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Abstract The composition of a metabolically active prokaryotic community thriving in
hydrothermal mud fluids of the deep-sea hypersaline anoxic Western Urania Basin was
characterized using rRNA-based phylogenetic analysis of a clone library. The physiolog-
ically active prokaryotic assemblage in this extreme environment showed a great genetic
diversity. Most members of the microbial community appeared to be affiliated to yet
uncultured organisms from similar ecosystems, i.e., deep-sea hypersaline basins and
hydrothermal vents. The bacterial clone library was dominated by phylotypes affiliated with
the epsilon-Proteobacteria subdivision recognized as an ecologically significant group of
bacteria inhabiting deep-sea hydrothermal environments. Almost 18% of all bacterial clones
were related to delta-Proteobacteria, suggesting that sulfate reduction is one of the
dominant metabolic processes occurring in warm mud fluids. The remaining bacterial
phylotypes were related to alpha- and beta-Proteobacteria, Actinobacteria, Bacteroides,
Deinococcus-Thermus, KB1 and OP-11 candidate divisions. Moreover, a novel monophy-
letic clade, deeply branched with unaffiliated 16S rDNA clones was also retrieved from
deep-sea sediments and halocline of Urania Basin. Archaeal diversity was much lower and
detected phylotypes included organisms affiliated exclusively with the Euryarchaeota.
More than 96% of the archaeal clones belonged to the MSBL-1 candidate order recently
found in hypersaline anoxic environments, such as endoevaporitic microbial mats,
Mediterranean deep-sea mud volcanoes and anoxic basins. Two phylotypes, represented
by single clones were related to uncultured groups DHVE-1 and ANME-1. Thus, the
hydrothermal mud of hypersaline Urania Basin seems to contain new microbial diversity.
The prokaryotic community was significantly different from that occurring in the upper
layers of the Urania Basin since 60% of all bacterial and 40% of all archaeal phylotypes
were obtained only from mud fluids. The uniqueness of the composition of the active
prokaryotic community could be explained by the complex environmental conditions at the
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site. The interaction of oxygenated warm mud fluids with the cold hypersaline brine of the
Urania Basin seems to simultaneously select for various metabolic processes, such as
aerobic and anaerobic heterotrophy, sulfide- and methane-dependent chemotrophy along
with anaerobic oxidation of methane, sulfate- and metal-reduction.

Keywords deep-sea hypersaline anoxic basins . hydrothermal mud fluids . 16S rRNA .

microbial community structure and function

Introduction

The world’s deepest and most hypersaline anoxic lakes, occurring on the seafloor of the
eastern Mediterranean Sea, represent one of the most hostile environments on Earth, and
may serve as analogues for similar potentially life-containing environments of Mars and
Europa. Four deep-sea hypersaline anoxic basins (DHABs), L’Atalante, Bannock,
Discovery and Urania have recently been discovered on the seafloor of the Mediterranean
Sea (De Lange and Ten Haven 1983; Scientific Staff of Cruise Bannock 1984-12 1985;
MEDRIFF Consortium 1995; Wallmann et al. 1997). The surface of these brine lakes lies
>3.300 m beneath the surface of the Mediterranean Sea and the salinity of the brines is 5 to
10 times higher than that of seawater. The brines of DHABs of the Eastern Mediterranean
were formed several thousand years ago through the dissolution of buried Messinian
evaporitic deposits, followed by brine accumulation and entrapment in sea floor
depressions. As a result, very stable brines sharply stratified from the overlying water
column were formed (Thomson et al. 1995; Wallmann et al. 2002). According to
calculations, the hydrostatic pressure at the seafloor under the brines corresponds to that of
the putative ocean on Europa at the middle of its predicted depth. The main ions composing
the brine solution are Na, K, Ca, Mg, Cl and SO4. These facts make DHABs good
analogues for deep saline cold waters on Europa (Marion et al. 2003).

Some major discoveries have been made in recent years on very peculiar forms of
microbial life adapted to such environments. According to the recent findings, in spite of
being so harsh, DHABs contain much more diverse prokaryotic assemblages (including
many novel prokaryotic candidate divisions) than other more shallow anoxic marine
hypersaline basins (van der Wielen et al. 2005; Daffonchio et al. 2006) indicating that a
large fraction of the microorganisms and their role in biogeochemical processes in the
DHAB lakes are yet unknown. A first attempt to functionally analyse the metagenome from
Urania Basin seawater-brine interface has yielded a number of microbial enzymes which
are adapted to operate in the halocline and which exhibit unusual structures, as well as
biochemical parameters and substrate specificities (Ferrer et al. 2005).

The aim of the present study was to characterize for the first time metabolically active
prokaryotic assemblage thriving in a hydrothermal (45 °C) mud vent habitat underneath the
deep-sea brine lake Urania (Eastern Mediterranean).

Experimental Section

Sampling of hydrothermal mud fluids of deep-sea hypersaline anoxic lake Urania

To explore the microbial diversity of the Urania West Basin mud fluids, high-precision
sampling was carried out during the BIODEEP-II cruise of RV Urania in September 2003
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at location 35°13′51″N, 21°28′24″E; 3,524, 3,542, 3,623 and 3,727 m depth. Immediately
after sampling, the Niskin bottles were retrieved, and their contents carefully sub-sampled.
Five hundred milliliters of mud samples from the depth of 3,727 m were taken from the top
and bottom of the bottles and were immediately analyzed for salinity. Values of 97‰ were
observed in both cases, indicating that little or no mixing with overlying hypersaline brine
had occurred.

RNA extraction from Urania mud fluids and synthesis of cDNA
by reverse transcription reaction

Extraction of total RNA was performed on-board of research vessel ‘Urania’ using a
QIAGEN® RNA/DNA mini extraction kit (QIAGEN, Valencia, CA) according to the
manufacturer’s protocol. Total RNA was precipitated with isopropanol, washed with 70%
ethanol and after air-drying was resuspended in 50 μl of diethylpyrocarbonate (DEPC)-
treated sterile water and subsequently treated with ‘RNA-only’ DNase I, as described
elsewhere (Mills et al. 2004). The quality of the RNA samples was examined by agarose
electrophoresis and concentrations were determined using spectrophotometry (Biophotom-
eter, Eppendorf). The crDNA was synthesized by reverse transcription using the 16S
universal reverse primer Uni_1492R (5′-TACGYTACCTTGTTACGACTT-3′; Lane 1991)
and SuperScript II RNase H-free reverse transcriptase (Life Technologies) according to the
manufacturer’s protocol. In brief, total RNAwas initially denatured by heating at 70 °C for
10 min. The reverse transcription reaction mix containing 5 μM of a 16S rRNA reverse
primer 1492R (specific to the majority of prokaryotic organisms, including both Bacteria
and Archaea domains; Yakimov et al. 2001), was added to 50 to 100 ng of denatured RNA,
and 200 μM of deoxynucleoside triphosphate mix. The mixture was incubated for 5 min at
65 °C and 2 min at 4 °C, followed by the addition of 1X first-strand buffer (50 mM Tris–
HCl [pH 8.3], 75 mM KCl, 3 mM MgCl2) and 75-U of RNase inhibitor and heating at
37 °C for 2 min. A 200 U aliquot of SuperScript II RNaseH-free reverse transcriptase (Life
Technologies) was added prior to a 50 min incubation at 42 °C that resulted in the
transcription of RNA into complementary 16S ribosomal DNA (crDNA). The reaction was
stopped by heating at 80 °C for 5 min, and the crDNAwas used as the template for a further
PCR amplification.

Possible DNA contamination of RNA templates was routinely monitored by PCR
amplification of RNA aliquots that were not reverse transcribed. No contaminating DNA
was detected in any of these reactions.

PCR-amplification, cloning and sequencing

Primers used for standard crDNA PCR amplification included the above reverse primer
(Uni_1492R) and 16S rDNA forward domain-specific Bacteria, Bac27_F (5′-AGAGTTT
GATCCTGGCTCAG-3′; Lane 1991), and Archaea, Arc20_F (5′-TTCCGGTTGATC
CYGCCRG-3′; Hallam et al. 2003), primers. The PCR mix contained 10 to 50 ng of
crDNA, 1X Qiagen reaction buffer, 1X solution Q (Qiagen), 1 pM of each primer, 200 μM
dNTPs (Gibco), and 2.5 U of Qiagen Taq polymerase. The PCR amplification involved a
3 min activation of the polymerase at 95 °C prior to 30 cycles each consisting of 1 min at
94 °C, 1 min at 50 °C and 2 min at 72 °C after which a 10 min extension at 72 °C was
performed. Obtained PCR products were purified with QIAQuick PCR purification
columns (Qiagen) and the amplicons were analyzed on 1.0% agarose gels run in Tris-
borate-EDTA buffer stained with ethidium bromide and UV illuminated. Purified amplicons

Orig Life Evol Biosph (2007) 37:177–188 179



were cloned into the pGEM T-easy Vector II according to the manufacturer’s instructions
(Promega). Inserts were subsequently PCR-amplified from lysed colonies with primers
specific for the vector, M13F (5′-GTAAAACGACGGCCAG-3′) and M13R (5′-CAG
GAAACAGCTATGAC-3′). Sequencing was performed with an ABI PRISM 3100-Avant
Genetic Analyzer (PE Applied Biosystems, Foster City, CA) using the ABI PRISM
BigDye® Terminator v 3.1 cycle sequencing kit (PE Applied Biosystems).

Phylogenetic analysis

Sequence analysis was preformed as previously described (Yakimov et al. 2004). From the
total of 200 clones obtained and sequenced, 96 bacterial and 54 archaeal 16S crDNA
sequences with a length 400–1400 bp were analyzed. The sequences of individual inserts
were initially aligned with the program bl2seq (Altschul et al. 1997; Tatusova and Madden,
1999) available at the National Center for Biotechnology Information website. To
determine the presence of any hybrid sequences the sequencing data were checked using
the CHECK_CHIMERA programme, the individual sequences were subsequently aligned
using the RDP Phylip Interface package (Maidak et al. 1997; Felsenstein 2001). Nucleotide
sequences were manually aligned to sequence data from the RDP database considering their
secondary structure using the Se–Al sequence alignment editor version 1.0 alpha 1
(Rambaut 1996). Single phylogenetic groups or phylotypes were defined at the cutoff of
99% of sequence identity The phylogenetic tree was constructed with MacVector software
(Accelrys, San Diego, CA) version 7.2.2 (Rajagopal 2000) using Neighbor Joining method
and Jukes–Cantor distance matrix; 100 bootstrap re-samplings were performed to estimate
the robustness of the tree.

Nucleotide sequence accession numbers

The sequences determined in this study have been deposited at GenBank/EMBL/DDBJ
databases under accession numbers DQ536433 and AM268241-268272.

Results and Discussion

Sampling site characterization

The Urania Basin is one of the few known depressions in the eastern Mediterranean Sea
filled with anoxic and highly saline brine (up to 270 g/l) with the highest concentration of
sulfide ever encountered in the marine environment (12–20 mM). The basin is located
about 200 km west of Crete on the Mediterranean Ridge (Figure 1a), at the boundary of the
accretionary complex and the so-called Inner Plateau of the ridge (Lallemant et al. 1994).
Urania Basin, as all Mediterranean DHABs, is separated from the water column by a 2.0 m-
thick halocline with a steep salt gradient (3.9% to 27% [w/w] salinity) between anoxic
hypersaline brine and overlying seawater (Figure 1b). The uniqueness of the horseshoe-like
Urania Basin is due to the presence in its deepest western part of an active mud volcano
with a thermal anomaly of up to 45 °C (Figure 1; Corselli et al. 1996). The formation of
Mediterranean mud volcanoes has been considered to result from the destruction of
subsurface gas hydrate accumulations, the piercing of the surface by shale diapirs, and the
rise of fluidized mud along faults (Milkov 2000; Charlou et al. 2003). The chemical
analysis indicated that warm and methane-rich (800 μM) Urania mud fluids come from a
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deeper and hotter sedimentary reservoir below the Messinian evaporates (Charlou et al.
2003). In spite of the fact that the Urania mud fluids are hotter and less saline than
overlying brine (10% salinity, 45 °C and 27% salinity, 16 °C, respectively), the mixing of
these two compartments does not occur due to the higher clay content and higher density of
the former, and stable formation of a thin interface was detected (Corselli et al. 1998;

Figure 1 Location of deep anoxic hypersaline basins in the Eastern Mediterranean Sea. The map was
constructed with ocean data view software http://awi-bremerhaven.de/GEO/ODV). (a) The detailed map of
Urania Basin profiles demonstrating the position of mud volcano is shown in the insert map (bottom right).
(b) Salinity and temperature profiling of seawater column, brine and mud fluids of Urania Basin. (c) The
sampling site (35°13′51″N; 21°28′24″E; 3,524, 3,542, 3,623 and 3,727 m depth) is shown by red arrows.
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Charlou et al. 2003). The occasional upward expulsion of brine basin sediments due to
extreme gas pressure in the mud fluids has also been documented (Hübner et al. 2003).

The microbial community of Urania West Basin mud fluids

To survey the composition of the metabolically active fraction of the microbial community
of the Urania West Basin mud environment, a total of 96 bacterial and 54 archaeal
riboclones were recovered in the corresponding clone libraries, sequenced and character-
ized. No chimeric sequences were detected among the clones. Sequences that were >99%
similar were considered to have the same phylotype, or operational taxonomic units
(OTUs). Figure 2 shows the taxonomic affiliation of a total of 17 bacterial OTUs. In terms
of absolute numbers of clones and the diversity of their sequences, the epsilon-and the
delta-Proteobacteria were the most prominent groups of organisms represented in clone
library. These two groups accounted together for more than 67% of the clones and 41% of
the phylotypes detected in hydrothermal mud fluids (Figures 2 and 4). According to the
recent classification (Corre et al. 2001; Takai et al. 2003), the most abundant phylotype
UMP-54B (32% of all clones) and phylotypes UMP-50B and UMP-57B (12.5% of all
clones) were affiliated with the Group B and Group F of the epsilon-Proteobacteria,
respectively. Known members within these phylogenetic subgroups are mesophiles
retrieved from deep-sea hydrothermal vents and sediments (Reysenbach et al. 2000; Teske
et al. 2002; Nakagawa et al. 2005a), which is consistent with the temperatures measured in
situ in Urania mud fluds. Remarkably, the OTU UMP-52B accounting for 5% of the
bacterial clones could not be categorized by Corre’s grouping and obviously represents a
new group. Previous reports have suggested the epsilon-Proteobacteria to be microaerobic
sulfur oxidizers (Wirsen et al. 1993; Taylor et al. 1999). However, more recent studies have
emphasized not only the prevalence of epsilon-Proteobacteria in deep-sea hydrothermal
environments, but also their metabolic versatility and therefore importance in fluxes of
other elements (Alain et al. 2002; Inagaki et al. 2004; Takai et al. 2005; Nakagawa et al.
2005b). For instance, the majority of isolates belonging to Group B and F of the epsilon-
Proteobacteria were found to utilize a wide spectrum of substrates including H2, S

0, S2O3
2−,

O2 and NO3
−. Hydrogen and nitrate were used as electron donor and acceptor respectively

(Nakagawa et al. 2005a). The phylotypes UMP-24B, UMP-41B and UMP-77B of
delta-Proteobacteria were members of predominantly sulfate-reducing group of Desulfobacter-
ales and showed high sequence similarities to Desulfospira joergensenii and to environmental
clone HMMVBeg-47, retrieved from microbial methanotrophic communities at the Haakon
Mosby mud volcano (Barents Sea). They constituted more than 17% of the clone library,
suggesting that reduction of sulfate to sulfide is one of the major metabolic pathways occurring
in Urania West Basin mud fluids. A number of alpha-and beta-Proteobacteria was also detected
in the mud fluids. These organisms were closely related to facultatively methylotrophic,
methane-utilizing and chemolithoautotrophic, ammonium-oxidizing bacteria, respectively
(Figure 2).

Two phylotypes UMP-17B and UMP-47B were related to phylum Bacteroidetes. Similar
sequences were retrieved from deep-sea hydrothermal vent environment of the Mid-Atlantic
Ridge. The majority of cultured members of Bacteroidetes are heterotrophic organisms,
utilizing a variety of sugars and biopolymers as sources of carbon and energy both under
aerobic and anaerobic conditions. Such metabolic versatility would be benefitial at the
Urania brine–mud interface where organic polymers are likely to accumulate. The
phylotype UMP-11B belonged to class Actinobacteria and was closely affiliated to 16S
rDNA sequences, recovered from deep-sea hydrocarbon seep and brine–seawater interface
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Figure 2 Phylogenetic tree of 16S rRNA sequences of the most abundant bacterial phylotypes recovered in
the Western Urania Basin mud fluids. The tree was constructed using sequences of comparable region of the
16S rRNA gene sequences available in public databases. Neighbor-joining analysis using 100 bootstrap
replicates was used to infer tree topology. The bar represents 5% sequence divergence. Abbreviation used:
PB, Proteobacteria; KB1, Kebrit Basin candidate division 1; OP-11, Obsidian Pool candidate division 11.
The Urania Lake clones retrieved from seawater-interface, water body and thermal mud fluids are shown by
filled circles, filled squares and asterisks, respectively.
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in the Kebrit Deep Basin (Figure 2). The Deinoccocus-Thermus-related OTU UMP-71B
constituted 8% of clone library and exhibited >98% sequence similarity to Thermus
scotoductus SA-01, a thermophilic metal reducer, carrying out the oxidation of organic
compounds coupled with iron or manganese reduction (Kieft et al. 1999). This finding
indirectly supports the possibility that metal reduction may be one of the metabolic
processes occurring in the Urania West Basin mud fluids.

Three phylotypes were affiliated with the members of candidate division KB1, found
exclusively in anaerobic hypersaline sediments (Eder et al. 2001; Mouné et al. 2003; van
der Wielen et al. 2005; Daffonchio et al. 2006). Similar to the KB1 bacteria, the habitat
characteristics of members of the OP-11 candidate division (three clones in the clone
library) suggest an anaerobic phenotype. Other components of the bacterial community
included three similar clones with uncertain affiliation. No cultured representatives of these
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Figure 3 Phylogenetic tree of 16S rRNA sequences of the most abundant archaeal phylotypes recovered in
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three groups of phylotypes are known at present and thus their physiology and ecological
importance remain unknown.

A total of 54 archaeal sequences were retrieved from Urania mud fluid sample. They
were distributed among five phylotypes, all affiliated with three uncultured groups of
Euryarchaeota (Figures 3 and 4). Only UMP-32 was attributed to the group of organisms
with known metabolic features. The presence of organisms related to ANME-1 in mud
fluids indicates that anaerobic oxidation of methane is possibly one of the metabolic
pathways occurring in this environment. Another phylotype, UMP-82A, is a member of
deep-sea hydrothermal vent group I (DHVE-I) of euryarchaeotes (Takai and Horikoshi
1999). Three remaining phylotypes yielded more than 96% of all archaeal clones and were
affiliated to MSBL1 candidate division. The members of this division were found only in
anoxic hypersaline ecosystems, like Mediterranean DHABs, mud volcanoes and endoevap-
oritic microbial mats (Sørensen et al. 2005; van der Wielen et al. 2005; Daffonchio et al.
2006).

In conclusion, the thermal mud fluids, located at the bottom of Urania West Basin,
harbor an active and highly diverse prokaryotic community. Our culture-independent

0

20

40

60

80

100

Euryarchaeota Eubacteria

M
S
B
L
-1

D
H
V
E
-1

A
N
M
E
-1

T
h
er
m
u
s

K
B
-1

A
ct
in
o
b
ac
te
ri
a

B
ac
te
ro
id
et
es

O
P
-1
1

b
et
a-
P
ro
te
o
b
ac
te
ri
a

ep
si
lo
n
-P
ro
te
o
b
ac
te
ri
a

al
p
h
a-
P
ro
te
o
b
ac
te
ri
a

d
el
ta
-P
ro
te
o
b
ac
te
ri
a

U
n
af
fi
la
te
d

R
el
at
iv
e
ab
un
da
nc
e,
%

Figure 4 Overview on prokaryotic diversity and relative abundance of phylogenetic groups recovered from
Archaea and Eubacteria clone libraries of Urania Basin warm mud fluids.
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analysis demonstrated that these warm mud fluids provide a suitable habitat for prokaryotic
organisms belonging to at least 13 high taxonomic lineages (Figure 4). Similarly to other
marine hydrothermal systems (Nakagawa et al. 2005a; Kormas et al. 2006), the members of
epsilon-Proteobacteria dominate within the bacterial community of Urania mud fluids, but
overall the diversity is high. The difference between deep-sea hydrothermal fields and the
Urania mud fluids was more evident by the presence of groups KB-1, OP-11 and dominant
archaeal order MSBL-1, previously found only in anoxic hypersaline ecosystems.
Comparing the mud prokaryotic community with those of overlaying compartments of
the Urania Basin and seawater, we found that 60% of all bacterial and 40% of all archaeal
phylotypes were mud-specific. This uniqueness of the active prokaryotic community of the
deep-sea hydrothermal mud fluids of the Urania Basin could be explained by the complex
physical–chemical conditions, which exist at the studied site. Data on microbial community
structure were compared to the chemical and physical characteristics of this habitat to infer
community function. The interaction of slightly oxygenated and methane-saturated warm
mud fluids with the cold sulfide-rich hypersaline brine of Urania Basin appears to
simultaneously support various microbial lifestyles, such as aerobic and anaerobic
heterotrophy, sulfide-and methane-dependent chemotrophy, chemolithotrophy along with
anaerobic oxidation of methane, and sulfate reduction.

This work is the first demonstration of an active microbial community thriving in deep
and hydrothermal mud fluids, covered by the high-density, cold and hypersaline water
masses of Urania Basin. The data obtained through this study represent an additional input
to our knowledge about microbial life in extreme ecosystems and may form the basis for
future research in this field and in astrobiology.
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