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Olavius crassitunicatus is a small symbiont-bearing worm that occurs at high abundance in oxygen-deficient
sediments in the East Pacific Ocean. Using comparative 16S rRNA sequence analysis and fluorescence in situ
hybridization, we examined the diversity and phylogeny of bacterial symbionts in two geographically distant O.
crassitunicatus populations (separated by 385 km) on the Peru margin (water depth, �300 m). Five distinct
bacterial phylotypes co-occurred in all specimens from both sites: two members of the �-Proteobacteria
(Gamma 1 and 2 symbionts), two members of the �-Proteobacteria (Delta 1 and 2 symbionts), and one
spirochete. A sixth phylotype belonging to the �-Proteobacteria (Delta 3 symbiont) was found in only one of the
two host populations. Three of the O. crassitunicatus bacterial phylotypes are closely related to symbionts of
other gutless oligochaete species; the Gamma 1 phylotype is closely related to sulfide-oxidizing symbionts of
Olavius algarvensis, Olavius loisae, and Inanidrilus leukodermatus, the Delta 1 phylotype is closely related to
sulfate-reducing symbionts of O. algarvensis, and the spirochete is closely related to spirochetal symbionts of
O. loisae. In contrast, the Gamma 2 phylotype and the Delta 2 and 3 phylotypes belong to novel lineages that
are not related to other bacterial symbionts. Such a phylogenetically diverse yet highly specific and stable
association in which multiple bacterial phylotypes coexist within a single host has not been described previ-
ously for marine invertebrates.

Gutless oligochaetes were first discovered 25 years ago in
sediments of shallow coral reefs around Bermuda (20). As the
name suggests, in these worms the digestive system is com-
pletely reduced, and the animals have no gut, anus, or
nephridia (excretory system), raising the question of how they
gain their nutrition. Shortly after the discovery of these worms,
Giere (19) was able to show that they are associated with
gram-negative bacteria that are hypothesized to provide a
source of nutrition via chemosynthesis (16). To date, 80 gutless
oligochaete species have been found in a wide array of habitats
throughout the world and have been described. High numbers
and great diversity have been found in shallow marine waters
of tropical and subtropical coral reefs in the Atlantic, Carib-
bean, and Pacific oceans (10–13). Recently, gutless oli-
gochaetes were also found in coastal areas of the Mediterra-
nean Sea (21, 22). Only a few species occur in deeper (�100
m), colder waters off the Pacific and Atlantic coasts of North
America, off the Pacific coast of South America, and in the
eastern part of the Gulf of Mexico (13, 14, 17). Despite their
ecological diversity, their worldwide distribution, and the high
number of species, gutless oligochaetes are monophyletic (i.e.,
they descended from a single common ancestor) and belong to
only two genera, Inanidrilus and Olavius (15, 36).

The morphologies of the symbiosis are very similar in all

gutless oligochaetes examined to date. The bacterial symbionts
occur just below the outer cuticle of the worm between exten-
sions of the epidermal cells and are, in most cases, extracellular
(19, 24). In all host species examined, two bacterial morpho-
types have been described; in some host species, an additional
third morphotype can also co-occur. One bacterial morphotype
with a diameter of 3 to 5 �m has large intracellular inclusions;
a second, smaller morphotype with a diameter of 0.5 to 1 �m
has no conspicuous features; and a third morphotype, found in
two host species, is very long and thin (length, 10 �m; diame-
ter, 0.3 �m) (23, 24).

Comparative 16S rRNA analyses and fluorescence in situ
hybridization (FISH) studies of the larger bacterial morpho-
type in three gutless oligochaete hosts, Inanidrilus leukoderma-
tus (Bermuda), Olavius algarvensis (Mediterranean Sea), and
Olavius loisae (Australia), showed that the symbionts belong to
the gamma subclass of the Proteobacteria and are closely re-
lated to each other (7–9). The thioautotrophic nature of these
symbionts is supported by the presence of sulfur in cytoplasmic
globules of the bacteria and by immunocytochemical studies
that showed the presence of form I ribulose-1,5-bisphosphate
carboxylase/oxygenase (RubisCO), the key CO2-fixing enzyme
(28). In contrast to the close evolutionary relationship of the
large thiotrophic symbionts, the smaller, rod-shaped bacteria
are phylogenetically diverse and can belong to the alpha or
delta subclass of the Proteobacteria (7, 9). The phylogeny of the
long, thin bacterial morphotype found in some hosts (23, 24)
has not been studied yet.

Some of the more unusual habitats of gutless oligochaetes
are organic matter-rich sediments in water that is 100 to 400 m
deep in upwelling regions off the coast of Peru and Chile.
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Despite extremely low bottom-water oxygen concentrations
(�1 �M), the gutless oligochaete Olavius crassitunicatus
FINOGENOVA (17) is the dominant member of the infaunal
community, occurring at densities as high as 13,500 individuals
m�2 (30, 31). Morphological studies have shown that O. cras-
situnicatus harbors three structurally distinct types of extracel-
lular bacterial symbionts (23). Large oval bacteria (3.5 by 7.3
�m) with intracellular inclusions fill the major part of the
subcuticular space, whereas smaller rod-shaped bacteria (0.7
by 1.9 �m) are found in a peripheral position directly under the
cuticle. A third long, thin bacterial morphotype (0.3 to 0.4 by
9.1 �m) occurs in the spaces between the large oval bacteria
(23).

In this study, comparative 16S rRNA sequence analysis and
FISH were used to examine the diversity and phylogeny of
symbionts in two geographically separated (by 385 km) O.
crassitunicatus populations from the Peru margin. We discov-
ered a phylogenetically diverse symbiont population consisting
of five or six co-occurring bacterial phylotypes that appears to
be highly specific and stable in both host populations. The term
symbiosis is used here in the nonrestrictive sense as defined by
de Bary (5), namely, the “living together of differently named
organisms.”

MATERIALS AND METHODS

Specimen collection. O. crassitunicatus specimens were collected in June 2000
off the Peruvian coast in the Pacific Ocean. Samples were collected from two
stations separated by �385 km; at station A (12°43.93�S, 77°07.96�W) the water
depth was 359 m, and at station B (9°51.52�S, 79° 12.74�W) the water depth was

270 m (Fig. 1). The worms were extracted from the sediment by decantation with
seawater and were identified under a microscope. Only active and intact worms
were used. Specimens were fixed in 70% ethanol for DNA analyses and for FISH
as described previously (8) and were stored at 4°C.

DNA preparation and PCR amplification. Three O. crassitunicatus individuals
each from stations A and B were prepared individually for PCR. The specimens
were rinsed three times in MilliQ water, and DNA was isolated as described by
Schizas et al. (40) by a protocol in which proteinase K was used for digestion and
the reagent GeneReleaser (BioVentures, Murfreesboro, Tenn.) was used for
DNA purification. Amplification was performed with primers specific for the
bacterial 16S rRNA gene (primers 8F and 1492R [35]). Template DNA (1 to 2
�l) was added after the PCR mixture (total volume, 100 �l) was heated to 80°C
to avoid nonspecific annealing of the primers to nontarget DNA. The following
thermocycling conditions were used: one cycle at 80°C for 5 min; 30 cycles at
95°C for 1 min, 40°C for 1 min, and 72°C for 3 min; and one cycle at 72°C for 10
min.

Cloning and sequencing. PCR products from the six host individuals were
cloned separately by using a TA cloning kit (Invitrogen, Breda, The Netherlands)
according to the manufacturer’s protocol. For screening of 16S rRNA genes, 100
clones per individual were randomly picked and controlled for the correct insert
size by PCR with the vector primers M13F and M13R. For template DNA, a
small amount of cells from each clone colony was picked with a sterile toothpick
and resuspended in 10 �l of sterile water. One to two microliters of this template
DNA, after preheating to 95°C for 5 min, was amplified by PCR as described
above by using a 30-�l (total volume) mixture. PCR products of the correct size
(�1,500 bp) were screened by partial sequencing of 300 to 500 bp by using the
vector primer M13F. Sequencing reactions were performed by using ABI BigDye
and an ABI PRISM 3100 genetic analyzer (Applied Biosystems, Foster City,
Calif.). Sequences were aligned and compared by using the Bioedit program
(www.mbio.ncsu.edu/BioEdit/bioedit.html). Sequences were grouped together in
a clone family if they exhibited �99% sequence identity (percentage of identical
nucleotides). For each host individual, a representative clone from each clone
family was prepared by using a QIAprep plasmid kit (QIAGEN, Hilden, Ger-
many) and was nearly fully sequenced in both directions (1,498 bp).

Phylogenetic analysis. The 16S rRNA symbiont sequences from O. crassitun-
catus were checked against sequences in the GenBank database by using BLAST
(1) for similarity searches. The 16S rRNA sequence data were analyzed by using
the ARB software package (www.arb-home.de). Phylogenetic trees were calcu-
lated by performing parsimony, distance, and maximum-likelihood analyses with
different sets of filters. For tree reconstruction only sequences with more than
1,400 bp were used.

FISH. Three O. crassitunicatus specimens each from stations A and B were
prepared for FISH analysis of bacterial endosymbionts as described previously
(8), with the following modifications: in the prehybridization treatments, the
tissue sections were incubated for 6 min instead of 10 min in xylene, ethanol,
HCl, and proteinase K, and the postfixation step in 4% formaldehyde was
omitted. FISH with monolabeled fluorescent oligonucleotide probes was used
for the bacterial symbionts belonging to the �-Proteobacteria by following the
general protocol for FISH described by Pernthaler et al. (38). Due to weak
signals of the symbionts belonging to the 	-Proteobacteria and Spirochaeta, an
enhanced FISH detection method, catalyzed reporter deposition (CARD) FISH
with horseradish peroxidase (HRP)-labeled probes and tyramide signal amplifi-
cation, was used, as described by Schönhuber et al. (41). Briefly, after pretreat-
ment as described above, tissue sections were prehybridized in hybridization
buffer (41) for 20 min at 35°C, and this was followed by hybridization with the
HRP-labeled probe for 3 h at 35°C. After the sections were washed for 15 min
at 35°C in washing buffer (41), they were equilibrated for 15 min at room
temperature in 1
 SSC (0.15 M NaCl plus 0.015 M sodium citrate; pH 7). The
moist tissue sections were incubated with the amplification solution (1
 phos-
phate-buffered saline [pH 7.3], 0.0015% [vol/vol] H2O2, 1% Alexa Fluor 350,
488, or 546 dye [Molecular Probes, Leiden, The Netherlands]) for 20 min at 37°C
in the dark and rinsed in 1
 SSC for 15 min at room temperature. After air
drying, tissue sections were embedded in the mounting fluid Vecta Shield (Vecta
Laboratories, Burlingame, Calif.) and stored for microscopic evaluation at
�20°C for �1 to 2 days. For dual and triple hybridizations, the CARD FISH
protocol was repeated two or three times with the same sections by using
different probes and Alexa dyes. To do this, after the last washing step the tissue
sections were covered with 0.01 M HCI for 10 min at room temperature to
inactivate the HRP. After the tissue sections were washed for 3 min in sterile
water, they were hybridized with another probe as described above.

The oligonucleotide probes designed in this study target 16S rRNA sequences
of bacterial symbionts of O. crassitunicatus (Table 1). The probes were checked
against sequences in the GenBank database by using BLAST (1) and against

FIG. 1. Locations of O. crassitunicatus sampling sites on the Peru
margin. The worms used in this study were collected at station A at a
depth of 359 m and at station B at a depth of 270 m. The two stations
are separated from each other by 385 km. Station L is a site sampled
by Lisa Levin in 1998 at a depth of 305 m (12°22.7�S, 77°29.1�W); this
station was called station A by Levin et al. in reference 30 and station
1 by Levin et al. in reference 31. Specimens from the Levin cruise were
used by Giere and Krieger (23) for their ultrastructural studies of O.
crassitunicatus.
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small-subunit rRNA sequences in the Ribosomal Database Project by using
CHECK-PROBE (37). The specificity of the probes designed for the 	-pro-
teobacterial and �-proteobacterial symbionts was tested with symbionts from
another gutless oligochaete, Olavius ilvae (21), that have one or two mismatches
in their 16S rRNA compared to the specific probes for O. crassitunicatus (39).
The OcraGAM1, OcraDEL3, and OcraDEL2 probes failed to hybridize to the O.
ilvae symbionts even in the absence of formamide, indicating the specificity of
these probes at low stringencies. The signals from the OcraDEL1 and
OcraGAM2 probes were not visible with 15 and 50% formamide, respectively,
while the probe signals were still strong at the same formamide concentrations in
hybridizations with O. crassitunicatus symbionts. The specificity of the OcraSPI
probe was tested with the reference strain Spirochaeta stenostrepta DSM2028
(one mismatch in the probe target region), and the results showed that there was
no signal in the absence of formamide (but there was a strong signal with probe
EUB338), indicating the high level of specificity of the OcraSPI probe.

The general Bacteria probe EUB338, the general 	-Proteobacteria probe
GAM42a, and the �-Proteobacteria probes DSS658 and DSR651 were used as
positive controls, and the nonsense probe NON338 was used as a negative
control. All hybridizations were performed with formamide concentrations that
ensured high specificity (Table 1).

Nucleotide sequence accession numbers. The symbiont 16S rRNA sequences
from O. crassitunicatus have been deposited in the GenBank database under
accession numbers AJ620507 (Gamma 1 symbiont), AJ620508 (Gamma 2 sym-
biont), AJ620509 (Delta 1 symbiont), AJ620510 (Delta 2 symbiont), AJ620511
(Delta 3 symbiont), and AJ620512 (spirochete symbiont).

RESULTS

Clone library analysis. Bacterial 16S rRNA sequences from
three O. crassitunicatus specimens each from stations A and B

were grouped into six distinct clone families; a total of 573
clones were analyzed (Table 2). Within each clone family, the
level of sequence identity was never less than 99.7% (percent-
age of identical nucleotides). Phylogenetic analyses (see be-
low) revealed that two clone families belong to the 	-Pro-
teobacteria (Gamma 1 and 2), three clone families belong to
the �-Proteobacteria (Delta 1, 2, and 3), and one clone family
belongs to the spirochetes.

Sequences belonging to the Gamma 1 and 2 clone families
were found in all hosts from stations A and B. For the Delta 1
and 2 clone families, as well as the spirochetes, at least two of
three O. crassitunicatus individuals from both stations har-
bored sequences belonging to these groups. In contrast, se-
quences belonging to the Delta 3 clone family were found only
in individuals from station A.

Phylogenetic analysis. Parsimony, distance, and maximum-
likelihood analyses of the 16S rRNA sequences from the six O.
crassitunicatus clone families confirmed that these sequences
belonged to two phylogenetically distinct groups of the 	-Pro-
teobacteria, three phylogenetically distinct groups of the �-Pro-
teobacteria, and one phylogenetically distinct group of the spi-
rochetes. The six O. crassitunicatus sequences are unique to
this host and differ from the sequences of symbionts from other
host species or free-living bacteria.

In all phylogenetic analyses, the O. crassitunicatus Gamma 1

TABLE 1. Oligonucleotide probes used in this study

Probe Specificity Sequence (5�-3�) Positiona

Formamide concn
(%, vol/vol)c

Reference

FISH CARD
FISH

EUB338 Bacteria GCTGCCTCCCGTAGGAGT 338–355 35 55 2
GAM42a 	-Proteobacteria GCCTTCCCACATCGTTT 1027–1043b 35 55 33
NON338 Negative control ACTCCTACGGGAGGCAGC 338–355 10 30 43
DSS658 Desulfosarcina spp., Desulfofaba spp.,

Desulfococcus spp., Desulfofrigus spp.
TCCACTTCCCTCTCCCAT 658–685 60 70 34

DSR651 Desulforhopalus spp. CCCCCTCCAGTACTCAAG 651–668 35 70 34
OcraGAM1 Gamma 1 symbionts GCATACAGACAGAGGCCC 200–215 40 This study
OcraGAM2 Gamma 2 symbionts CTGCGCTCCCAAAGGCAC 1024–1041 55 This study
OcraDEL1 Delta 1 symbionts CGTCAGCACCTGGTGATA 467–484 20 This study
OcraDEL2 Delta 2 symbionts CATGCAGATTCTTCCCAC 443–471 20 This study
OcraDEL3 Delta 3 symbionts TTTCATAGAGCTTCCCGG 999–1016 20 This study
OcraSPI Spirochete symbionts GCTATCCCCAACCAAAAG 136–153 40 39

a Position in the 16S rRNA of Escherichia coli unless indicated otherwise.
b Position in the 23S rRNA of E. coli.
c Formamide concentration in hybridization buffer.

TABLE 2. 16S rRNA clone libraries from six O. crassitunicatus individuals

Worm no.
No. of clones (% of total)

Total Gamma 1 Gamma 2 Delta 1 Delta 2 Delta 3 Spirochaeta

Station A
1 101 12 (12) 25 (25) 18 (18) 9 (9) 33 (33) 4 (4)
2 90 18 (20) 27 (30) 10 (11) 14 (16) 20 (22) 1 (1)
3 90 25 (28) 25 (28) 19 (21) 0 (0) 18 (20) 3 (3)

Station B
1 109 3 (3) 70 (64) 36 (33) 0 (0) 0 (0) 0 (0)
2 77 9 (12) 38 (49) 21 (27) 7 (9) 0 (0) 2 (3)
3 106 13 (12) 20 (19) 32 (30) 37 (35) 0 (0) 4 (4)
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sequence consistently fell in a cluster with the sequences of
endosymbionts from other gutless oligochaetes, such as Inani-
drilus leukodermatus, O. loisae, and O. algarvensis (�95.6%
sequence identity) (Fig. 2a). The closest relatives of this cluster
of oligochaete symbionts are a clade of free-living bacteria
belonging to the family Chromatiaceae. The second 	-pro-
teobacterial sequence found in O. crassitunicatus, Gamma 2, is
not closely related to those of other symbiotic 	-Proteobacteria
(Fig. 2a). This sequence was consistently grouped with a clone
sequence obtained from deep-sea sediments in the Japan
Trench (90.3% sequence identity) by all inference methods.
The relationship of this sequence to other 16S rRNA se-
quences varied depending on the treeing method used. Maxi-
mum-likelihood and distance analyses identified a clade con-
taining a sulfur-oxidizing bacterium isolated from a shallow
water hydrothermal vent in the Mediterranean Sea (89.8%
sequence identity) and a clone sequence from deep-sea sedi-
ments in the Japan Trench (89.4% sequence identity) as the
closest relatives. In parsimony analyses, the sister group of the
Gamma 2 sequence is a cluster of clone sequences isolated
from permanently cold sediments off the coast of Svalbard,
Japan Trench sediments, and hydrocarbon seep sediments
(�86.2% sequence identity).

The three �-proteobacterial sequences from O. crassitunica-
tus, Delta 1, 2, and 3, are phylogenetically distinct from each
other (Fig. 2b). The Delta 1 sequence is most closely related to
the sequence of the sulfate-reducing endosymbiont of the gut-
less oligochaete O. algarvensis as determined by all treeing
methods (98.6% sequence identity). The neighboring clade of
these two sequences includes clone sequences isolated from
permanently cold sediments off the coast of Svalbard (97.8 to
97.6% sequence identity).

The O. crassitunicatus Delta 2 and 3 sequences are not
closely related to other �-proteobacterial symbiont sequences.
The closest relative of the Delta 2 sequence as determined by
all inference methods is the sequence of the alkane-degrading
bacterial strain Hxd3 isolated from an oil tank (90.9% se-
quence identity). The neighboring branches of these two se-
quences were consistently identified as a cluster of clone se-
quences from sediments obtained above gas hydrates in Eel
River, the Santa Barbara Basin, and Hydrate Ridge and a
cluster of clone sequences from sediments obtained off the
coast of Svalbard and coastal salt marsh sediments (91.2 to
89.9% sequence identity) as determined by all treeing meth-
ods. The Delta 3 sequence is most closely related to a clone
sequence isolated from Antarctic sediments (94.7% sequence
identity) and the sequence of the free-living sulfate-reducing
bacterium Desulfofustis glycolicus (92.4% sequence identity).

The O. crassitunicatus spirochete sequence was consistently
grouped with the sequence of the spirochete endosymbiont of
the gutless oligochaete O. loisae from the Australian Great
Barrier Reef in all three phylogenetic analyses (95.4% se-
quence identity) (Fig. 2c). Peripherally associated with these
two sequences is a clone sequence obtained from tubes of the

hydrothermal vent polychaete Alvinella pompejana (92.9% se-
quence identity).

In situ identification. FISH with oligonucleotide probes con-
firmed that the six 16S rRNA sequences isolated from O.
crassitunicatus originated from bacteria in the symbiont-con-
taining region between the cuticle and the epidermis of the
worm (Fig. 3). FISH studies showed that the two 	-proteobac-
terial symbionts (Gamma 1 and 2), two of the �-proteobacte-
rial symbionts (Delta 1 and 2), and the spirochete co-occurred
in all three specimens from stations A and B. The third �-pro-
teobacterial symbiont, Delta 3, was found only in the three
specimens from station A.

The general probe for 	-Proteobacteria, GAM42a, as well as
the specific probes OcraGAM1 and OcraGAM2 for the
Gamma 1 and 2 symbionts, respectively, hybridized to bacteria
throughout the symbiont-containing region (Fig. 3a and b).
The hybridization patterns of the two specific probes were
distinctly different. The signal from the OcraGAM1 probe was
consistent in size, shape, and distribution with the bacteria
described as the large morphotype in O. crassitunicatus by
Giere and Krieger (23) (Fig. 3b). The OcraGAM2 probe hy-
bridized to much smaller bacteria that were approximately 1
�m long and located in the spaces between the large morpho-
types (Fig. 3b).

The hybridization signal from the �-proteobacterial probes
DSS658 and DSR651 was limited to small bacteria in the
peripheral area of the symbiont-containing region directly be-
neath the cuticle (Fig. 3a and f). These general probes are used
for identification of �-Proteobacteria belonging to the genera
Desulfosarcina, Desulfofaba, Desulfococcus, Desulfofrigus, and
Desulforhopalus and also targeted the �-proteobacterial se-
quences Delta 1 to 3 isolated from O. crassitunicatus. A similar
hybridization pattern was observed with the specific probes for
the three �-proteobacterial sequences, OcraDEL1, OcraDEL2,
and OcraDEL3, confirming that these sequences originated
from �-proteobacterial symbionts beneath the cuticle of the
worm. Dual hybridizations with the OcraDEL probes showed
that the Delta 1 and 2 symbionts occurred in approximately
equal numbers in specimens from both station A and station B
(Fig. 3c), while the Delta 3 symbionts were much rarer and
were found only in specimens from station A (Fig. 3d).

The specific probe for the spirochete sequence isolated from
O. crassitunicatus, OcraSPI, hybridized to long, thin bacteria
located between the large Gamma 1 symbionts (Fig. 3e and f).
The hybridization signal from this probe was consistent with
the shape and distribution pattern of the long, filiform bacte-
rial morphotype described by Giere and Krieger (23) in O.
crassitunicatus.

DISCUSSION

This study revealed the coexistence of five to six distinct
bacterial phylotypes in the body wall of the gutless marine
oligochaete O. crassitunicatus. By using comparative 16S rRNA

FIG. 2. Phylogenetic placement of bacterial symbionts in O. crassitunicatus based on 16S rRNA sequences: maximum-likelihood trees of
members of the 	-Proteobacteria (a), �-Proteobacteria (b), and Spirochaeta (c). Symbionts of gutless oligochaetes are indicated by boldface type, and
the O. crassitunicatus symbionts are enclosed in boxes. Bar � 10% estimated sequence divergence.
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FIG. 3. In situ identification of bacterial symbionts in O. crassitunicatus. The epifluorescence images show cross sections through the entire
worm (a) (scale bar, 20 �m) and the symbiont-containing region of the worm’s body wall (b to f) (scale bars, 10 �m). All worms shown were from
station A; the only exception is the worm shown in panel c, which was from station B. (a) Dual hybridization with the GAM42a and DSS658/DSR651
probes, showing 	-proteobacterial symbionts (red) and �-proteobacterial symbionts (green). (b) Dual hybridization with the OcraGAM1 and OcraGAM2
probes, showing the Gamma 1 symbionts (red) and Gamma 2 symbionts (green). The inset shows an enlargement of the area enclosed by a box (scale
bar, 5 �m). (c) Dual hybridization with the OcraDEL1 and OcraDEL2 probes, showing the Delta 1 symbionts (green) and Delta 2 symbionts
(red). (d) Dual hybridization with the OcraDEL1/OcraDEL2 and OcraDEL3 probes, showing the Delta 1 and Delta 2 symbionts (red)
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sequence analysis and fluorescence in situ hybridization, two
symbionts belonging to the 	-Proteobacteria, three symbionts
belonging to the �-Proteobacteria, and one spirochete symbiont
were identified in this host species. Despite this high diversity,
the association between the bacterial endosymbionts and O.
crassitunicatus is clearly specific within a given host population,
as all individuals from stations A and B harbored the same five
or six phylotypes. Furthermore, the association appears to be
highly specific and stable in geographically distant host popu-
lations, given the co-occurrence of the same five bacterial phy-
lotypes in worms separated from each other by 385 km.

Such great diversity of multiple endosymbiont species has
not been observed previously in oligochaete symbioses. In pre-
vious studies, either a single phylotype (8) or two or three
co-occurring bacterial phylotypes were described for each host
species (7, 9). The ability to sequence a much larger number of
clones in this study (573 clones versus 60 to 70 clones or direct
sequencing in previous studies), in addition to improved FISH
techniques, such as CARD FISH, is the most likely explanation
for the discovery of this previously unrecognized diversity. In-
deed, recent studies have suggested that there is similar diver-
sity in other gutless oligochaete species (Blazejak and Dubilier,
unpublished data), including species previously assumed to
harbor only one to three bacterial phylotypes (7, 8, 9).

The FISH analyses in this study of the Gamma 1 bacteria in
O. crassitunicatus indicate that this symbiont is the same as the
large, oval bacterial morphotype found by Giere and Krieger
(23) in another O. crassitunicatus population from Peru sedi-
ments (station L in Fig. 1). In both the specimens of Giere and
Krieger (23) and the worms studied here, these bacteria were
unusually large (diameter, 7 to 10 �m), in contrast to other
gutless oligochaetes, in which this morphotype is at most only
one-half as big (diameter, 3 to 5 �m) (24). The thioautotrophic
(i.e., sulfide-oxidizing, CO2-fixing) nature of this symbiont was
confirmed by Giere and Krieger (23), who used immunocyto-
chemistry to show the presence of the CO2-fixing enzyme
RubisCO and spectroscopy to identify sulfur in intracellular
deposits. The close phylogenetic relationship of the O. crassi-
tunicatus Gamma 1 symbiont to chemoautotrophic symbionts
of other gutless oligochaetes and the monophyly of this group
as determined by all treeing methods are further indications
that the O. crassitunicatus Gamma 1 bacteria are autotrophic,
sulfide-oxidizing symbionts.

The occurrence of a second 	-proteobacterial symbiont, like
Gamma 2 in O. crassitunicatus, has not been described previ-
ously for other oligochaete species, which so far have been
found to harbor only a single Gamma 1-like symbiont (7–9).
Endosymbiotic associations with more than one 	-proteobac-
terial phylotype have been observed in the wood-boring mussel
Lyrodus pedicellatus (6) and in the cold-seep thyasirid clam
Maorithyas hadalis (18). The function of these multiple symbi-
onts in these bivalves is unclear, just as the metabolism of the
novel O. crassitunicatus Gamma 2 phylotype remains to be
determined. The Gamma 2 symbiont belongs to a phylogenetic

group that includes clone sequences from cold-seep commu-
nities in the Japan Trench (32), as well as a chemoautotrophic,
sulfur-oxidizing isolate obtained from a shallow hydrothermal
vent in the Mediterranean Sea (42), suggesting that the
Gamma 2 symbiont might also participate in chemosynthetic
pathways. Studies of functional genes involved in this symbio-
sis, such as genes coding for RubisCO forms I and II and
enzymes involved in sulfur metabolism, such as adenosine-5�-
phosphosulfate reductase (aprA), as well as in dissimilatory
nitrate reduction (nitrite reductase; nirK), are in progress.

Three phylogenetically distinct �-proteobacterial symbionts
were found in O. crassitunicatus. The close evolutionary rela-
tionship of these symbionts to free-living and symbiotic sulfate-
reducing bacteria and the predominance of this type of metab-
olism within the �-Proteobacteria suggest that these symbionts
also use sulfate as an electron acceptor. The first chemoau-
totrophic host known to harbor a �-proteobacterial symbiont
was the gutless oligochaete O. algarvensis obtained from sedi-
ments in the Mediterranean Sea. In this species, only a single
�-proteobacterial symbiont was found, and it was identified as
a sulfate reducer based on molecular and physiological data
(9). In O. crassitunicatus, the 16S rRNA sequence of the Delta
1 symbiont is very closely related to that of the sulfate-reducing
symbiont of O. algarvensis (98.6% sequence identity) (9). In
contrast, the Delta 2 and 3 symbionts belong to novel lineages
not previously known to occur in symbiotic associations.

In the Mediterranean Sea sediments in which O. algarvensis
occurs, sulfide is not detectable by smell, and measurements
have shown that the sulfide concentrations are very low (�1
�M) (9). This led to the suggestion that the sulfate-reducing
symbiont of O. algarvensis could provide the thioautotrophic
symbiont of this host with an internal source of sulfide (9). In
this study, sulfide concentrations were not measured at the two
sampling sites where O. crassitunicatus was obtained, but at
station A the sediments clearly smelled of sulfide. At another
site off the coast of Peru where O. crassitunicatus was reported
to occur in high numbers together with the free-living, sulfide-
oxidizing bacteria Thioploca spp. (station L in Fig. 1), sulfide
was also detected by smell (30). The presence of sulfide in the
habitat of O. crassitunicatus suggests that the role of the sul-
fate-reducing symbionts in these worms is not restricted to
supplying sulfide for the thioautotrophic symbionts. One dis-
tinct difference between the O. algarvensis symbiosis and the O.
crassitunicatus symbiosis is the distribution of the sulfate re-
ducers. In O. algarvensis, the sulfate-reducing bacteria occur
throughout the entire symbiont-containing region and are in
close contact with the thioautotrophic symbionts. In contrast,
in O. crassitunicatus the sulfate reducers occur almost exclu-
sively in the outer part of the symbiont-containing region, just
below the cuticle of the worm, and have little contact with the
thioautotrophic symbionts. This suggests that the uptake of
substrates such as organic carbon, or hydrogen if the sulfate
reducers are autotrophic, from the environment may play an
important role in the O. crassitunicatus symbiosis. This could

and the Delta 3 symbionts (green). The inset shows an enlargement of the area enclosed by a box area (scale bar, 5 �m). (e) Monohybridization
with the OcraSPI probe, showing spirochete symbionts (green). (f) Triple hybridization with the GAM42a, DSS658/DSR651, and OcraSPI probes,
showing the two 	-proteobacterial symbionts (red), the three �-proteobacterial symbionts (blue), and the spirochete symbionts (yellow). The
muscle tissue of the worm at the bottom of the panel appears to be bluish green because of autofluorescence at mixed wavelengths.
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also explain the presence of two or three �-proteobacterial
phylotypes in these hosts. Sulfate-reducing bacteria are known
to metabolize a wide variety of electron donors and carbon
sources, including low-molecular-weight compounds from the
fermentative breakdown of biomolecules, various aromatic
compounds (44), and even hydrocarbons (26). Multiple sul-
fate-reducing symbionts with different preferences for carbon
compounds and electron donors could provide nutritional ver-
satility that broadens the spectrum of nutritional sources avail-
able to the O. crassitunicatus association.

A symbiotic association between a spirochete and a gutless
oligochaete was first suggested to occur in O. loisae from the
Australian Great Barrier Reef (7). However, the authors were
not able to unambiguously confirm that the spirochete 16S
rRNA sequence isolated from O. loisae originated from sym-
biotic bacteria because the specific probes developed for the
spirochete sequence did not hybridize to bacteria in the body
wall of O. loisae. In this study a spirochete was successfully
identified in the symbiont-containing region of a gutless oli-
gochaete by using CARD FISH and the spirochete-specific
probe OcraSPI. The hybridization signal from the spirochete
probe was consistent with the shape and distribution pattern of
the long, thin bacterial morphotype described in the ultrastruc-
tural study of O. crassitunicatus specimens from station L (Fig.
1) (23), indicating that spirochetes consistently occur as sym-
bionts in these hosts.

The spirochete symbionts of O. crassitunicatus and O. loisae
are closely related to each other (95.4% sequence identity) and
form a monophyletic group as determined by all three treeing
methods used. The close relationship of these two symbionts
despite the great geographic distance between the two hosts
and the differences in their habitats (deep-water slope sedi-
ments versus shallow coral reef sediments) indicates that the
spirochete symbiosis is integral to the oligochaete hosts and
independent of geographic or environmental factors. Indeed,
studies of other gutless oligochaetes have shown that spiro-
chetes regularly occur as symbionts in these hosts (39).

The oligochaete spirochetes fall on a neighboring branch
with a clone sequence (accession no. AJ431238) isolated from
the tubes of the hydrothermal vent polychaete Alvinella pom-
pejana (M. A. Cambon-Bonavita, unpublished data). (Another
spirochete sequence that also originated from A. pompejana
tubes [accession no. AF180309] and was previously suggested
to be most closely related to the O. loisae spirochete [4] does
not fall within the oligochaete clade but rather is related to
Spirochaeta alkalica based on BLAST and treeing analyses; this
sequence was not included in the trees shown here due to its
short length, 474 bp.) The free-living marine spirochetes Spi-
rochaeta isovalerica and Spirochaeta litoralis consistently form a
neighboring clade of the oligochaete spirochetes. These bac-
teria were isolated from sulfidic muddy sediments and are
obligate anaerobes that ferment carbohydrates mainly to ace-
tate, ethanol, CO2, and H2 (25, 27). While fermentation is one
possible metabolic pathway of the oligochaete spirochetes,
they could also have a completely different metabolism, just as
the spirochete symbionts in termites do not have properties of
their closest free-living relatives in the genus Treponema (3).
Instead, termite spirochetes were recently found to be chemo-
autotrophic and to use H2 and CO2 to produce acetate (29).
This type of metabolism should clearly be beneficial to the

oligochaete hosts, providing them with an additional chemo-
autotrophic symbiont as a source of carbon and energy.

Of the six different bacterial phylotypes that coexist in O.
crassitunicatus, three belong to clades in which only symbionts
occur: (i) the Gamma 1 symbionts, (ii) the Delta 1 symbionts,
and (iii) the spirochetes. Within these three clades, the host
species are separated by large geographic distances (Bermuda,
Mediterranean Sea, Australia, and Peru) and come from very
different habitats (coral reef sediments, coarse-grained coastal
sands, and deep-water silty muds). The symbionts in these
three clades, however, are closely related to each other (�95 to
98% sequence identity), indicating that within each clade the
symbionts descended from a common ancestor. Three bacte-
rial phylotypes found in O. crassitunicatus belong to novel
lineages that have not been found previously in symbiotic as-
sociations (Gamma 2, Delta 2, and Delta 3).

All symbiont phylotypes except Delta 3 appear to be highly
specific and stable both within a given population and between
host populations. However, variation can clearly occur be-
tween populations, as seen in the Delta 3 phylotype, which
occurred only in hosts from station A. There are two explana-
tions for the intraspecific variation of the Delta 3 symbiont: (i)
this symbiont originally occurred in both populations and was
lost by hosts at station B, or (ii) this symbiont never occurred
in the population at station B, so that the association was
established independently by the hosts at station A. Future
studies of other O. crassitunicatus populations from the Peru
and Chile margin, as well as a better understanding of the
acquisition of symbionts, should help answer these and other
questions concerning the establishment and evolution of sym-
bioses in oligochaete hosts.
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12. Erséus, C. 1990. The marine Tubificidae (Oliogchaeta) of the barrier reef
ecosystems at Carrie Bow Cay, Belize, and other parts of the Caribbean Sea,
with descriptions of twenty-seven new species and revision of Heterodrilus,
Thalassodrilides and Smithsonidrilus. Zool. Scr. 19:243–303.
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