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In a recent publication (S. M. Sievert, T. Brinkhoff, G. Muyzer, W. Ziebis, and J. Kuever, Appl. Environ.
Microbiol. 65:3834–3842, 1999) we described spatiotemporal changes in the bacterial community structure at
a shallow-water hydrothermal vent in the Aegean Sea near the isle of Milos (Greece). Here we describe iden-
tification and phylogenetic analysis of the predominant bacterial populations at the vent site and their dis-
tribution at the vent site as determined by sequencing of DNA molecules (bands) excised from denaturing
gradient gels. A total of 36 bands could be sequenced, and there were representatives of eight major lineages
of the domain Bacteria. Cytophaga-Flavobacterium and Acidobacterium were the most frequently retrieved
bacterial groups. Less than 33% of the sequences exhibited 90% or more identity with cultivated organisms. The
predominance of putative heterotrophic populations in the sequences retrieved is explained by the input of
allochthonous organic matter at the vent site.

Information about the microbial community structure of
hydrothermal vent systems is necessary in order to gain a more
thorough understanding of the functioning of these unique
ecosystems and their impact on the surrounding environment.
Vent-associated microorganisms are the basis of the food webs
at such localities and may also be involved in microbially me-
diated transformation and precipitation of elements (12, 14).
Selective enrichment cultivation is not considered a suitable
tool for characterizing microbial communities (2, 19, 24, 36),
and in several studies researchers have used methods based on
analysis of 16S rRNA sequences to study the bacterial com-
munities at deep-sea vent sites (9, 17, 18, 20, 25). These studies
demonstrated that only a few specialized bacterial populations
dominated the microbial communities under the extreme phys-
icochemical conditions found at the vent sites examined.
By using denaturing gradient gel electrophoresis (DGGE),
Muyzer et al. (20) identified four phylotypes in samples taken
from two vent sites on the Mid-Atlantic Ridge (MAR). Two of
these phylotypes were closely related to sulfur-oxidizing Thio-
microspira spp. which were frequently isolated at a variety of
vent sites, including the MAR (13, 39). Polz and Cavanaugh
(25) found that at another MAR vent site the putative sulfur-
oxidizing epibiont of a shrimp dominated the microbial com-
munity. At a hydrothermal vent system located on Loihi Sea-
mount, Hawaii, a midplate volcano, one of the two operational
taxonomic units that dominated the fairly diverse community
was affiliated with the sulfur-oxidizing bacterium Thiovolum sp.
(18). These results substantiated the earlier assumption that
chemolitho(auto)trophy that depends on reduced sulfur com-
pounds is an important process at vent sites (12, 14).

We have used a shallow submarine hydrothermal vent in the

Aegean Sea near the island of Milos (Greece) to investigate
the relationship between changes in physicochemical parame-
ters and bacterial population distributions by using DGGE of
PCR-amplified 16S rRNA gene fragments (31). In this paper
we describe identification of the dominant 16S rRNA-defined
bacterial populations along a transect from the center of the
vent out into the surrounding sediment. Bands were excised
from DGGE gels and sequenced in order to obtain informa-
tion about the phylogenetic affiliations of the dominant popu-
lations and to make inferences about the trophic structure of
the microbial communities at the vent site.

The study site was a solitary gaseous hydrothermal vent
located in 8 m of water in Palaeochori Bay (24°31.2209E,
36°40.3919N). Sea grass beds consisting of Cymodocea nodosa
(depth range, 6 to 20 m) and Posidonia oceanica (depth range,
10 to 40 m) were present in the bay (1). A more detailed site
description, including physicochemical parameters, has been
published previously (31). The various research projects being
conducted in Palaeochori Bay have been summarized by
Dando et al. (6). Sediment cores were taken with polycarbon-
ate tubes by scuba divers along a transect from the center of
the almost circular vent out into the surrounding area at loca-
tions 10, 123, 165, and 235 cm from the vent center in June
1996 and at locations 30, 117, and 200 cm from the vent center
in September 1996. At a distance of 117 cm two cores [cores
117 (I) and 117 (II)] were taken 1 week apart. Each sediment
core was immediately subsampled by slicing the extruded sed-
iment as described previously (31).

DNA extraction from subsamples obtained from sliced
sediment cores and PCR amplification were performed as
described previously (31). Amplification products were first
analyzed on agarose gels before further characterization by
DGGE analysis or DNA sequencing.

DGGE was performed as described by Sievert et al. (31).
Selected DGGE bands were excised from the DGGE gels,
reamplified by PCR with primers GM5F and 907R, and re-
electrophoresed on a DGGE gel to verify the purity of each
band and its position relative to the position of the original
band, as described previously (7). Before the PCR products
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were sequenced, they were purified by using a Qiaquick Spin
PCR purification kit (Qiagen Inc., Chatsworth, Calif.). A Taq
Dyedeoxy terminator cycle sequencing kit (Applied Biosys-
tems, Foster City, Calif.) was used to sequence the 16S ribo-
somal DNA fragments with primers GM5F and 907R. The
sequence reaction mixtures were electrophoresed with an Ap-
plied Biosystems model 373S DNA sequencer.

Sequences were added to the 16S rRNA sequence database
of the Technical University of Munich (Munich, Germany) by
using the ARB software program package (http://www.mikro
.biologie.tu-muenchen.de). Sequences were first aligned auto-
matically by using ARB_ALIGN and then were checked by eye
and corrected manually. Only sequences that were at least 90%
complete were used for tree construction. Partial sequences
obtained from the DGGE analysis were inserted into the re-
constructed tree by applying the parsimony criteria without
allowing for changes in overall tree topology. Tree topologies
were further evaluated by performing maximum-parsimony,
neighbor-joining, and maximum-likelihood analyses.

Number of unique populations. Figure 1 shows two DGGE
gels that were prepared with samples collected in June 1996
(Fig. 1A) and September 1996 (Fig. 1B). The lower panels
show all of the bands that could be visualized by DGGE. Al-
together, we obtained 51 unique bands (i.e., bands with distinct
electrophoretic mobilities) for the June samples (Fig. 1A) and
44 unique bands for the September samples (Fig. 1B). It is
likely that these numbers of unique bands underestimated the
actual diversity, since bands that have the same electrophoretic
mobility can contain different sequences. However, in all cases
in which we sequenced bands that had the same electropho-
retic mobility, we found that the sequences were nearly iden-
tical (see below). Altogether, about 80 bands were excised
from both gels, and 36 of these bands resulted in unambiguous
sequences that were used for phylogenetic analysis. The other
excised bands either resisted reamplification by PCR (36%) or
yielded ambiguous sequences (64%). This could have been due
to the presence of more than one sequence in a particular band
(28).

Phylogenetic affiliation and spatial distribution of dominant
populations. Table 1 shows the sequences analyzed, the loca-
tions along the transect where they were obtained, their phy-
logenetic positions, and their putative physiologies inferred
from the physiologies of the most closely related cultivated
organisms. The distribution of the bands that were sequenced
shows that the sequences represented bacterial populations
that were present in different zones and at different sediment
depths, as well as populations obtained at different sampling
times (Fig. 1). However, fewer sequences were successfully
retrieved from the outer zones at both sampling times. This
might have been related to the greater complexity of the
DGGE profiles in these regions (31), which resulted in a
higher probability that particular bands contained more than
one sequence (22). Our phylogenetic analysis of the bands re-
vealed wide diversity within the domain Bacteria. Similar find-
ings have been obtained for a variety of environments, in-
cluding deep-sea hydrothermal vents (18) and terrestrial hot
springs (11). The actual diversity might have been even higher
because we sequenced only 28% of the unique bands obtained
from the vent site examined, DGGE detects only dominant
populations, and it is possible that bacteria specific to this
habitat may not have contained the signature sites necessary
for efficient amplification with the bacterial primers used.

Eleven sequences were affiliated with the Cytophaga-Flavo-
bacterium (CF) cluster of the Cytophaga-Flavobacterium-Bac-
teroides phylum, and thus, members of this cluster were the
most prominent phylotypes detected. Of these 11 sequences, 6

came from the dominant band (band ML-1a through band
ML-1f). All of these sequences were identical or at least ex-
tremely closely related (.99% identity). Following the sugges-
tions of Fox et al. (8), we grouped all of these sequences into
one “rRNA superspecies”; only one representative, band
ML-1, is shown in Fig. 2. If it is assumed that the relative
intensities of bands in DGGE gels are correlated with the
actual sizes of the corresponding populations (21, 22), it can be
inferred that the population corresponding to band ML-1 is a
predominant member of the microbial community at our vent
site, particularly in zones more strongly affected by the hydro-
thermal fluid. The fact that this population was most closely
related to a clone (96% sequence identity) (Fig. 2) that was
obtained from an in situ growth chamber deployed at a deep-
sea hydrothermal vent (DDBJ, EMBL, and GenBank acces-
sion no. AF068798) provides support for the hypothesis that it
is an indigenous and probably thermophilic population. The
ML-3a-c sequences formed another group in the CF cluster
(Fig. 2). The two sequences obtained from September samples
were almost identical (.99% identity), and both exhibited
98% identity to the sequence obtained from June samples.
These sequences had no close relatives in the database (levels
of identity, ,85%), and thus, their exact phylogenetic position
in the CF cluster remains unclear. Two other sequences in the
CF cluster, the ML-11 and ML-16 sequences, exhibited 92%
identity to the Cytophaga fermentans sequence and 88% iden-
tity to the Flexibacter maritimus sequence, respectively (Fig. 2).
Populations related to the CF cluster have also been reported
to be important in other marine sediments, including North
Sea (15) and Black Sea (28) sediments. Inferring the physiol-
ogy of these populations from their phylogeny is difficult, but
since all cultured members of the CF cluster are heterotrophic
and many members degrade polymers (27), it seems likely that
these sequences originated from populations that have similar
metabolism. However, it is possible that some sequences rep-
resent lineages with new metabolic capabilities.

Like the ML-1 sequences, the sequences that were derived
from ML-2 in different profiles (i.e., ML-2a through ML-2e)
were identical, and only one representative sequence of this
rRNA superspecies is shown in Fig. 2. These sequences were
affiliated with chloroplasts of diatoms, and the most closely
related full-length sequence was the chloroplast sequence of
the marine diatom Odontella sinensis (level of sequence iden-
tity, 98%) (Fig. 2). Based on the 415-nucleotide overlap among
partial band ML-2, Navicula salinicola (23), and Amphora deli-
catissima (23) sequences, the band ML-2 sequence formed a
cluster with these diatoms and was most closely related to
N. salinicola (data not shown). The population corresponding
to band ML-2 was also present at both times. However, while
band ML-2 was clearly stronger in the upper layers and rep-
resented an important component of the microbial community
in June, the importance of the population seemed to be minor
in September. The population corresponding to the ML-2 se-
quence could in principle have originated from three sources:
(i) sedimentation of planktonic species from the water column,
(ii) in situ growth of benthic species on the sediment surface,
and (iii) epiphytic species that were transported to the hydro-
thermal vent. We could eliminate the first possibility because
the closest relatives of the sequence were species belonging to
the pennate genera Navicula and Amphora and the members of
both of these genera grow only on surfaces (29). The presence
of the genus Amphora and the presence of the species N. salina
were microscopically verified for samples obtained from dif-
ferent zones along the transect (A. Economou-Amilli, personal
communication), and we also found pennate diatoms of un-
known affiliation thriving in the white precipitate and at the
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center of the vent during microscopic inspection on site (S. M.
Sievert and G. Kuever, unpublished data). It is interesting that
these populations seemed to be active near the center of the
vent, where the in situ temperature at the sediment surface was
between 30 and 40°C. Most diatoms cannot grow at these
temperatures, although the closest relatives of the organisms
corresponding to band ML-2 originating from hypersaline
mats in Guerrero Negro, Baja California (Mexico), were able

to grow at 37°C (F. Garcia-Pichel, personal communication).
Thus, we suggest that the diatoms corresponding to band ML-2
contributed to production of autochthonous organic matter at
the vent site by carrying out photosynthesis; photosynthesis has
been measured at similar vent sites in Palaeochori Bay (37).
The closest relatives of the chloroplastic ML-12 and ML-13
sequences were members of the Haptophyceae (97% identity
to the chloroplast 16S rRNA sequences of Emiliana huxleyi

FIG. 1. DGGE analysis of 16S ribosomal DNA fragments obtained after PCR amplification with bacterial primers GM5F-GC-clamp and 907R of genomic DNA
from environmental samples and standards with known melting behavior in June 1996 (A) and September 1996 (B). In the upper panels the actual DGGE gels are
shown, whereas the lower panels are sketches that show the bands that were identified on each DGGE gel. The band numbers are the numbers for excised and
sequenced bands, which are discussed in the text. The environmental samples were taken at specific locations along a transect from the vent center towards the
surrounding area. The two cores obtained at a distance of 117 cm in September were taken 1 week apart. During the first sampling [core 117 (I)] a white precipitate
was present on the sediment surface, whereas during the second sampling [core 117 (II)] there was no precipitate. No PCR product was obtained from the overlying
water at a distance of 165 cm. (A) DGGE patterns for the samples taken in June 1996. Lanes 1 and 17, standards; lanes 2 to 5, samples taken 10 cm from the center
of the vent (sediment depth shown in parentheses) (lane 2, surface; lane 3, 0 to 10 mm; lane 4, 10 to 20 mm; lane 5, 20 to 30 mm); lanes 6 to 9, samples taken 123
cm from the center of the vent (lane 6, surface; lane 7, 0 to 10 mm; lane 8, 10 to 20 mm; lane 9, 20 to 30 mm); lanes 10 to 12, samples taken 165 cm from the center
of the vent (lane 10, 0 to 10 mm; lane 11, 10 to 20 mm; lane 12, 20 to 30 mm); lanes 13 to 16, samples taken 235 cm from the center of the vent (lane 13, surface; lane
14, 0 to 10 mm; lane 15, 10 to 20 mm; lane 16, 20 to 30 mm). (B) DGGE patterns for the samples taken in September 1996. Lanes 1 and 18, standards; lanes 2 to 5,
samples taken 30 cm from the center of the vent (sediment depth shown in parentheses) (lane 2, surface; lane 3, 0 to 5 mm; lane 4, 8 to 13 mm; lane 5, 16 to 26 mm);
lanes 6 to 9, samples taken 117 cm from the center of the vent (lane 6, surface; lane 7, 0 to 5 mm; lane 8, 8 to 13 mm; lane 9, 16 to 26 mm); lanes 10 to 13, samples
taken 117 cm from the center of the vent (lane 10, surface; lane 11, 0 to 5 mm; lane 12, 8 to 13 mm; lane 13, 16 to 26 mm); lanes 14 to 17, samples taken 200 cm from
the center of the vent (lane 14, surface; lane 15, 0 to 5 mm; lane 16, 8 to 13 mm; lane 17, 16 to 26 mm). Parts of this figure were reproduced from reference 31 with
permission from the publisher.
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FIG. 2. Evolutionary tree showing the phylogenetic affiliations of 16S rRNA sequences obtained from bands excised from the DGGE gels shown in Fig. 1. The tree
was constructed with the software package ARB based on full-length sequences by using parsimony analysis. The partial ca. 550-bp sequences (boldface type) were
inserted into the tree by using maximum-parsimony criteria without affecting the initial tree topology by using a special tool implemented in ARB. The sequence of
DGGE band ML-10 has been determined previously by Brinkhoff et al. (5). The numbers in parentheses are the numbers of different sequences used to calculate the
phylogenetic positions or accession numbers. Bar 5 10% sequence divergence. CFB, Cytophaga-Flavobacterium-Bacteroides phylum.
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and Orchrosphaera neapolitana) (Fig. 2). Both E. huxleyi and
O. neapolitana are planktonic marine algae, and thus, the se-
quences probably originated from planktonic species. How-
ever, unknown benthic forms might exist.

We found three sequences which were affiliated with mem-
bers of the class Proteobacteria (Fig. 2). One sequence (ML-10)
was almost identical to the sequence of Thiomicrospira sp.
strain Milos T-2, a member of the gamma subclass of the
Proteobacteria, which was isolated from samples obtained at
the same vent site (5). The population corresponding to band
ML-10 was present at both sampling times, and by performing
hybridization analysis with a specific probe, we demonstrated
that all bands that migrated to the same position on the gel
were produced by sulfur-oxidizing Thiomicrospira populations
(5). The finding that Thiomicrospira spp. constitute an impor-
tant component of the microbial community suggests that be-
sides photosynthesis, chemosynthesis contributes to primary
production at the vent site studied. Isolation of other chemo-
lithoautotrophic sulfur-oxidizing bacteria from similar or even
higher dilutions provided further support for the hypothesis
that chemosynthesis is important in this habitat and revealed a
high level of diversity for the sulfur-oxidizing bacteria (30). The
band ML-5 and ML-19 sequences were loosely affiliated with
members of the delta subclass of the Proteobacteria (Fig. 2).
Detection of these bands could be an indication that sulfate
reduction is an important electron acceptor for terminal oxi-
dation of organic matter in this habitat. Sulfate reducers were
present in this environment and were most abundant 235 cm
from the center of the vent (31). This was also the region in
which the highest sulfate reduction rates were observed
(W. Ziebis, V. Brüchert, S. Forster, and B. B. Jørgensen, un-
published data). A bacterium that was most closely related to
Desulfobacter halotolerans (4) (97% 16S rRNA identity) was
isolated from the highest dilution of a most probable number
(MPN) series (30). Desulfobacter spp. have a narrow substrate
spectrum and are thought to be specialists for degradation of
acetate (38). Thus, their relatively high numbers suggest that
acetate, one of the end products of anaerobic degradation of
organic compounds, is an important substrate in this habitat.
Unfortunately, no isolates were obtained from the zones from
which the sequences were derived, and thus, it is not known
whether bacteria related to Desulfobulbus spp. were present in
the MPNs.

Another set of sequences (ML-9a-b, ML-16, ML-18, ML-20,
and ML-21) formed a group that was affiliated with the Ac-
idobacterium cluster (Fig. 2). All of the sequences derived from
September samples (ML-16, ML-18, ML-20, and ML-21)
formed a group of closely related sequences (between 96 and
97% identity), and they were more distantly related to the
sequence derived from June samples (ML-9a-b) (93% identi-
ty). The taxon Acidobacterium has been considered a new king-
dom (3) and at this time contains only three cultured repre-
sentatives, but it also contains many uncultured forms that
were identified by molecular analysis from a variety of envi-
ronments (3). However, this is the first report of the occur-
rence of these organisms at a marine hydrothermal site. Infer-
ences about their physiology cannot be made at present and
must await cultivation of related bacteria.

The band ML-8 sequence was most closely related to clone
OPB46 (94% sequence identity) (Fig. 2) belonging to the
newly discovered candidate division OP9 (11). Members of this
new line of descent in the domain Bacteria have so far been
found only in a terrestrial hot spring, and the presence of
related populations at a marine hydrothermal site extends the
known habitat range for this group. The partial sequence in
band ML-8 had a G1C content (58 mol%) similar to the G1C

content of the corresponding region of OPB46 (59 mol%), for
which a thermophilic nature has been inferred (11). Thus, it is
likely that band ML-8 originated from a thermophilic popula-
tion. This would be consistent with the finding that the band
was present in the lower part of the DGGE gel, where it
encountered a higher concentration of denaturant. Two other
bands (ML-6 and ML-7) were also detected in the lower part
of the DGGE gel and thus may also have originated from
thermophilic populations. The fact that the closest relatives of
the ML-7 organism were clones detected in a hot spring (11)
supports this hypothesis (Fig. 2). However, as the level of
identity was low (85%), placement of this sequence was uncer-
tain. Clear thermophily could be inferred for the populations
corresponding to ML-14a and ML-14b since the sequences in
these bands were almost identical to the sequence of Caldicel-
lullosiruptor lactoaceticus (level of sequence identity, almost
99%) (Fig. 2), which was isolated from a terrestrial hot spring
(16). C. lactoaceticus is a thermophilic, cellulolytic, anaerobic
bacterium that belongs to the Bacillus-Clostridium subphylum
of low-G1C-content gram-positive bacteria (26). The finding
that the sequences were obtained from water above the sedi-
ment at a distance of 30 cm seems inconsistent with a thermo-
philic and anaerobic physiology. However, this might have
been related to resuspension of the upper sediment layers due
to a storm before sampling (31). In deeper sediment layers the
temperature increased rapidly and oxygen was absent (31;
Ziebis et al., unpublished data).

Other populations (ML-4a-b, ML-6, and ML-17a-b) seemed
to be only distantly related to previously described phylotypes
(Fig. 2), and because we determined only partial sequences,
their exact phylogenetic positions remain unknown. It is inter-
esting, however, that bands ML-4a and ML-4b are affiliated
with spirochetes, since the first anaerobic bacterium isolated
from a deep-sea hydrothermal vent was a spirochete (10). De-
tection of a spirochetelike sequence by DGGE indicates that
these organisms may play an important role in this environ-
ment.

Implications for trophic structure and similarities to other
geothermal systems. The data presented in this paper suggest
that although autotrophic as well as heterotrophic populations
could be detected, the microbial community at the vent site
studied was predominantly heterotrophic. The potential sub-
strates used by the microbial community are (i) organic matter
produced at the vent site through photosynthesis by diatoms
and through chemosynthesis by sulfur-oxidizing bacteria
(e.g., Thiomicrospira spp.) and (ii) sea grass fragments from
the surrounding sea grass meadows (1). This would provide an
explanation for the presence of populations that degrade mac-
romolecules, such as polysaccharides (e.g., C. lactocaceticus-
related organisms and organisms that are affiliated with the CF
phylogenetic branch). It has been suggested before that the
occurrence of photosynthesis at this shallow-water vent site
might lead to a phytodetritus-based food chain (35). This might
be a major difference between this vent and most deep-sea
hydrothermal vents, at which the input of allochthonous or-
ganic matter is low and the autochthonous organic matter is
produced by chemosynthesis rather than by photosynthesis (12,
14). However, there might be similarities between the shal-
low-water vent which we studied and deep-sea vent sites with
high rates of sedimentation of organic matter derived from
the euphotic zone, such as Guaymas Basin (Mexico). At the
latter site about 300 to 400 m of diatomaceous sediment that is
rich in organic matter overlies the vents (33). This could lead
to a higher proportion of heterotrophic organisms relative to
the autotrophic populations (34), as observed at the vent which
we examined.
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There is only a limited database which can be used to com-
pare the compositions of the microbial communities in differ-
ent geothermal systems. An important similarity between the
shallow-water vent site which we studied and deep-sea vents is
that Thiomicrospira spp. are important components of both
microbial communities (5, 20); populations related to the dom-
inant phylotype at the shallow-water site (i.e., band ML-1)
seem also to be present at deep-sea vents. It is noteworthy,
however, that we did not detect any similarities between our
results and the phylotypes that were found at an active deep-
sea hydrothermal vent on Loihi seamount (18). On the other
hand, there were similarities between the marine shallow-wa-
ter hydrothermal vent and terrestrial hot springs in Yellow-
stone National Park (Obsidian Pool) and Iceland. Besides Ob-
sidian Pool clone-related sequences and populations that are
closely related to C. lactoaceticus, we also isolated a thermo-
philic sulfate-reducing bacterium (32) which is phylogeneti-
cally related to the Thermodesulforhabdus-Desulfacinum clus-
ter in the delta subclass of the Proteobacteria. Populations
belonging to this cluster were also found to be abundant in
Obsidian Pool (11). Finally, it should be noted that this study
included the first molecular analysis of a bacterial community
at a marine shallow-water hydrothermal vent. Thus, it provides
a framework with which to compare similar environments in
the future.

Nucleotide sequence accession numbers. The partial 16S
ribosomal DNA sequences obtained in this study (DGGE
bands ML-1a through ML-21) have been deposited in the
GenBank nucleotide database under accession no. AF208985
through AF209019.
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22. Nübel, U., F. Garcia-Pichel, M. Kühl, and G. Muyzer. 1999. Quantifying
microbial diversity: morphotypes, 16S rRNA genes, and carotenoids of oxy-
genic phototrophs in microbial mats. Appl. Environ. Microbiol. 65:422–430.
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