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Abstract Freshwater aquifers in granitic rocks are wide-
spread microbial habitats in the terrestrial subsurface.
Microbial populations in deep granitic groundwater from
two recently drilled (1 and 2 years) and two old boreholes
(14 and 25 years) were compared. The 16S rRNA gene
sequences related to “Candidatus Magnetobacterium bavar-
icum”, Thermodesulfovibrio spp. of Nitrospirae (90.5–
93.1 % similarity) and a novel candidate division with
<90 % similarity to known cultivated species were dominant
in all boreholes. Most of the environmental clones closely
related to the novel lineages in Nitrospirae, which have been
detected exclusively in deep groundwater samples. In con-
trast, betaproteobacterial sequences related to the family
Rhodocyclaceae were obtained only from the recently
drilled boreholes, which had higher total cell numbers.
Catalyzed reporter deposition-fluorescence in situ hybridization

(CARD-FISH) analysis supported the result from clone library
analysis; betaproteobacterial cells were dominantly detected in
recently drilled boreholes. These results suggest that while
indigenous microbial populations represented by the novel
phylotypes persisted in the boreholes for 25 years, betaproteo-
bacterial species disappeared after 2 years owing to the change
of substrate availability.

Introduction

Granite is one of the major rock types and widely distributed
in the terrestrial upper crust [35]. Based on an average
continental geothermal gradient of 19 °C/km, a mean sur-
face temperature of 15 °C [37], and an upper growth limit
for life of 122 °C, the biosphere harbored in granite poten-
tially extends downward to ∼6 km [40]. Although microbi-
ological studies of deep granitic aquifers associated with
residual seawater [11–13, 31, 34] and mineral ore deposits
[26, 27, 36] have been conducted, the majority of granitic
aquifers simply represented by the percolation of recharged
meteoric water through granitic rocks remain unexplored
[3, 17].

Although it is important to determine the biomass and
community structure of subsurface microorganisms that
thrive in granitic aquifers, their habitats within fracture net-
works are vulnerable to the intrusion of drilling fluid [5, 30,
33]. Indeed, it is likely that microbial contaminants thrive in
boreholes by utilizing compounds artificially introduced
during drilling [5]. Therefore, long-term monitoring of pop-
ulation dynamics after drilling is necessary to distinguish
microbial populations that depend on nutrient fluxes origi-
nally available in the deep aquifer. It is therefore critical to
examine the levels of electron donors and acceptors intro-
duced during drilling and hydrogeochemically supplied for
the activities of subsurface microorganisms [2, 12, 30].
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The Grimsel Test Site (GTS), which is an underground
laboratory of the Swiss National Cooperative for the
Disposal of Radioactive Waste (NAGRA), has been in op-
eration since 1984 [1, 21]. The GTS lies at a depth of
approximately 400–500 m within the Aare Massif granitic
rocks. For microbiological investigations, four horizontal
boreholes drilled between 1985 and 2009 were available.
This unique opportunity enables us to collect different
groundwater samples as a function of time after drilling
during one sampling campaign rather than multiple sam-
pling over a long period of time. The main objective of this
study is to evaluate whether boreholes that span a wide
range of drilling age are useful to distinguish microbial
populations stably colonizing under borehole conditions
from those flourished by drilling-induced disturbance. It is
expected that the former might represent the deep life wide-
ly distributed in the terrestrial subsurface. For this objective,
we coupled molecular phylogenetic analyses of microbial
populations based on 16S rRNA gene sequence to geochem-
ical analyses of groundwater mainly for biologically pro-
duced or consumed substrates.

Materials and Methods

The Grimsel Test Site (GTS)

The underground laboratory at the GTS extends about 1 km
horizontally in a north–south direction. The northern and
southern parts of the laboratory lie about 400 and 500 m
below the ground surface, respectively (Fig. 1). The surface
vegetation is poor owing to the high altitude (1,730 m),
which suggests that the groundwater in the region is
recharged with only a small amount of organic matter. In
September 2010, groundwater samples from four horizontal
boreholes were collected: US85.02 and JGP09.002 from the
northern part and BOADUS96.001 and LCS08.002 from the
southern part (Table 1). As horizontal drilling with oxygen-
ated tap water without mud can alter indigenous microbial
populations, one recently drilled borehole and one old bore-
hole were compared in both parts of the aquifer. Although the
lengths of the borehole intervals varied, the variation in their
outflow rates allowed flushing at least one interval volume
before sampling (Table 1). It is noted that the borehole inter-
vals were separated by a Solexperts rubber multi-packer
system, and that the hydraulic conductivities of borehole
intervals ranged from 3.3×10−8 to 5.1×10−9m/s (Table 1).

Geochemical Analyses

From the multi-packer system, Tygon tubing was extended
and directly connected to a flow-cell measuring system
(Knick Stratos, Berlin, Germany) for on-site measurements

of the physicochemical parameters (pH, Eh, and tempera-
ture). Dissolved oxygen (DO) was also measured on site
using a DO sensor (HQ40d; Hach, Loveland, CO, USA)
inserted into a flow cell. The concentration of aqueous Fe2+

was measured on site with a spectrophotometer (DR2400;
Hach, Loveland, CO, USA) using the 1,10-phenanthroline
method. To measure the concentration and isotopic compo-
sition of HS−, 1 L of groundwater was fixed with 5 mM Zinc
acetate and 2.5 mM NaOH on site and then measured by
spectrophotometry using the methylene blue method. For
HS− measurement, 10 ml of the fixed sample was used
without being concentrated.

Following geochemical analyses were conducted in
Japan for the groundwater samples, which were kept at 4
or −20 °C during 1-week transportation mainly by air. The
alkalinity of the unfiltered groundwater was determined by
potentiometric titration with 0.1 N HCl solution using the
Gran plot method [9]. A subsample was filtered through a
0.22-μm pore size filter (type GVWP; Millipore, Billerica,
MA, USA) with a polypropylene housing for the following
analyses. Cationic species including Na+, Mg2+, K+, Ca2+,
and NH4

+, and anionic species including F−, Cl−, NO2
−,

NO3
−, and SO4

2− were measured by ion chromatography
(Prominence; Shimadzu Corp., Tokyo, Japan). NO3

−, and
NO2

− were analyzed with a high sensitivity UV detector
(SPD-20A; Shimadzu Corp., Tokyo, Japan), while the other
ionic species were analyzed with a conductivity detector
(CDD-10Avp; Shimadzu Corp., Tokyo, Japan). Dissolved
organic carbon (DOC) was measured by thermocatalytic ox-
idation and MC-NDIR detection (multi N/C 3100; Analytik
Jena Japan, Kanagawa, Japan). Organic acids including ace-
tate, fumarate, formate, lactate, succinate, malate, pyruvate,
and citrate were analyzed by high-performance liquid chro-
matography (Prominence; Shimadzu Corp., Tokyo, Japan)
according to the manufacturer’s instructions. Subsamples
for DOC and organic acids were stored at −20 °C.

For measurements of the concentrations of TIC, CH4, and
C2H6 and carbon isotopic compositions of TIC (δ13CTIC)
and CH4 (δ

13CCH4), groundwater was collected into evacu-
ated 67-mL glass vials and stored in the dark at 4 °C until
analysis. The TIC is the sum of CO2, HCO3

−, and CO3
2−.

The dominant species is HCO3
− because the GTS ground-

water was slightly alkaline. The concentrations and carbon
isotopic compositions were measured using a Finnigan MAT
252 isotope-ratio monitoring mass spectrometer (Thermo
Finnigan, Bremen, Germany), as previously described [15,
41]. The carbon isotopic composition was expressed as a
delta-notation; δ13C=(13C/12C)sample/(

13C/12C)VPDB−1,
where VPDB refers to the Vienna Peedee Belemnite isotopic
standard.

To analyze the sulfur isotopic compositions of sulfate
(δ34SSO4) and sulfide (δ

34SHS), the remaining of 1 L ground-
water fixed with 5 mM Zinc acetate and 2.5 mM NaOH was
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filtered a glass fiber filter (GF/F filter, Whatman, Springfield
Mill, UK) for the recovery of precipitated ZnS. Next, the
filtrate was amended with 0.1 M BaCl2 to precipitate BaSO4

for sulfate analysis. The BaSO4 was collected by filtration
using a glass fiber filter. The filters were subsequently
freeze-dried overnight, after which they were subjected to

combustion using an elemental analyzer (Flash EA1110;
Thermo Fisher Scientific, Waltham, MA, USA) to transform
the ZnS or BaSO4 into SO2. The sulfur isotopic ratio of SO2

was measured using an isotope-ratio monitoring mass spec-
trometer (DELTAplus Advantage ConFlo III System,
Thermo Fisher Scientific, Waltham, MA, USA). The sulfur
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Fig. 1 Topographic and geological features of the Grimsel Test Site
(GTS). Upper: photograph of a mountainous area in which the GTS is
located; middle: a cross-section diagram around the GTS tunnel

system; bottom: layout of a horizontal-section of an underground
laboratory with the investigated horizontal boreholes
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isotopic composition was expressed as a delta-notation;
δ34S=(34S/32S)sample/(

34S/32S)VCDT−1, where VCDT refers
to the Vienna Canyon Diablo Troilite isotopic standard.

The precision of the geochemical analyses is described in
the Supplementary Information.

Microscopic Observations of Groundwater Samples

The total cell numbers of the groundwater samples were
determined by the direct count method using SYBR Green I
(Takara, Tokyo, Japan). Briefly, groundwater samples were
fixed with 3.7 % formaldehyde at neutral pH, after which
they were filtered through a 0.22-μm pore size, 25-mm di-
ameter black polycarbonate filter (Advantec, Tokyo, Japan).
In Japan, the filter was stained wtih 1× SYBR Green I in 1×
TAE buffer for 5 min at 25 °C. The stained filter was then
rinsed with 10 mL of DDW and examined under epifluores-
cence using an Olympus BX51 microscope equipped with a
DP70 digital microscope camera (Olympus, Tokyo, Japan).

DNA Extraction, Library Construction and Sequencing
for Phylogenetic Analysis

Groundwater was collected in a sterile Tedlar sampling bag,
which was evacuated and flushed with Ar gas three times, and
passed through a 0.22-μm pore size filter (type GVWP;
Millipore, Billerica, MA, USA) with a sterilized polypropyl-
ene housing on site immediately after sampling. Filter samples
were kept frozen until DNA was extracted from the cells on
the filter using a Soil DNA Kit (Mo Bio Lab. Inc., Carlsbad,
CA, USA) according to the manufacturer’s instructions.

Using a universal bacteria primer set of Bac27F and
Uni1492R [20] and a universal archaeal primer set of
Arch21F and Uni1492R [8], the near-full region of the
16S rRNA gene was amplified by polymerase chain reaction
(PCR) using LA Taq polymerase (TaKaRa, Tokyo, Japan).
Each oligonucleotide primer (0.1 μM) and DNA template
(1 μL) was prepared in a reaction mixture. The reaction
mixture was then subjected to the following conditions
using a GeneAmp 9700 thermocycler (PE Applied
Biosystems, Foster City, CA, USA): 35 cycles of denatur-
ation at 96 °C for 20 s, annealing at 50 °C (for PCR with

archaeal primer set) or 53 °C (for PCR with bacterial primer
set) for 45 s, and extension at 72 °C for 120 s. Whereas PCR
amplification with the bacterial primer set was successful for
all groundwater samples, no PCR-amplified products were
obtained with the archaeal primer set. Bacterial PCR-
amplified products with the expected sizes were purified
using a PCR purification kit (Mo Bio Lab. Inc., Carlsbad,
CA, USA). The purified PCR product was inserted into the
pCR2.1 vector (Invitrogen, Carlsbad, CA, USA) using a
DNA Ligation Kit (Ver. 2.1, TaKaRa, Tokyo, Japan).
Ligation was conducted at 16 °C for 6 h, after which the
inserted vectors were cloned using an original TA cloning kit.

The inserted nucleotide sequences were amplified di-
rectly by PCR from randomly selected colonies using
M13 primers treated with exonuclease I and shrimp
alkaline phosphatase (Amersham Pharmacia Biotech,
Buckinghamshire, UK). The nucleotides were sequenced
with a 3130xl genetic analyzer (PE Applied Biosystems)
by the dideoxynucleotide chain-termination method using
a BigDye sequencing kit (PE Applied Biosystems)
according to the manufacturer’s recommendations. The
Bac27F primer was used in the partial sequencing anal-
ysis. Single-strand sequences more than 500 nucleotides
in length were analyzed.

A single phylogenetic clone type (phylotype) was
obtained from the clone type analysis (those with >97 %
similarity were grouped). The closest cultivated species,
closest environmental clones and sequence similarities were
determined using the BLAST program in conjunction with
the DNASIS Taxon software (Hitachi Software, Tokyo,
Japan). The partial sequence was extended to the near full
length of 16S rRNA gene with lengths of ∼1.4 kbp and
manually aligned according to the secondary structures us-
ing ARB (a software environment for sequence data) [24].
Chimeric sequences were also checked by comparing the
phylogenetic affiliations of the 5′ and 3′ halves of each
sequence. Sequences were reduced to unambiguously align-
able positions using the ARB FastAligner utility, and phy-
logenetic analysis of alignments was performed employing
distance methods with ARB. The DNA sequences determined
in this study are available through DDBJ (AB746199 and
AB746487–AB746521).

Table 1 Locations, interval lengths and volumes, flow rate, flushed volumes and conductivities of GTS boreholes

Name (drilling year) Location Interval length
(mabh)a

Interval
volume (L)

Flow rate
(ml/min)

Flushed
volume (L)

Conductivity
(m/s)

US85.02 (1985) North part 19–53 142 50 ∼144 1.4×10−9

BOADUS96.001 (1996) South part 1–197 907 >1,000 >1,440 5.1×10−9

LCS08.002 (2008) South part 22.45–23.0 0.29 8 ∼12 3.5×10−9

JGP09.002 (2009) North part 0.5–30.5 177 100 ∼720 3.3×10−8

aMeter along borehole
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Catalyzed Reporter Deposition-Fluorescence
In Situ Hybridization Analysis

For catalyzed reporter deposition-fluorescence in situ hy-
bridization (CARD-FISH) analysis, cells were fixed with
formaldehyde immediately after collection, washed twice
with PBS and then stored them in 1:1 ethanol/PBS at
−20 °C on site. In Japan, bacterial cell wall were permeabi-
lized with lysozyme solution as previously described [29].
Filters were soaked in lysozyme solution (10 mg/ml of
lysozyme, Wako Pure Chemical Industries, Ltd., Osaka,
Japan), 50 mM EDTA (SHOWA CHEMICAL, Tokyo,
Japan) and 0.1 M Tris–HCl (Nakalai tesque, Kyoto,
Japan), and incubated at 37 °C for 1 h, washed with
MilliQ water for 1 min. The filters were subsequently trea-
ted with achromopeptidase (Wako Pure Chemical
Industries, Ltd., Osaka Japan) as previously described

[38]. For inactivation of EPX, the sample filters were soaked
in 0.15 % H2O2 in methanol for 30 min at room temperature,
washed with 99.5 % ethanol, and dried. The sample filters
were stored at −20 °C until further processing.

CARD-FISH were performed as previously described
[29, 38] with some modification. Each sample filer was
soaked in 10 μl of hybridization buffer [29] including 2 %
(w/v) blocking reagent (Roche Molecular Biochemicals,
Mannheim, Germany). Probes used were HRP-labeled
EUB(I–III) (mixture of following 3 sequences; 5′-GCT
GCC TCC CGT AGG AGT-3′, 5′-GCA GCC ACC CGT
AGG TGT-3′, and 5′-GCT GCC ACC CGT AGG TGT-3′)
for bacteria detection [6], and HRP-labeled Bet42a (5′-GCC
TTC CCA CTT CGT TT-3′) mixed with non-labeled com-
petitor (5′-GCC TTC CCA CAT CGT TT-3′) for β-
Proteobacteria detection [25]. Formamide concentration to
adjust probe stringency of the hybridization buffer was

Table 2 Geochemical and microbiological properties of the GTS groundwater and groundwater samples associated with GTS phylotypes

Borehole US85 02 BOADUS 96.001 LCS08 002 JGP09 002 South Africa Au
mine Beatrix3a

Tono Uranium
Mine TH-6b

Section North South South North

Temperature (°C) 12.2 14.1 14.2 12.5 39.0 19.1

Eh (mV) −100 a.e. 19 −74 −385 n.d.

pH 9.7 a.e. 9.7 9.6 9.2 9.6

DO (μM) 3 2 18 5 n.d. n.d.

alkalinity (meq/L) 0.45 0.17 0.33 0.08 n.d. n.d.

Na+ (mM) 0.4 0.6 0.7 0.6 35 1.9

Mg2+ (μM) <3.2 <3.2 <3.2 <3.2 230 0.4

K+ (μM) 5.1 11.2 15.4 15.5 330 n.d.

Ca2+ (μM) 208.9 190.3 113.3 203.1 2,900 42.3

F− (μM) 213.0 250.1 249.8 203.8 110 n.d.

Cl− (μM) 15.2 48.0 99.9 12.4 40,000 n.d.

NO3
− (μM) 0.1 0.2 0.3 0.4 1.3 <0.3

SO4
2− (μM) 79.7 66.5 51.6 176.8 550 147.9

NH4
+ (μM) <11.7 <11.7 <11.7 <11.7 8.8 n.d.

Fe2+ (μM) <0.45 <0.45 <0.45 <0.45 n.d. n.d.

NO2
− (μM) <0.2 <0.2 <0.2 <0.2 1.0 <0.4

HS− (μM) <0.2 <0.2 <0.2 <0.2 1,200 96

DOC (μM) 33.9 24.7 82.7 25.4 180 33.3

TIC (μM) 383 374 298 294 370 108

δ13CTIC (‰VPDB) −13.0 −11.6 −13.4 −13.0 −13.3 n.d.

CH4 (μM) 1.329 0.014 0.336 0.023 4,000 n.d.

δ13CCH4 (‰VPDB) −79.5 −58.6 −75.4 −58.3 n.d. n.d.

C2H6 (nM) 0.7 0.3 0.5 0.3 8,000 n.d.

δ34SHS (‰CDT) −0.5 +0.8 +11.5 −9.4 −12.3 n.d.

δ34SSO4 (‰CDT) −0.4 +2.0 +11.5 +2.0 +11.1 n.d.

Cell numbers (cell/ml) 7.5±3.5×103 4.9±5.1×103 3.0±0.9×104 2.9±1.4×104 1.9×104 2.7×106

a.e. analytical error, n.d. not described
a Referred from Lin et al. [22]
b Referred from Murakami et al. [27]
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35 % (v/v) for both probes. Filters were hybridized in a
humid chamber for at least 2 h at 46 °C, then washed in
15 ml of prewarmed washing buffer at 48 °C for 15 min.
Prior to tyramide signal amplification, the sample filters
were equilibrated with PBS for 15 min at room temperature.
The sample filters were soaked in the substrate mix, con-
sisting of PBS containing 0.1 % blocking reagent, 0.0015 %
H2O2, 2 M NaCl, 10 μg/ml p-iodophenylboronic acid
(KANTO CHEMICAL CO., INC., Tokyo, Japan), and
1/500 parts of fluorescein-labeled tyramide, and incubated
for 30 min at 37 °C. After the signal amplification, the
sample filters were washed with PBS for 15 min at room
temperature and with sterile MilliQ water for 1 min. They
were dehydrated in 99.5 % ethanol and finally dried. DAPI
(4′,6-diamidino-2-phenylindole) staining were performed as
previously described [29]. Microscopic observation with
123 to 131 fields and photograph were taken with fluores-
cent microscope (BX51, OLYMPUS, Tokyo, Japan) and
Digital camera (DP71, OLYMPUS, Tokyo, Japan).

Results and Discussion

Geochemical Characteristics of the GTS Groundwater

The geochemical parameters of groundwater samples from
four boreholes were analyzed to investigate the levels of
biologically utilized compounds and their correlation with
the abundance and diversity of microbial populations
(Table 2). Although pH and Eh measurements were

unsuccessful for BOADUS96.001due to analytical errors,
the pH was ca. 9.6 in good agreement with data from
Degueldre et al. [7] for the rest of boreholes. The Eh value
ranged from −100 to 19 mV. Variations in DO appeared to
be roughly correlated with the flow rates of the boreholes
(Tables 1 and 2). The DO and the flow rate of LCS08.002
were likely correlated because the low flow rate leads to
oxygen penetrating the plastic tubing that connects the
borehole interval to the DO flow cell. Consequently, the
Eh value of LCS08.002 was positive.

The salinity of the GTS groundwater is low and classified
as a type of Na-Ca-HCO3-F [7]. The concentrations of Na+,
Mg2+, K+, Ca+, F−, and Cl− were similar, regardless of
borehole age and location (north or south) (Table 2).
Biological compounds utilized as electron acceptors (NO3

−

and NO2
−) and electron donors (NH4

+, Fe2+, HS−, acetate,
formate, lactate, succinate, malate, pyruvate, propionate,
citrate, CH4, and C2H6) were below our detection limits or
detected at very low concentrations. The concentrations of
SO4

2−, DOC and TIC ranged from 51.6 to 176.8, 24.7 to
82.7, and 294 to 383 μM, respectively.

Stable isotopes can be used to trace biological activities
in subsurface environments [14, 23]. The carbon isotopic
compositions of CH4 and TIC ranged from −45.6 to
−79.5‰ vs. VPDB and −11.6 to −13.4‰ vs. VPDB, re-
spectively, which is indicative of biogenic CH4 [43].
However, the in situ microbial production of methane in
the study area was likely negligible because sulfate gener-
ally must be depleted for methanogenesis to be thermody-
namically favorable. The sulfur isotopic compositions of

Table 3 Distribution of representative phylotypes detected from four GTS boreholes

Phylotypes US85
002

BOADUS
96.001

LCS
08.002

JGP
09.02

Total Putative affiliation Closest cultivated species (accession no.) Similarities
(%)

GTS_B1 3 14 17 β-Proteobacteria Methyloversatilis universalis (DQ923115) 93.7

GTS_B2 8 6 14 Unclassified_1

GTS_B3 9 3 12 β-proteobacteria Hydrogenophaga pseudoflava (AF078770) 98.5

GTS_B4 3 5 8 Nitrospirae Candidatus “Magnetobacterium bavaricum” (X71838) 93.0

GTS_B5 8 8 Nitrospirae Candidatus “Magnetobacterium bavaricum” (X71838) 92.5

GTS_B6 8 8 Nitrospirae Candidatus “Magnetobacterium bavaricum” (X71838) 93.1

GTS_B7 6 2 8 Unclassified_2

GTS_B8 6 6 β-proteobacteria Dechloromonas hortensis (AY277621) 99.0

GTS_B9 2 2 1 5 Unclassified_3

GTS_B10 4 4 Nitrospirae Thermodesulfovibrio yellowstonii (CP110047) 92.0

GTS_B11 3 3 Nitrospirae Thermodesulfovibrio islandicus (X96726) 91.1

GTS_B12 1 1 2 Nitrospirae Candidatus “Magnetobacterium bavaricum” (X71838) 90.5

GTS_B13 2 2 Unclassified_4

GTS_B14 2 2 Unclassified_5

Total 23 28 28 33 113

Representative clones are grouped by partial bacterial rRNA sequences having >97 % similarity and being represented more than twice in the whole
libraries. “Unclassified” was assigned for bacteria without cultivated species with >90 % similarity
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sulfate and sulfide are also known to indicate microbial
sulfate reduction [4, 19]. Because the isotopic fractionation
between sulfate (−0.4 to +11.5‰ vs. VCDT) and sulfide
(−9.4 to +11.5‰ vs. VCDT) was smaller than that typically
encountered for microbial sulfate reduction, ongoing sulfate
reduction also appears unlikely. As a result, the ongoing
redox reactions might be not active in the groundwater from
the GTS.

Microbial Abundance and Diversity of the GTS
Groundwater

The total cell numbers measured were 4.9±5.1×103 cells/ml
for BOADUS96.001, 7.5±3.5×103 cells/ml for US85.02,
2.9±1.4×104 cells/ml for JGP09.002, and 3.0±0.9×104

cells/ml for LCS08.002. It should be noted that microbial
cells were more abundant in the two recently drilled boreholes
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than in the two old boreholes. The total cell numbers have
been reported to range from 103 to 105 cells/ml in other deep
granitic aquifers [13, 34, 36]; therefore, the GTS groundwater
appears to have average cell concentrations.

16S rRNA gene sequence analysis of groundwater sam-
ples collected from the four boreholes was conducted. No
amplification with the Archaea-specific primer set was
obtained. The low abundance of Archaea that includes
methanogens is expected for groundwater not depleted in
sulfate. In contrast, a total of 113 bacterial 16S rRNA gene
sequences that were assigned to 28 phylotypes (GTS_B1-
28) based on 97 % similarity were obtained from the four
boreholes (Table 3 and Supplementary Table 1). In samples
from the recently drilled boreholes (LCS and JGP), β-
proteobacterial phylotypes related to Methyloversatilis uni-
versalis (93.7 % similarity), Hydrogenophaga pseudoflava
(98.5 % similarity) and Dechloromonas hortensis (99.0 %
similarity) were abundant. As shown in Table 3, four phy-
lotypes representing 26 clones were related to “Candidatus
Magnetobacterium bavaricum” of the phylum Nitrospirae
with a similarity ranging from 90.5 to 93.1 %. Two phylo-
types representing seven clones were related to
Thermodesulfovibrio spp. of the Phylum Nitrospirae with a
similarity ranging from 91.1 to 92.0 %. Phylotypes without
cultivable relatives with a similarity of <90 % were defined
as unclassified.

The phylogenetic affiliations of the unclassified GTS phy-
lotypes were further analyzed by comparing their unambigu-
ously aligned sequences against sequences from
environmental clones and cultured species. A neighbor-
joining tree was constructed to visualize the phylogenetic
relationship among GTS phylotypes and related sequences
(Fig. 2). The unclassified GTS phylotypes GTS_B2, 7, 9,
and 14 were related to the Candidate Division OP5, while
the unclassified phylotype GTS_B13 was related to the phy-
lum Chlorobi (Fig. 2). The cell abundance of the groundwater
of the four boreholes is compared in Fig. 3. The compositions
of microbial communities based on the phylogenetic

affiliations of the GTS phylotypes are proportionally integrat-
ed in the vertical bars representing the cell abundance. We
tentatively assigned phylotypes GTS_B2, 7, 9 and 14 to the
Candidate Division GTS. It is clear from Fig. 3 that although
the phylotypes affiliated within Nitrospirae and the Candidate
Division GTS were evenly distributed in the four boreholes,
regardless of borehole age, the β-proteobacterial phylotypes
accounted for the increased cell abundance observed in the
recently drilled boreholes.

To assess whether microbial cells detected by DNA stain-
ing with SYBR Green I were alive and to verify the compo-
sitions of microbial communities revealed by 16S rRNA
gene sequence analysis, we conducted CARD-FISH analy-
sis. Representative fluorescent microscopic photographs for
samples from the old borehole BOADUS96.001 and the
recently drilled borehole LCS08.002 are shown in Fig. 4.
In the LCS08.002 sample, cells stained with EUB(I–III) had
various fluorescent intensities (Fig. 4a). The clearly stained
cells with Bet42a were observed (Fig. 4b), and their mor-
phologies were short rods, which were also observed in EUB
(I–III)-stained cells. The fluorescent intensities of stained
cells with EUB(I–III) in the BOADUS96.001 sample
(Fig. 4c) were dark as compared to those in the LCS08.002
sample. No β-proteobacterial cells were detected with
Bet42a in the BOADUS96.001 sample (Fig. 4d). Those
results suggest that bacterial cells contained cellular ribo-
somal RNA and were alive, while alive β-proteobacterial
cells occurred only in the recently drilled borehole, which
agrees well with the microbial compositions based on results
from 16S rRNA gene sequence analysis.

To quantify microbial cells stained with the probes EUB
(I–III) and Beta42a by CARD-FISH, the numbers of micro-
scopic views (85×65 μm) and cells observed were increased
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Fig. 3 Cell abundance and
phylum- or class-level
composition of groundwater
microorganisms in the GTS
boreholes. The composition of
microbial communities based
on the phylogenetic affiliation
of GTS phylotypes is
proportionally integrated in the
vertical bars representing the
cell abundance

Fig. 4 Fluorescent microscopic photographs of CARD-FISH and
DAPI stained cells. Left panels depict probe signals (green) and right
panels depict DAPI staining (blue). a LCS 08.002 stained with EUB(I–
III). b LCS 08.002 stained with Bet42a. c BOADUS 96.001 stained
with EUB(I–III). d BOADUS 96.001 stained with Bet42a. Scale bars
correspond to 10 μm
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for groundwater from all the boreholes (Table 4). The ratio
of cells hybridized with Bet42a to those with EUB(I–III),
which were based on 123–131 microscopic views, were
0.06 (2.1×102 to 3.5×103 cells/ml) for US85.02, 0.05
(1.2×102 to 2.3×103 cells/ml) for BOADUS96.001, 0.76
(1.3×103 to 1.7×103 cells/ml) for LCS08.002 and 0.22
(2.1×103 to 9.3×103 cells/ml) for JGP09.002, respectively.
The Bet42a to EUB(I–III) ratios for all the samples were
largely consistent with those from 16S rRNA gene sequence
analysis. Although the cell number hybridized with EUB(I–
III) from LCS08.002 was one order of magnitude lower than
the total cell number, the β-proteobacterial dominance in the
recently drilled boreholes was supported by the two inde-
pendent molecular methods.

Factors Controlling Microbial Ecology in the GTS
Groundwater

The physiological properties of microorganisms were in-
ferred from traits commonly associated with their close
relatives (>97 % similarity). With regard to the β-
proteobacterial phylotypes exclusively detected from the
recently drilled boreholes, the phylotypes related to H.
pseudoflava (98.5 % similarity) and D. hortensis (99.0 %
similarity) are likely capable of aerobic hydrogen oxidation
[42] and oxidation of chlorinated organic compounds cou-
pled to oxygen and nitrate reduction [44], respectively. The
most abundant phylotype, GTS_B1, was distantly related to
M. universalis (93.7 % similarity). GTS_B1 belongs to the
family Rhodocyclaceae, which contains many members
with the ability to degrade halogenated compounds coupled
to denitrification and reduction of (per)chlorates [18].
Therefore, it is speculated that microorganisms represented
by the phylotype GTS_B1 mediate microaerobic metabo-
lisms that involve halogenated compounds. These physio-
logical inferences suggest that the intrusion of oxygen into
the boreholes and surrounding rock fractures during drilling
stimulated the growth of aerobic chemoautotrophs and

aerobic to microaerobic heterotrophs that degrade refractory
organic compounds as energy sources.

To constrain factors favorable for the occurrence of GTS
phylotypes with low homologies to known relatives
(<97 %), it is necessary to specify their closely related
environmental clones and the characteristics of habitats in
which these clones were detected. As shown in Fig. 2, the
dominant Nitrospirae phylotypes GTS_B4 and 6, which
were found in the GTS groundwater from boreholes
JGP09.002, LCS08.002, and US85.02 were somewhat re-
lated to environmental clones from wet soils, freshwater
sediments, and shallow aquifers. The most closely related
environmental clone was detected from 3- to 5-cm-deep low
salinity tidal sediment [10]. The Nitrospirae phylotypes
GTS_B5 and 11 were only detected from borehole
BOADUS96.001. These phylotypes were related to envi-
ronmental clones detected from groundwater contaminated
with coal tar or oil. The similarity between phylotypes
GTS_B5 and 11 and their most closely related environmen-
tal clones was less than 95 %. In contrast, the remaining
Nitrospirae phylotypes GTS_B10 and 12 were closely relat-
ed to environmental clones found in deep groundwater from
a South Africa gold mine (97.6 % similarity; [22]) and the
Tono uranium mine (96.5 % similarity; [26]), respectively
(Fig. 2). These findings suggest that the microorganisms
represented by Nitrospirae phylotypes from the GTS ground-
water are only found in the terrestrial subsurface. Four unclas-
sified phylotypes, GTS_B2, 7, 9, and 14, which were
tentatively assigned to the Candidate Division GTS and dis-
tantly related to the Candidate Division OP5, were closely
related to environmental clones from deep groundwater from
the Tono uranium mine (∼95.0 % similarity: [26]). The
remaining unclassified phylotype, GTS_B13, which was phy-
logenetically clustered within the phylum Chlorobi (Fig. 2),
was also distantly related to environmental clones from a
South Africa gold mine (93.3 % similarity).

The decrease in β-Proteobacteria over time and ubiqui-
tous occurrence of Nitrospirae and the Candidate Division
GTS suggest that the latter represents the indigenous
subsurface community stably colonized in the granitic
aquifer. The occurrence of environmental clones related
to the Candidate Division GTS with >90 % similarity was
limited to groundwater from the Tono uranium mine. The
Tono groundwater was collected from a lignite-bearing
sedimentary formation at a depth of 160 m [16, 27]. As
shown in Table 2, the Tono groundwater is similar to the
GTS groundwater in terms of pH, salinity and tempera-
ture. Although the types of host rock appear to be differ-
ent, DOC contents of groundwater from the GTS and the
Tono mine are similar, with a narrow range of 24.7 to
82.7 μM (Table 2).

It is counterintuitive that granitic groundwater that was
recharged at the bare surface harbors microorganisms that

Table 4 Cell number of microorganisms detected by CARD-FISH
analysis in the groundwater from boreholes at Grimsel Test Site

Borehole Counting number Cell
number(cell/ml)

Observed view Cell

EUB
(I–III)

BET42a EUB
(I–III)

BET42a EUB
(I–III)

BET42a

US 85.02 131 131 183 15 3.5×103 2.1×102

BOADUS
96.001

131 131 123 8 2.3×103 1.2×102

LCS 08.002 131 131 86 65 1.7×103 1.3×103

JGP 09.002 123 131 450 113 9.3×103 2.1×103
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were closely related to those detected from the Tono urani-
um mine, which is naturally enriched with refractory organic
matter (lignite). This correlation indicates that, despite the
low supply of DOC, the primary energy could be derived
from organic compounds rather than inorganic counterparts
derived from rock-water interactions. Environmental clones
related to the Nitrospirae phylotypes GTS_B10 and 12 were
detected from a 1.4-km-deep borehole located in the Beatrix
Gold mine, South Africa [22]. Although Beatrix groundwa-
ter is relatively similar to the GTS groundwater in terms of
the pH and DOC (Table 2), high concentrations of dissolved
ionic and gaseous species associate with the long residence
time in Precambrian metamorphic and igneous rocks are
distinctive.

It has been reported that the cell abundance in
Scandinavian granitic groundwater associated with residual
seawater was only correlated with the DOC concentration in
the groundwater [32]. It was also clarified that the numbers
of cultivable Fe(III)- and sulfate-reducing heterotrophs in-
crease with that of heterotrophic acetogen, since many of Fe
(III) and sulfate reducers are capable of metabolizing acetate
as a carbon source and an electron donor [14]. These results
strengthen our inference that organic matter fuels the activ-
ities of microorganisms in the GTS groundwater. However,
recent studies on the Scandinavian granitic groundwater
indicated that H2 concentrations are positively correlated
with most probable numbers of heterotrophic and autotro-
phic anaerobes [13].

As for the four GTS boreholes that harbor geochemically
similar groundwater, the abundance and diversity of micro-
bial populations were correlated to the borehole age. The
proteobacterial dominance is common in boreholes newly
drilled from the land surface [39] as well as deep under-
ground tunnels [28], which cautions that the population
dynamics should be monitored after drilling to exclude
non-indigenous microbes. As the GTS groundwater samples
from the 14- and 25-years old boreholes were geochemical-
ly and microbiologically similar, statistical approaches to
elucidate their correlation are not applicable. The study of
geographically distant groundwater that is geochemically
similar to that of the GTS might provide insight into the
global distribution and potential metabolism of bacteria
represented by the novel GTS phylotypes.

Conclusions

We investigated the geochemical and microbiological prop-
erties of deep granitic groundwater from boreholes that
varied in age from 1 to 25 years at the GTS. Although the
geochemical properties were almost uniform among the four
investigated boreholes, the abundance and diversity of mi-
crobial populations varied according to the borehole ages.

Whereas phylotypes closely related to β-Proteobacteria
were only abundant in 1- to 2-year-old boreholes, novel
phylotypes affiliated with the phylum Nitrospirae and ten-
tatively assigned to the Candidate Division GTS were ubiq-
uitous in boreholes, regardless of age. Our results from
population dynamics in the study area suggest that bore-
holes with a wide range of drilling age are suitable to clarify
microbial populations stably colonizing under borehole con-
ditions, the novel lineages of which might be indigenous to
and widely distributed in the deep terrestrial subsurface.
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