Course, Dichato, in January 2006, using

exposure times of 1–2 s, � 20 magnification, and AXIOVISION

4.4 image acquisition software. Because confocal micro-

scopy was not available, the images were focused on focal

planes that yielded the best overall picture of the filamentous

endobionts. For Fig. 3 and Supporting Information, Fig. S1,

composites of two images were prepared.

Most probable number (MPN) counts

Cultivable sulfate-reducing bacteria in Thioploca sediment

were quantified by triplicate MPN dilution as described

previously (Teske et al., 1996), using 20 mM lactate and 10

mM acetate as substrates in selective anaerobic media for

sulfate reducers (Widdel & Bak, 1992). Thioploca mat

samples and sediment from 0 to 1, 2 to 3, 6 to 7, and 16 to

17 cm depths of Station 7 were homogenized for 5 min using

a hand-help potter homogenizer, before dilution and inocu-

lation into MPN vials.

Results

Filamentous endobionts associated with the Thioploca

sheaths hybridized positively with probe CoSRB385 de-

signed for members of the completely oxidizing sulfate-

reducing deltaproteobacterial family Desulfobactereaceae,

whose members oxidize a wide substrate spectrum, includ-

ing acetate to CO2, in competitive hybridization with the

nearly identical (single mismatch) probe InSRB385 for the

incompletely oxidizing families Desulfobulbaceae and Desul-

fovibrionaceae, whose oxidation pathways stop at acetate

and thus do not complete the remineralization of organics

to CO2 (Rabus et al., 1996; Figs 2 and 3). The filamentous

endobionts did not hybridize with probe InSRB385 during

competitive hybridization with the InSRB/CoSRB385 probe

combination. Filamentous endobionts were also observed

with probe DSS658 (Manz et al., 1998) targeting the

Desulfosarcinales lineage within the Desulfobacteraceae (Fig.

4); the hybridization experiment with this probe aimed at

detecting a wide range of members of the Desulfosarcinales,

the dominant group of deltaproteobacterial sulfate reducers

in marine sediments (Ravenschlag et al., 2000; Klepac et al.,

2004). The filamentous endobionts did not yield a hybridi-

zation signal with 16S rRNA gene probes for archaea, Beta-

and Gammaproteobacteria, and Alphaproteobacteria (with

probes and procedures as described previously; Teske et al.,

1995) and Cytophaga–Flavobacter–Bacteroides phylum

(Manz et al., 1996) (data not shown).

In most cases, the filamentous bacteria were observed

within the Thioploca sheaths, following the length axis of the

sheath and the lengthwise orientation of the Thioploca

filaments within the sheath; therefore, they are referred to

as endobionts. Within their overall lengthwise orientation,

Table 1. FISH detection of filamentous bacteria within and on Thioploca sheaths

Exp. 1

T. chileae

Station 18,

January 2006

Co385/In385

Exp. 2

T. chileae

Station18,

January 2006

Co385/In385

Exp. 3

T. chileae

Station 18,

January 2006

DSS658/alf19

Exp. 4

T. chileae

Station 18,

January 2006

Co385/In385

Exp. 5

T. araucae

Station 7

January 2006

Co385/In385

Exp. 6

T. araucae

Station 7

January/February

1997

Co385/CFB319

Sheath

endobiont/

Thioploca

length

January/February

1997

0–1 cm 11 11 111111 3.3

1–2 cm 11 1� 1�
2–3 cm 11 11 111111 0.3

4–5 cm 11 � � � � � � 11� � � � o 0.3

8–9 cm � � � � � �
49 cm 11

Summary of FISH experiments using two simultaneously applied FISH probes (listed in the top row) with filamentous endobionts of Chilean Thioploca

spp. Experiment nos 1–5 were performed as simultaneous analyses of two small Thioploca segments (c. 3–4 mm long) cut from different Thioploca

bundles, using the same hybridization slide. Detection of filamentous epibionts on both Thioploca segments is indicated by two positive values (11);

one positive and one negative specimen is indicated by 1 � values; absence of epibionts from both samples is indicated by two negative values (� � ).

The data and 1 � in column 6 are based on hybridizations of six Thioploca segments. For Nos 1, 2, 4, and 5, the fluorescein-labeled probe CoSRB385

(50-CGGCGTTGCTGCGTCAGG-30) was used in combination with Cy3-labeled competitive probe InSRB385 (50-CGGCGTCGCTGCGTCAGG-3 0;

Rabus et al., 1996). The hybridization in column 3 was performed with fluorescein-labeled probe DSS658 targeting the Desulfosarcinales

(50-TCCACTTCCCTCTCCCAT-30) (Manz et al., 1998) and Cy3-labeled probe alf19b (50-CGTTCGYTCTGAGCCAG-30). In column 4, the positive

hybridization result at 9–10 cm depth originated from endobionts on a single, very thick Thioploca bundle that was pulled from the 9–10 cm depth layer,

and cut into two pieces for parallel hybridization. FISH experiment no. 6 was performed with rhodamine-labeled 385CoSRB in combination with

fluorescein-labeled probe CFB319a (50-TGGTCCGTGTCTCAGTAC-3 0; Manz et al., 1996). For this dataset no. 6, the length ratio of 385CoSRB-stained

endobiont and of underlying Thioploca bundle was determined by epifluorescence microscopy, using � 40 magnification and a 50 -mm counting grid.
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the filaments can turn around and bend back on themselves

in single or even multiple loops (Fig. 3). In a few cases,

filaments were also found on the surface of the Thioploca

sheaths, forming loosely attached loops and coils that may

represent preparation artifacts.

The filamentous endobionts were observed in the upper

sediment layers, down to 4–5-cm sediment depth, but

disappeared almost entirely below 5 cm depth, with the

exception of a single Thioploca bundle (Table 1). The

hybridized endobionts have a filament diameter of c. 4–5mm

(Figs 2–4). Viewed under UV excitation, the filaments

showed bright DAPI-stained segments that probably corre-

spond to individual cells, c. 4mm in width and 6–8mm in

length (Fig. 2b). The filaments can reach considerable lengths

of 1 mm and more (Figs 3, 4, and S1). The 0.36 mm length of

the DAPI stained and hybridized filament in Fig. 2a and b

matches the length range of shorter observed filaments

(examples measured 0.22, 0.45, 0.70, and 0.75 mm, not

shown). The observed filament lengths are probably conser-

vative estimates, because length may be affected by cutting or

any mechanical disturbance of Thioploca bundles before and

during sample preparation, FISH, and DAPI staining.

The endobionts occur in the upper few centimeter of the

Thioploca mats (upper 4–5 cm) and appear to grow within

the sheaths of active Thioploca bundles; they were never

observed within the blackish sheaths of decaying Thioploca

20 µm

20 µm

(a)

(b)

Fig. 2. (a) FISH of a Thioploca bundle with a filamentous sheath

endobiont bacterium of c. 360 mm length, using competitive 16S rRNA

gene probe combination fluorescein-labeled 385CoSRB (green) and

rhodamine-labeled 385InSRB (red; no visible hybridization signal, not

shown). (b) The same filament counterstained with DAPI, and viewed

under UV excitation. The sample is from Station 18 at 4–5 cm sediment

depth. The scale bar corresponds to 20 mm.

20 µm

Fig. 3. FISH of a Thioploca bundle with a filamentous sheath endobiont

bacterium of c. 1 mm length, using competitive 16S rRNA gene probe

combination fluorescein-labeled 385CoSRB (green) and rhodamine-

labeled 385InSRB (red; no visible hybridization signal, not shown). The

figure is a composite of two adjacent image frames. The sample is from

Station 18 at 4–5 cm sediment depth. The scale bar corresponds to

20 mm.
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bundles (Gallardo, 1992). The length ratio of integrated

endobiont filaments and underlying Thioploca sheath was

determined for a sample set from Station 7; the length ratio

increased toward the sediment surface by at least an order of

magnitude (Table 1, right column). These upper sediment

layers were also characterized by a high abundance of

cultivable sulfate-reducing bacteria, determined at Station 7

by MPN counts, which, to the best of our knowledge, are the

first available MPN data for the Chilean Thioploca mats

(Table 2). The MPN counts indicated the highest concentra-

tions, 4.6� 106 cells mL�1, in the upper 0.5 cm of the sedi-

ment for both lactate and acetate as substrates. These

numbers are probably underestimates, because growth was

detected in the maximum dilutions tested. At 2–3 and

6–7 cm, the MPN counts amounted to 0.9 and

2.4� 106 cells mL�1 for lactate and acetate. These are among

the highest MPN counts of sulfate-reducing bacteria re-

corded for marine sediments. At 16–17 cm sediment depth,

the MPN counts had decreased to 0.02 and

0.009� 106 cells mL�1 on lactate and acetate, o 0.5% of

the near-surface MPN counts (Table 2). The MPN counts

represent population densities for single-celled sulfate re-

ducers; filamentous sulfate reducers of the genus Desulfone-

ma were not found in the MPN tubes, in contrast to

previous MPN counts in hypersaline cyanobacterial mats

with abundant Desulfonema spp. (Teske et al., 1998). In

combination with multiple sulfate reduction rate measure-

ments at Station 7 in 1994 and 2006, the integrated MPN

counts (lactate plus acetate) allowed the calculation of

sulfate reduction rates per cell, in the range of 30–200 fmol

sulfate reduced per cell and day within the upper Thioploca

mat sediments (Table 2). These cell-specific rates are over-

estimates, probably by several orders of magnitude, due to

their dependence on cultivation-based MPN counts, which

underestimate sulfate-reducing cell densities compared with

molecular quantifications (Sahm et al., 1999) or pure

culture experiments with known cell densities (Jørgensen,

1978).

Discussion

Repeated FISH surveys of Thioploca spp. sampled in 1994

(Fukui et al., 1999), 1997, and 2006 (this study) have

detected highly conspicuous, filamentous bacterial endo-

bionts in Thioploca sheaths. During this interval, Thioploca

spp. and the associated endobionts survive El Niño years

(1998) characterized by oxygenated bottom water, signifi-

cantly reduced Thioploca populations, and reduced sulfate-

reducing activity in the bottom sediment (Schubert et al.,

2000). Thus, the endobionts represent consistently recur-

ring, resilient members of the Thioploca mat ecosystem.

Their benthic environment is characterized by peak sulfate

reduction rates, high numbers of cultivable sulfate-reducing

bacteria, and cell-specific sulfate reduction rates that are in

the range characteristic for highly organic-rich microbial

mats and marine sediments.

FISH results constrain the identity of the filamentous

endobionts in several ways, and, while not definitive, sup-

port the working hypothesis that the filaments are novel

members of the filamentous, sulfate-reducing genus Desul-

fonema. The observed hybridization pattern with competi-

tive probes CoSRB385 (positive) and InSRB385 (negative) is

characteristic for members of the Desulfobacteriaceae within

the Deltaproteobacteria (Rabus et al., 1996). As a caveat, the

probe combination CoSRB385 and InSRB385 also matches

various gram-positive bacteria and Deltaproteobacteria that

do not reduce sulfate, such as Geobacteraceae, Myxobacter-

aceae, and the genus Nitrospina; thus, the probes are

selective, but not specific for deltaproteobacterial sulfate

reducers (Teske et al., 1996). Positive hybridization with the

more specific probe DSS658 (Fig. 4) indicates that filamen-

tous endobionts are members of the Desulfobacteriales, a

monophyletic, deltaproteobacterial lineage within the De-

sulfobacteraceae that includes the cultured genera Desulfo-

sarcina, Desulfococcus, Desulfofaba, Desulfofrigus,

Desulfatibacillum, the species Desulfobacterium cetonicum,

and numerous environmental phylotypes from marine sedi-

ments and rhizospheres, where they constitute the dominant

deltaproteobacterial population (Ravenschlag et al., 2000;

Klepac et al., 2004). The only known filamentous members

of the Desulfobacteraceae and the Desulfobacteriales are

cultured species of the genus Desulfonema (Desulfonema

magnum, Desulfonema limicola, and Desulfonema ishimoto-

nii). Desulfonema is not a monophyletic genus, and the 16S

rRNA gene sequences of different Desulfonema species form

divergent lineages within the Desulfobacteriales; therefore,

20 µm

Fig. 4. FISH of a Thioploca bundle with a filamentous sheath endobiont

bacterium of 4 1 mm length, using fluorescein-labeled 16S rRNA gene

probe DSS658 (green) for members of the Desulfosarcinales. The sample

is from Station 18 at 1–2 cm sediment depth. The scale bar corresponds

to 20 mm.
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single Desulfonema-targeted FISH probes do not allow zero-

mismatch detection of all Desulfonema species (Fukui et al.,

1999). Further, the three cultured Desulfonema species show

single mismatches to probe DSS658. A more detailed,

species-specific identification of the endobionts will require

16S rRNA gene sequences derived from individual endo-

biont filaments, as a basis for the development of species-

and strain-specific FISH probes. However, the working

hypothesis that these filamentous endobionts represent

novel species of the sulfate-reducing genus Desulfonema

within the Desulfobacteriales is consistent with biogeochem-

ical habitat characteristics, observed occurrence patterns,

and morphological evidence.

Habitat preference and activity of sulfate-
reducing bacteria

The MPN counts showed a strong preference of sulfate-

reducing bacteria for the top layer of the Thioploca mat and

sediment, consistent with the observed vertical occurrence

pattern of the filamentous endobionts (Table 2). At Station

7, the MPN counts for sulfate-reducing bacteria increase

toward their maximum at the surface of the Thioploca mats

and sediment (Table 2), coinciding with the maximal

biovolume of Thioploca per milliliter sediment (Schulz

et al., 1996), maximal Thioploca biomass, and with maximal

sulfate reduction rates of c. 700–1500 nmol mL�1 day�1

(Thamdrup & Canfield, 1996; Ferdelman et al., 1997;

L. Holmkvist, E. Arning, K. Küster et al., unpublished data).

The MPN-based cell-specific sulfate reduction rates in the

Thioploca mat sediments (Table 2) were similar to MPN-

based cell-specific sulfate reduction rates within hypersaline

cyanobacterial mats, characterized by a highly active sulfur

cycle (Teske et al., 1998). Thus, the sulfate-reducing bacterial

population and activity maxima coincide with the biomass

maxima of sulfur-oxidizing Thioploca spp. near the sediment

surface, indicative of a highly active microbial sulfur cycling.

Consistent morphology

The filament diameter of 4–5 mm and filament length of up

to 1 mm or longer falls into the range of cultured species of

Table 2. Summary of abundance and activity of sulfate-reducing bacteria (SRB) and Thioploca spp. at Station 7

Sediment

layer (cm)

(A) (B) (C) (D) (E) (F)

Thioploca

biomass

(mg mL�1)

SRB mL�1 MPN

with Lactate

SRB mL�1 MPN

with acetate

Sulfate

reduction rates

(nmol mL�1 day�1)

Sulfate

reduction rates

(nmol mL�1 day�1)

Sulfate reduced per cell

(fmol cell�1 day�1)

0–1 4.36 Z4 600 000 Z4 600 000 1050� 721 � 78.4–114.13

1–2 3.82 ND ND 1100 357

2–3 2.95 900 000 2 400 000 650 145 43.9–197.0

3–4 2.43 ND ND 450 134

4–5 1.40 ND ND 350 107

5–6 0.80 ND ND 350 62

6–7 0.28 900 000 2 400 000 NDL 71 21.5

7–8 0.12 ND ND NDL 53

8–9 0.09 ND ND 200 55

9–10 0.20 ND ND 200 48

10–11 0.11 ND ND NDL 43

11–12 0.04 ND ND NDL 43

12–13 0.04 ND ND NDL 42

13–14 0.04 ND ND NDL 42

14–15 0.05 ND ND NDL 42

15–16 0 ND ND NDL 42

16–17 0 20 000 9000 NDL 39 1345

Datasets from: (A) Station 7, January 2006. The biomass data for 0–9 cm depth are averages from four cores; the data for 9–17 cm depth are from a

single core (L. Holmkvist, E. Arning, K. Küster et al., unpublished data). (B and C) Station 7, January 1997. MPN quantification of sulfate-reducing

bacteria (SRB) with lactate and acetate as substrates. ND, not determined (this study). (D) Station 7, March 1994. The rate marked with an asterisk is the

average of two separately measured rates for the 0–0.5 and 0.5–1 cm sediment layers. NDL, near detection limit based on published data plot

(Thamdrup & Canfield, 1996). (E) Station 7, March 1994 (Ferdelman et al., 1997). Sulfate reduction rates measured in January and February 1997

(B. Strotmann, unpublished data) and January 2006 (L. Holmkvist, E. Arning, K. Küster et al., unpublished data) have yielded similar average rates and

depth profiles. Profiles change toward lower sulfate reduction rates near the sediment surface in El Niño years, such as 1998 (Schubert et al., 2000). (F)

Cell-specific sulfate reduction rates calculated from sulfate reduction rates in column 4 and 5, divided by the sum of MPN (acetate) plus MPN (lactate).

These and similar MPN-based cell-specific sulfate reduction rates from hypersaline cyanobacterial mats (64–1490 fmol cell�1 day�1; Teske et al., 1998),

are overestimates by at least two orders of magnitude, due to systematic underestimates of sulfate-reducing cell numbers by cultivation-dependent

MPN quantification compared with molecular methods. Cell-specific sulfate reduction rates for pure cultures are in the range of 0.2–50 fmol cell�1 day�1

(Jørgensen, 1978), and cell-specific rates based on quantitative 16S rRNA gene blotting are between 0.01 and 0.09 fmol cell�1 day�1 (Sahm et al., 1999).
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the genus Desulfonema, D. magnum, D. limicola, and

D. ishimotonii (Widdel et al., 1983; Fukui et al., 1999), and

is congruent with the largest size class of Desulfonema

filaments (c. 4–5mm diameter) that were detected on the

surface of Thioploca sheaths by FISH hybridization with

Desulfonema-targeted probe DNMA657 (Fukui et al., 1999).

This probe matches the 16S rRNA gene sequences of

D. magnum and D. limicola, and has a single mismatch with

D. ishimotonii (Fukui et al., 1999).

Habitat preference of Desulfonema

The genus Desulfonema is a characteristic community com-

ponent of sulfur-oxidizing as well as phototrophic microbial

mats: Desulfonema-related dsrAB gene clones were consis-

tently obtained from freshwater Thioploca sheaths sampled

in Germany and Japan (Kojima et al., 2006). Further,

molecular and cultivation surveys demonstrated that mem-

bers of the genus Desulfonema constitute dominant sulfate-

reducing bacterial populations in hypersaline cyanobacterial

mats, and grow in strongly stratified abundance patterns

with occurrence maxima in the uppermost mat layers

(c. 2–3 mm) at the oxycline (Teske et al., 1998; Minz et al.,

1999a, b).

Implications for microbial ecosystem structure
and functioning

The initial discovery of Thioploca–Desulfonema associations

(Fukui et al., 1999) suggested a spatially close sulfur-cycling

system, where the sulfide produced by Desulfonema is

rapidly reoxidized as an electron and energy source by

Thioploca spp. The low sulfide concentrations (often below

10mM) in active Thioploca sediments would be consistent

with this effective mode of sulfur cycling (Hüttel et al., 1996;

Zopfi et al., 2008). The key environmental control factor

that determines the depth stratification of the endobiont

filaments remains to be identified. Because sulfate-reducing

bacteria are quite tolerant to high sulfide concentrations,

and in situ sulfide concentrations remain low within the

upper 10–20 cm of the sediment, sulfide removal by Thio-

ploca spp. is probably not the sole control factor. Other

potential control parameters are the availability and quality

of organic carbon substrates within the sediment or Thio-

ploca sheaths, or the availability of reduced nitrogen species

provided by Thioploca spp. Interestingly, all currently known

Desulfonema species have been cultured with ammonia as

the principal nitrogen source in sulfate-reducer medium

(Widdel & Pfennig, 1981).

The endobionts show a widespread phenomenon in the

Thioploca mats in which different filamentous bacteria share

the same sheath. Thioploca species with different filament

diameters frequently share a common sheath; these mixed

sheaths account for c. 20% of randomly picked Thioploca

sheaths (Schulz et al., 1996). The smaller species, T. chileae,

(filament diameter 12–22 mm) occurs quite frequently (17%

of all sheaths examined) in sheaths dominated by the larger

species T. araucae with a filament diameter between 28 and

42 mm; the reverse pattern, T. araucae colonizing of sheaths

dominated by T. chileae, is less common (3%) (Schulz et al.,

1996). These field observations suggest that filamentous

bacteria with a smaller diameter can colonize the sheaths of

larger filaments more easily than vice versa. Because of their

smaller filament diameter of c. 4–5 mm, endobionts appar-

ently have no difficulty colonizing sheaths dominated by

T. chileae (predominant at Station 18) and T. araucae

(predominant at Station 7). Light microscopy observations

revealed filamentous bacteria with diameters of around

5 mm (range 1–8 mm) in large numbers within Thioploca

sheaths of both species at Stations 7 and 19 (Schulz et al.,

1996); specific members of this intra-sheath filament com-

munity could belong to the endobiont population reported

in this study. Similar colonization pathways could apply to

other nonfilamentous bacteria that have been detected in the

Thioploca sheaths (Muyzer & Ramsing, 1995; Kojima et al.,

2006).

The Thioploca endobionts fall into the size range of

recently described, complex communities of free-living,

morphologically diverse, filamentous macrobacteria from

the surficial sediments and Thioploca mats of the eastern

South Pacific continental shelf. The morphologies are var-

ied, with diameters ranging fromo 1 too 10mm, and

lengths from around 10mm to usually several hundreds and

at times several thousands of micrometers (Gallardo &

Espinoza, 2007a, b). Some overlap between these free-living

filamentous populations and the Thioploca-associated fila-

mentous endobionts is clearly possible.

These findings highlight the unexplored complexity of

sulfur-cycling filamentous microbial communities in Thio-

ploca mats and their sediments. The communities of (1)

free-living, filamentous sulfur-cycling macrobacteria, (2)

mat-forming megabacteria, such as large Beggiatoa and

Thioploca spp., (3) filamentous endobionts growing on and

within the sheath of Thioploca spp. that are most likely

members of the sulfate-reducing genus Desulfonema, and

(4) free-living sulfate-reducing and sulfur-oxidizing bacteria

(e.g. Brinkhoff et al., 1999) within the surficial sediments

represent a complex, sulfur-oxidizing and sulfate-reducing

microbial ecosystem that catalyzes the highly dynamic sulfur

cycle in numerous locations along the eastern South Pacific

region, and requires more detailed analysis by coordinated

cultivation-based and molecular approaches. The specific

identification of selected free-living and endobiotic popula-

tions and their metabolic activities will require species- or

strain-specific FISH hybridization based on 16S rRNA gene

sequencing and probe design, uptake tests with radiolabeled

substrates and microautoradiography of specific filaments,
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or enrichment and cultivation of individual strains for a

closer examination.
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Additional Supporting Information may be found in the

online version of this article:

Fig. S1. FISH of Thioploca bundle with a filamentous sheath

endobiont bacterium of c. 1.7 mm length, using competitive

16S rRNA gene probe combination fluorescein-labeled

385CoSRB (green) and rhodamine-labeled 385InSRB (red;

no visible hybridization signal, not shown).

Please note: Wiley-Blackwell is not responsible for the

content or functionality of any supporting materials sup-

plied by the authors. Any queries (other than missing

material) should be directed to the corresponding author
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