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Abstract

The study of the structure and diversity of hydrothermal vent microbial communities has long been restricted to the
morphological description of microorganisms and the use of enrichment culture-based techniques. Until recently
the identification of the culturable fraction required the isolation of pure cultures followed by testing for multiple
physiological and biochemical traits. However, peculiar inhabitants of the hydrothermal ecosystem such as the
invertebrate endosymbionts and the dense microbial mat filaments have eluded laboratory cultivation. Substantial
progress has been achieved in recent years in techniques for the identification of microorganisms in natural envir-
onments. Application of molecular approaches has revealed the existence of unique and previously unrecognized
microorganisms. These have provided fresh insight into the ecology, diversity and evolution of mesophilic and
thermophilic microbial communities from the deep-sea hydrothermal ecosystem. This review reports the main
discoveries made through the introduction of these powerful techniques in the study of deep-sea hydrothermal vent
microbiology.

Introduction

The discovery of deep-sea hydrothermal vents along
the East Pacific Rise (EPR) has significantly modified
the established views on the deep sea that was long
known as a cold, dark, high-pressure and nutrient-poor
environment (Corliss et al. 1979). The unexpected
presence of luxuriant populations of organisms clus-
tering around emissions of geothermally generated
reduced compounds challenged the notion that life in
the deep-sea is limited by reduced carbon and en-
ergy. In this spatially-limited, productive ecosystem
partially insulated from solar radiations, it soon be-
came apparent that the source of organic carbon in the
vent animals originated from the interaction of chemo-
synthetic micro-organisms with the emitted, reduced,
chemical species (Rau & Hedges 1979; Rau 1981;
Jannasch 1995). Ensuing years have seen the discov-
ery and intensive study of other hydrothermal vent
environments in both the Atlantic and Pacific oceans.

The first investigations of hydrothermal vent mi-
crobial communities employed numerous methods to
determine microbial diversity, biomass, physiological

potential, and production rates of the main micro-
bial assemblages. At least four generic hydrothermal
vent habitats and associated microbial communities
are now known to exist; they include (i) free-living
bacterial populations associated with the discharged
vent fluids and presumably growing and reproducing
within the sub-seabed system, (ii) free-living micro-
bial mats growing on surface strata that are exposed
to flowing vent waters, (iii) endo- and exosymbiotic
associations of microorganisms and vent fauna, and
(iv) microorganisms within the deep sea hydrothermal
vent plumes (Karl 1995).

Studies of the microbial diversity associated with
deep-sea hydrothermal vents have for a long time been
restricted to the microscopic description of samples
and the isolation of a restricted number of new meso-
philic microorganisms. Considering the multiple eco-
logical niches suitable for their life across the vent
habitats (cited above), mesophiles may represent the
most abundant bacteria in hydrothermal vents. How-
ever, very little is known about their taxonomic and
ecological significance (Baross & Deming 1995). Due
to the recent fascination of microbiologists with ther-
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mophiles, a greater number of thermophilic isolates
has been obtained from hydrothermal vents (Stet-
ter 1996a). Therefore, much more is known about
thermophiles presumed to inhabit thermally restricted
environments. However, it is now generally accepted
that the vast majority of microorganisms detectable by
direct methods in marine and other natural samples,
including those collected from much less extreme en-
vironments, cannot be assessed by traditional methods
that rely on laboratory cultivation (Ward et al. 1992).
Consequently, results derived from elective culture
studies may be of limited use in microbial ecology.
In addition, substantial difficulties met in recovering
representative samples, developing appropriate me-
dia, and recreating the extreme conditions of deep-sea
hydrothermal environments in the laboratory have pre-
vented microbiologists from gaining access to the
extent and nature of the existing microbial diversity.

These technical hurdles have been partly overcome
by the development of molecular biological tech-
niques, especially those that take advantage of rRNA
molecules and their encoding genes. These were per-
ceived to have a number of characteristics that made
them eminently suitable for phylogenetic and deter-
minative studies (Woese 1987). The rRNAs are es-
sential components of the protein synthesis machinery
and are therefore widely distributed and functionally
conserved in all organisms. They are ancient mo-
lecules and are extremely conserved in overall struc-
ture, making them readily isolatable and identifiable.
Their primary structures are composed of sequence
regions of higher and lower evolutionary conservation.
They lack the interspecies horizontal gene transfer
found in many prokaryotic genes. The 5S and 16S
rRNAs have been used most frequently for rRNA-
based phylogenetic characterizations. However, the
paucity of independently varying nucleotide positions
in the 5S rRNA molecule has limited its phylogenetic
usefulness (Olsen et al. 1986). The larger and therefore
more informative 16S rRNA molecule is of an appro-
priate size for broad phylogenetic analyses. Moreover,
16S rRNA sequences have already been determined
for a large fraction of the validly described species and
their natural amplification with high copy numbers per
cell greatly increases the sensitivity of rRNA-targeted
probing.

This review reports on the use of molecular
methods such as DNA-DNA hybridization (Sayler &
Layton 1990) and lipid analysis (Tornabene 1985) but
will mainly concentrate on the application of the ap-
proaches involving the analysis of rRNA sequences

in organisms found in the hydrothermal environment
(Olsen et al. 1986; Pace et al. 1986; Stahl & Amann
1991; Ward et al. 1992; Amann et al. 1995). For
instance, specific 16S rRNA-targeted oligonucleotide
probes have been successfully introduced as power-
ful tools in microbial vent ecology (Table 1). They
have been applied to the localization of invertebrate-
associated endo- and ectosymbionts, to the quanti-
fication of a yet uncultivable dominant phylotype in
low-temperature communities, and to the distribution
of thermophilic microorganisms in vent chimneys.
These three genetically diverse natural assemblages
of deep-sea hydrothermal vent environments will be
discussed successively.

Molecular studies of invertebrate-associated
microbial populations

Epibionts ofAlvinella pompejana

Alvinella pompejanais a tube-dwelling annelid poly-
chaete endemic to the EPR; it inhabits the hottest
areas of active deep-sea hydrothermal vent chimneys.
The harsh chimney environment is characterized by
extreme temperature gradients (2 to 350◦C) and
high concentrations of hydrogen sulfide (>1 mM) and
toxic heavy metals. Heavy metal concentrations meas-
ured in undiluted hydrothermal fluids appear consist-
ently higher than in the surrounding non-hydrothermal
deep-sea water (Michard et al. 1984; Von Damm et
al. 1985a,b; Bowers et al. 1988). Zinc and copper are
among the most abundant and form a large part of
the polymetallic sulfide edifices. In this environment
of sharp physico-chemical gradients with tremendous
temporal and spatial variability, reliable recording of
conditions within the worm’s immediate microenvir-
onment is difficult. Temperature ranges of 25–40◦C
have been recorded at the opening of the worm tubes.
Temperatures of 40–50◦C or even 70–80◦C have
been measured inside the tube masses and an indi-
vidual of the genusAlvinella was reported to have
survived temperatures in excess of 100◦C for a pro-
longed period of time (Chevaldonné et al. 1992). Data
obtained from physiological and biochemical studies
on isolated organelles or molecules (reviewed in Chil-
dress & Fisher 1992) indicate thatA. pompejanamust
be limited to temperatures lower than 50◦C. These
authors suggested a probable optimal body temperat-
ure of 30–35◦C. However, in six independent surveys,
temperature recorded 6 to 8 cm within the worm tube
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Table 1. Sequences, target sites, and specificities of rRNA-targeted oligonucleotide probes for whole-cell hybridizations useful for the
identification of microorganisms known to thrive in the deep-sea hydrothermal vent environment. Some of these probes have been designed
to identify the same organisms, populations or communities in other habitats

Sequence (5′–3′) of probe Target position Specificity Reference

Universal

ACGGGCGGTGTGTRC 1392–1406 Universal Lane et al. (1985)

GWATTACCGCGGCKGCTG 522–536 Universal Giovannoni et al. (1988)

Domain level

GCTGCCTCCCGTAGGAGT 338–355 Bacteria Amann et al. (1990)

ACCGCTTGTGCGGGCCC 927–942 Bacteria Giovannoni et al. (1988)

GTGCTCCCCCGCCAATTCCT 915–934 Archaea Amann et al. (1990)

Upper group level

CCAGRCTTGCCCCCCGCT 449–515 Crenarchaeota Burggraf et al. (1994)

CTTGCCCRGCCCTT 498–510 Euryarchaeota Burggraf et al. (1994)

GTTTGCCCGGCCAGCCGTAA 1116–1135 Korarchaeota Burggraf et al. (1997)

Lower group level/genus level

GGGTTTCGTCCCGGGTTC 438–455 Thermus aquaticus, T. flavus, T. thermophilus Harmsen et al. (1997b)

GGGTGTGACCCCTCTAAC 832–849 ThermophilicBacillusspp. Harmsen et al. (1997b)

GTTCCGTCTCCCTCTACC 660–677 Thermosiphospp. andThermotogaspp. Harmsen et al. (1997b)

TCGCGCAACGCTCGGGACC 540–558 Aquificales Harmsen et al. (1997b)

GCAACATAGGGCACGGGTCT 1109–1128 Methanococcusa Raskin et al. (1994)

GCGATTACTACG(G/C)ATTCCAG 1335–1354 All methanogensb andArchaeoglobus Torsvik et al. (1993)

Species level

TCCCTGTTGCCAGGTCGC 1258–1275 Thermus aquaticus Byers et al. (1997)

TCCCTGTCACCAGGTCGC 1258–1275 Thermus filiformis Byers et al. (1997)

TCCCCGTTACCGGGTCGC 1258–1275 Thermus ruber Byers et al. (1997)

TCCCCGTTGCCGGGTGGC 1258–1275 Thermus thermophilus Byers et al. (1997)

GTTTGCAGCCCTCTGTACCGG 1243–1263 Riftia pachyptilasymbiont Cary et al. (1993)

ACTACCTCACGGCTRAGCGAC 1255–1275 Calyptogena magnificasymbiont Cary et al. (1993)

TTGCTCTCGCGAGGTTGCGAC 1255–1275 Bathymodiolus thermophilussymbiont Cary et al. (1993)

ATCTTCCCCTCCCAGACTCT 653–672 Rimicaris exoculatasymbiont Polz & Cavanaugh (1995)

Environmental clones

GTCCCCTGCCTCCCTTGC Environmental clone EM17 (Aquificales) Reysenbach et al. (1994)

TGCCTTCACCCCACCTTC Environmental clone EM3 (Thermotogales) Reysenbach et al. (1994)

CACACATTCGTCCCTTTT Environmental clone EM19 Reysenbach et al. (1994)

AGTTTTGCTTCTCTTTGTCCTT 1244–1265 ε proteobacterial phylotype 13B Cary et al. (1997)

GATTTCGCTTCTCATTGTCCTC 1244–1265 ε proteobacterial phylotype 5B Cary et al. (1997)

GTCGCCAGCACTATTACC 89–106 Environmental clones (Aquificales) Yamamoto et al. (1998)

aOne mismatch withM. jannaschii.
bExceptMethanopyrus kandleri.
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averaged 68±6.33◦C over a 3-h period with frequent
spikes exceeding 81◦C and a temperature gradient
of up to 60 ◦C was measured along the length of
the worm’s body, suggesting thatA. pompejanais the
most eurythermal and thermotolerant metazoan known
(Cary et al. 1998).

One of the most striking features of this worm
is its obligate association with a highly diverse
and dense assemblage of epibiotic microorganisms.
Dorsal epidermal expansions are externally covered
by filamentous morphotypes that dominate the worm-
bacteria association. Rod-shaped, prosthecate, spiral-
curved, filamentous sheathed or unsheathed bacteria
are scattered on the surface of the worm integu-
ment whereas clump-like assemblages of rod-shaped,
coccoid and filamentous bacteria are associated with
cuticular protrusions in the intersegmental spaces
[Gaill et al. 1987; see Desbruyères et al. (1998) for
review]. Metabolically diverse non-filamentous meso-
philic bacteria were successfully cultured fromA.
pompejana’s dorsal integument (Prieur & Jeanthon
1987; Prieur et al. 1990; Raguénès et al. 1996, 1997a,
b).

Most of the heterotrophic strains isolated from alv-
inellid polychaetes and their tubes displayed resistance
to arsenate, cadmium, silver, and zinc and tolerated
high amounts of copper (Jeanthon & Prieur 1990). The
occurrence of multiple heavy-metal resistant pheno-
types within these isolates, presumptively identified as
members of the generaAcinetobacter, Alteromonas,
Pseudomonas, and Vibrio, demonstrated an adapta-
tion of a part of the alvinellid-associated microflora to
the general enrichment of metals in the hydrothermal
vent environment. Almost 20% of the isolated bac-
teria harboured one or more plasmids (up to five) of
sizes ranging from 4.6 to 157 kb (Jeanthon 1991; Je-
anthon et al. 1991). Among the 4 to 5 different plasmid
bands found in 19Acinetobacterstrains, three had
identical sizes (4.8, 9.4 and 45.3 kb). Further hybrid-
ization experiments indicated that homologies were
shared by the 45.3-kb plasmids. A 110-kb plasmid was
also found to occur inPseudomonasandVibrio strains
whereas phenotypically different strains of the genus
Acinetobactercarried a 51.7-kb plasmid. These data
indicate that transfer of genetic elements (i.e. broad
host range plasmids) might take place in deep-sea
environments.

To date, the dominant filamentous morphotypes
have eluded all attempts at culturing. By construct-
ing a clone library of 139 16S rDNA genes amplified
by PCR from genomic DNA extracted from bacteria

collected from the dorsal surface of anA. pompe-
jana specimen, Haddad et al. (1995) characterized
the dominant members of the associated microflora.
Among the thirty-two clone families identified in the
library by their unique restriction patterns, only four
represented 65% of the clones. Phylogenetic analysis
of the 16S rRNA genes of the four dominant clone
families placed them in two distinct clades within
theε subdivision of theProteobacteria(also referred
as theCampylobacter-Thiovulumsubdivision). Theε
subdivision of the classProteobacteriaencompasses
the generaArcobacter, Campylobacter, Helicobac-
ter, Sulfurospirillum, ThiovulumandWolinella (On et
al. 1998). The majority of these genera are known
to be adapted to environments low in oxygen and
are involved in multiple metabolic pathways regard-
ing oxidation and/or reduction of sulfur compounds in
microaerophilic and/or anaerobic conditions (Wirsen
& Jannasch 1978; Vandamme et al. 1991). Other
evidence for the presence in low-temperature, sulfide-
dependent niches, of organisms related to theε sub-
division of the classProteobacteria(see the next
sections) argue for their important contribution in
the sulfur cycle and ecology in hydrothermal vent
environments.

Two of the phylotypes (defined as organisms with
identical 16S rRNA genes), designated 13B and 5A,
that dominated the clone library were identified from
six different worm specimens collected from geo-
graphically separated sites, indicating that they are
constant features of the associated microflora. They
were found to be localized onA. pompejanaby using
in situ hybridization demonstrating that they are the
predominant filamentous bacteria on the dorsal integ-
ument of the worm (Cary et al. 1997). The occurrence
of phylotype 13B on the exterior surfaces of other in-
vertebrate genera (Paralvinella sp., Riftia pachyptila
tube) and rock surfaces and the detection of phylotype
5A on A. caudataintegument indicated that theseε
proteobacterial phylotypes do not have an obligate re-
quirement forA. pompejana. However, the metabolic
potential of these dominant and constant phylotypes
and possible function of their relationship with the
worm remain to be fully demonstrated.

Epibionts ofRimicaris exoculata

The highly motile alvinocaridid shrimpRimicaris
exoculata is endemic in the Mid-Atlantic Ridge
(MAR). R. exoculatais the dominant invertebrate at
least at two hydrothermal sites (Snake Pit, 23◦ N, and
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TAG, 26◦ N) and clusters on solid surfaces around
warm vent emissions (15–40◦C). Although phylogen-
etically and geographically distant,A. pompejanaand
R. exoculataexhibit anatomical, functional and beha-
vioural analogies which relate to their epibiosis. The
digestive tract of both species is functional and the
stomach contents primarily comprise organic matter
and polymetallic sulphide particles associated with the
chimney walls.

One of the most unusual features of the shrimps is
the extremely dense bacterial population that grows on
setae attached to their hypertrophied mouthparts (Van
Dover et al. 1988). Morphologically different rods and
filaments of various thicknesses have led several au-
thors to claim the presence of two or three distinct
ectobacterial species (Van Dover et al. 1988; Gebruk
et al. 1993).

Since the shrimp bacteria could not be cultiv-
ated, the 16S rRNA phylogenetic framework was
used to characterize the epibionts (Polz & Cavanaugh
1995). A single phylotype was recovered from nucleic
acids extracted from the shrimp-associated microor-
ganisms. It forms a deep branch in theε subdivision
of the classProteobacteriaand a moderate relation-
ship exists between theR. exoculatasymbiont and
Thiovulum, a sulfide-dependent marine bacterium. An
epibiont-specific 16S rRNA-targeted oligonucleotide
probe was designed to test if this dominance was
reflected in the epibiont populationin situ. In situ hy-
bridization and epifluorescence microscopy confirmed
the genetic identity of all three different morphotypes
of the shrimp epibionts at the 16S rRNA level and sug-
gested that a single species (maybe pleomorphic) or
multiple species with identical 16S rRNA grow on the
shrimp body. Most surprisingly, the epibiont phylo-
type was not restricted to the shrimp body and was
found to contribute over 60% of the detectable rRNA
on the surfaces of solid sulfide blocks from the same
hydrothermal site whereas a complete absence of sig-
nals from the probes specific to the domainsArchaea
andEukaryawas observed.

TheR. exoculata-associated phylotype may bene-
fit from the animal’s movement to get a continuous
access to a stable environment rich in reduced sul-
fur compounds in the gradients formed in the mixing
zone of reduced and oxidized waters but the exact role
of epibiotic symbionts for their host is not clear yet.
However, the results obtained by using a combina-
tion of different molecular techniques suggest that the
shrimp is involved in a nutritional symbiosis with their
epibionts (Polz et al. 1998).

Chemoautotrophic endosymbioses

Other invertebrates like the vestimentiferan tube worm
Riftia pachyptila, the vesicomyid clamCalyptogena
magnifica, and the mytilid bivalveBathymodiolus
thermophilusdwell in environments surrounding hy-
drothermal vents and are characterized by the mainten-
ance of chemoautotrophic sulfur-oxidizing endosym-
biotic bacteria in specialized tissues of their body (see
for review Nelson & Fisher (1995)). Despite the char-
acterization of the symbionts being hampered by their
resistance to cultivation apart from their hosts, the
evolutionary origin of the chemoautotrophic endosym-
bionts was elucidated by 5S and 16S rRNA comparat-
ive sequence analyses (Stahl et al. 1984; Distel et al.
1988, 1994). The sequence analyses were entirely con-
sistent with the view that each host contains a single
endosymbiont population.

In phylogenetic trees based on the 16S rRNA se-
quences, the bacteria form two deeply divergent but
loosely associated groups which cluster within the
γ subdivision of the classProteobacteriathat also
encompasses free-living sulfur-oxidizing bacteria. Ed-
wards & Nelson (1984) used the DNA–DNA hydrid-
ization technique to reveal the presence of a single
symbiotic bacterial species in 13 individuals ofR.
pachyptilacollected from geographically distinct vent
sites. The symbiont of the distantly related vestimenti-
feranTevnia jerichonanawas found to be the same as
that ofR. pachyptila(Edwards & Nelson 1984).

Three oligonucleotide probes specific to each of
the symbionts ofC. magnifica, B. thermophilusand
Riftia pachyptilawere used as primers for the sens-
itive detection of symbiont signal (<1 pg) from bulk
gonadal DNA extracts of their respective hosts and for
in situ hybridization experiments to localize the posi-
tion of symbiont signal in thin sections of host tissues
(Cary et al. 1993). PCR amplification with DNA ex-
tracted from eggs ofR. pachyptilawas not successful.
The probe specific to theR. pachyptilasymbiont was
also found to be effective for the symbiont ofRidgea
piscesae; in situ hybridization studies did not detect
symbiont target in mature and immature oocytes of
this vestimentiferan. These findings suggest that the
bacteria must be acquired after settlement.

The above methods and approach were success-
fully used to indicate the presence of specific symbiont
16S rDNAs in the ovary of three species of the genus
Calyptogenaand to localize the symbionts to follicle
cells surrounding the developing oocytes. These re-
sults provided strong evidence for a vertical transmis-
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sion of the symbionts in these vesicomyid clams, a
mechanism of inheritance also revealed in the mytilid
B. thermophilus(Cary & Giovannoni 1993).

As has been widely reported for thioautotrophic as-
sociations, monospecific endosymbioses with methan-
otrophic bacteria are also widespread among mytilids
(Nelson & Fisher 1995). The stable coexistence of
both types of symbiotic bacteria in a multicellular eu-
karyote (e.g. in some yet undescribed mussels from the
Snake Pit vent site, at a depth of 3476 m on the MAR)
has also been demonstrated (Cavanaugh et al. 1992;
Distel et al. 1995). Both symbionts are closely re-
lated to the thioautotrophic and methanotrophic sym-
bionts previously found in monospecific associations
in deep-sea hydrothermal vents and hydrocarbonseeps
(Distel et al. 1995).In situ hybridization experiments
confirmed that they were both contained in a single gill
bacteriocyte and showed that the thioautotrophic sym-
biont type was dominant in mussel specimens from
this vent site (Distel et al. 1995). Stable carbon iso-
tope (δ13C) ratios of the mytilid tissues, typical of
thioautotroph-bivalve symbioses, were also consistent
with a presumed higher contribution of the thioauto-
trophic symbionts (Cavanaugh et al. 1992). Recently,
the composition of fatty acids diagnostic for thio-
and methanotrophic bacteria confirmed the presence
of both bacterial endosymbiont types in the gill tissues
of an undescribedBathymodiolussp. that is domin-
ant at the Menez Gwen vent site (850 m depth on
the MAR) (Pond et al. 1998). The fatty acid compo-
sition in host tissues with and without the symbionts
indicated that chemoautotrophy makes a contribution
to tissue carbon.

The data from the stable carbon isotope composi-
tion analysis suggested that both endosymbionts were
equally important for the nutrition of the mussel host.
At this particular vent site, emissions are richer in
methane than is the case at deeper sites of the MAR
where thiotrophic bacteria-shrimp symbioses dom-
inate (i.e., Snake Pit vent site). Thus, despite the
presence of a reduced but functional gut in this mus-
sel that could potentially utilize an exogenous source
of particulate food, physiologically distinct bacterial
symbionts may provide a nutritional flexibility to their
host and may facilitate their colonization of more than
one type of chemical environment.

Molecular ecology of microbial communities from
low-temperature habitats

Culture-based enrichment techniques have been ex-
tensively used to isolate members of mesophilic com-
munities colonizing rock, chimney, sediment or an-
imal surfaces exposed to vent emissions. The avail-
ability of dissolved free oxygen in deep-sea waters
renders aerobic sulfide, sulfur and thiosulfate oxid-
ation the predominant source of energy for the re-
duction of CO2 to organic carbon (Jannasch 1995).
Consistent with this has been the isolation of a vari-
ety of sulfur-oxidizing bacteria associated with the
vent environment. With the exception of endosymbi-
otic chemolithotrophs, sulfur-oxidizers identified from
the hydrothermal vent environment include: (i) yet un-
cultivated large filaments attributed toBeggiatoaand
Thiothrix that form dense bacterial mats (Jannasch et
al. 1989; Nelson 1989), (ii) numerous base-producing
facultative chemolithotrophs and heterotrophs (Ruby
et al. 1981; Durand et al. 1994), and (iii) rather few
acid-producing obligately chemolithotrophic bacteria
limited to two species,Thiobacillus hydrothermalis
(Durand et al. 1993) andThiomicrospira crunogena
(Ruby & Jannasch 1982; Jannasch et al. 1985; Wirsen
et al. 1998).

Data accumulated using enrichment and isolation
culture techniques support the hypothesis of the dom-
inance of mixotrophic sulfur-oxidizing populations
at deep-sea vents. However, the failure to maintain
Thiomicrospiraisolates in subcultures (Durand et al.
1994) reflects the well known fastidious nature of
the obligate chemolithotrophs and may lead to their
underestimation in this habitat. Thus, by using a
culture-independent method (Denaturing Gel Gradi-
ent Electrophoresis – DGGE analysis), species of the
genusThiomicrospirabelonging to theγ -subdivision
of the classProteobacteriawere found to correspond
to the dominant bacterial populations in communities
growing on two independent chimney rock samples
(Muyzer et al. 1995). The dominant molecular isol-
ate, identified asT. crunogenaor a very closely related
organism of identical partial 16S rRNA sequence, was
associated with a second phylotype probably repres-
enting a newThiomicrospiraspecies and to a third,
very closely related to the sulfate-reducerDesulfovi-
brio salexigens. The potentially dominant occurrence
of sulfate-reducing bacteria in the hydrothermal vent
community is consistent with the evidence for sulfate
reduction activity in sediments at Guaymas Basin (Jor-
gensen et al. 1992; Elsgaard et al. 1994) and their
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repeated isolation from various samples collected at
different hydrothermal sites (Elsgaard et al. 1991,
1995).

Direct measures of microbial taxonomic diversity
in low-temperature hydrothermal vent environments
have been performed by analyzing the composition
of the different sequence types in PCR-derived rDNA
gene clone libraries. Due to the extent of biases in PCR
amplification from mixtures of 16S rDNAs (Farrely
et al. 1995; Suzuki & Giovannoni 1996; Chandler et
al. 1997; Polz & Cavanaugh 1998), the frequency of
specific sequence types amplified from natural com-
munities from a given habitat cannot be considered
representative of the relative abundance of the par-
ticular organisms in the environment. Despite the
quantitative interpretation of PCR-based results being
viewed with caution, the following studies demon-
strated other aspects of the effectiveness of PCR-based
techniques in evaluating the diversity of vent microbial
communities.

Twelve distinct phylotypes were recovered in a lib-
rary of 48 16S rRNA gene clones constructed from
a bacterial mat collected at an active deep-sea vent
ecosystem located at Pele’s vents (980 m depth on the
Loihi Seamount, Hawaii) (Moyer et al. 1994). Two
taxa comprised 87.6% of the total 16S rDNA clonal di-
versity (Moyer et al. 1995). The major one, accounting
for 60.5% of the clone library, was closely affiliated
with a Thiovulumsp. within theε-subdivision of the
classProteobacteria. This finding paralleled results
obtained by quantitative slot-blot analysis on surface
sulfides (Polz & Cavanaugh 1995). The second cluster
contained within theγ subclass of theProteobacteria
was affiliated with aXanthomonassp. and was closely
related to several obligate chemolithotrophicThioba-
cillus spp. The close relationship of one additional
phylotype with theAlteromonasgroup was consistent
with the isolation of numerous strains of this genus
from deep-sea hydrothermal vents (Jeanthon & Prieur
1990; Vincent et al. 1994; Raguénès et al. 1996,
1997a).

The number of archaeal phylotypes recovered from
the same microbial mats was significantly greater than
that revealed within the bacterial domain (Moyer et al.
1998). Four phylotypes selected after restriction frag-
ment length polymorphism (RFLP) from a 75 clone
library clustered within two distinct lineages of as a yet
uncultivated marine planktonicArchaea(crenarchaeal
group I and euryarchaeal group II) recovered from
coastal subsurface marine habitats from the world’s

oceans (DeLong 1992; Fuhrman et al. 1992; DeLong
et al. 1994).

The discovery of archaeal phylotypes in cold and
temperate, oxygenated sea water was the beginning
of the emerging picture showing that members of the
Archaeainhabit a wide variety of niches and are ecolo-
gically much more important than previously thought.
Prior to this, culturedArchaeawere known to thrive
only in unusual or extreme aquatic and terrestrial
environments and consequently were considered to ac-
count for a limited fraction of the global biodiversity.
The recent findings of relatives of the marine crenar-
chaeal group in association with marine invertebrates
(McInerney et al. 1995; Preston et al. 1996), in
continental shelf sediments (Vetriani et al. 1998), in
freshwater sediments (Hershberger et al. 1996; Mac-
Gregor et al. 1997; Schleper et al. 1997) and in
terrestrial soils (Ueda et al. 1995; Bintrim et al. 1997;
Jurgens et al. 1997) and of relatives of the marine
euryarchaeal group in coastal marsh and continental
shelf sediments (Munson et al. 1997, Vetriani et al.
1998) and in winery by-products (Godon et al. 1997)
greatly extends our earlier view of the phylogenetic
and probably also physiological diversity ofArchaea.

The planktonicArchaeacannot be vagrant thermo-
philes swept from their natural habitats with venting
hydrothermal fluids and plumes because (i) they are
widespread, abundant, and thrive in diverse environ-
ments, (ii) their 16S rDNA G+C ratios are relatively
low when compared to that of known thermophiles,
and (iii) the culturable hyperthermophilicArchaea
would occur with them. However, the affiliation of the
archaeal phylotypes from Pele’s vents to marine plank-
tonic lineages may strongly support a link between
marine hydrothermal and pelagic habitats (Moyer et
al. 1998). These authors suggested either that low-
temperature hydrothermal vent habitats could act as
a potential source of marine archaeoplankton or that
the cold seawater circulation through the hydrothermal
vent systems could concentrate these organisms in mi-
crobial mats that were exposed to the hydrothermal
flow regime.

The analysis of bacterial and archaeal diversity
from samples collected from deeper hydrothermal
vents (Snake Pit site, MAR) shared strong similarit-
ies with that analysed in Pele’s vents. To study the
communities that establish over time at deep-sea vents,
an in situ titanium growth chamber (vent cap) was
designed and deployed over vent emissions. Hydro-
thermal fluids pass freely through the chamber which
contains surfaces onto which microorganisms can at-
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Figure 1. Phylogenetic tree demonstrating relationships of 16S rRNA sequences recovered from a vent cap (VC) sample deposited on warm
hydrothermal emissions at the Snake Pit site within theε-Proteobacteriaas determined by neighbour-joining analysis. The 16S rDNA sequences
were obtained from a 5-day deployment of a vent cap at 23◦ N (the average temperature recorded inside thein situ sampler was approximately
20 ◦C). Other sequences (italics) were provided by the Ribosomal Database Project (Maidak et al. 1997). Support from a bootstrap analysis
using parsimony is shown above each branch as a percentage of replications (only bootstrap values>50% are indicated). Branches significantly
positive atP < 0.01 with the maximum-likelihood method are labelled with double asterisks. The scale bar represents the expected number of
changes per sequence position. With the permission of Erwan Corre.

tach. After a 5-day exposure of a vent cap on warm
hydrothermal vent emissions, the bacterial community
established at an average temperature of 20◦C was
highly diverse (47 phylotypes determined by RFLP in
a 87 clone library) and consisted exclusively of mem-
bers of theε-subclass of the classProteobacteriathat
were most closely related with the sequences retrieved
from the Pele’s vent samples (Figure 1) (Corre et al.
1997).

Reysenbach et al. (1997) also reported that the
ε-Proteobacteriawere present in samples from a 2-
and a 5-day deployment on other vent emissions at
the Snake Pit site. However, close relatives of eu-

bacterial and archaeal thermophiles were also present
in these samples. The archaeal thermophilic lineages
were related to the ordersArchaeoglobales, Methano-
coccales, and Thermococcales, consistent with the
repeated presence of these organisms in enrichment
culture libraries (see next section). Furthermore, four
archaeal phylotypes recovered in samples from the 5
day deployment were found to group withThermo-
plasma acidophilum, the closest cultivated relative of
the euryarchaeal group II lineage (Reysenbach et al.
1997).

The occurrence of cultivable thermophiles and hy-
perthermophiles in low-temperature hydrothermal flu-
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ids from the Juan de Fuca Ridge has been documented
by Holden et al. (1998). These microorganisms were
not detectable in ambient seawater, suggesting that
they had grown in a warm, stable habitat below the
seafloor where temperatures are permissive.

Positive enrichments of hyperthermophiles from
cold plume waters shortly after eruption events (Huber
et al. 1990; Delaney et al. 1998) also support the hy-
pothesis of the existence of subcrustal habitats. The
concept of a subsurface biosphere (Gold 1992; Dem-
ing & Baross 1993; Pedersen 1993) has been suppor-
ted with recent demonstrations of several deep subsur-
face environments such as aquifers, groundwater from
a borehole in granitic rock, marine sediments, and
continental petroleum reservoirs (Ghiorse & Wilson
1988; Parkes et al. 1994; Szewzyk et al. 1994;
L’Haridon et al. 1995) and now seems well-accepted
in the scientific world.

Molecular ecology of high-temperature microbial
communities

Cultivated thermophilic microorganisms

Enrichment culture isolation experiments performed
with samples collected from deep-sea hydrothermal
fluids and chimneys revealed the presence of a
physiologically diverse microbial community and led
to the characterization of numerous bacterial and ar-
chaeal thermophiles (and hyperthermophiles), includ-
ing both chemolithoautotrophic and chemoorganohet-
erotrophic strains. Most of the microorganisms known
to thrive in the hottest parts of the ecosystem are an-
aerobic hyperthermophiles (with optimal growth tem-
perature above 80◦C), which fall into the domain
Archaea. Representative species of both kingdoms of
the Archaea, the Crenarcheotaand theEuryarchae-
ota, have been isolated from deep-sea vents, but the
predominant group is composed of heterotrophic sul-
fur metabolizers from the orderThermococcalesthat
include the generaThermococcusandPyrococcus(for
reviews, see Prieur et al. 1995, 1999).

The otherArchaeaisolated so far at great depths
are the sulfate-reducerArchaeoglobus profundusand
the sulfite-reducerArchaeoglobus veneficus(Burggraf
et al. 1990; Huber et al. 1997), and chemolithotrophic
methanogens of the generaMethanococcus(Jones et
al. 1983, 1989; Zhao et al. 1988; Jeanthon et al. 1998,
1999a, b) andMethanopyrus(Kurr et al. 1991) within
theEuryarchaeota. Most of these genera and species

are not restricted to deep-sea vents. So far,A. fulgidus,
A. profundus, Thermococcus celerand T. litoralis
have been isolated from deep subterranean oil reser-
voirs and coastal hydrothermal systems (Stetter et al.
1993; L’Haridon et al. 1995; E. Bonch-Osmolovskaya,
pers. comm.). Members of the kingdomCrenarchae-
ota isolated from deep-sea vents include a variety of
sulfur-metabolizers consisting of strains of the genus
Desulfurococcus(Jannasch et al. 1988),Pyrodictium
abyssi(Pley et al. 1991) andStaphylothermus marinus
(Fiala et al. 1986), and the facultatively aerobic ob-
ligate chemolithoautotrophPyrolobus fumarii(Blöchl
et al. 1997). This organism currently represents the
life-form with the highest upper temperature limit for
growth (113◦C).

Only a few thermophilic microorganisms belong-
ing to the domainBacteriahave been identified from
enrichment cultures. The occurrence in deep-sea hy-
drothermal fluids and chimneys of thermophilic aer-
obic bacteria from the generaBacillus and Thermus
has been reported (Marteinsson et al. 1995, 1996).
Several fermentative strains assigned to the order
Thermotogales(Marteinsson et al. 1997) and further
identified as representatives of the speciesThermo-
toga maritimaandThermonanaerobacter ethanolicus
(Ollivier, pers. comm.), other strains described as a
new species,Thermosipho melanesiensis(Antoine et
al. 1997), and a chemolithoautotrophic sulfur reducing
highly motile rod belonging to the new genus,Desul-
furobacterium(L’Haridon et al. 1998a) complete the
short list of bacterial representatives known to dwell
in the deep vents.

Lipid analyses

Despite the effort involved in the isolation of new
strains, description of new taxa, and physiological
work, little is known about the distribution and rel-
ative abundance of individual vent inhabitants, and the
dynamics and successional changes associated with
the establishment of microbial communities. This is in
part due to the difficulty in designing such experiments
in deep-sea vents, and in part due to the limitations of
enrichment culture technologies that have traditionally
hampered microbial diversity studies.

The distribution of microorganisms in sediments,
on and within hydrothermal vent chimneys from vari-
ous hydrothermal vent sites has been assessed by
using several techniques. Membrane lipids and their
associated fatty acids have proved to be useful dia-
gnostic biomarkers for determining bacterial diversity
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and biomass levels in hydrothermal sediment samples
collected from the Guaymas Basin (Holzer et al. 1988)
and from vents at 13◦ N (Elsgaard et al. 1991). Polar
lipid fatty acids (PLFA) have been validated as a meas-
ure of eubacterial and eukaryotic biomass whereas
the presence of tetraether and the ratio diether to
tetraether forms provide a definitive test for the occur-
rence of archaea in environmental samples (Hedrick et
al. 1991).

Lipids were detected in all the sections of a flange
structure from the Endeavor segment of the Juan de
Fuca Ridge (Hedrick et al. 1992). Archaeal ether lip-
ids were present in all but the external layer, with the
highest concentrations in the middle layers. The ra-
tio of diether to tetraether lipids increased markedly
across the temperature gradient of the flange, that
is, from the coolest to the hottest sections. The au-
thors suggested that these lipid biomarker distribution
patterns provide evidence for more than one strategy
among the archaea in response to habitat variability.
The concentration of total ether lipids in the flange
samples ranged from 0.17 to 6.3µg per g dry weight
of flange solids. By using conversion factors, the
population inhabiting the interior of the flange was
estimated to vary from 106 to >108 cells per gram
(Baross & Deming 1995).

The relative dominance of bacterial fatty acids in
the external layers of an active chimney from the EPR
(9◦50′ N) and of archaeal ether lipids within the wall
and in its internal parts has also been demonstrated
by Chevaldonné (1996). On the basis of lipid con-
centrations, populations greater than 105 and ranging
between 107–109 cells/g dry weight of chimney mater-
ial were predicted for the bacterial and archaeal popu-
lations, respectively. Successful acridine orange direct
counts on the two active chimneys from the MAR and
from the EPR measured densities of microorganisms
on the outer crust of about 109 to 1010 cells/g dry
weight (Chevaldonné & Godfroy 1996). The densities
dropped dramatically to about 105 cells/g within the
chimney wall of the EPR chimney and did not reach
the limit of detection of the method in the innermost
part of the sulfide structure (about 103–104 cells/g).

Whole-cell hybridization studies

The microbial distribution in hydrothermal vent chim-
neys from the MAR was evaluated by the combined
use of enrichment cultures and whole-cell hybrid-
ization with domain- and kingdom-specific probes
(Harmsen et al. 1997a). By both methods, the largest

numbers of microorganisms were found in the upper
and outer parts of a chimney, although even its inner
parts contained culturable and detectable numbers of
cells. In most of the samples, different archaeal and
bacterial morphotypes were observed (Figures 2a and
2b).

The highest numbers of culturable anaerobic ther-
mophiles mainly represented by heterotrophic sulfur-
reducing cocci (up to 3×106 cells per g dry weight
of chimney) were measured in the upper part of the
sulfide structure. These counts were consistent with
the total numbers of cells enumerated by whole-cell
hybridization in the same samples (3.9×107 cells per g
dry weight). In the subsamples that contained high
cell densities, the numbers of archaeal and bacterial
cells were almost equivalent. When measurable, dens-
ities of crenarchaeal cells were generally very low.
However, they were found to represented 19% of
the archaeal community in the upper external part of
the chimney sample. In the sampled chimneys, the
fluid diffused through an axial zone of high poros-
ity up to the surface and the sides of the structures.
Therefore the growth of this type of structure occurs
both horizontally and vertically. Surprisingly, bacterial
cells were found to dominate in the inner parts of the
structure that may be older and hotter than the outer
walls.

Four newly designed oligonucleotide probes de-
signed to detect most of the thermophilic members of
the genusBacillus, most species of the genusTher-
mus, the genusThermotogaand the orderAquificales
were used on cells extracted from the same chimneys
(Harmsen et al. 1997b). Despite the reported presence
of strains from the generaBacillus and Thermusin
deep-sea hydrothermal vents (Marteinsson et al. 1995,
1996), no positive signals could be obtained by using
the probes specific to these genera. Only one sample
contained cells that hybridized to the probe specific
to the generaThermosiphoand Thermotogathereby
corroborating their occurrence in enrichment cultures
(Harmsen et al. 1997a).

The combined use of theAquificales-specific probe
with a probe specific to the domainBacteria (which
did not hybridize with the known members of the or-
der Aquificales) allowed Harmsen and his colleagues
to quantify in MAR chimney samples morphologic-
ally diverse cells that hybridized with both probes
(Figures 2c and 2d). These included small rods corres-
ponding to the morphotype of a chemolithoautotrophic
sulfur-reducer isolated from the same habitat that was
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Figure 2. Whole-cell hybridizations of cells extracted from different chimney samples hybridized simultaneously with (A) fluorescein-labeled
probe S-D-Bact-0338-a-A-18 (green fluorescence) and rhodamine-labeled probe S-D-Arch-0915-a-A-20 (red fluorescence), (B) rhodam-
ine-labeled probe S-D-Bact-0338-a-A-18 and fluorescein-labeled probe S-D-Arch-0915-a-A-20, (C and D) fluorescein-labeled probes
S-O-Hydr-0540-a-A-19 and S-D-Arch-0915-a-A-20 and rhodamine-labeled probe S-D-Bact-0338-a-A-18. Cells that hybridized with probes
S-O-Hydr-0540-a-A-19 and probe S-D-Bact-0338-a-A-18 appear yellowish and are dominant. The cells with a morphotype similar to that
of Desulfurobacterium thermolithotrophumare indicated by arrows. Specificities of the probes are reported in Table 1. Epifluorescence
photomicrographs (double exposures) were taken. Magnification,×1,125. Bar, 10µm. With the permission of the publisher.

described as the new genusDesulfurobacteriumwithin
the orderAquificales(L’Haridon et al. 1998a).

Cells of D. thermolithotrophumwere shown to
contain sequences identical to the targets of the probe
specific to theAquificalesand the probe specific to
Bacteria. By using this diagnostic feature it was
demonstrated that the cells sharing the same proper-
ties represented up to 40% of the bacterial population.
To analyze the distribution of these autotrophic sulfur-

reducers in geographically distant deep-sea vent sites,
new isolates were obtained from several deep-sea hy-
drothermal sites (EPR, MAR, Guaymas Basin, North-
Fiji Basin). Using amplified ribosomal DNA restric-
tion analysis (ARDRA) (Vaneechoutte et al. 1992), it
was found that most of them consituted new species
(L’Haridon et al. 1998b). Analyses of their 16S rDNA
sequences indicate thatD. thermolithotrophumand its
phylogenetically very closely related counterparts may
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be members of a new family. Phylotypes that grouped
within this putatively new family were also recovered
in vent cap samples collected at MAR (Reysenbach et
al. 1997). These findings suggest that these microor-
ganisms are ubiquitous and abundant within deep-sea
hydrothermal environments and that they may play a
significant role in the sulfur cycle therein.

Several attempts have been made to extract DNA
directly from chimneys or sulfide cores in order to
provide new insights into the diversity of the mi-
crobial communities they harbour (Reysenbach et al.
1998; Corre et al., unpubl.). However, most extrac-
tions failed probably due to the high binding efficiency
of the structure minerals and to the patchy distribu-
tion of communities in the sulfides (Hedrick et al.
1992; Harmsen et al. 1997a; Corre et al., unpubl.).
Nethertheless these problems have been overcome in
a few cases. Chevaldonné (1996) obtained measurable
amounts of DNA from two chimneys sampled at the
MAR (up to 80µg of DNA per gram of wet chimney).
Amplifiable DNA was also extracted successfully
from freshly collected sulfide structures (Riley, pers.
comm.) and is currently being used in the descrip-
tion of active thermophilic methanogenic communities
and in the detection and identification of new strains
within both of the known genera of thermophilic meth-
anogens (Methanococcusand Methanopyrus) (Riley
1997).

Conclusions and future prospects

Since the initial discovery of deep-sea hydrothermal
vents, our understanding of the various microbial
processes occurring in this spatially and temporally
variable environment is somewhat constrained by the
relatively rare opportunities to obtain fresh and repres-
entative sample material (high cost and limited access-
ibility). Despite these substantial technical difficulties,
progress on the isolation and physiological and taxo-
nomic investigations of selected vent microbes (partic-
ularly thermophiles) has been remarkable. However,
our perception of the existing microbial diversity of
this ecosystem remains rudimentary. The challenge
in attempting to approach as closely as possible the
conditions of natural habitats in the laboratory is an
important consideration to improve our accessibility
to the as yet uncultivated microorganisms (Paller-
oni 1997). Improvements in culture methods would
provide an exciting source of organisms for the micro-

biologist, but realizing an objective description of the
community by only using culture methods is unlikely.

Despite their limitations, which have been re-
cently extensively reviewed (Amann et al. 1995; von
Wintzingerode et al. 1997; Head et al. 1998), the
application of molecular techniques have generated
advances that could not have been achieved using con-
ventional techniques (Pace 1997; Hugenholtz et al.
1998). The rRNA-based methods are constantly be-
ing improved (Lebaron et al. 1997; Schönhuber et
al. 1997; Marchesi et al. 1998) and the applicabil-
ity of molecular biological approaches to other genes
has been demonstrated (Osborn et al. 1993; Hodson
et al. 1995; Ueda et al. 1995; Götz et al. 1996).
However, the scope of such studies is often severely
limited by the labour intensiveness of molecular meth-
ods which limit the number of samples that can be
analyzed. Oligonucleotide microchips, originally de-
veloped for rapid sequence analysis of genomic DNA
(Yershov et al. 1996), may allow large numbers of
samples to be processed rapidly and in miniaturized
format. Their application is being extended to the
detection of microorganisms by hybridization of oli-
gonucleotides with rRNA (Guschin et al. 1997). Since
a wealth of rRNA and DNA sequences of functional
genes, retrieved from many different species of mi-
croorganisms, are now available, the huge potential of
the technique will have application not only for de-
terminative microbiology but also to studies of global
diversity.

The incongruity that remains between bacterial
populations detected by cultivation and molecular re-
trieval approaches suggests that none of them can
provide alone a complete and totally objective view
of community composition and structure. The com-
plementarity of their resolving power should prove
useful to expand further our understanding of biolo-
gical and functional diversity and the evolutionary pro-
cesses that have led to it. Confirming this assumption,
molecular techniques have been successfully used as
guides to facilitate cultivation attempts (Huber et al.
1995) and to monitor and optimize enrichment cul-
tures (Santegoeds et al. 1996; Burggraf et al. 1997;
Ward et al. 1997, 1998).

Exploration and harvesting of hydrothermal mi-
croorganisms are necessary to expand our understand-
ing of the geographic limits of microbial species (cos-
mopolitan or endemic) in these habitats. Too few ana-
lyses of microbial community composition have been
attempted to reach conclusions about the distribution
and the modes of dissemination of microbial species in
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these environments. More generally, assessment of the
microbial diversity in these biotopes will not only lead
to the discovery of new and unusual microorganisms
that would expand our knowledge in the evolution and
functioning of the biosphere, but could also provide
many economically valuable products and processes
with wide ranging benefits.

Note added in proof

Recently, two key papers reported molecular phylo-
geneic analyses of archaeal communities in shallow
marine vent waters (Takai & Sako 1999) and in deep-
sea hydrothermal vent waters and chimneys (Takai &
Horikoshi 1999).
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