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The bacterial diversity of a hot spring in Bakreshwar, India, was investigated by a culture-independent
approach. 16S ribosomal DNA clones derived from the sediment samples were found to be associated with
gamma-Proteobacteria, cyanobacteria, and green nonsulfur and low-GC gram-positive bacteria. The first of the
above phylotypes cobranches with Shewanella, a well-known iron reducer. This phylogenetic correlation has
been exploited to develop culture conditions for thermophilic iron-reducing microorganisms.

Microbial metal reduction has become a subject of intensive
investigation as a result of its overwhelming environmental
significance (4). This has led to the isolation and identification
of a number of metal-reducing bacteria. Bacterial species iden-
tified as dissimilatory metal reducers include facultative anaer-
obes such as Shewanella oneidensis and Shewanella alga as well
as strict anaerobes like Geobacter metallireducens and Desulfo-
vibrio sp. (18). Shewanella, a gram-negative bacterium, can use
a wide range of electron acceptors, including fumarate, trim-
ethylamine N-oxide, dimethyl sulfoxide, nitrate, nitrite, thio-
sulfate, and sulfite, as well as insoluble acceptors, such as metal
oxides or oxyhydroxides (14, 16). It is widely distributed in
freshwater and marine environments (18, 19, 21, 23). A psy-
chrophilic and moderately barophilic strain of Shewanella vio-
lacea has been discovered in deep-sea sediments (20). How-
ever, to date no thermophilic strain related to Shewanella has
been reported.

A number of thermophiles and hyperthermophiles have
been isolated from samples of hot sediments, mud, rocks, soils,
and waters. Hot environments have been searched also for
metal reducers. Certain hyperthermophiles such as Thermo-
toga maritima are known to grow as respiratory organisms
when Fe(III) is provided as an electron acceptor (27). Further-
more, Pyrobaculum islandicum has been shown to reduce
U(VI), Tc(VII), Cr(VI), Co(III), and Mn(IV) at 100°C (10).

Several hot springs in different regions of the Indian sub-
continent have been known to geologists for many years (6, 9,
12). However, their microbial diversity has not been explored
by molecular phylogenetic approaches. In the present study,
we have applied the 16S rRNA methodology (2) to determine
the bacterial community structure of Agnikunda, a hot spring
in Bakreshwar, situated in the state of West Bengal in India.
The investigation has revealed the presence, among a few
other bacteria, of novel nonmarine, thermophilic relatives of
Shewanella (formerly Alteromonas), a well-known iron reducer.

Subsequently, iron-reducing enrichment culture to cultivate
such organisms has been developed.

Hot spring sediment DNA. Samples were collected from the
hot spring Agnikunda at Bakreshwar, in the Birbhum district
of West Bengal in India. The surface temperature of the sed-
iment varied between 66 and 69°C. The pH of the water was
measured as 9.1 to 9.3. The sediment contained 1.1 to 1.5%
organic carbon and, interestingly, 280 to 422 �mol of reducible
Fe(III) and 280 to 600 �mol of reduced iron per g of wet
sediment. Initially, DNA extracted from the hot spring sedi-
ments by a direct lysis procedure (3, 29) could not be amplified
in a PCR with Taq DNA polymerase, possibly due to the
presence of high humic acid contamination in the samples (30).
Successive washes with buffers differing in EDTA concentra-
tion prior to lysis (28) enabled the purification of DNA having
A260/A280 between 1.67 and 1.79. Such DNA could be ampli-
fied successfully. The EDTA wash procedure, however, yielded
only 1 to 3 �g of DNA from 4 g of wet sediment.

Analysis of 16S rRNA genes. In order to analyze the bacte-
rial diversity in Agnikunda sediments, 16S ribosomal DNA
(rDNA) libraries were constructed. Fifty nanograms of the
total community DNA was amplified with bacterium-specific
forward primer 5�-AGA GTT TGA ACA TGG CTG-3� (S-D-
Bact-0027-a-S-18) and reverse primer 5�-CTA GCG ATT
CCG ACT TCA-3� (S-D-Bact-1327-a-A-18) (1). The numbers
refer to the positions in the Escherichia coli 16S rRNA (5).
Reaction mixtures were incubated in a thermal cycler (Gene-
Amp 2400 PCR system; PE Applied Biosystems, Norwalk,
Conn.) for an initial denaturation at 94°C for 2 min followed by
40 cycles of 94°C for 1 min, 50°C for 1 min, and 72°C for 2 min.
Amplified DNAs were purified by the spin column method
(Wizard PCR Prep DNA purification system; Promega Corp.,
Madison, Wis.). The purified DNAs were cloned directly by
the TA cloning method (13) with a pGEM-T Easy Vector
System II kit (Promega). Twenty-five positive clones were se-
quenced using either vector-specific primers or the same PCR
primers. Homology search with the BLAST system showed
that the hot spring sediment clones could be classified into
four major phylotypes. Ten of the clones corresponded to the
gamma subdivision of the Proteobacteria, eight were affiliated
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with cyanobacteria, three belonged to the green nonsulfur
group, and four were low-GC gram-positive bacteria (Table 1).
All the sequences were checked for the presence of chimeric
sequences by using the CHECK_CHIMERA program (avail-

able at http://rdp.cme.msu.edu). No such chimeras were, how-
ever, detected.

Phylogenetic analysis. The gamma-proteobacterial sequences
retrieved from Agnikunda sediment were aligned with se-

FIG. 1. Phylogenetic tree deduced from the gamma-proteobacterial 16S rDNA of hot spring sediment clones by maximum likelihood algorithm.
Reference sequences were chosen to represent the broadest diversity of Bacteria. Aquifex pyrophilus and Chloroflexus aggregans were used as
outgroups for the analysis. Division- and subdivision-level groupings are either bracketed or marked with a horizontal line at the right of the figure.
Branch points supported (bootstrap values) are indicated at the branch points of the nodes of the tree. A scale is shown below the tree to indicate
the branch length.

TABLE 1. Summary of the bacterial 16S rDNA clone sequences identified in Agnikunda (AKB) sediment

Affiliation 16S rDNA clone type
(GenBank accession no.)

No. of
clones

% of clones
in the library

Closest relative according to
BLAST search (accession no.)

% of identity with
the closest relative

Cyanobacteria AKB01 (AF350246) 4 32 Synechococcus elongates (D83715) 94
AKB02 (AF345900) 1 Synechococcus elongates (D83715) 96
AKB04 (AY028969) 2 Synechococcus elongates (D83715) 93
AKB14 (AF490373) 1 Synechococcus elongates (D83715) 94

Proteobacteria (gamma subdivision) AKB03 (AY028968) 3 40 Shewanella alga BrY (X81621) 88
AKB06 (AF465626) 1 Shewanella alga (U91544) 87
AKB07 (AF465627) 1 Shewanella alga BrY (X81621) 87
AKB08 (AF465827) 1 Shewanella alga BrY (X81621) 88
AKB09 (AF465828) 1 Shewanella alga BrY (X81621) 86
AKB10 (AF490369) 1 Shewanella alga (U91545) 86
AKB11 (AF490370) 1 Aeromonas sp. (AF099027) 91
AKB13 (AF490372) 1 Shewanella alga (U91544) 95

Green nonsulfur bacteria (Thermus group) AKB05 (AY028970) 3 12 Thermus thermophilus (AJ251940) 88

Low-GC gram-positive bacteria AKB12 (AF490371) 4 16 Desulfotomaculum luciae (AF069293) 93
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quences in the small-subunit rRNA database of the RDP
server by using the Clustal W 1.6 program (26). Phylogenetic
analysis was restricted to nucleotide positions that could be
unambiguously aligned in all the sequences. A phylogenetic
tree was constructed using a maximum likelihood algorithm (7)
with 100-bootstrap resampling (8) (Fig. 1). Among the 10 pro-
teobacterial clones there were eight unique sequences. Three
of the 16S rRNA sequences are represented by AKB03. In the
tree, one clone (AKB13) clusters within the Shewanella genus.
This clone shows 95% nucleotide identity to S. alga (U91544)
(Table 1). The result is consistent with the phylogenetic posi-
tion of this sequence assigned by the RDP at http://rdp.cme
.msu.edu/cgis/hierarchy_preview.cgi. The seven other clones
(AKB03, AKB06, AKB07, AKB08, AKB09, AKB10, and
AKB11) group separately and form a cobranch with species in
the Shewanella cluster originating from a common node with a

bootstrap value of 50 (Fig. 1). The sequence identity of these
clones with different Shewanella species varied between 86 and
91% (Table 1). It may be noted here that the RDP has placed
at least AKB11 in the same family as Shewanella, Alteromona-
daceae (http://rdp.cme.msu.edu/cgis/hierarchy_preview.cgi).
The results obtained with the maximum likelihood algorithm
were also verified by using the neighbor joining DNA distance
(22) and maximum parsimony (25) treeing methods (data not
shown).

Enrichment culture and Fe(III) reduction. A number of
Shewanella strains are known to use for anaerobic respiration
a wide variety of electron acceptors including metal oxides and
hydroxides (16, 17). In an attempt to cultivate the Shewanel-
la-like iron-reducing microorganisms present in the hot spring
sediments, enrichment medium containing (per liter of deion-
ized water) 0.33 g of KH2PO4, 0.33 g of NaCl, 0.33 g of KCl,

FIG. 2. Growth of Shewanella-like consortium at 66°C and Fe(III) reduction in a medium with pyruvate as the electron donor and poorly
crystalline Fe(III) oxide as the electron acceptor. The medium also contained 0.01% yeast extract. The results are the means of triplicate cultures.
OD540, optical density at 540 nm.
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0.6 g of NaH2PO4, and 2.5 g of Na2CO3 was prepared. Yeast
extract (0.01%, wt/vol) was added as a vitamin supplement,
and 10 mM pyruvate was added as an electron donor. The pH
was adjusted to 7.0 at 25°C with 10% (wt/vol) NaOH. Amor-
phous Fe(III) oxyhydroxide, used as the electron acceptor at
ca. 90 mmol of Fe(III) per liter, was synthesized by titrating a
solution of FeCl3 with 10% (wt/vol) NaOH to pH 9.0 (24).
Cultures were grown in 10 ml of medium in Hungate tubes
under an atmosphere of CO2 (100%) (24) at 66°C. Such con-
ditions favored growth as well as Fe(III) reduction with time
(Fig. 2). The growth continued until the 14th day. There was a
concomitant increase in the concentration of reduced iron in
the medium. The maximum Fe(III) reduction was found to be
96% in 19-day-old cultures. No growth could be observed when
either Fe(III) or pyruvate was omitted (Fig. 2) or pyruvate was
replaced with citrate or acetate (data not shown).

Twelve 16S rDNA clones were retrieved from the enrich-
ment culture by using the same set of PCR primers as above
(27F and 1327R). From these, six unique sequences were re-
vealed. These sequences were aligned with those retrieved
directly from the hot spring sediment. Two, four, two, and one
enrichment clone completely matched with four proteobacte-
rial clones, AKB03, AKB06, AKB07, and AKB13, respectively.
In the cases of the other two sequences (representing three
clones) there were some deviations which could be due to
statistical error or bias caused by PCR. Our results thus vali-
date the earlier suggestions made by Lovley and his coworkers
(27) that isolation of as-yet-uncultured thermophiles or hyper-
thermophiles with medium containing Fe(III) as the electron
acceptor could be a productive strategy for culturing these
organisms. The relative abundance of gamma-Proteobacteria in
both sediment and enrichment culture samples was deter-
mined by hybridization to a fluorescently labeled oligonucleo-
tide probe specific for 23S rRNA of the subdivision. Approx-
imately 30% of the microorganisms in the sediment were
gamma-Proteobacteria, whereas in the enrichment culture the
proportion was nearly 90% (data not shown).

Concluding remarks. The discovery of Shewanella-like ther-
mophilic bacteria is interesting from the standpoints of both
the understanding of molecular genetics of metal reduction at
higher temperatures and its biotechnological applications (11).
Although a number of dissimilatory metal reducers, mesophilic
and thermophilic, are already known, the molecular genetics of
metal reduction by different Shewanella strains has been ex-
tensively studied. Cell fractionation studies of S. oneidensis
MR-1 demonstrated the presence of ferric reductase activity in
the outer membrane as well as the inner membrane of anaer-
obically grown cells (15). mtrB, a gene that encodes an outer
membrane involved in Fe(III) and Mn(IV) reduction, has been
isolated and sequenced (4). Myers and Myers (17) have further
discovered in S. oneidensis MR-1 outer membrane cytochrome
genes omcA and omcB mutations which decrease the cells’
ability to reduce Mn(IV) and not Fe(III). Identification and a
comparative analysis of similar genes in the thermophilic coun-
terpart may provide a molecular insight into the mechanism of
metal reduction at high temperatures. Work is in progress to
isolate and characterize pure cultures of such microorganisms.
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