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Summary

The archaeal community composition of Yangmingshan National Park in northern Taiwan was investigated by 16S
rRNA and fluorescence in situ hybridization (FISH). Optimization of tetrameric restriction enzyme (TRE) was
performed to achieve efficient digestion and differentiation in the restriction fragment length polymorphism (RFLP)
fragments, and Acil, BstUI and Rsal were shown to be the optimal TREs for TRE-RFLP. Nine clones were
obtained in the studies, with clones M70 and M6 being found to be phylogenetically affiliated to Sulfolobus and
Caldisphaera in domain Crenarchaeota, respectively, whereas seven other clones were found to be affiliated to an
uncultured and unidentified archacon isolated from thermoacidic environments. In FISH, soil and water region cells
were hybridized with DAPI (4, 6-diamidino-2-phenylindole) and specific fluorescently labelled probes. 15.69 and
7.16% of the DAPI-stained cells hybridized with universal archaeal probe ARC915 and sulphate-reducing bacterial

probe SRB385, respectively.
Introduction

Investigations of the extremophile community and its
exploitation in the industrial field have always been of
high interest to microbiologists for at least a decade
(Arahal et al. 1996; Canganella et al. 1998; Lévéque et al.
2000; Oren 2002; Sunna & Peter 2003). Culture-based
methods are time consuming and most importantly, they
donotexactly reflect the complexity of microbial diversity
(Snaidr et al. 1997; Moter & UIf 2000), thus various
molecular techniques including fluorescence in situ
hybridization (FISH) (Christensen et a/.1999; Pernthaler
et al. 2002), 16S rRNA gene cloning (Arahal et al. 1996;
Dunbar et al. 1999); denaturing gradient gel electropho-
resis (DGGE) (Ferris & Ward 1997), flow cytometry
(Porter ef al. 1997) and the immunological method
(Schloter et al. 1995), have been applied to give more
comprehensive and precise characterizations of Bacteria
and Archaea in numerous extreme environments.

16S rRNA (operational taxonomic unit OTU) gener-
ated using tetrameric restriction enzyme (TRE) diges-
tion has been applied for microbial community analysis
and used to generate (restriction fragment length poly-
morphism RFLP) patterns for undefined bacterial clone
library analysis (Moyer et al. 1994, 1996; Haddad et al.
1995). FISH, a popular tool for basic ecological
research, improves the determination of active popula-
tions in the archaeal community, has been widely
applied in long-term microorganism monitoring and

investigation (Llobet-Brossa et al. 1998; Delong et al.
1999). Fluorescently labelled oligonucleotides are used
to hybridize targeted regions on archacal rRNA specif-
ically, allowing direct enumeration of specific and living
cells in the environment. However, deviations in coun-
ting non-growing and starving environmental microbes
may be occurred (Oda et al. 2000).

Taiwan has many active geothermal vents and hot
springs. Among these, Macao, located in Yangmingshan
National Park, northern Taiwan, is a sulphuric geo-
thermal hot spring. Successful isolation of thermoacid-
ophilic Sulfolobus yangmingensis (Jan et al. 1999) and
other thermophiles and halophiles from these areas
(Tsen 2000) have indicated the opulence and richness of
archaeal diversity in northern Taiwan, which possess
high potential to be further studied and explored. In this
study, the archaeal community was first described by
TRE-RFLP of the 16S rRNA gene, and several fluor-
escently labelled oligonucleotide probes were used for
epifluorescence microscopic investigation.

Materials and methods
Sampling
Soil from a 15-cm depth and water at the sampling site

Macao (E121°31’, N25°10’) in Yangmingshan National
Park were collected by core sampler on 14 June 2003.
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Field measurement of soil temperature and pH was
carried out by Cardy Twin pH meter (Cole Palmer,
USA). Electrical conductivity of water samples was
measured by Microprocessor conductivity meter (WTW
LF96, Germany). The specimens were transported
below 0 °C and processed immediately upon return to
the laboratory.

Amplification and cloning of the 16S rRNA gene

The total DNA of the soil was extracted by FastDNA®
Spin Kit (BIO101, USA) and further on purified by
Wizard® DNA purification system (Promega, USA),
primer pair Fl (5-TCCGGTTGATCCTGCCGGA-3')
and R1 (5-GAGGTGATCCAGCCGCAGG-3') (Taka-
yanagi et al. 2001) was used for the amplification of the
16S rRNA gene. The 25 ul PCR reaction mixture
contained DNA template 5 ul, 5 ul of 1 mM dNTP,
0.5 uM of each primer, 0.5 ul Tag DNA polymerase
(5U/ul, AmpliTaq; Perkin—Elmer, USA), 10 x PCR
buffer 2.5 ul. The amplification was performed with
Gene Amp® PCR system 9700, Applied Biosystems,
USA) with the condition initial heating 95 °C for 2 min,
30 cycles consisting of 95 °C for 5, 60 °C for 30 s,
72 °C for 1.5 min, and final extension 72 °C for 10 min.
The amplificates were purified with Gel Extraction
kit (Viogene, Taiwan) and subsequently ligated
into pGEM®-T Vector Systems (Promega, USA).
The ligation product was transformed into ECOS®
competent cell (Yeastern Biotech, Taiwan) and detec-
tion occurred through blue-white screening with IPTG
and X-Gal.

TRE-RFLP and sequencing

White colonies were selected and plated on LB agar
plate with the antibiotic Ampicillin at a concentration of
50 pg/ml. Colony-PCR was done by using primer pair
TAF (5-CAAGGCGATTAAGTTGGGTA-3) and
TAR (5-GGAATTGTGAGCGATAACA-3') provide
by the pGEM®-T Vector Systems followed the PCR
conditions described as manufacturer’s manual. Inserts
of the correct size were excized and purified by GM-T®
Gel Extraction kit (Yeastern Biotech, Taiwan ) and later
digested by the TRE Acil, BstUI and Rsal (New
England Biolabs, USA). Clones exhibiting different
restriction patterns were chosen and sequenced (Mission
Biotech, Taiwan). The sequencing results were com-
pared on National Center for Biotechnology Informa-
tion (NCBI) database.

Phylogenetic analysis

Sequence alignment and phylogenetic analysis was
performed with the multiple sequence alignment soft-
ware CLUSTAL W ver. 1.82 (Higgins et al. 1994). The
phylogenetic tree was constructed by the neighbour-
joining and UPGMA with robustness of 1000 boot-
strapping using PHYLIP package ver. 3.6b.
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Sample fixation

Samples were fixed in 3.7% (wt/vol) formamide over-
night at 4 °C. Cells from the soil region were extracted
based on the method of Christensen et al. (1999), cells
from the water region were filtered onto a 25 mm
diameter, 0.2-um-pore-size polycarbonate white GTTP
filter (Millipore, USA) under vacuum 5 mm Hg. The
vacuum was released and 1 ml of 2% (wt/vol) NaCl-
50% (vol/vol) ethanol was incubated on the filter for
1 min and subsequently vacuumed and dried. The filters
were stored under —20 °C for further processing.

FISH and microscopic observation

The filters were placed in a 5.5 cm diameter Petri dish
and 1 ml of preheated hybridization solution was added.
The hybridization solution contained 50-70% (vol/vol)
formamide (Llobet-Brossa et al. 1998; Pernthaler et al.
2002) (Table 1), 10% dextran sulphate (Sigma, USA),
0.01% (wt/vol) poly A (Sigma, USA) and 5 x SET
(1 x SET is 150 mM NaCl, 1| mM Na,EDTA, 20 mM
Tris-HCI, pH 7.8). Five hundred nanogram of fluor-
labelled oligonucleotide probe was subsequently added.
The Petri dishes were incubated overnight in a hybrid-
ization oven (Yih Der Co., Ltd, Taiwan) at the specific
temperature stated in Table 1. After the incubation,
filters were washed by 5 ml wash solution containing
0.2 x SET and 50% (vol/vol) formamide for 2 h at the
appropriate temperature (see Table 1). For total cell
densities hybridization, the filters were incubated in
1 x PBS (145 mM NaCl, 8.7 mM Na,HPO,, 1.5 mM

Table 1. Total DAPI cell count and relative percentages of hybridized
cells with specific probes.

% of cells Cell sample Cell sample
hybridized from soil region from water region
with probe®

DAPI count 2.16 £ 0.73 0.084 + 0.0015
(10® cell/cm?)

ARC915° 15.69 2.2

EUB338 3.12 0.05

EUK516 1.5 3.2

SRB385 7.16 1.42
CYANT785 0.7 0.03

ALF968 1.32 0.79

BET42 0.32 n.d

# Probe-specific count/DAPI count x100%.

® ARC915, domain Archaea; EUB338 (Amann et al. 1990), domain
Bacteria; EUK516 (Poppert et al. 2002), domain Eukarya; SRB385
(Amann et al. 1990), sulphate-reducing bacteria; CYAN785 (Knapp
& David 2004), cyanobacteria; ALF968 (Detmers et al. 2004), alpha
subclass of proteobacteria; BET42 (Detmers et al. 2004), beta
subclass of proteobacteria. FISH conditions of different oligonu-
cleotide probes with the hybridization temperature, formamide
concentration for hybridization, and formamide concentration for
wash were ARC915 (65 °C, 70%, 50%); EUB338 (65 °C, 60%,
50%); EUKS16 (65 °C, 20%, 45%); SRB385 (65 °C, 20%, 45%);
CYANT785 (60 °C, 35%, 50%); ALF968 (50 °C, 35%, 45%); BET42
(50 °C, 35%, 45%). n.d: not detected.
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NaH,PO,, pH 7.4) containing DAPI at 1 ug/ml for
2 min at room temperature, and quickly rinsed in
1 x PBS. Filters were placed on a slice and 100 pl
paraffin oil (Reidel-de Haeen, Germany) was added as
antifading agent. The filters were viewed immediately
but could be stored in the dark at 4 °C for several days.

Microscopic viewing was carried out with an Eclipse
E600 microscope with Y-FL Epi-fluorescence attach-
ment microscope (Nikon, Japan) equipped with Super
High Pressure Mercury Lamp (HB-10103AF, Nikon,
Japan) under 100 x Plain Fluor Objective (Nikon,
Japan). The images were photographed by digital
camera (Coolpix 4500, Nikon). The quantification of
probe-positive cells was performed as described by
Delong et al. (1999), briefly, 10 fields of approximately
100 cells per field were counted, a complementary probe
as negative control was included for every sample and
used to calculate the final probe-positive cell number.
The fraction of probe-positive was calculated as the
ratio of the number of probe-positive cells to the total
number of DAPI-stained cells.

Results
Chemical properties of soil and vent water samples

Field measurement of soil temperature found a range of
84-94 °C with pH value of 2.0-3.5. The electrical
conductivity of water samples was 2.1 mS/m.

Cloning and TRE-RFLP results

Two hundred and eighteen white colonies were selected
and reconfirmed by colony-PCR, 192 were shown to be
colony with correct size (1.5 kb) of insert (designated as
NTUO01-192). The clones were then digested by Rsal,
BstUI and Acil and RFLP fragments were thus gener-
ated (Figure 1). Before the digestion, we carried out the
computer-simulated digestion of 16S rRNA gene by 24
TREs in order to optimize its efficacy for RFLP
screening. A total of 180 archaeal SSU rRNA gene
sequences was selected from (Ribosomal Database
Project II RDP II), after the computer-simulated RFLPs
digestion by 24 TREs, the average number of restriction
sites per taxon for each of the 24 TREs is shown in
Table 2. The distribution of the restriction fragment
size-frequency pattern indicated that BstUI, Rsal and
Acil gave a 40% occurrence of band frequency ranging
from 200 to 450 bp (data not shown), while the other
group of TREs gave occurrence of band frequency
<200 bp or evenly dispersed in the > 600 bp (data not
shown), which impede the RFLP analysis. TRE-RFLP
digestion of 192 clones resulted in nine archaeal taxo-
nomic groups and each of the representative taxonomic
group was sequenced and the phylogenetic relationships
were constructed as inferred by neighbour-joining and
UPGMA methods.
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Figure 1. Restriction patterns of clones by tetrameric restriction
enzymes Rsal (lane 1-7), showing three archaeal RFLP patterns (lane
1,2; lane 3,4,6,7 and lane 5); BstUI (lane 8-14), showing two archaeal
groups (lane 8-11; lane 12, 13 and lane 14) and Acil (lane 15-21),
which showing two archaeal groups (lane 15-21; lane 16). M:
molecular marker 2 kb—100 bp.

Phylogenetic analysis of archaeal 16S rRNA

The phylogenetic tree showed that clone M70 (accession
no. AY627864) was grouped within the Crenarchaeota
(98% similarity BLAST search), closely related to
Sulfolobus shibatae (accession no. M32504), order Sul-
folobales, whereas clone TA6 (accession no. AY627858)
was related to Caldisphaera lagunensis (accession no
AB087499) (97% similarity) (Figure 2). Clones M7, M8,

Table 2. Restriction sites per taxon of TRE in 180 archaeal SSU (font
in bold indicate TRE used in this study).

RE Site Mean of restriction
sites per taxon

Acil C/CGC 7.65
Alul AG/CT 7.07
Bfal C/TAG 5.35
BspKT6l GAT/C 5.41
BstUI CG/CG 7.61
Rsal GT/AC 5.51
CviAll C/ATG 9.20
CviRI TG/CA 8.02
Haelll GG/CC 8.79
Hhal GCG/C 5.48
Hpall C/CGG 9.14
HpyCH41V A/CGT 7.23
Mnll CCTC(N), 4.12
Msel T/TAA 7.19
Sth1321 CCCG 7.72
Tagql T/CGA 5.25
Tsp591 J/AATT 5.45
BssKI /CCNGG 10.26
Ddel C/TNAG 7.41
Fnud4HI GC/NGC 11.93
Hinf1 G/ANTC 5.47
Hpyl1881 TCN/GA 6.71
HpyCHA4III ACN/GT 4.76
Maelll /GTNAC 7.45
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M17 and M50 (accession nos. AY627859, AY 627860,
AY627861 and AY627862 with similarity of 95% or
above, respectively) were closely related to an uncul-
tured archaeon clone isolated from an arsenite-oxidizing
acidic thermal spring (accession no. AF325184). Clones
M4, M5 and M74 (accession nos. AY627856, AY627857
and AY627863 with similarity 96% or above, respec-
tively) were clustered within the unidentified archaeon
group (Figure 2).

Fluorescence in situ hybridization

The archaeal community was visualized in situ using
the specific fluorescently labelled probes ARCHOI15,
EUB338, EUKS516, SRB385, CYAN785, ALF968 and
BET42. Archaeal cells were visualized in the soil region
and the water region of the sampling site (Figure 3).
The DAPI-stained-cell count in the soil region had a
higher number of archaeal cell than the water region
ones, with the archaeal cells in soil cells 2.16 x 10* cell/
cm’, two orders of magnitude higher than cells in
water region (8.4 x 10° cell/cm?®) (Table 1). 15.7% of
DAPI-stained-cells hybridized with ARC915 and this
result suggested a low cellular rRNA content in this
site.

Sulfolobus solfataricus, X90478
Clone M70

Sulfolobus shibatae, M32504

1000

714

898
506

985

879

998

990

1000

1000
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Clone M74
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Discussion
TRE-RFLP

Although TRE-RFLP facilitates phylogenetic recon-
struction (Moyer et al. 1996), there is often found an
inability of RFLP to display the full extent of the
microbial diversity in the sequences of the target gene or
molecular marker. Accordingly, the careful selection of
restriction enzymes in RFLP is found to be essential for
more efficient and effective cutting and the differentia-
tion of digested fragments.

Phylogenetic analysis of archaeal 16S rRNA

The phylogenetic placement of clone M70 inferred by
neighbour-joining (Figure 2) was consistent with those
inferred by UPGMA and discrete method Parsimony,
but not by Maximum likelihood (data not shown).
However, phylogenetic analyses using both the distance
and discrete methods consistently placed clone M6
related to Caldisphaera lagunensis, a novel thermoacid-
ophilic crenarchaeote isolated from a hot spring in the
Philippines (Itoh et al. 2003), with high bootstrap
support (Figure 2). Several novel species of Sulfolobus

Sulfolobus islandicus strain C51, AY247901
Sulfolobus islandicus strain B6A, AY247897
Caldococcus noboribetus, D85038
Caldisphaera lagunensis, ABO87499
Clone M6
Vulcanisaeta distributa, AB063641
Thermodiscus maritimus, X99554
Aeropyrum pernix, D83259

Uncultured archaeon from
arsenite-oxidizing acidic vent, AF325184

Clone M7
Clone M8
Clone M17

669
Clone M50

Unidentified archaeon from deep sea hydrothermal
vent, AB019742

878 _|: Uncultured archaeon from sulfide structure, AF356635
1000

Uncultured archaeon from sulfide structure, AF356637

Clone M5

_100

Clone M4

Figure 2. Neighbour-joining phylogenetic tree from analysis 1.5 kb of 16S rRNA gene sequence of clones obtained from Macao area, Yangming
san National Park. Numbers at the node indicating the levels of bootstrap supports out of 1000 resampling. Scale bar represents 0.1 substitutions

per nucleotide position.
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Figure 3. Epifluorescence micrographs cells samples from Macao area of Northern Taiwan. Samples soil sediment and water were hybridized
with probe ARCHO915 (a, b) and EUB338 (c, d), respectively. DAPI-stained cells (e). Bar, 10 um.

discovered recently in North East Asian countries (Jan
et al. 1999; Suzuki et al. 2002; Xiang et al. 2003) have
suggested that the Sulfolobus genus is widely distributed
in this region, owing to the similar thermoacidophilic
environments investigated. Clones M7, M8, M17 and
M50 had phylogenetic affiliations with an uncultured
archaeon amplified from an arsenite-oxidizing acidic
thermal spring (accession no. AF325184) (Jackson et al.
2001), and the phylogenetic placement is consistent with
the result inferred by UPGMA, Parsimony and ML
method. Another clone cluster M4, M5, M74 was
grouped to an uncultured archaeon isolated from
sulphide structure (accession no. AF356635) and an
unidentified archaeon isolated from a deep-sea hydro-
thermal vent (accession no. AB019742) (Takai & Hor-
ikoshi 1999). The findings presented here were primarily
crenarchaeal sequences, as indicated by Barns et al.
(1994) that Crenarchaea have been reported from
environmental samples including marine systems and
hot springs. The archaeal community in Macao is
relatively low, as this sampling site has encountered

serious ecological invasions and disturbances due to the
exploitation of the thermal vent water by local people
for commercial use.

Archaea have been found mostly in anaerobic high-
temperature volcanic vents on the ocean floor, conti-
nental hot springs, other volcanic environments and
highly salty or acidic ponds. As Taiwan is located at the
intersection of the Philippine and Pacific plate tectonics,
certain geothermal events and the archaeal community
are similar to those of Japan, China and the Philippines.
In this study, those unidentified and uncultured archacal
clones have potential to be investigated further, not
merely to note their numerical abundance, but also to
examine exploitation of their uses in the biotechnolog-
ical and industrial fields.

FISH detection
Total DAPI-stained cells in this study (Table 1) were

one order of magnitude lower than that of marine
sediment (Llobet-Brossa et al. 1998). The detection
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yields of FISH by the labelled probes used here were
considerably lower than those obtained from activated
sludge (Snaidr et al. 1997), soil (Zarda et al. 1997) and
marine water (Delong ef al. 1999). The DAPI count
obtained from 15-cm below the soil region was higher
than that of the water region ones. Up to 15.7% of the
DAPI-stained cells hybridized with ARC915 (Table 1).
Additionally, the bacterial community (probe EUB338)
was found to be low, with only 3.12% of cells being
hybridized, whereas 7.16% of cells were hybridized with
sulphate-reducing bacteria (probe SRB385) and proteo-
bacteria comprised merely 1.64% in the community.
The low cellular rRNA content in Macao is strongly
influenced by human activities. The depth of sampling
significantly influences the result of FISH due to the
microbial distribution differing over the vertical profile
of the soil. According to Llobet-Brossa et al. (1998),
mud samples obtained from the uppermost layer (0.5 cm
underground) have the highest fraction of detectable
microbial community. Compared to those sampling
depths of between 1 cm (Bintrim ef al. 1997) and
2-10 cm (Barns et al. 1994), this study conducted
sampling at a depth of 15 cm depth to avoid the human
disturbance factor to our microbial community caused
by water pipeline construction by local people. Overall
detection of the archaeal community in Macao should
be in direct relationship with environmental distur-
bance, so a long-term monitoring process of environ-
mental and microbial community shifting needs to be
carried out for this study site.

Future investigations will combine the use of a larger set
of specific probes, and also other molecular techniques like
DGGE to provide a clearer understanding of the structure
and diversity of the archaeal communities in this area.
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