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Comparative analysis of the 16S rRNA gene and fluorescent in situ hybridization (FISH) was used to identify
epibiotic filamentous bacteria living on the marine amphipod crustacean Urothoe poseidonis. The epibionts
belong to the gamma proteobacteria and represent a novel marine phylotype within the genus Thiothrix. FISH
and denaturing gradient gel electrophoresis revealed that the Thiothrix filaments are present on the majority
of the amphipods examined.

Bacteria of the genus Thiothrix are filamentous sulfur-oxi-
dizing organisms that produce gliding gonidia, form holdfast
structures called rosettes, and deposit intracellular sulfur gran-
ules when grown in the presence of sulfide or thiosulfate (12,
18). Thiothrix spp. have been described from a number of
habitats, ranging from sulfide-containing natural waters and
irrigation systems (3, 4, 18) to activated-sludge wastewater
treatment plants, where they contribute to the problem of
filamentous sludge bulking (15, 21).

Some authors have suggested that Thiothrix spp. can also
occur as epibionts on aquatic invertebrates such as mayfly
larvae (17), tadpoles (7), hydrothermal vent organisms (14),
intertidal sediment dwellers (9, 22), and the sea urchin Echi-
nocardium cordatum (2, 26). However, these Thiothrix-like bac-
teria were mainly identified on the basis of their morphology
(2, 7, 9, 17) or by using immunological methods (2). It is now
known that morphology alone is of little use in identifying
Thiothrix spp. because supposed defining features such as ro-
settes and gonidia are also found in other filamentous bacteria
(12). To illustrate that morphology can be misleading, a recent
report demonstrated that the filamentous bacteria in the di-
gestive tract of E. cordatum, assumed for years to be Thiothrix-
like bacteria (2, 26), are in fact Desulfonema spp. (28).

Comparative sequence analysis of the 16S rRNA gene has
revealed that the true members of the genus Thiothrix form a
well-defined monophyletic group within the gamma subdivi-
sion of the Proteobacteria (12, 15, 24, 27). To date, none of the
Thiothrix spp. within this clade have been isolated from marine
habitats or have been described as epibionts of aquatic inver-
tebrates.

Urothoe poseidonis is a small amphipod crustacean (�4 mm
in length) that lives freely in marine sediments or as a com-
mensal in the burrows of various endofaunal invertebrates (10,
16, 29). Three morphotypes of filamentous bacteria have been
described as epibionts on the walking appendices (the fifth pair
of pereopods) of U. poseidonis, one of which shows the typical
Thiothrix morphology (10). To date, these Thiothrix-like bac-
teria could not be cultivated using the various media described

earlier for Thiothrix spp. (30). The aim of the present work is
to identify these Thiothrix-like bacteria living on U. poseidonis
by using molecular methods and in situ hybridization.

16S rRNA cloning and phylogenetic analysis. Individuals of
U. poseidonis were collected from burrows of the sea urchin E.
cordatum at Wimereux, Pas de Calais, France, in January of
2002. The bacteria from several amphipods were pooled and
DNA was extracted using the freeze-thaw method (11). The
PCR products, amplified with the bacterial primers 8F and
1492R for the 16S rRNA gene (5), were cloned into the pCR4-
TOPO vector (Invitrogen). Thirty-seven clones were partially
sequenced with the bacterial primer 518F (5) on an ABI Prism
3100 genetic analyzer and submitted to BLAST (20). Only one
partial sequence grouped with known Thiothrix species, clone
UP23b. This clone was sequenced completely (1,464 bp) by
using the described bacterial primers for the 16S rRNA gene
(5). The complete UP23b sequence was then aligned manually
to the 16S rRNA sequences of close evolutionary relatives by
using the sequence alignment editor SeqPup v0.6f (8). Phylip
v.3.6a3 (6) was used to estimate maximum-likelihood trees on
the basis of a data matrix of 1,265 characters (we used empir-
ical base frequencies, a Ti/Tv ratio of 2, one category of un-
weighted sites, and a constant rate of variation among sites).
Parsimony and maximum-likelihood bootstrap analyses were
performed with 100 replicates using Phylip and the ARB soft-
ware package (19). As shown in Fig. 1, clone UP23b grouped
with other known Thiothrix species with bootstrap values of
99% (parsimony) and 77% (maximum likelihood). The highest
similarity value observed was between clone UP23b and Thio-
thrix eikelboomii AB042819 (93.2%). The 16S rRNA sequence
signature of the genus Thiothrix, a characteristic deletion in the
stem-loop structure corresponding to positions 455 to 477
(Escherichia coli numbering), was found in clone UP23b (12).

Probe design and fluorescent in situ hybridization (FISH).
Oligonucleotide probes were constructed using the PROBE_
DESIGN tool of the ARB software package (13, 19). The
designed probe (UP23b: 5�-CTCGGCATCCTGTCCACG-3�)
targeted positions 1033 to 1050 (E. coli numbering) of the 16S
rRNA molecule and had at least one central mismatch to all
other known 16S rRNA sequences as determined by Check
Probe 2.1r from the Ribosomal Database Project II (http://rdp
.cme.msu.edu/). The probe was labeled at the 5� end with the
indocarbocyanin dye CY3. For FISH, whole animals were fixed
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in 4% paraformaldehyde, rinsed, and kept in ethanol-sterile
seawater (50:50) at �20°C. Pereopods with the attached bac-
teria were then separated, placed in 500 �l of ethanol-sterile
seawater, and sonicated briefly. Five microliters of the suspen-
sion were deposited on gelatin-coated slides, hybridized at
46°C, and viewed as described elsewhere (23). Hybridizations
were performed under stringent conditions with 60% form-
amide in the hybridization buffer. The probes EUB338,
NON338, and GAM42a were used as positive and negative
controls (1). In situ hybridization with probe UP23b yielded a
strong fluorescent signal (Fig. 2). The labeled filaments were
composed of disk-like cells of about 3 �m in diameter and
about 1 �m in length. Thiothrix filaments were detected on 7
out of 10 amphipods examined. The Thiothrix filaments, which
were also labeled with the EUB338 and GAM42a probes, were
never abundant on individual amphipods (0 to 5 filaments of
about 25 to 300 �m in length on each pereopod no. 5). Al-
though other morphotypes of epibiotic bacteria are known to
occur on U. poseidonis (10), only the Thiothrix-like filaments
hybridized to the UP23b probe. Epibiotic filamentous bacteria
have also been described from the shells of the bivalve Mon-
tacuta ferruginosa, another invertebrate living in the burrow of
E. cordatum (9, 11), and have been reported to occur in the
nodules of the digestive tube of E. cordatum (2, 26). These
filamentous bacteria did not hybridize with the UP23b probe.
Furthermore, Thiothrix-like filaments were never found in the
sediments of the E. cordatum burrow. These results indicate
that at least at the site investigated in this study, the Thiothrix
phylotype is only associated with U. poseidonis and does not
occur in or on other invertebrates or free-living in the
sediment.

Denaturing gradient gel electrophoresis (DGGE). DNA
from 10 individuals (5 males, 5 females) was extracted as de-

scribed above. PCR products, amplified with the bacterial
primers GM5F-GC-clamp and 518R (11), were separated on
25 to 75% gradient gels (11). DGGE analysis revealed a com-
plex epibiotic microbial community. Of the 26 band positions

FIG. 1. Phylogenetic relationship of the U. poseidonis clone 23b based on comparative 16S rRNA sequence analysis using maximum likelihood
(matrix of 1,265 nucleotides). Branch lengths do not represent the true distances in the consensus tree. Members of the gamma subdivision of the
Proteobacteria are shown and GenBank accession numbers are listed for all sequences. Bootstrap values above 50% (obtained with 100 resamplings) are
shown, with upper and lower values representing those from parsimony and maximum likelihood, respectively. E. coli served as the outgroup.

FIG. 2. FISH of the Thiothrix-like bacteria from U. poseidonis with
the specific probe UP23b. The filamentous bacteria are attached to
setae (A and B) or to spines (C and D) of the amphipod. Identical
microscopic fields were visualized with an epifluorescence microscope
using filter sets specific for DAPI (4�,6�-diamidino-2-phenylindole) (A
and C) and the CY3 fluorochrome (B and D). Scale bars, 10 �m.
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detected with DGGE, only 5 bands were present in all 10
DGGE profiles (Fig. 3, bands a to e). These could represent
common epibiotic bacteria but could also represent seawater
bacteria. Band e migrated to the same position as clone
UP23b. To check the identity of band e, it was excised from
three DGGE profiles and reamplified using primer GM5F
without a GC clamp (11). The sequences of band e were 100%
identical to the sequence of clone UP23b (�150 bp of the
DGGE fragments could be sequenced). This indicates that the
Thiothrix phylotype was present on all 10 amphipods examined.

Concluding remarks. This study demonstrates for the first
time that a Thiothrix species thrives in the marine environment
as an epibiont of an amphipod. These bacteria have the char-
acteristic Thiothrix 16S rRNA sequence signature and the key
morphological features of Thiothrix spp. As the rRNA se-
quence of clone UP23b differs from other Thiothrix species by
more than 2.5%, clone UP23b probably represents a novel
Thiothrix species (12, 25). The ability of this new Thiothrix
species to oxidize sulfur compounds and its role in the micro-
bial community associated with U. poseidonis remains to be
shown.

Nucleotide sequence accession number. The 16S rRNA gene
sequence UP23b has been deposited in the GenBank database
under accession no. AY426613.

D.C.G. is a senior research assistant of the NSFR (Belgium). We
acknowledge the contribution of the Centre Interuniversitaire de Bi-
ologie Marine (CIBIM).

REFERENCES

1. Amann, R., W. Ludwig, and K. H. Schleifer. 1995. Phylogenetic identification
and in situ detection of individual microbial cells without cultivation. Micro-
biol. Rev. 59:143–169.

2. Brigmon, R. L., and C. De Ridder. 1998. Symbiotic relationship of Thiothrix
spp. with an echinoderm. Appl. Environ. Microbiol. 64:3491–3495.

3. Brigmon, R. L., M. Furlong, and W. B. Whitman. 2003. Identification of
Thiothrix unzii in two distinct ecosystems. Lett. Appl. Microbiol. 36:88–91.

4. Brigmon, R. L., H. W. Martin, T. L. Morris, G. Bitton, and S. G. Zam. 1994.

Biogeochemical ecology of Thiothrix spp. in underwater limestone caves.
Geomicrobiol. J. 12:141–159.

5. Buchholz-Cleven, B. E. E., B. Rattunde, and K. L. Straub. 1997. Screening
for genetic diversity of isolates of anaerobic Fe(II)-oxidizing bacteria using
DGGE and whole-cell hybridization. Syst. Appl. Microbiol. 20:301–309.

6. Felsenstein, J. 2002. Phylip, phylogeny inference package, version 3.6a3, July
2002. Department of Genome Sciences, University of Washington, Seattle,
Wash. (http://evolution.gs.washington.edu/phylip.html.)

7. Ford, P. L., and N. J. Scott. 1996. Thiothrix sp. (Beggiatoaceae) from tad-
poles in Western Mexico. Southwest. Nat. 41:328–331.

8. Gilbert, D. G. 1996. SeqPup, v0.6f. A biosequence editor and analysis appli-
cation. [Online.] http://iubio.bio.indiana.edu:7780/archive/00000158/.

9. Gillan, D. C., and C. De Ridder. 1997. Morphology of a ferric iron-encrusted
biofilm forming on the shell of a burrowing bivalve (Mollusca). Aquat.
Microb. Ecol. 12:1–10.

10. Gillan, D. C., J. Ribesse, and C. De Ridder. The iron-encrusted microbial
community of Urothoe poseidonis (Crustacea, Amphipoda). J. Sea Res., in
press.

11. Gillan, D. C., A. G. C. L. Speksnijder, G. Zwart, and C. De Ridder. 1998.
Genetic diversity of the biofilm covering Montacuta ferruginosa (Mollusca,
Bivalvia) as evaluated by denaturing gradient gel electrophoresis analysis
and cloning of PCR-amplified gene fragments coding for 16S rRNA. Appl.
Environ. Microbiol. 64:3464–3472.

12. Howarth, R., R. F. Unz, E. M. Seviour, R. J. Seviour, L. L. Blackall, R. W.
Pickup, J. G. Jones, J. Yaguchi, and I. M. Head. 1999. Phylogenetic rela-
tionships of filamentous sulfur bacteria (Thiothrix spp. and Eikelboom type
021N bacteria) isolated from wastewater-treatment plants and description of
Thiothrix eikelboomii sp. nov., Thiothrix unzii sp. nov., Thiothrix fructosivorans
sp. nov. and Thiothrix defluvii sp. nov. Int. J. Syst. Bacteriol. 49:1817–1827.

13. Hugenholtz, P., G. W. Tyson, and L. L. Blackall. 2001. Design and evaluation
of 16S rRNA-targeted oligonucleotide probes for fluorescence in situ hy-
bridization, p. 29–41. In B. A. Lieberman (ed.), Methods in molecular biol-
ogy, vol. 176. Steroid receptor methods: protocols and assays. Humana Press
Inc., Totowa, N.J.

14. Jannasch, H. W., and C. O. Wirsen. 1981. Morphological survey of microbial
mats near deep-sea thermal vents. Appl. Environ. Microbiol. 41:528–538.

15. Kanagawa, T., Y. Kamagata, S. Aruga, T. Kohno, M. Horn, and M. Wagner.
2000. Phylogenetic analysis of and oligonucleotide probe development for
Eikelboom type 021N filamentous bacteria isolated from bulking activated
sludge. Appl. Environ. Microbiol. 66:5043–5052.

16. Lackschewitz, D., and K. Reise. 1998. Macrofauna on flood delta shoals in
the Wadden Sea with an underground association between the lugworm
Arenicola marina and the amphipod Urothoe poseidonis. Helgol. Meere-
sunters. 52:147–158.

17. Larkin, J. M., M. C. Henk, and S. D. Burton. 1990. Occurence of a Thiothrix
sp. attached to mayfly larvae and presence of parasitic bacteria in the Thio-
thrix sp. Appl. Environ. Microbiol. 56:357–361.

FIG. 3. DGGE of PCR-amplified 16S rDNA fragments from the epibiotic microbial communities of 10 amphipods (lanes 1 to 10). The same
16S rDNA fragment was amplified by PCR for clone UP23b (lane 11). The five DGGE bands that are present in every profile are indicated on
the left (a to e).

3774 GILLAN AND DUBILIER APPL. ENVIRON. MICROBIOL.



18. Larkin, J. M., and W. R. Strohl. 1983. Beggiatoa, Thiothrix, and Thioploca.
Annu. Rev. Microbiol. 37:341–367.

19. Ludwig, W., O. Strunk, R. Westram, L. Richter, H. Meier, Yadhukumar, A.
Buchner, T. Lai, S. Steppi, G. Jobb, W. Förster, I. Brettske, S. Gerber, A. W.
Ginhart, O. Gross, S. Grumann, S. Hermann, R. Jost, A. König, T. Liss, R.
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