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Previous results from a 16S rRNA gene library analysis showed high diversity within the prokaryotic
community of a subterranean radioactive thermal spring, the “Franz-Josef-Quelle” (FJQ) in Bad Gastein,
Austria, as well as evidence for ammonia oxidation by crenarchaeota. This study reports further character-
ization of the community by denaturing gradient gel electrophoresis (DGGE) analysis, fluorescence in situ
hybridization (FISH), and semiquantitative nitrification measurements. DGGE bands from three types of
samples (filtered water, biofilms on glass slides, and naturally grown biofilms), including samples collected at
two distinct times (January 2005 and July 2006), were analyzed. The archaeal community consisted mainly of
Crenarchaeota of the soil-subsurface-freshwater group (group 1.1b) and showed a higher diversity than in the
previous 16S rRNA gene library analysis, as was also found for crenarchaeal amoA genes. No bacterial amoA
genes were detected. FISH analysis of biofilms indicated the presence of archaeal cells with an abundance of
5.3% (*=4.5%) in the total 4’,6-diamidino-2-phenylindole (DAPI)-stained community. Microcosm experiments
of several weeks in duration showed a decline of ammonium that correlated with an increase of nitrite, the
presence of crenarchaeal amoA genes, and the absence of bacterial amoA genes. The data suggested that only
ammonia-oxidizing archaea (AOA) perform the first step of nitrification in this 45°C environment. The
crenarchaeal amoA gene sequences grouped within a novel cluster of amoA sequences from the database,
originating from geothermally influenced environments, for which we propose the designation “thermal

spring” cluster and which may be older than most AOA from soils on earth.

The exploration of subsurface environments is a topic of
increasing interest in microbiology, because the highest num-
bers and diversity of microorganisms are found within subter-
ranean and submarine environments as well as in the oceans
(51). The total estimated number of prokaryotes in our world
is 4 X 10°° to 6 X 10°° cells, wherein the oceans, soils, and
oceanic and terrestrial subsurfaces contain 1.2 X 10%°, 2.6 X
10%°, 3.5 X 10°°, and 0.25 X 10° to 2.5 X 10°° cells, respec-
tively (51). In general, caves are considered to be extreme
environments for life and are often resource limited due to the
absence of light, which precludes primary production of or-
ganic material by phototrophs. On the other hand, such envi-
ronments provide a variety of redox interfaces, allowing pri-
mary growth of chemolithoautotrophic microorganisms (37).
The exploration of several subsurface environments, including
diverse microbial mats in caves (12, 20, 31, 33), geothermal
waters of gold mines or aquifers (18, 24, 47), the Movile cave
in Romania (21), and several other cave systems (36, 54), has
recently been reported. Many of the dominating groups in
these environments belong to the Proteobacteria (e.g., mem-
bers of Thiobacillus spp. [18, 31]), Bacteroidetes, Acidobacteria,
Nitrospirae, and mesophilic Crenarchaeota.

Bad Gastein, a village in the national park Hohe Tauern in
the Alps near Salzburg, Austria, and its subsurface radioactive
thermal mineral springs provide access to such subsurface
realms. The thermal mineral springs in Bad Gastein consist of
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a cluster of 17 major springs with temperatures up to 47°C,
which provide about 4 to 5 million liters of thermal mineral
water per day (8, 50). One of the major springs is called
“Franz-Josef-Quelle” (FJQ). It consists of a total of 27 single
water discharges, issuing directly from rock fissures and deliv-
ering 295 m> water per day. Its average temperature is 45.6°C,
and the pH is about 8.0. The microbial community of FJQ was
described recently (50). The presence of ammonia-oxidizing
Crenarchaeota was shown by the detection of the crenarchaeal
amoA gene (50), which encodes the alpha subunit of ammonia
monooxygenase, the key enzyme for ammonia oxidation (16,
42, 49). The spring FJQ is thought to represent a quite stable
habitat, with nearly no seasonal influences, such as intermix-
ture with cold groundwater or surface water, and no sunlight,
as well as stable chemical factors (8).

In this study, denaturing gradient gel electrophoresis (DGGE)
and fluorescence in situ hybridization (FISH) analyses were
applied to obtain additional information on the taxonomic
affiliation of crenarchaeal community members of the subsur-
face spring. Analysis of DGGE bands from three different
types of samples and from two sampling time points (January
2005 and July 2006) was carried out. The DGGE approach was
also used to obtain additional information on ammonia-oxidiz-
ing microorganisms by searching for bacterial and crenar-
chaeal amoA genes, since the importance of ammonia-oxidiz-
ing archaea (AOA) in the global nitrogen cycle is increasingly
being recognized (29, 52). Until now, crenarchaeal amoA
genes have been discovered mainly in various soils (23, 29),
wastewaters (40), and marine ecosystems and also in the
oceans (3, 7, 14, 15, 26, 27, 52), a few geothermally heated
environments (like the spring FJQ) (50), a geothermal mine
adit (45), and, most recently, in several hot springs (10, 17, 41).
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TABLE 1. DGGE primers and PCR cycling programs used in this work

Primer (reference) Sequence (5'-3")

Target Cycling conditions (source or reference)

amoA189F” (19) GGNGACTGGGACTTCTGG
amoA682R (19) GAASGCNGAGAAGAASGC
ARCHamoAf* (52)° CNGAYTGGGCHTGGACATC
ARCHamoAr (52)° TTCYKYYTGTHGCCCAGTA
PARCH340f" (39) CCCTACGGGGYGCASCAG
PARCHS519r (39) TTACCGCGGCYGCTG

Bacterial amoA gene
Bacterial amoA gene

Crenarchaeal amoA gene
Crenarchaeal amoA gene

Archaeal V3 region
Archaeal V3 region

94°C for 5 min; followed by 35 cycles at 95°C
for 30 s, 55°C or 60°C? for 1 min, and
72°C for 45 s; followed by 72°C for 10 min
(this work)

94°C for 5 min; followed by 35 cycles at 95°C
for 30 s, 55°C or 60°C for 1 min, and
72°C for 45 s; followed by 72°C for 10 min
(this work)

95°C for 5 min; followed by 5 cycles at 94°C
for 30 s, 55°C for 1 min, and 72°C for 1
min; followed by 30 cycles at 92°C for 30 s,
55°C for 1 min, and 72°C for 1 min; and
finally 72°C for 10 min (35)

“ A GC clamp (34) was attached at the 5’ end: TCG CCC GCC GCG CGC GGC GGG CGG GCC GGG GGC ACG GGG GG.
® A GC clamp (25) was attached at the 5’ end: CCG CCG CGC GGC GGG CGG GGC GGG GGC ACG GGG GG.
¢ Primers for the crenarchaeal amoA gene were modified to more-universal primers to match clone sequences of the crenarchaeal group 1.1b obtained by Weidler

et al. (50).

4 The annealing temperature for crenarchaeal amoA genes was 55°C and that for bacterial amoA genes was 60°C.

MATERIALS AND METHODS

Sampling and DNA extraction. Samples were taken from the subsurface water
discharges numbered 21, 23, and 24 of the spring FJQ, which are accessible
through a tunnel, as described previously (50). All samples were collected under
aseptic conditions by using sterile equipment. For chemical analysis (see below),
untreated samples, which were taken every few months, were used. Samples for
microbiological analyses were collected in January 2005 and in July 2006. Glass
slides (75 by 25 by 1 mm) were mounted into a metal rack, which held 10 slides,
and were placed into the spring for 14 days. Naturally grown biofilms were
removed using sterile spatulas. Slides and biofilm samples were placed after
collection into sterile 50-ml reaction tubes. Water samples were collected in
10-liter bottles. In the laboratory, water samples were filtered through a 0.22-
pm-pore-size filter and designated F (filtered water). Naturally grown biofilm
was designated BF, and biofilm obtained on glass slides was designated OT. The
letter -W or -S (for winter or summer, respectively) was added to the sample
designations.

Filters as well as biofilm samples and glass slides with biofilms were stored at
—70°C until further use. DNA was extracted by procedures recently described
(50).

Chemical analysis. Chemical analyses of the spring water were performed by
a commercial laboratory (Hydrologische Untersuchungsstelle Salzburg, Austria).
The thermal mineral water had the following characteristics (standard deviation
from three determinations is given in parentheses): average pH of 7.88 (0.04);
cations Na™, 78.33 (3.21) mg/liter; Ca**, 21.2 (1.37) mg/liter; K™, 3.97 (0.21)
mg/liter; Mg?*, 0.51 (0.03) mg/liter; and NH,*, <0.02 mg/liter; anions SO,>~,
131 (1.00) mg/liter; HCO; ™, 61.63 (2.36) mg/liter; CI~, 26.00 (1.00) mg/liter,
NO;~, <0.5 mg/liter; PO,*~, <0.01 mg/liter; and NO,~, <0.003 mg/liter. Ad-
ditionally, an analysis of trace elements by inductively coupled plasma optical
emission spectrometry resulted in the detection of 0.187 mg/liter Ba, 0.4 mg/liter
Li, 0.002 mg/liter Mn, 0.025 mg/liter Mo, 0.008 mg/liter Ni, 0.63 mg/liter Sr, 0.043
mg/liter W, and 0.059 mg/liter Zn. The latter analysis was performed by Biihler
AG Laboratories, Uzwil, Switzerland.

PCR, DGGE analysis, clone library construction, and grouping of sequences.
Archaeal 16S rRNA genes were amplified with primer pairs A20F (32) and
A958R (11) for archaea (PCR conditions were 95°C for 5 min; 35 cycles at 94°C
for 30 s, 55°C for 1 min, and 72°C for 1 min; and a final extension step at 72°C
for 10 min) and CTO189f and CTO654r (25) for the B-subdivision of ammonia-
oxidizing bacteria (AOB) (PCR conditions were 95°C for 5 min; 30 cycles at 94°C
for 30 s, 58°C for 30 s, and 72°C for 20 s; and a final extension step at 72°C for
10 min). Amplification of crenarchaeal and bacterial amoA genes was performed
with primer pairs amoA19F (29) and amoA643R (49) for crenarchaeal genes and
amoA189F and amoA682R (19) as well as the specific primers amoA-1F and
amoA-2R (42) for betaproteobacterial genes (PCR conditions were 94°C for 5
min; followed by 35 cycles at 95°C for 30 s, 55°C [for archaeal amoA genes] or
60°C [for bacterial amoA genes] for 1 min, and 72°C for 1 min; and a final
extension step at 72°C for 10 min). For the optimization of PCRs specific for

AOB as well as for positive controls, the DNA of Nitrosomonas europaea (a gift
of G. Nicol, University of Aberdeen, United Kingdom) was used.

PCRs for DGGE analyses were performed using a nested approach with the
primer pairs and PCR programs listed in Table 1. All PCRs were performed
using 1.25 U GoTaq polymerase (Promega, Madison, WI). PCR mixtures for
DGGE analyses additionally contained 25 mM MgCl, for a final Mg?* concen-
tration of 3 mM and 50 ng template DNA of the first PCR product.

DGGE analysis was performed with a DCodeMutation detection system (Bio-
Rad, Hercules, CA) at 60°C and 200 V for 3 h, as described previously (29).
Polyacrylamide gels (8%, wt/vol, for 16S rRNA genes and crenarchaeal amoA
genes or 6%, wt/vol, for bacterial amoA genes) included a denaturant gradient
ranging from 15 to 55% (with 100% denaturant corresponding to 7 M urea and
40% formamide) for archaeal 16S rRNA genes and amoA gene products. About
1 ng of each DGGE PCR product was loaded on the DGGE gel. After electro-
phoresis, the gels were soaked for 30 min in 1X TAE (40 mM Tris, 20 mM acetic
acid, 1 mM EDTA buffer) containing ethidium bromide (1 pg/ml), rinsed for 30
min in 1X TAE, and photographed. All DGGE PCRs and DGGE gel analyses
were done in triplicate. Replicate DGGE gels showed identical fingerprint pat-
terns.

DGGE bands were excised from the gels, and the polyacrylamide slices were
used directly as templates to reamplify DGGE bands with primers without a GC
clamp. Subsequently, PCR products were cloned into a pGEM-T vector II system
(Promega) as recommended by the manufacturer and at least five clones of each
band were sequenced. 16S rRNA gene sequences were compared with the
program Similarity Matrix, version 1.1 (28), available through RDP II, release
8.1, and by a distance matrix generated with the program ClustalX (48), whereas
amoA gene sequences were compared only to each other by a distance matrix
generated with the ClustalX software. All gene sequences which were =99%
identical were defined as one operational taxonomic unit (OTU). In the case of
archaeal amoA genes, sequences which were =95% identical, as suggested by
Spear et al. (45), were grouped into OTU groups (designated OTUG#AOA).

Sequencing and phylogenetic analysis. Sequencing and phylogenetic analysis
were performed as recently described by Weidler et al. (50).

FISH and quantitative cell counts. FISH analysis of biofilms and of glass
slides, which had been placed into the spring water for 2 weeks, was performed
according to a protocol described previously (1, 6) by using the Cy3-labeled
universal probes EUB338 (5'-GCT GCC TCC CGT AGG AGT) (2) and
ARCHY15 (5'-GTS CTC CCC CGC CAA TTC CT) (46). Cells in biofilms and
on glass slides were fixed with 3 volumes of 4% paraformaldehyde (Sigma) for
2 h at room temperature. Prior to fixation, glass slides were placed into 1 volume
of filtered and autoclaved spring water mixed with 3 volumes of 4% paraformal-
dehyde in a 50-ml reaction tube, while biofilm samples were centrifuged at 6,000 X
g for 3 min at 4°C, washed with 1X phosphate-buffered saline (PBS), and
centrifuged again. Following fixation, glass slides were washed in 1X PBS and
subsequently stored in a 50:50 mixture of 100% ethanol and 1X PBS. The pellets
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FIG. 1. DGGE profiles of the spring FJQ. (a) Archaeal 16S rRNA
gene fragments and (b) amoA genes of AOA. F-W, filtered water,
winter; F-S, filtered water, summer; OT-W, biofilm on glass slides,
winter; OT-S, biofilm on glass slides, summer; BF-W, naturally grown
biofilm, winter; BF-S, naturally grown biofilm, summer. Numbered
open ovals indicate excised and successfully sequenced DGGE bands.

of the biofilms were resuspended in 1X PBS, and 1 volume of 100% ethanol was
added. Samples were stored at —20°C.

A 10-pl volume of hybridization buffer (0.9 M NaCl, 20 mM Tris-Cl at pH 7.2,
35% formamide for ARCH915 or 25% for EUB338, 0.02% sodium dodecyl
sulfate) was spotted in each well of the microscopic slide, and 50 ng of each probe
was added. Slides were incubated for 2 h at 46°C in a hybridization chamber of
an Eppendorf Comfort thermomixer (Hamburg, Germany). After hybridization,
the slides were placed into the washing buffer (20 mM Tris-Cl at pH 7.2, 70 mM
NaCl, 5 mM EDTA at pH 8.0, 0.01% sodium dodecyl sulfate) containing 20 .l
of an aqueous 4’,6-diamidino-2-phenylindole (DAPI) solution (1 mg/ml; Sigma)
at 48°C for 20 min. After being washed, the slides were rinsed with distilled H,O
and quickly dried. As positive controls for FISH, cells of Escherichia coli K-12
and Acidianus brierleyi DSM 16517 were used. Quantitative determination of
cells was performed manually by counting DAPI-stained cells and ARCH915-
labeled cells. A total of approximately 6,000 DAPI-stained particles were
evaluated.

Fluorescence microscopy. Microscopy of the hybridized cells was performed
using a Leica fluorescence microscope type DM5000B with a mercury lamp
(Hgl00W; Leica Microsystems, Wetzlar, Germany) and a digital camera type
DFC300FX (Leica Microsystems) combined with Leica image manager IDMS50
software, version V5.0 R190.

APPL. ENVIRON. MICROBIOL.

Microcosm experiments and control PCRs. Twenty-five liters of thermal min-
eral water was filtered through a 0.22-pum-pore-size filter (Millipore Corporation,
Billerica, MA). The filter was used for the inoculum by placement into 2.5 liters
of filtered spring water which was supplemented with components (final concen-
trations) similar to those described by Simon et al. (44): 2.5 mM (NH,),SO,, 5
mM Na,HPO,, 5 mM KH,PO,, 2 mM KCl, 1% vitamin solution (9), and 1%
trace element solution (43). The batch culture was incubated at 40°C in the dark
for at least 38 days. Nitrite and nitrate concentrations were measured three times
a week and ammonia was measured once a week by using Merckoquant semi-
quantitative test strips (Merck, Darmstadt, Germany). The pH was adjusted to
7.5 to 7.7 with 2 N NaOH every second day. A control experiment consisted of
medium of the same composition but lacking the inoculum. The presence of
archaeal and AOB 16S rRNA and amoA genes in the microcosm was examined
after 5 weeks of incubation, with PCRs performed under the same conditions as
described above.

Nucleotide sequence accession numbers. All archaeal small-subunit-rRNA
gene sequences as well as the amoA and pmoA gene sequences were deposited
in the EMBL/EBI nucleotide sequence database under the following acces-
sion numbers: AM749084 to AM749094 for partial 16S rRNA gene se-
quences, AM749095 to AM749112 for crenarchaeal amoA gene sequences,
and AM749113 to AM749117 for bacterial pmoA gene sequences.

RESULTS AND DISCUSSION

DGGE analysis of the prokaryotic community. Figure la
shows the DGGE profiles of the 16S rRNA gene fragments of
the archaeal community from the three sample types (filtered
spring water, naturally grown biofilms, and biofilms deposited
on glass slides), including the two sampling time points January
2005 and July 2006. Figure 1b shows the DGGE gel of the
archaeal amoA gene fragments in the same order of samples as
for the 16S rRNA genes. All visible bands were excised from
the DGGE gels for subsequent analysis of archaeal 16S rRNA
and amoA genes. Community DGGE fingerprints of the 16S
rRNA gene fragments and subsequent analysis of 10 bands
(Fig. 1a) resulted in seven archaeal OTUs with a sequence
length of 151 bp; these were designated FIQ-OTU#A (Table
2). Analysis of the amoA gene DGGE bands (Fig. 1b) was
performed with seven bands for AOA. A similar DGGE gel
obtained with AOB amoA-specific primers contained 16 bands,
9 of which were analyzed. None of them yielded any bacterial
amoA gene sequence (not shown; see below). These results
corroborated the earlier finding of the lack of beta- and gam-
maproteobacterial amoA genes (50).

As reported previously, the archaeal clone library was dom-
inated by clones of the crenarchaeal group 1.1b (50). The seven
archaeal OTUs found here also belonged to the crenarchaeal
cluster 1.1b, which contains sequences recovered from soil,

TABLE 2. Most similar database sequences of crenarchaeal 16S rRNA genes recovered from the subsurface spring FJQ by DGGE analysis

OTU (phylotype) Similarity (%) Nearest database sequence, origin (EMBL/EBI accession no.) DGGE band(s)
1A (a) 98.0 Unc.“ crenarchaeon clone FJQBAA3, subsurface spring (AM039532) 1A, 3A, 4A, 6A
1A (b) 98.0 Unc. soil archaeon clone S223, agricultural soil (AY037656) TA, 9A
2A (a) 96.7 Unec. crenarchaeon clone FIQBAAS, subsurface spring (AM039530) 2A
2A (b) 97.4 Unc. crenarchaeon clone FIQFA2, subsurface spring (AM039531) 1A, 8A, 10A
3A 98.7 Unec. crenarchaeon clone FIQFA2, subsurface spring (AM039531) 2A, 9A
4A 98.0 Unc. crenarchaeon clone FIQFA2, subsurface spring (AM039531) 4A, SA
SA (a) 98.0 Unec. crenarchaeon clone FIQFA13, subsurface spring (AM039534) TA
SA (b) 98.0 Unc. soil archaeon clone S223, agricultural soil (AY037656) SA, 7TA
6A (a) 97.4 Unc. soil archaeon clone S223, agricultural soil (AY037656) 8A
6A (b) 96.7 Unc. soil archaeon clone S223, agricultural soil (AY037656) 9A
TA 98.0 Unec. crenarchaeon clone FIQBAAS, subsurface spring (AM039530) 3A

“ Unc., uncultured.
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FIG. 2. Archaeal phylogenetic tree based on 16S rRNA gene sequences of the Crenarchaeota (groups 1.1b and 1.3b), including various
sequences obtained from the DGGE gels of the spring FJQ. The tree was inferred by a neighbor-joining analysis. The scale bar represents a 10%
nucleotide sequence difference. “Cultivated” Crenarchaeota constitute the outgroup, and strains depicted in uppercase letters represent cultivated
species. Accession numbers are from the EMBL/EBI database. Symbols on the branches indicate bootstrap confidence values, as follows: @, >90%;

O, >75%.

freshwater, and subsurface environments. Moderately thermo-
philic Crenarchaeota seemed to be a stable and dominating
component in the archaeal/microbial community of the sub-
surface spring, due to the invariable appearance of DGGE
bands of archaeal 16S rRNA and amoA genes among the
different samples. This notion was confirmed by the very sim-
ilar patterns in the DGGE analysis (Fig. 1a) when a compar-
ison between the two time points, January 2005 and July 2006,
was carried out.

Archaea of the subsurface thermal spring. More than 99%
of archaeal clones from a 16S rRNA gene analysis were shown
recently to belong to two OTUs that represented the crenar-
chaeal cluster 1.1b (50). Several OTUs (Table 2) represented
sequences that were closely related to clones of OTU FJIQGA?2
(50), which had the nearest database match to a sequence from
uranium mill tailings (clone Gitt-GR-39) (Fig. 2) (50), whereas
five OTUs grouped together with OTU FIQGAL1 (50), whose
nearest database match was isolated from a South African gold
mine (clone SAGMA-2) (Fig. 2) (47). All analyzed DGGE
bands contained sequences of the crenarchaeal group 1.1b
(soil-freshwater-subsurface group) (Fig. 2). Members of other
crenarchaeal groups or of euryarchaeal origin were not de-

tected in this work. All nearest database sequences represented
uncultured Crenarchaeota from the spring FJQ (similarities of
96% to 98%), except one sequence, which was obtained from
agricultural soil (similarities of 96% to 99%) (Table 2). Addition-
ally, results of the DGGE approach showed that the diversity
within the 1.1b group was larger, as previously shown by the 16S
rRNA library approach (50), since a higher number of OTUs was
obtained (seven versus two OTUs).

Chemical analysis for crenarchaeal amoA and bacterial
pmoA genes. Bock and Wagner (4) pointed out that ammonia
or ammonium is the most frequently found form of nitrogen
compounds in the biosphere. In contrast, nitrite is usually
found in trace amounts in aerobic habitats. Under oxic con-
ditions and in the presence of nitrifiers, ammonia and nitrite
are converted to nitrate. Chemical analysis of the FJQ
spring agreed with these notions, since the concentration of
ammonium/ammonia was low (<0.001 mM), which could
indicate microbial oxidation of released organic nitrogen
compounds, and the nitrite concentration in the spring was
very low (<0.065 wM). Thus, the oxidation to nitrate by nitri-
fying organisms (e.g., Nitrospira spp., which were found in FJQ
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DQ085098 candidatus Ni7rosorumiLus marRITMUS
OTUG4-AOA (AM749106; DGGE-band 1X)
OTUG3-AOA (AM749107; DGGE-band 4X)
EF032878 clone Nevada_EV_32 (hot spring)
OTUG1-AOA (AM749095-104; DGGE-band 1X-7X)
AM233905 FJQ clone F2 (subsurface spring)
DQ672662 clone C06 (geothermal site)
DQ672675 clone D09 (geothermal site)
EU414222 clone Ice23F (hot spring)
AM260487 FJQ clone B2 (subsurface spring)
EU414207 clone Ice7B (hot spring)
EU414217 clone Ice15C (hot spring)
OTUG2-AOA (AM749105; DGGE-band 4X)
AM260489 FJQ clone OT2 (subsurface spring)
EF032877 clone Nevada_SV_40 (hot spring)
EU239974 clone MamSp.E03 (hot spring)
EU239973 clone MamSp.D02 (hot spring)

thermal spring

marine/sediment

thermal spring

FIG. 3. Phylogenetic tree of amoA genes obtained from the DGGE fingerprinting analysis of the thermal spring FJQ and closely related
crenarchaeal genes from the database. The tree was inferred by a neighbor-joining analysis. The scale bar represents a 10% nucleotide sequence
difference. The amoA gene of Nitrosospira briensis was used as the outgroup. The designation of origin as soil/sediment or water column/sediment
was suggested by Francis et al. (14), and the new designation of the “thermal spring” cluster is proposed in this work. Accession numbers are from
the EMBL/EBI database. Symbols on the branches indicate bootstrap confidence values, as follows: @, >90%; O, >75%.

[50]) might explain the higher nitrate concentration in the
spring water (<0.008 mM).

The visible bands of crenarchaeal amoA genes which were
recovered from the DGGE gel (Fig. 1b) were 256 bp long. The
grouping of crenarchaeal amoA gene sequences resulted in
16 phylotypes (designated OTU#AQOA), which were further
grouped into seven OTUs with a cutoff of 5% sequence simi-
larity (designated OTUG#AOA) (45). Fourteen phylotypes
had similarities to the amoA gene sequences obtained from
recently performed experiments ranging from 94% to 100%
(50). Two phylotypes exhibited only 84% and 68% similarity to
clone F2 (EMBL/EBI accession number AM233905) recov-
ered from the subsurface spring FJQ (50). Five OTUs of the
analysis described here grouped together in the phylogenetic
tree with sequences of amoA genes from the soil/sediment/
thermal spring cluster (Fig. 3). These OTUs were similar to

clone F5 of the spring FJQ (50) (91% to 94% similarity) and to
a terrestrial clone from Australia (clone 2, EMBL/EBI acces-
sion number DQ304863), as well as to clones recovered from
hot springs from Kamchatka, Iceland (41), and Yellowstone
National Park (10). All other OTUs also grouped with se-
quences of geothermally influenced sites (hot springs and a
geothermal mine adit) (10, 41, 45) (Fig. 3). Therefore, we
propose to designate this cluster of amoA gene sequences the
“thermal spring” cluster (Fig. 3). An affiliation of the amoA
genes to moderately thermal environments, including subsur-
face caves or springs, was also recently discussed in a review by
Francis et al. (13).

Comparison of the AMO peptide sequences showed high
similarities (between 98% and 100%) to clones recovered from
the spring FJQ (clones F2, OT2, and F5 [50]), whereas phylo-
types FIQ-OTU3AOA (AM749098) and OTU9AOA (AM
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FIG. 4. FISH analysis of naturally grown biofilms and glass slides, which were placed into the spring water for 2 weeks. Panels Al to 3 show
DAPI-stained naturally grown biofilms, and panels B1 to 3 show the same sections in the microscope labeled with probe EUB338 to show the high
morphological diversity within the bacterial spring community. Panel C2 shows a DAPI-stained biofilm, and panels C1 and 3 show DAPI-stained
cells from a glass slide; panels D1 to 3 constitute their counterparts with ARCHO915-1abeled cells. Bar, 10 pm.

749104) were 100% similar to clones E06 (ABI21670) and A04
(ABI21625), respectively, from a geothermal mine adit (45).
All remaining phylotypes, FIQ-OTU12A0A (AM749107),
OTU13A0A (AM749108), OTU15aA0A (AM749111),
OTU15bAOA (AM749110), and OTU16AOA (AM749112),
had similarities of 98% to 100% to AMO sequences from a
sandy-ecosystem soil (29).

Putative bacterial amoA genes only could be amplified with the
primer pair amoA189F and amoA682R (42), which also ampli-
fied the very closely related pmoA genes. The use of the specific
primers amoA-1F and amoA-2R (42) did not yield any PCR
products. Additionally, the amplification of the 16S rRNA gene of
the B-subdivision of AOB with the specific primers CTO189f and

CTO654r (25) did not result in a PCR product. Gammapro-
teobacterial nitrifiers, e.g., Nitrosococcus spp., were not detected
in this study, although the primers used in this work would bind to
gammaproteobacterial amoA genes. No gammaproteobacteria
had been found in a recently performed 16S rRNA gene library
analysis (50). Bacterial DGGE sequence analysis of possible
amoA genes was performed with nine (from a total of 16 visible)
representative DGGE bands. None of the nine examined DGGE
bands contained bacterial amoA gene sequences, but three con-
tained sequences of pmoA genes, with a length of 531 bp, which
were successfully sequenced.

FISH analysis and cell counts. FISH analysis of naturally
grown biofilms and artificial biofilms on glass slides showed
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FIG. 5. Oxidation of ammonium and formation of nitrite and ni-
trate in a microcosm containing spring water enriched with vitamins
and trace elements. The inoculum consisted of the prokaryotic plank-
tonic community of the FJQ, which was concentrated by filtration.
Incubation was done in the dark at 40°C for a period of 38 days. @,
ammonium; W, nitrite; @, nitrate.

highly diverse morphologies within the bacterial community
(Fig. 4A and Bl to 3), which consisted of long rods (1.5 to 2 wm
in length) that formed chains (Fig. 4B2) or long thin filamen-
tous cells that formed networks (Fig. 4B3), as well as thick rods
or cocci (1 to 2 wm in diameter) (Fig. 4B1) and several other
morphologies like small rods or cocci. In contrast, the archaeal
cells always seemed to be very small rods (about 0.8 to 1.5 pm
in length), which sometimes looked like very small cocci, a
morphology which was also reported by Macalady et al. (30),
Hatzenpichler et al. (17), and de la Torre et al. (10). Archaea
were detected with the universal probe ARCH915 on glass
slides and in biofilms of the spring and showed similar mor-
phologies. The labeled cells probably constituted members of
the crenarchaeal group 1.1b, because of their dominance in the
16S rRNA gene library (>99.8% of about 300 clones [50]) and
their similarity to the recently enriched moderately thermo-
philic Crenarchaeota (17). Other archaeal probes, such as
CRENS512 (22), were tried but without success. A quantitative
measurement of the abundance of archaeal cells compared to
that of bacterial cells was obtained by counting DAPI-stained
cells and FISH-labeled cells. The archaeal cells constituted
about 5.3% (standard deviation of +4.5%) of the DAPI-
stained population on glass slides and the surrounding biofilms
of the spring FJQ.

Microcosm experiments. A microcosm consisting of 2.5 li-
ters of filtered spring water, which was supplemented with a
vitamin solution, trace elements, and 2.5 mM ammonium sul-
fate, was inoculated with the deposit of cells on a 0.22-pm
filter, following filtration of 25 liters of spring water. During
incubation at 40°C, the ammonium concentration de-
creased, while nitrite and nitrate concentrations concomi-
tantly increased (Fig. 5); starting from 4.22 mM ammonium
and finishing (day 37) with about 0.4 mM NO, ", 2.1 mM
NO;~, and residual 0.8 mM NH," (sum of 3.3 mM), the
conversion was almost stoichiometric. No conversion of am-
monium was observed with uninoculated controls. This sug-
gested the occurrence of autotrophic nitrification in the micro-
cosm. The formation of nitrate may be due to the presence of
Nitrospira sp. in the spring (50). An estimation of the activity
yielded about 5.4 fmol converted ammonium per cell per day
(assuming a density of approximately 2 X 107 cells/ml) (F.
Gerbl, unpublished results), which compares well with about 4

APPL. ENVIRON. MICROBIOL.

fmol of NH; per cell per day for “Candidatus Nitrosopumilus
maritimus” at 28°C (26) (calculation by Wuchter et al. [52]).

The microcosm fluid was tested for the presence of archaeal
16S rRNA and amoA genes and also for betaproteobacterial
amoA and 16S rRNA genes with the primers mentioned above
following 5 weeks of incubation. The microcosm samples were
positive for the archaeal 16S rRNA and amoA genes, but
amplification of their betaproteobacterial counterparts did not
yield any PCR products, while procedural controls with Nitro-
somonas europaea DNA showed the expected PCR products
for both genes. The data presented here suggested the absence
of AOB and the presence of AOA, while ammonium was
converted to nitrite; therefore, we argue that the first step of
nitrification in the spring FJQ is probably carried out only by
AOA. The lack of AOB, which was deduced previously from
the 16S rRNA gene library analysis (50) and corroborated in
this work, as well as the absence of bacterial amoA genes
supports this notion.

Conclusions. Prokaryotic ammonia oxidation had long been
thought to be performed only by chemolithoautotrophic bac-
teria, but increasing evidence for the involvement of perhaps
vast numbers of archaea in this process has been obtained (17,
26, 27, 29, 52). Our previous study (50) suggested strongly the
occurrence of crenarchaeal ammonium oxidation at elevated
temperatures (46°C); this notion has been corroborated and
demonstrated recently with an enrichment culture from a Si-
berian hot spring (17) and two further hot spring environments
(10, 41). While several lines of evidence support the finding of
crenarchaeal ammonium oxidation, as shown here for alpine
thermal springs, it should be noted that general difficulties with
cultivation of both AOB and AOA and the lack of detailed
knowledge of the influence of environmental parameters on
community structure or niche differentiation underscore the
need for broad explorations in this rapidly growing field and
the necessity of applying numerous techniques, e.g., quantita-
tive PCR, stable isotope probing, etc.

Nitrification apparently takes place at higher temperatures
than thought before, for example, at 45 to 47°C in the spring
FJQ (reference 50 and this work) or the Siberian Garga spring
(17), as well as hot springs in Iceland and Kamchatka (tem-
peratures from 38 to 97°C) (41) or Yellowstone National Park
(temperatures up to 74°C) (10), and at 50°C in a geothermal
mine adit (45) as well as probably in Nevada hot springs
(EF032878 and EF032877) (Fig. 3). Therefore, we suggest
moving the new cluster of amoA genes from the “marine/
sediment” cluster to a new one named the “thermal spring”
cluster (Fig. 3).

The question of a potential thermophilic origin of ammonia
oxidation is of interest (17). Most of the soil on the earth’s
surface, except some paleosoils, is from the Pleistocene Age
(1.8 million to about 11,000 years ago) or younger (5). The
folding of the Alps started about 250 million years ago upon
the breakup of Pangaea (38), and geothermal environments,
including hot springs, were formed. It can be speculated that
the massive outflow of warm spring waters from deep subsur-
face locations contained large numbers of thermophiles, which
adapted gradually to cooler temperatures in soils. This sce-
nario would be consistent with a thermophilic origin of ammo-
nia oxidation (17, 41). However, whether a thermophilic an-
cestry of the processes for biogeochemical nitrogen cycling can



VoL. 74, 2008 ANALYSIS OF AOA AND AOB IN A SUBSURFACE THERMAL SPRING 5941

be traced before the tectonic activities 250 million years ago is
much less certain now than it seemed in recent years, since
many arguments which do not support the notion of thermo-
philic ancestral cell lines have accumulated (compiled, e.g., in
reference 53).
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