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Abstract Mt. Makiling Mudspring in Laguna, Philippines
is a thermophilic, acidophilic environment that previously
has been shown to harbor novel microorganisms. We
assessed the microbial community that exists at this volcanic
mudspring using 16S rRNA-based approaches. DNA was
extracted from solfataric soils and sediments taken from
Mudspring. The 16S rDNA was PCR amplified using uni-
versal (519F-1392R) and archaeal-specific (23FPL-1391R)
primer pairs, cloned, and sequenced. Phylogenetic analysis
of the cloned 16S rDNA showed that eleven clones clustered
with, and therefore related to Sulfolobus tokodaii 7 and two
clones clustered with S. solfataricu, S. shibatae and S. is-
landicus. Three clone sequences were related to those found
in thermophilic chalcopyrite (CuFeS,), a copper sulfuric ore
from bioleaching reactors. One clone had low similarity

The 16S rRNA sequence data derived in this study have been
submitted to the GenBank database with accession numbers
HM449090 to HM449111.
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(95% identity) with uncultured archaeon clone KOZ184.
Fluorescence in situ hybridization (FISH) analysis revealed
that about 71% of the microbial community present in the
Mudspring belong to domain Archaea of which 63% were
Crenarchaeota and 8% were Euryarchaeota. Seventeen
percent (17%) of the population consisted of bacteria as
indicated by the positive hybridization with the BACT338
probe, and the remaining 12% are unidentified. This study is
the first attempt to use molecular techniques in any envi-
ronment in the Philippines.

Keywords Thermophiles - Environmental DNA -
Mudspring - 16S rDNA

Introduction

Mt. Makiling Mudspring is an acid solfatera with in situ
temperatures ranging from 70 to 90°C, pH values ranging
from 2 to 5 (Bundac et al. 1976) and a high salinity domi-
nated by iron and sulfate (Oles and Houben 1998). Previous
studies using cultivation approaches proved the existence of
novel species of thermophilic Archaea in Makiling mud-
spring water (Itoh et al. 1999, 2003). Many other species of
thermophilic organisms are expected to be present at the
site. However, to date there is no published microbial
community analysis of the site.

The extreme environmental conditions and the high
temperature required for isolating and growing the micro-
organisms in Mudspring limit the in vitro cultivation of the
prevailing microflora and their subsequent utilization.
Moreover, the real environmental conditions that are
defined by the biotic and physico-chemical features opti-
mum for microbial growth have yet to be simulated or
recreated. Thus, culture-independent molecular-based
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techniques are useful in exploring the microbial communi-
ties of such extreme environments.

Comparative analysis of the 16S rDNA sequence is the
most widely used molecular method in microbial commu-
nity analysis. Sequence analysis of the 16S rRNA gene can
identify poorly described, rarely isolated, or phenotypically
aberrant strains, and can lead to the recognition of novel
isolates and uncultured bacteria (Bottger 1989; Kolbert and
Persing 1999). Another method to study the microbial
composition of Mudspring which does not rely on culture-
based studies and could better represent the true microflora
present is fluorescence in situ hybridization (FISH) with
ribosomal RNA (rRNA)-targeted oligonucleotide probes
(Langendijk et al. 1995; Amann et al. 1990a, b). This
procedure allows simultaneous visualization, identification,
and enumeration of individual microbial cells, permits the
detection of both culturable and unculturable microorgan-
isms, and thus help in understanding complex microbial
communities (Moter and Gobel 2000).

FISH is an integral part of the rRNA approach to microbial
ecology and evolution (Olsen et al. 1986). Since its first
application in 1989 (DeLong et al. 1999), FISH has evolved
to become a widely used tool for the direct, cultivation-
independent identification of individual microbial cells in
complex environmental samples (Behrens et al. 2003).

This study identified the major group of microorganisms
that exists in Mudspring using sequence analysis of the 16S
rDNA amplified from the extracted total community DNA
and FISH using 16S rRNA-targeted probes.

Materials and methods
Sample collection and chemical analysis

Solfataric soil with hot spring water (SSW) was collected
from different parts of the Mudspring pond by dipping sterile
500 ml bottles approximately 1 m below the surface of the
pond. Solfataric mud (SM) was collected from several
boiling mud pots. The collection bottles were placed in
thermal containers and processed in the laboratory within 1 h
of sample collection.

Composite SSW and mud samples were analyzed at the
Analytical Service Laboratory of the Agricultural Systems
Cluster, University of the Philippines Los Baiios and at the
Soil and Plant Analysis Laboratory, Soil Science Depart-
ment, University of Wisconsin, Madison, WI, USA
respectively.

DNA extraction, amplification and cloning

SSW samples were centrifuged (50xg) for 5 min. About
0.5 g of sediment was used for DNA extraction using Fast
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DNA Spin kit for soil according to the manufacturer’s
protocol (MP Biomedicals, Solon, OH). Extracted DNA
was purified using the Illustra GFX PCR DNA and gel
band purification kit (GE Healthcare, formerly Amersham
Biosciences, Buckinghamshire, England) following the
manufacturer’s protocol. DNA concentration was deter-
mined at 260 nm using the Smart Spectrophotometer 3000
(BioRad, Hercules, CA).

PCR primers used for amplifying 16S rDNA are listed in
Table 1. For 16S rDNA amplification, PCR mix contained
1 ul of diluted DNA, 1X reaction buffer containing
0.15 mM MgCl,, 1.5 U Taq polymerase (Promega, Madi-
son, WI), 0.25 mM each dNTP, 0.4 puM of each primer,
and 10 pg/ul bovine serum albumin (BSA), and molecular
grade water to a total reaction volume of 20 pl. For uni-
versal primers 519F and 1392R, the PCR conditions fol-
lowed the protocol of Simbahan et al. (2005) with slight
variations using a PTC 100 Program Thermal Controller
Peltier-Effect Cycling (MJ Research, Inc. Waltham, MA).
The protocol of Skirnisdottir et al. (2000) was used for the
archaeal 16S rDNA 23FPL and 1391R primer set, and that
of Webster et al. (2003) for bacterial primers 11F and
1492R.

PCR products were cloned directly using the pGEM-T
Easy cloning kit according to the manufacturer’s instruc-
tions (Promega). Three pl of the ligation reaction mixture
were transformed into 20 pl of competent E. coli IM109
(Promega). Plasmid DNA was extracted from positive
clones using the plasmid miniprep protocol (Sambrook
et al. 1989). Extracted plasmids were double digested using
the following pairs of restriction enzymes: EcoR1-Dral and
EcoR1-Xhol in a 20 pl reaction volume. After digestion,
8 ul of the digestion product was run in 1.2% agarose gel
for 4 h at 50 V. The gel was stained with ethidium bro-
mide, and visualized using the BioRad Gel Documentation
system (BioRad).

DNA sequencing and in silico analysis

Representative clones from each banding pattern were
submitted to Macrogen, Inc., Seoul, Korea for sequencing
using T7 primer. Sequences were compared to the
sequences available in the GenBank database using
BLAST (www.ncbi.nlm.nih.gov) to determine their closest
neighbors. Alignment and refinement of sequences were
carried out using ClustalX v. 1.83 (Thompson et al. 1997)
and BioEdit sequence alignment editor (Hall 1999). A total
of 586 nucleotides for 16S rDNA was selected for phylo-
genetic analyses using default parameters in the MEGA
software package v. 2.1 (Kumar et al. 2001). Phylogenetic
distances were calculated by the neighbour joining (NJ)
method (Saitou and Nei 1987) using the Kimura 2-
parameter model in MEGA. Consensus NJ trees were
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Table 1 PCR primers used in amplifying the 16S rDNA and hybridization probes used for FISH of the microbial community from Mt. Makiling

Mudspring, Los Baios, Philippines

Oligos Target group Sequence (5’ A 3')

Reference

PCR primers

519F Archaea/Bacteria CAGCMGCCGCGGTAATWC Pace et al. (1986)
1392R Archaea/Bacteria ACGGGCGGTGTGTG/AC Pace et al. (1986)
11F Bacteria AGAGTTTGATCCTGGCTCAG Pace et al. (1986)
1492R Bacteria GGTTACCTTGTTACGACTT Pace et al. (1986)
23FPL Archaea GCGGATCCGCGGCCGCTGCAGAYCTGGTYGATYCTGCC Barns et al. (1994)
1391R Archaea GACGGGCGGTGTGTRCA Barns et al. (1994)
Labeled probes
BACT338 Eubacteria [Cy3]GCTGCCTCCCGTAGGAGT Amann et al. (1990a, b)
CREN512 Crenarchaeota [Cy3]CGGCGGCTGACACCAG Jurgens et al. (2000)
EURY514 Euryarchaeota [Cy3]GCGGCGGCTGGCACC Jurgens et al. (2000)
ARCH915 Archaea [Cy3]GTGCTCCCCCGCCAATTCCT Stahl and Amann (1991)

evaluated by bootstrap analysis based on 1,000 reiterations
of each data set. Similar branching orders were found for
trees generated by maximum parsimony (MP) and maxi-
mum likelihood (ML) methods, using programs in MEGA
and PHYLIP v. 3.6 (Felsenstein 2002), respectively.

Fluorescence in situ hybridization and microscopy

Probes (Table 1) were labeled at the 5’- end with Cy3 [5,5'-
disulfo-1,1’-(-'-carbopentynyl)-3,3,3’,3'-tetra-
methylindolocarbocyanin-N-hydroxysuccinimidester].
SSW samples were fixed immediately on-site by mixing
the pool water sample with formaldehyde at 1% (v/v) final
concentration. The mixture was filtered using Whatman
filter paper #1, and the cells were collected by centrifu-
gation at 4,000 rpm (150xg) for 10 min at 4°C. The cell
pellet was washed twice with 1x phosphate buffered saline
(PBS) and stored at —20°C in a 1:1 solution of ethanol and
PBS. FISH was performed as previously described (Liao
et al. 2004). Two pl of the paraformaldehyde-fixed cells
were transferred onto SuperCured heavy Teflon-coated
slides (Cel-Line Associates Inc., Newfield, NJ). Cells were
dehydrated by successive dipping in 50, 80 and 96% eth-
anol. Subsequently, 50 ng of probe in 8 pul of the hybrid-
ization buffer (20% formamide, 360 pl of 5 M NaCl, 40 pl
of 1 M Tris—HCL, pH 8, and 2 pl of 10% sodium dodecyl
sulphate [SDS]) was added to each slide. Hybridization
was conducted in a saturated humidity chamber in the dark
at 46°C for 2 h. After hybridization, the slides were washed
twice with washing buffer (1 ml of 1 M Tris—HCL pH 8.0,
50 pl of 10% SDS, 2,150 pl of 5 M NaCl, and 500 pl of
0.5 M EDTA) at 48°C for 20 min. Dual staining with
DAPI (4 6-diamidino-2-phenylindole dihydrochloride)
solution (10 mg/ml) followed by a final washing with ice-
cold water was performed, and slides were subsequently

air-dried. For all FISH procedures, Sulfolobus tokodaii
strain 7 was used as positive control.

Slides were visualized with a fluorescence microscope
(Carl Zeiss Axioplan II, Oberkochen, Germany) equipped
with filter sets for DAPI and CY3 (Carl Zeiss, Germany).
Images were captured with an Olympus DP70 charge-cou-
pled device camera (Olympus, Melville, NY). Quantitative
analysis was performed using the ImagePro Plus software
version 5.2 (Media Cybertic, Singapore) by counting the
number of probe-positive cells in six fields. The ratio of
probe-positive cells to the total number of DAPI-stained
cells was calculated.

Results and discussion
DNA extraction

The high temperature and acidity of the Mudspring limit
the in vitro cultivation and maintenance of the prevailing
microflora. In addition, it has been estimated that cultured
organisms represent less than 1% of total cell counts in
soils and sediments (Amann et al. 1995). To address this
problem, we used culture-independent molecular approa-
ches to assess the microbial community in Mudspring.
Total DNA was initially extracted from solfataric mud
(SM) taken from boiling mud pots. However, initial extrac-
tion procedures used (Liles et al. 2003; Simbahan et al. 2004,
2005; Zhou et al. 1996) yielded very low concentration of
DNA or none at all. This was probably due to the high clay
content (80%) of SM samples, low pH (Table 2), and/or the
presence of high amounts of kaolinite and quartz (unpub-
lished data). Two factors were known to complicate DNA
isolation from soil: soil acidity and soil-DNA interactions
(Henneberger et al. 2006). The low pH of SM could make
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Table 2 Physical and chemical analyses of mud, sediments and soil
samples from Mt. Makiling Mudspring, Los Bafos, Laguna,
Philippines

Parameters Mud (2 kg dry Sediment” (2 kg dry
weight) weight)
Textural classes (%)
Clay 80.0 70.0
Sand 1.0 4.0
Silt 19.0 26.0
pH 32 23
SO, (ppb) 16.2 22.0
Fe > (ppb) 24.4 nd®
Organic matter (%) 4.4 3.6

? Sediments collected from the solfataric soil with hot spring water
(SSW) samples

® Not determined

DNA unstable due to the depurination-induced degradation
of DNA (Grisham and Garrett 1999). DNA-clay binding also
increases at acidic pH. Some soil components such as
montmorillonite and kaolinite (Pietramellara et al. 1997),
and quartz (Aardema et al. 1983) can tightly bind DNA and
cells (Ogram et al. 1994) thereby making it difficult to extract
DNA. Moreover, high levels of humic acid are known to
inhibit PCR. Various treatments using chemicals which were
supposed to remove humic acid, such as polyvinyl polypy-
rollidone (PVPP), polyethylene glycol (PEG), Nycodenz,
SDS and combinations of these chemicals, were tried (Hol-
ben 1994; Ogram et al. 1987). However, these treatments did
notresultin DNA extraction, (data not shown) as the problem
appeared to be the inability to separate the cells from the clay
material and the adsorption of the cells and DNA to the soil
particles.

The cell extraction methods of Simbahan et al. (2004,
2005) were used on the sediments collected from SSW
samples. Cells were collected using 0.45 pm membrane
filter paper. After the appropriate sample processing, the
DNA was isolated using the Mo Bio DNA isolation kit
(Simbahan et al. 2004) and the detergent lysis-phenol
extraction method (Simbahan et al. 2005). None of these
methods successfully extracted DNA (data not shown),
even though the clay content was lower (70%) compared to
that of the SM sample (Table 2).

DNA extraction was only successful after allowing the
mud to settle for 5 min in freshly collected SSW samples. It
is likely that the high levels of mud interfered with DNA
isolation by binding cells and DNA. Thus, the upper layer
with reduced amounts of mud was used to extract DNA using
a commercially available DNA extraction kit (BIO 101 Fast
DNA spin kit for soil). This resulted in a concentration
(5.7 pg/g sediment) sufficient for subsequent analyses. With
the use of BIO 101 kit, a direct lysis method for the isolation
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of DNA, the result is potentially less bias compared to
methods that use cell separation prior to extraction. The use
of GFX PCR DNA and gel band purification kit resulted in a
purer form based on the A260/A280 ratio.

16S rDNA sequence analysis

Primer pairs extensively used in amplifying 16S rDNA of
samples obtained from thermophilic, acidic environments
(Bond et al. 2000; Marchant et al. 2002; Simbahan et al.
2005) were chosen. Two sets of primers specific to archaeal
and bacterial domains, and one set designed for both, were
used. DNA fragments of the expected molecular sizes were
detected but the signal intensities differed markedly among
the primers used. PCR with universal (519F and 1392R)
and archaeal primer pairs (23FPL and 1391R) resulted in
pronounced single bands at the 0.87 and 1.4 kb regions,
respectively. Bacterial primer pair (11F and 1492R), which
was expected to give a 1.3-kb fragment, produced only
smeared signals using different PCR conditions. These
results indicated that the extracted DNA from Mudspring
mostly contained DNA from archaeal species, and that
DNA from bacterial species was either few or not detected.
Both the 0.87-kb (universal) and 1.4-kb (archaeal) PCR
products amplified from the purified DNA were cloned
separately. A total of 69 clones with unique double
digestion banding patterns (data not shown) were selected
for sequencing. Initial homology search with BLAST
showed that 22 of the 69 sequences were those of 16S
rDNA, and were used to construct a phylogenetic tree that
included closely related 16S rRNA sequences.
Phylogenetic analysis based on neighbor-joining (NJ)
and maximum parsimony (MP) methods showed that
clones from the Mudspring can be classified into five
phylotypes. The first phylotype included clones N519-4,
N519-42, N519-15, N519-7, D519-11, N519-2, D519-16,
D519-6, N519-47, D519-2, and N519-54. They are all
affiliated with Sulfolobus tokodaii strain 7 and two other
Sulfolobus sp. with 97-98% sequence similarity (Fig. 1).
Clones D519-12, N519-51, and N519-1 clustered with
MTC-A clones isolated from a thermophilic chalcopyrite
(CuFeS,), a copper sulfuric ore from bioleaching reactors
(Mikkelsen et al. 2006). Clones D519-37, and D519-25
were closely related to Sulfolobus solfataricus Ronl12/111
with bootstrap value of 98%. These two clones are also
phylogenetically related to Sulfolobus islandicus, Sulfolo-
bus shibatae and three other Sulfolobus sp. On the other
hand, clones D519-13, D519-17, N519-5, N519-28 and
N23-1 were positioned outside the clusters containing other
Sulfolobus sp. and the MTC-A clones. The last phylotype
included clone D519-8, which was positioned outside the
cluster consisting of environmental clones from Norris
Geyser Basin in Yellowstone National Park (Korf et al.
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Fig. 1 Neighbor-joining tree showing
the phylogenetic relationship of SSW
clones aligned with reference strains
from the domain Bacteria based on
16S rDNA sequences. Bootstrap
values are shown for nodes that had
80% support in a bootstrap analysis of
1,000 replicates. Clones from this
study are presented in boldface. The
scale bar indicates an estimated
change of 5%
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2007). The presence of Sulfolobus species in the Mud-
spring is not surprising. The high temperature and the low
pH conditions resulting from oxidation of sulfur and fer-
rous iron favor the growth of Sulfolobus, a sulfur-depen-
dent thermoacidophilic archaeon. The two novel
crenarchaeotes that have been previously isolated from the
site, Caldivirga magquilingensis (Itoh et al. 1999) and
Caldisphaera lagunensis (Itoh et al. 2003), as well as the
only thermophilic bacterium belonging to the genus

U00096 Escherichia coli K12 substr. MG1655

Thermus (Magbanua, personal communication) were not
detected by 16S rDNA analysis, probably due to their low
numbers in the sample.

Fluorescence in situ hybridization
In this study, FISH analysis was conducted using domain-

and phylum- specific probes that target the 16S rRNA to
determine if other phyla are present and to obtain a
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Fig. 2 FISH analysis of the
microbial community in Mt.
Makiling Mudspring, Los
Bafios, Philippines. Adjacent
panels are the same field but
stained differently. Panels a, c,
e and g show all cells stained by
DAPI while panels b, d, f and
h were probed with ARCH915-
Cy3, CREN512-Cy3,
EURY514-Cy3 and BACT338-
Cy3, respectively

quantitative estimate of the domain/phylum composition of
the microbial community in the Mudspring. This technique
has been successfully applied for the phylogenetic identi-
fication of individual microbial cells in a number of dif-
ferent environmental samples (DeLong et al. 1999),
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determination of active populations in the archaeal com-
munity (Ng et al. 2005), and characterization of many
unculturable novel archaeal lineages (Schleper et al. 1995).

Hybridization with the Archaea-specific ARCH915
(Fig. 2a) probe showed that Archaea comprised 71% of the
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Table 3 Relative percentages of the major microbial groups in Mt.
Makiling Mudspring, Los Baiios, Philippines as determined by FISH
using domain- and division-specific probes

Domain/sub-division Probe Probe-positive cells relative

to DAPI-stained cells (%)

Archaea ARCHI15 71
Crenarchaeota CREN512 63
Euryarchaeota EURYS514 8
Bacteria BACT338 17
Unidentified 12

total pool community (Table 3). This is consistent with
previous work that showed that for highly thermophilic
environments, a considerable number of the organisms
belong to Archaea (Stetter et al. 1990).

The phylum-specific probe CREN512 showed that 63%
of the Archaeal population belongs to the Crenarchaeota
(Fig. 2b). The presence of the members of this group is
expected since they have high tolerance to, and strong
preference for, extremes of acidity and temperature that are
characteristic of Mudspring. While many in the phylum
prefer neutral to slightly acidic pH ranges, members of the
order Sulfolobales flourish at pH 1-2 and die above pH 7.
Optimum growth temperatures range from 75 to 105°C, and

Fig. 3 FISH analysis of
Sulfolobus tokodaii strain 7
using EURY514-Cy3 and
CREN 512-Cy3 probe. Panels
a and ¢ shows all cells stained
by DAPI while panel b shows
the same field with cells probed
with EURY514-Cy3 and panel
d with CREN 512-Cy3

the maximum growth temperature can be as high as 113°C as
in the case of Pyrolobus (Blochl et al. 1997). Most species are
unable to grow below 70°C, although they can survive for
long periods at low temperatures (Barns et al. 1996).

Eight percent (8%) of the microorganisms detected
belong to the Euryarchaeota, as shown by hybridization with
EURYS514 probe (Fig. 2¢). The presence of euryarchaeotes
can be explained by the fact that in moderately thermal
(40-60°C) acidic environments, the phyla Euryarchaeota,
Crenarchaeota and some gram-positive bacteria may co-
exist. Within Euryarchaeota, phylum Thermoplasma has
been reported to be moderately thermophilic (45-67°C) and
acidophilic (pH 0.5-4.0) (Bertoldo et al. 2004). Picrophilus
torridus, with a temperature range of 45-65°C, has the
lowest recorded pH at or below zero (Schleper et al. 1995;
Futterer et al. 2004) with optimal pH for growth at 0.7.

Bacteria comprised 17% of the total microbial flora
(Fig. 2d). Simbahan et al. (2004) have shown the presence
of the bacteria Alicyclobacillus, with a temperature range
of 35-65°C and pH range of 2-6 in Coso Hot Spring in
Nebraska, USA. Acidophilic, mesophilic bacteria of the
genus Acidimicrobium (Clark and Norris 1996) and Sul-
fobacillus (Golovacheva and Karavaiko 1978; Clark and
Norris 1996; Dufresne et al. 1996) can also exist in the
same environment.
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The remaining 12% of cells were undetermined and
unaccounted for. The validity of the FISH result was sub-
stantiated by the use of a positive control, S. fokodaii strain
7 for the Euryarchaeota and Crenarchaeota probes. S.
tokodaii strain 7, a known crenarchaeote showed hybrid-
ization signals with CREN512 but not with EURY514
probe (Fig. 3a, b, respectively).

Conclusions

Analyses of the total community 16S rDNA sequences and
rRNA-targeted FISH of Mt. Makiling Mudspring in
Laguna, Philippines suggest that the site harbors a wide
range of microorganisms that has yet to be isolated.
Analysis also showed that the major population present in
the Mudspring belongs to the domain Archaea particularly
the Crenarchaeota, and that bacterial populations are low.
Based on 16S rDNA analysis, the predominant organisms
belong to the genus Sulfolobus, which are known to thrive
in high temperature and low pH conditions. Most of the
clones are related to S. tokodaii, a thermoacidophilic
organism isolated from the Beppu Hot Spring in Kyushu,
Japan. Considering the diversity of potential habitats and
the great genetic diversity of microbes, the majority of the
microbes from Mt. Makiling Mudspring is still unknown
and could be a potential source of novel molecular struc-
tures of industrially important compounds such as
enzymes. This study was the first attempt to analyze the
microbial community of the site using environmental
DNA. An improved understanding of the microbial diver-
sity in the extreme environment of the Mt. Makiling
Mudspring is needed if the ultimate goal is to discover and
harness novel enzymes for industrial and biotechnological
applications. Future work should focus on detecting the
presence of thermostable enzymes, and a first step includes
analysis of the non-16S rDNA clones obtained.
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