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Abstract Hamelin Pool in Western Australia is one of
the two major sites in the world with active marine
stromatolite formation. Surrounded by living smooth
and pustular mats, these ancient laminated structures
are associated with cyanobacterial communities. Recent
studies have identified a wide diversity of bacteria and
archaea in this habitat. By understanding and evaluating
the microbial diversity of this environment we can ob-
tain insights into the formation of early life on Earth, as
stromatolites have been dated in the geological record as
far back as 3.5 billion years. Automated ribosomal in-
tergenic spacer analysis (ARISA) patterns were shown
to be a useful method to genetically discriminate halo-
philic archaea within this environment. Patterns of
known halophilic archaea are consistent, by replicate
analysis, and the halophilic strains isolated from
stromatolites have novel intergenic spacer profiles.
ARISA–PCR, performed directly on extracted DNA
from different sample sites, provided significant insights
into the extent of previous unknown diversity of
halophilic archaea within this environment. Cloning and
sequence analysis of the spacer regions obtained from
stromatolites confirmed the novel and broad diversity of
halophilic archaea in this environment.
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Introduction

The living stromatolites of Hamelin Pool, Shark Bay, in
Western Australia are considered analogs of one of the
oldest habitats of life on Earth (Monty 1977; Petrisor
and Decho 2004; Reid et al. 2003). The surface of these
stromatolites is covered with living mats which represent
the actively growing microbial layer (Arp et al. 2001;
Burns et al. 2004). Surrounding the stromatolites are
living smooth and pustular mats, which may also have
evolutionary significance because of their similarity to
lithified stromatolites from the Proterozoic and Early
Paleozoic eras (Palmisano et al. 1989). Due to the lim-
ited water exchange and the high evaporation rate in this
area, the concentration of ions in the water is high,
excluding most animals that would otherwise graze on
the microbial mats. Despite these conditions in Hamelin
Pool, including high levels of Na+ and Cl! (twice as
high as normal seawater), recent research has revealed
an extensive diversity of cyanobacteria and other bac-
teria (Burns et al. 2004; Papineau et al. 2005). Although
the sodium chloride content of the water is only around
6% (w/v), the work by Burns et al. (2004) also revealed
the presence of halophilic archaea of the family Halo-
bacteriaceae. This diversity of as yet uncultivated halo-
philic archaea was surprising since these organisms grow
optimally in media containing 15–35% (w/v) NaCl
(Kushner and Kamekura 1988) and require at least a
minimum of 9% (w/v) NaCl (Oren 2001) for active
growth.

Halophilic archaea typically thrive in high salt envi-
ronments and have been isolated from the Dead Sea
(Oren et al. 1995), salt evaporation lagoons and ancient
halite (McGenity et al. 2000; Mormile et al. 2003; Stan-
Lotter et al. 2002). These environments are characterized
by high ionic concentrations, and even halophiles iso-
lated from seawater (Rodrı́guez-Valera et al. 1979)

Communicated by K. Horikoshi.

S. Leuko Æ B. P. Burns Æ M. R. Walter Æ B. A. Neilan
Australian Centre for Astrobiology,
Biotechnology Research Institute,
Macquarie University,
NSW 2109 Sydney, Australia

F. Goh Æ M. A. Allen Æ B. P. Burns Æ B. A. Neilan (&)
School of Biotechnology and Biomolecular Science,
University of New South Wales,
NSW 2052 Sydney, Australia
E-mail: b.neilan@unsw.edu.au
Tel.: +612-9385-3235
Fax: +612-9385-1591

Extremophiles (2007) 11:203–210
DOI 10.1007/s00792-006-0028-z

require 2 M NaCl for growth. Recent publications have
raised the possibility of cultivating halophilic archaea
from low salt environments. For example, Purdy et al.
(2004) cultivated three novel types that were isolated
from 3.2% (w/v) NaCl environments and are also
capable of slow growth at sea water salinity of 2.5% (w/v)
NaCl.

Screening early Earth analogs, such as the Shark Bay
stromatolites, for halophilic archaea can provide novel
insights into possible early life formation since halo-
philes are known for their longevity and their ability to
survive for several million years in ancient halite (Grant
et al. 1998; Radax et al. 2001; Stan-Lotter et al. 2002).
Furthermore, species of the genus Halococcus show an
increased resistance to extreme conditions, such as those
of a simulated Martian atmosphere and heat shock
(Leuko et al. 2002), underlying their importance in
studies of early life on Earth and other possible habit-
able regions.

There are two established strategies to investigate the
microbial diversity of a given environment, culture-
dependent and culture-independent methods. Culture-
dependent approaches to investigate the diversity of
halophilic archaea in environmental samples are limited
by two main factors: (1) the range of different nutrient
requirements of different species and (2) the significant
length of time to establish and grow culturable isolates.
To overcome these issues, the diversity of halophilic
archaea associated with Shark Bay was investigated in
the present study, using automated ribosomal intergenic
spacer analysis (ARISA).

Automated ribosomal intergenic spacer analysis is a
culture-independent method, developed by Fisher and
Triplett (1999), and has been shown to be useful for
analyzing microbial communities (e.g., González et al.
2003; Ranjard et al. 2000). In comparison to the stan-
dard 16S rRNA gene cloning approach to investigate
diversity, ARISA provides a rapid initial appraisal of the
diversity present.

ARISA–PCR targets the intergenic spacer region
between the 16S and the 23S rRNA genes (ITS region)
of the ribosomal RNA operon. This region may encode
various tRNAs depending on the species and has sig-
nificant heterogeneity in terms of sequence length and
composition (González et al. 2003; Ranjard et al. 2000).
ARISA is sensitive as it can detect single nucleotide
polymorphisms and is highly reproducible due to auto-
mation. As with all PCR-based methods, a concern for
data interpretation is that the representation of the
microbial community is accurate and reproducible (Polz
and Cavanaugh 1998). This method of culture-inde-
pendent analysis has proven to be a fast and reliable
method for analyzing microbial communities found in
solar salterns (Benlloch et al. 2001), freshwater envi-
ronments (Fisher and Triplett 1999), as well as in several
lakes (Yannarell and Triplett 2005). We report here the
first successful application of ARISA–PCR to environ-
mental stromatolite samples and the living microbial
mats obtained from Hamelin Pool. The results describe

a previously unknown breadth of archaeal diversity
indicated by intergenic spacer region polymorphisms.

Materials and methods

The following cultivated strains were obtained from
Professor Masahiro Kamekura for ARISA analysis:
Haloterrigena turkmenica, Natrialba aegyptia, Halogeo-
metricum borinquense, Halobaculum gomorrense, Halo-
coccus salifodinae, Halococcus morrhuae, Halococcus
saccharolyticus, Haloferax volcanii, Natrinema pallidum
and Halorubrum trapanicum. Halobacterium salinarum
NRC-1 was obtained from Prof. Stan-Lotter. All strains,
except Hbt. salinarum NRC-1, were cultured in DSM 97
medium (DasSarma et al. 1995) with 150 g of NaCl and
supplemented with 7.23 g MgCl2Æ6H2O and 2.70 g Ca-
Cl2Æ2H2O per liter, pH 7.4 (DSM 97 modified). Halo-
bacterium salinarum NRC-1 was cultured in ATCC 2185
medium as described at http://www.atcc.org/mediapdfs/
2185.pdf. Cultures were incubated at 37"C on a rocking
platform for up to 2 weeks. Late exponential cultures
were diluted (10!6/10!7) and gently spread onto agar
plates containing the same salt concentration as the li-
quid media. Plates were incubated at 37"C for up to
1 month.

Extraction of DNA from environmental samples

Environmental samples were collected from stromato-
lites (top layer), smooth and pustular mats (intertidal) at
Telegraph Station, Shark Bay (26"25¢00¢¢S, 114"13¢05¢¢E)
(see Fig. 1). From stromatolites, whole DNA was ex-
tracted using the XS-buffer method (Tillett and Neilan
2000). This method uses a buffer containing 1% potas-
sium ethyl xanthogenate, 100 mM Tris–HCl pH 7.4,
20 mM EDTA pH 8, 1% sodium dodecylsulfate and
800 mM ammonium acetate. Samples were vortexed for
5 min and then incubated for 120 min at 65"C followed
by a PCI (25:24:1) extraction and isopropanol purifica-
tion. The purified DNA was resuspended in 100 ll
dH2O and stored at !20"C until further use.

Environmental samples from smooth and pustular
mats were incubated on a shaker with 0.5 M EDTA at
37"C overnight to remove excess Ca2+ and Mg2+.
Supernatant was removed and the pellet was dissolved in
567 ll TE buffer. Samples were exposed to thermal
shock by freezing/thawing the solution five times. Fol-
lowing these steps, DNA was further extracted using the
CTAB method (Wilson 1990).

Isolation of halophilic archaea from Shark Bay

Stromatolite samples were obtained and handled with
sterile instruments during the course of the study as
described previously (Burns et al. 2004), transported to
the laboratory and stored at 4"C. A small section of the
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