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Abstract 

The purpose of this study is to clarify the vertical prokaryotic distribution in groundwater in a terrestrial subsur-
face sedimentary environment with a geological complex. Six groundwater samples were collected from a coastal 
1200-m-deep borehole in which digging strata deposited between 2.3 and 1.5 Ma in Horonobe, Hokkaido, Japan. The 
studied succession was divided into three vertical zones that were geochemically differentiated according to their 
chloride contents and water-stable isotopes. The upper zone (UZ; shallower than 500 m) primarily contained fresh 
water supplied by penetrating meteoric water, the connate water zone (CWZ; deeper than 790 m) contained paleo-
seawater, and the diffusion zone (DZ; 500–790 m depth) located between UZ and CWZ. Fluctuations in the prokary-
otic density and constituents were observed across these three zones. The prokaryotic density decreased from UZ 
toward DZ, and the density of DZ was two orders of magnitude lower than that of UZ and CWZ. High prokaryotic 
activity was observed in CWZ below DZ. The upward expansion of prokaryotic distribution from CWZ, where high 
prokaryotic potential expressed by biomass can be maintained almost equivalent to that in the marine environment, 
probably occurred on a geological timescale from 80 ka to 1.3 Ma, as shown by the groundwater age of DZ. The 
DZ is a zone where the geochemistry has changed drastically owing to the mixing of penetrating meteoric water 
and the diffusion of deep paleo-seawater, preserving a unique subsurface environment. This chemically mixed zone 
might be considered as a buffering zone for prokaryotes to prevent the expansion of prokaryotic density and activity 
provided by diffusion and their in situ growth from both above and below the zones, which is expected to be main-
tained over a geological timescale. This zone is considered important for using subsurface space in the deep subsur-
face environment of the island arc.

Keywords Prokaryotic distribution, Diffusion zone, Meteoric water, Paleo-seawater, Sedimentary environment, Island 
arc, Prokaryotic buffering zone

1 Introduction
The deep subsurface represents the last territory in the 
search for life on Earth, and the findings of these stud-
ies have rewritten our understanding of the biosphere in 
this planet. Intensive research on microbial abundance 
and the possible activity of microbes in subsurface envi-
ronments has only begun in the last few decades. Deep, 
dark, and oxygen-limited large subsurface environments 
have been explored in subseafloor habitats since the 
pioneering work of Parkes et  al. (1989; 1994). Whitman 
et al. (1998) and Kallmeyer et al. (2012) reported a large 
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abundance of microbes in oceanic sedimentary environ-
ments, whereas Inagaki et al. (2015) showed that the ver-
tical distribution of microbes extended to a depth of over 
2.5  km. Microbial metabolic activity supported by pen-
etrating seawater has attracted the interest of researchers 
working in the field of biogeochemistry (e.g., D’Hondt 
et  al. 2004). Unveiled large subsurface biosphere is cru-
cial for understanding life in extreme environments (Ina-
gaki et  al. 2006; 2015; Lipp et al. 2008; Kawagucci et  al. 
2018).

In contrast to marine subsurface microbial studies, ter-
restrial studies were launched from the hard-rock geolog-
ical environment in Scandinavia with the aim of revealing 
biogeochemical changes mainly caused by microbial 
function (Pedersen 1997; 1999). Studies have revealed 
that the total number of microbes in subsurface granitic 
environments ranges from  103 to  107 cells/mL in ground-
water, in the presence of a hydrogen-driven deep bio-
sphere in crystalline bedrock. Sulfate reducing microbes 
are also active in the subsurface environment. Subse-
quently, intensive deep subsurface microbial studies were 
conducted in Olkiluoto, Finland, with similar objectives 
(e.g., Itävaara et  al. 2016; Miettinen et  al. 2018). These 
studies revealed that the density of microbes decreases 
with depth and that sulfate reduction and methane oxi-
dation are the main energy sources under steady-state 
natural conditions.

In a continental sedimentary environment, Chandler 
et  al. (1997) found phylogenetically diverse microbial 
communities at the Hanford Site of North America. The 
environmental complexity resulting from water–rock 
interactions in the terrestrial subsurface environment 

affects the abundance of organic compounds and micro-
bial distribution. The path of water through fractures 
and pores in rocks supports microbial activity (Fredrick-
son et al. 1997). Kato et al. (2009) found high microbial 
density and associated metabolic activity at the geologi-
cal boundary between sedimentary units at a depth of 
approximately 300 m in Horonobe. The vertical microbial 
distribution in this sedimentary environment was notably 
different from the conventional thought that microbial 
density decreases linearly with log-depth (e.g., Kallmeyer 
et  al. 2012; McMahon and Parnell 2014; Magnabosco 
et al. 2018).

To elucidate the vertical distribution of microbes in 
groundwater, the chemistry of which is affected by the 
geological complexity in a terrestrial sedimentary envi-
ronment in the island arc, we collected groundwater 
samples from a borehole with a depth exceeding 1200 m, 
constructed in a coastal area of Hokkaido Island in Japan 
(Fig.  1). The study area is covered by the thick Yuchi 
Formation, which was deposited in a shallow marine 
environment and overlies the Sarabetsu Formation and 
alluvium (Ikawa et  al. 2014). The examined groundwa-
ter was further characterized by an interesting mixing 
zone that extended from a depth of 500 to 790  m and 
was formed by the penetration and diffusion of meteoric 
water and paleo-seawater with an age of millions of years 
(Ikawa et  al. 2014). The upper zone (UZ), 500  m below 
the ground surface (bgs), primarily contains fresh water 
supplied by penetrated meteoric water. In this zone, the 
chloride concentration was primarily below 3000  mg/L 
(Fig.  2c). In contrast, the lower zone at a depth > 790  m 
bgs consisted of a connate water zone (CWZ) of 
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paleo-seawater with a high chloride concentration (maxi-
mum concentration of approximately 17,000  mg/L), 
which is almost equivalent to that of modern-day seawa-
ter (19,000 mg/L). The zone between these two zones at 
500–790  m bgs, was defined as the diffusion zone (DZ) 
with an intermediate chloride concentration that differed 
from those of the other two zones. The DZ in the sedi-
mentary geological setting formed over the geological 
timescale showed a drastic change in geochemistry.

Microbial life in this unique environment needs to be 
revealed not only from a physical aspect but also from 
the historical aspect of geology. To extend our under-
standing of microbial life in deep and dark subsurface 
habitats, it is necessary to demonstrate the microbial 
diversity and possible microbial activity in this complex 
environment. Compared to microbial studies of marine 
subsurface and terrestrial hard-rock environments, there 
are limited studies on microbial ecology in the sedi-
mentary geological settings of the island arcs. Further 

understanding of microbial ecology in such diverse deep 
subsurface environments could provide basic informa-
tion that not only enables the assessment of life under 
extreme environments but also enables the use of subsur-
face environments.

2  Results
2.1  Groundwater geochemical conditions
The groundwater temperature increased with depth from 
9.3 to 43.2  °C at 1152  m bgs (Fig.  2b), with an average 
thermal gradient of 29.8  °C/km, ranging from 29.0  °C/
km for the depth range between 100 and 580  m bgs to 
33.0 °C/km for the 620–1152 m bgs depth range. All the 
examined groundwater samples exhibited a dissolved 
oxygen concentration of 0 mg/L.

At 214 m in UZ, the values of pH, electric conductivity 
(EC), and Eh were 7.94, 0.08 S/m, and − 228.3 mV, respec-
tively (Additional file  3: Table  S1). At 476  m in UZ, the 
EC and Eh values were markedly different from those at 

Fig. 2 Vertical geological, hydrological, and microbiological zonation of the studied borehole. a Geology with estimated aquifer systems based 
on Ikawa et al. (2014), b water temperature and geology, c chloride concentration and δD (based on Ikawa et al. 2014), d density of prokaryotes 
and FDC, relative density of bacteria and archaea estimated by FISH, and active cells detected by the LIVE/DEAD method
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214  m (2.68 S/m and − 55.0  mV, respectively); however, 
the pH value was not notably different between the two 
depths.

In DZ, at 613  m, the values of pH, EC, and Eh were 
7.21, 2.91 S/m, and − 261.3 mV, respectively; at 715 m, the 
values were 7.45, 4.66 S/m, and − 341.1 mV, respectively. 
Thus, the groundwater at 715 m was more saline and less 
saline than that at 613 m.

At 943 and 1143 m in CWZ, the values of pH were 6.86 
and 6.65, respectively, which were slightly lower than 
those of the other samples because of the dissolution 
equilibrium of hydrogen carbonate. EC was 5.79 S/m and 
Eh was − 289.1 mV at 943 m, and at 1143 m EC was 4.58 
S/m and Eh was − 293.0 mV (Additional file 3: Table S1).

2.2  Vertical distribution of prokaryotes
The density and frequency of dividing cells (FDC) in 
prokaryotes were determined in the groundwater sam-
ples collected from six different depths (Fig.  2d; Addi-
tional file  3: Table  S2). The density of prokaryotes in 
UZ was 6.71 ×  104 ± 0.23 ×  104 cells/mL at 214  m and 
1.98 ×  105 ± 0.16 ×  105 cells/mL at 476 m. The sample col-
lected from 214 m showed the highest FDC value (2.44%) 
among the examined samples. FDC, an indicator of the 
growth potential of a given population, was low in DZ 
and at 943  m. LIVE/DEAD staining, which was used 
to estimate the contribution of living cells to the entire 
prokaryotic density, was greater than 60% in all samples, 
with the highest value of 80–82% in UZ. This suggests 
that these prokaryotes have the potential to exert their 
beneficial effect.

The prokaryotic density sharply decreased in DZ by 
approximately one or two orders of magnitude relative to 
the values in UZ, being 4.75 ×  103 ± 0.20 ×  103 cells/mL at 
613 m and 2.68 ×  103 ± 0.03 ×  103 cells/mL at 715 m.

The CWZ exhibited a high density of prokaryotes, 
with 1.87 ×  105 ± 0.09 ×  105 cells/mL at 943  m and 
1.15 ×  106 ± 0.06 ×  106 cells/mL at 1143 m. FDC increased 
at 1143  m to 1.79%, from 0.56% at 943  m. The density 
of bacteria was as high as 9.1 ×  104 cells/mL at 943  m 
and 3.8 ×  104 cells/mL at 1143  m, and that of archaea 
increased from 2.9 ×  103 cells/mL at 943  m to 2.9 ×  104 
cells/mL at 1143  m (Fig.  3). Although the estimates of 
Methanomicrobiales and Methanobacteriales by fluores-
cence in situ hybridization (FISH) contributed to the total 
prokaryotic cell counts of FISH small (0.79% and 0.63%, 
respectively, at 1143 m, Additional file 3: Table S2), these 
results suggest that these groups might be active because 
they were detectable by RNA staining.

2.3  Community constituents
Next-generation sequencing (NGS) retrieved between 
535 and 1,553 operational taxonomic units (OTUs) 

belonged to 23–42 orders from the examined sam-
ples. Clostridiales (Nos. 31–43, Fig.  3, Additional file  3: 
Table S3), Desulfuromonadales (represented by No. 18), 
and Pseudomonadales (Nos. 7–11) were retrieved from 
every depth and comprised 52–84% of the total retrieved 
sequences. Clostridiales, Desulfuromonadales, and Pseu-
domonadales accounted for 11% (613 m) to 45% (943 m), 
1% (1143  m) to 47% (715  m), and 2% (715  m) to 42% 
(613  m) of sequences, respectively, at the order level. 
However, the constituents of Clostridiales differed at the 
genus level at different depths.

The vertical distribution of taxa at the order level 
exhibited some variation; in DZ, where the density was 
low, Pseudomonadales was dominant at 613 m, whereas 
the dominant bacterial group at 715  m was Desulfuro-
monadales. These depths are clearly differentiated by the 
chloride concentration, from approximately 500  mg/L 
in the shallowest part (approximately 500  m) of DZ to 
approximately 16,800  mg/L at approximately 790  m 
(Ikawa et al. 2014).

2.3.1  Upper zone
The NGS data analyzed at the genus level are plotted in 
Fig. 3, and detailed data are provided in Additional file 3: 
Table  S3. The order Clostridiales, comprising 22% of 
the total retrieved sequences at 214 m, was represented 
by Acetobacterium, some genera of Eubacteriaceae, 
and some genera of Clostridium (Nos. 38, 39, and 43 in 
Additional file  3: Table  S3). Acetobacterium are strictly 
anaerobic bacteria with an optimal temperature range of 
27–30  °C for mesophilic species, and 20–30  °C for psy-
chrotolerant species. They oxidize  H2 by reducing  CO2 
or fermentation (Simankova and Kotsyurbenko 2009). In 
addition, some constituents of Desulfuromonadales were 
retrieved from UZ, specifically, some genera of Pelobac-
teraceae (No. 18), which comprised 10% of the commu-
nity. Pseudomonas (No. 8) comprised 8% of the retrieved 
sequences.

Some genera of Lachnospiraceae (No. 36; order 
Clostridiales) dominated the prokaryotic commu-
nity at 476  m, accounting for 32% of the total retrieved 
sequences. After Clostridiales, some genera of Pelobac-
teraceae (No. 18) from the order Desulfuromonadales 
contributed 14% of the total sequences. In the order 
Pseudomonadales, Pseudomonas, Acinetobacter, and 
some genera of Pseudomonadales (Nos. 8, 10, and 11) 
were retrieved from 476  m and together accounted for 
16% of the total. In addition to these major constituents, 
Oleibacter (order Oceanospirillales, No. 12) was retrieved 
from a depth of 476 m in the lower part of UZ.

For archaea, some genera of Methanobacteriaceae (No. 
57) were retrieved from 214  m, accounting for 8% of 
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the total. At the depth of 476 m, the contribution to the 
entire community was 1.7%.

2.3.2  Diffusion zone
The community constituents of DZ, where the prokary-
otic density was very low, markedly differed between 
613 and 715  m, reflecting environmental changes along 
a sharp physicochemical gradient. The major constitu-
ents at 613 m were some genera of Pelobacteraceae (No. 
18) of the order Desulfuromonadales, which contributed 
22% of the total retrieved sequences. Pseudomonas, Aci-
netobacter, and some genera of Pseudomonadales (Nos. 
8, 10, and 11) accounted for 39% of the total sequences. 
These bacteria also occurred at the depth of 476 m with a 
relative abundance of 16%. Oleibacter (Oceanospirillales, 
No. 12) contributed 10% of the total retrieved sequences 
at 613 m and 5% at 476 m. The lowest detected propor-
tion of Clostridiales, comprising up to 11% of the total 

community, was found at 613 m, whereas this group was 
the major member of the community at 476 m.

Members of Pelobacteraceae (No. 18) comprised 47% of 
the total retrieved sequences at the depth of 715 m in the 
deeper part of DZ. These bacteria are strictly anaerobic, 
mesophilic, chemolithoheterotrophs or chemoorgano-
trophs (Kuever et  al. 2005). Alkalibacter, Acetobacte-
rium, and Anaerovirgula (Nos. 37, 38, and 41) were the 
major constituents of Clostridiales at 715 m, comprising 
34% of the total retrieved sequences. Alkalibacter are 
strictly anaerobic, obligately alkaliphilic, and halotoler-
ant bacteria with an optimal growth temperature of 35 °C 
(Garnova and Zhilina 2009a). Pseudoalteromonas (order 
Vibrionales, No. 5) was retrieved from depths of 715 and 
943 m, but was not a major member of the assemblages at 
other depths (maximum 0.5% at 613 m). Another feature 
of the community at 715 m was the presence of archaea 
and members of the family Methanobacteriaceae (Nos. 
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56 and 57), whereas at 613 m, the contribution of these 
methanogens was very small.

2.3.3  Connate water zone
For the order Clostridiales, Alkalibacter and Anaero-
virgula (Nos. 37 and 41) were retrieved from 943  m, 
with relative abundances of 29% and 12% of the total 
sequences, respectively. In addition to Clostridiales, 
some genera of Pelobacteraceae, Oleibacter, and Pseu-
doalteromonas (Nos. 18, 12, and 5) were retrieved from 
943 m. Some methanogens, such as Methanobacterium, 
Methanocorpusculum, and Methanoculleus (Nos. 53–57), 
were detected at 943 m, accounting for 10% of the total 
retrieved sequences. A relatively high density of archaea 
compared to the overlying zones was also detected by 
FISH analysis (Fig. 2d).

The deepest sample obtained (1143 m depth) showed a 
clearly different community structure with a large diver-
sity of prokaryotes. A typical feature of this sample was 
the presence of various genera of Clostridiales, such as 
Soehngenia, Dethiosulfatibacter, Desulfitobacter, Alkali-
bacter, Anoxynatronum, Thermotalea, and Clostridium 
(Nos. 31, 32, 34, 37, 40, 42, and 43), which are anaero-
bic, alkaliphilic, mesophilic, or thermophilic bacteria 
(Parshina and Stams 2009; Garnova and Zhilina 2009a; 
b). Among these genera, Anoxynatronum is capable of 
fermentative metabolism. For the order Pseudomon-
adales, Pseudomonas, Acinetobacter, and some genera 
of Pseudomonadales (Nos. 8, 10, and 11) were retrieved 
from 1143 m. Some genera of Pelobacteraceae (No. 18), 
which were the major constituents of DZ, contributed 
minimally to the total reads at 1143 m, relative to samples 
from higher and lower depths. The sample from 1143 m 
exhibited the largest proportion of methanogens among 
the examined groundwater samples, accounting for 15% 
of the total retrieved sequences.

3  Discussion
3.1  Vertically unique distribution of prokaryotes
Previous studies have reported that the density of 
prokaryotes in the subseafloor and terrestrial sub-
surface environments decreases almost linearly with 
log-depth from  108 to  103 cells for the examined sam-
ple volume at depths ranging from near the surface to 
over 3  km (Kallmeyer et  al. 2012; McMahon and Par-
nell 2014; Parkes et  al. 2014; Magnabosco et  al. 2018). 
The vertical distribution of prokaryotes in the deep 
groundwater of the sedimentary geological setting was 
observed herein, wherein a low density was found at 
the intermediate depth named DZ, which contained 
paleo-seawater that had infiltrated upward from 790 to 
500 m depth, while the density of prokaryotes increased 
again in the deeper zone at depths of 943 and 1143 m. 

The density of prokaryotes in DZ was of the order of 
 103 cells/mL, which was two orders of magnitude lower 
than that in UZ; however, it increased again to  105 cells/
mL at 943  m in CWZ composed of paleo-seawater. 
This density of prokaryotes in CWZ demonstrates that 
the deep, old groundwater retained a biomass similar 
to that of the ocean surface environment (Murakami 
et  al. 1999; Karner et  al. 2001; Salka et  al. 2008). The 
deeper sample collected at 1143  m exhibited a higher 
prokaryotic density and possible growth potential, as 
suggested by the FDC, than the sample collected at 
943  m in the upper part of CWZ. This finding can be 
partly explained by the relatively high archaeal density 
detected by NGS and FISH at 1143 m. The groundwater 
temperature increased linearly from 9.3  °C at the sur-
face to 42  °C at 1143  m. The prokaryotic distribution 
found in this terrestrial sedimentary geological setting 
differed from that reported for a hard-rock geological 
setting. This vertical prokaryotic profile has not been 
previously described and is unique.

The most interesting finding was the apparent low den-
sity of prokaryotes in DZ compared to the high density 
observed in CWZ. Thus, a low prokaryotic density was 
observed in DZ between UZ and CWZ. The density and 
growth potential suggested by the FDC of the prokary-
otic communities in DZ were very low compared to 
those at shallower (476  m) and deeper (943  m) depths. 
The unique vertical profiles of prokaryotes may have 
resulted from differences in water chemistry with depth. 
The chloride concentration and stable isotope signa-
tures indicate that the groundwater of UZ was supplied 
by meteoric water, whereas the deeper zone of CWZ, 
below 790 m, was filled with paleo-seawater with an age 
of approximately 1.3  Ma (Ikawa et  al. 2014). The chlo-
ride concentration and δD changed markedly with the 
depth in DZ (Fig.  2c), thus suggesting a drastic vertical 
change in the chemical condition for prokaryotes caused 
by the mixing of meteoric water with paleo-seawater 
that had gradually diffused vertically over the geological 
time. The difference in prokaryotic constituents between 
the upper and deeper DZ may result from changes in 
chemical conditions, as discussed below. These major 
environmental changes resulted in the observed distri-
bution of prokaryotes in DZ, which was different from 
that reported previously wherein a linear decrease in the 
density of prokaryotes was solely governed by an increase 
in temperature until more than 45  °C (e.g., Heuer et  al. 
2020; Dai et al. 2021) or a sharp decrease in the density 
occurred due to high salinity (Nisson et al. 2023). The age 
of the groundwater in DZ ranges from 80  ka to 1.3  Ma 
(Ikawa et  al. 2014); thus, the mixing of meteoric and 
paleo-seawater restricted the distribution and density of 
prokaryotes over a long geological timeframe.
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3.2  Characteristics of community constituents
To elucidate the drastic vertical changes in prokaryotic 
abundance in DZ, community similarity analysis at the 
genus level was conducted using the Jaccard index (Jac-
card 1912) and nonmetric multidimensional scaling 
(NMDS) (Borcard et al. 2011). In the Jaccard analysis, the 
community similarity of the prokaryotic constituents of 
samples from 613 and 715 m depths in DZ was low. How-
ever, the similarities between those from 613 and 476 m 
depths and between those from 715 and 943  m depths 
were high (Additional file 3: Table S5). The NMDS analy-
sis classified the examined prokaryotic communities into 
three different clusters: Cluster A, consisting of prokary-
otic components at 214 and 476 m in UZ and at 613 m in 
the upper part of DZ; Cluster B, consisting of prokary-
otes at 715  m in the lower part of DZ and at 943  m in 
the upper part of CWZ; and Cluster C, consisting solely 
of prokaryotes at 1143 m in CWZ (Fig. 4). The similarity 
of the examined prokaryotic community constituents in 
groundwater may reflect the responses of prokaryotes to 
environmental changes caused by the mixing of meteoric 
water and paleo-seawater. Details are provided as follows:

The major prokaryotic constituents of Cluster A at the 
order level were Clostridiales, Desulfuromonadales, and 
Pseudomonadales. These prokaryotes were also retrieved 
from seawater-based formations in the Minami-Kanto 
gas field (Ishii et al. 2019) and the deep groundwater of 
an accretionary prism in Japan (Matsushita et  al. 2016). 
Genus-level analysis revealed that some genera of Lach-
nospiraceae (No. 36) dominated the order Clostridiales 
at 476 and 613 m. Some genera of Pelobacteraceae (No. 
18) appeared at all depths in Cluster A with a similar 

contribution to the community. Pseudomonas, Acine-
tobacter, and some genera of Pseudomonadales (Nos. 
8, 10, and 11) were the major constituents of the 613 m 
community and were also retrieved from 214 and 476 m. 
Pseudomonas grows aerobically in general, but in some 
cases, they can grow anaerobically using nitrate as an 
electron acceptor (Palleroni 2009). Acinetobacter is fre-
quently present in soil and water environments (Juni 
2005). Oleibacter (No. 12) was retrieved from both 476 
and 613  m, as well as from 214  m, although its relative 
abundance was low at 214 m. They are mesophilic (Tera-
moto 2015) and an optimum growth temperature for the 
type species O. marinus are 25–30  °C (Teramoto et  al. 
2011). The small contribution of Oleibacter at 214  m 
probably resulted from low temperatures. DZ exhibited 
drastic changes in its chemistry, which were reflected by 
the differences in prokaryotic constituents between the 
two samples from the upper (613 m) and lower (715 m) 
parts of DZ. The prokaryotic constituents in the upper 
part of DZ resemble those in UZ.

Cluster B, in which Alkalibacter and some genera of 
Pelobacteraceae (Nos. 37 and 18) were the major prokar-
yotic constituents, was retrieved from depths of 715 and 
943  m. Some genera of Pelobacteraceae were retrieved 
from every examined depth; however, their contributions 
were particularly high in the community of prokaryotes 
in Cluster B. Anaerovirgula and Pseudoalteromonas (Nos. 
41 and 5), which are marine bacteria, were the character-
istic constituents of Cluster B. Anaerovirgula is obligately 
anaerobic, alkaliphilic, and mesophilic, and an optimum 
growth temperature for the type species A. multivorans is 
35 °C (Pikuta et al. 2006), which was slightly higher than 
the temperature at 715  m. Pseudoalteromonas is anaer-
obic and halophilic bacteria (Bowman and McMeekin 
2005); this genus was not retrieved from UZ. The 
increasing temperature and salinity through the chemi-
cal diffusion zone formed with a geological time length in 
the depth interval of 715 to 943 m might provide appro-
priate conditions for the development of prokaryotic 
communities in Cluster B. Another characteristic of the 
components in Cluster B was reflected by the low values 
of the Chao 1, Shannon, and Simpson diversity indices 
(Additional file 3: Table S4). All indices were the lowest 
at 715 m, followed by those at 943 m. This indicates that 
these depths are in a transitional state from paleo-seawa-
ter to dilution by penetrating meteoric water.

Cluster C consisted solely of prokaryotes at 1143 m in 
CWZ. The Shannon and Simpson indices of the 1143 m 
depth sample were the highest among the examined 
samples (Additional file 3: Table S4). The major prokar-
yotes in Cluster C belonged to the order Clostridiales 
(Nos. 31, 32, 34, 37, 40, 42, and 43). In addition, the 
relative contribution of methanogens, represented by Fig. 4 Genus-level NMDS analysis of the prokaryotic community
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Methanobacteriaceae (Nos. 57 and 56), which utilize 
 H2/CO2 or formic acid (e.g., Maestrojuán et  al. 1990; 
Skerman et  al. 1980), was as high as 15% of the total 
sequences. These prokaryotes are characterized by the 
deep groundwater of an accretionary prism and vari-
ous hot springs retrieved from depths greater than 1 km 
(Matsushita et al. 2020; Sugiyama et al. 2021a).

Geochemical analysis showed that more than 90% of 
the dissolved gases at 1143 m were methane, which was 
shown to be biogenic based on its stable carbon isotope 
value (Agency for Natural Resources and Energy 2018). 
The presence of methanogens has been demonstrated not 
only by DNA analysis, but also by RNA detection through 
FISH analysis (Amann et  al. 1995). These findings sug-
gest that methanogenic activity may have occurred in the 
paleo-seawater environment. Substrates for methanogen-
esis, namely  H2/CO2 or formic acid, can be produced by 
Clostridiales. The number of reads retrieved from NGS 
suggested a high correlation between methanogens and 
Clostridiales (t-test; t [10] = 0.833, not significant). Thus, 
a syntrophic consortium of  H2-producing fermentative 
bacteria and  H2-utilizing methanogenic archaea may be 
present for an accretionary prism, as inferred by Matsu-
shita et  al. (2020). The abundance of methanogens esti-
mated from the NGS decreased upward from CWZ, 
became very low at 613  m depth in DZ, and increase 
again upward. Some genera of Methanobacteriaceae, 
such as Methanobacterium (No. 56), which can perform 
hydrogenotrophic methanogenesis, have been detected 
in deep marine sediments (Shlimon et al. 2004; Ishii et al. 
2019) and terrestrial surface or subsurface environments 
(Zhu et  al. 2011; Nyyssönen et  al. 2014; Sugiyama et  al. 
2021a). The reason for the decrease in the relative abun-
dance of methanogens from 476 to 613 m depth through 
the geologically changing environment from the sedi-
mentary boundary of the Sarabestu and Yuchi formations 
at 471.5  m to the chemical diffusion zone of approxi-
mately 500 to 790 m is not yet fully understood.

3.3  Microbiological studies in extension of utility 
for subsurface environment

Environmental and social needs have developed the 
focus of studies on deep subsurface environments, from 
searching for natural resources to the utilization of space 
for carbon dioxide capture and storage and radioactive 
waste (Pedersen 1999; Morozova et  al. 2011; Momper 
et  al. 2017). Global warming and climate change con-
cerns have triggered global efforts to reduce atmospheric 
carbon dioxide, and carbon dioxide capture and storage. 
One of the major strategies for reducing atmospheric car-
bon dioxide is to embed it into subsurface space (Leung 
et al. 2014; Kumar et al. 2018). In addition, constructing 
a high-level radioactive waste repository for geological 

disposal is one of the most urgent requirements for uti-
lizing geological space.

Microbes present in reduced subsurface environments 
pose potential risks associated with geochemical instabil-
ity (Parkes et al. 2014; Miettinen et al. 2018). Regarding 
the function of microbes in the subsurface environment 
in relation to the subsurface space, the following possible 
microbial effects should be considered: (1) methanogen-
esis and  H2-producing metabolic processes resulting in 
the release of explosive gases; (2) metabolic activity that 
changes the environmental redox potential, leading to 
enhanced metal corrosion (Yoshikawa et  al. 2009; Kato 
et al. 2020); and (3) geochemical reactions and migration 
of embedded chemical species (Utsunomiya et al. 2020). 
Elucidating the potential activities of methanogenesis 
and  H2-producing processes is important subjects among 
them, because explosive gases are released into the envi-
ronment. Possibility remains that the geological structure 
plays a role as a cap rock to trap the methane and hydro-
gen gases produced below (Caesar et al. 2019; Drake et al. 
2019). Thus, the biogeochemical effect of the subsurface 
environment is governed by the strength of microbial 
activity (Whitman et al. 1998; Parkes et al. 2014). How-
ever, it is necessary to clarify the in  situ concentration 
of related chemical compounds, such as hydrogen,  CO2, 
and methane to estimate the activity of methanogenesis, 
as the analysis of microbial DNA and RNA does not show 
this activity.

Previous studies have confirmed that sedimentary geo-
logical settings promote the abundance and growth of 
a diverse range of microbial species compared to hard-
rock systems (Parkes et  al. 2014; Inagaki et  al. 2015). 
In the present study, we discovered a zone of reduced 
microbial activity, i.e., DZ, where environmental condi-
tions changed drastically; this zone was located above 
a deeper zone with higher microbial activity provided 
by paleo-seawater. The DZ exhibited a marked fluctua-
tion in the vertical distribution of microbes, which was 
associated with differences in community constituents. 
The upward expansion in the distribution of microbes 
from CWZ, where the high microbial potential can be 
maintained equivalent to that in the marine environ-
ment in the examined paleo-seawater, probably occurred 
through a geological timescale shown by the groundwa-
ter age of DZ from 80 ka to 1.3 Ma (Ikawa et  al. 2014). 
The DZ is characterized by drastic changes in geochem-
istry because of the mixing of penetrating meteoric water 
and the diffusion of deep paleo-seawater, preserving a 
unique subsurface environment over a long period of 
time. This zone mitigates the high microbial activity in 
the deeper zone with high temperatures in the presence 
of anoxic paleo-seawater, which reduces the possible 
risk of microbial hydrogen and methane gas production. 
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Therefore, this zone could be regarded as a buffering 
zone for prokaryotes, preventing the expansion of their 
density and activity in deep subsurface sedimentary envi-
ronments. The findings from this zone indicate a unique 
vertical prokaryotic profile in a terrestrial sedimentary 
geological setting. We suggest that this zone is important 
for planning the future use of subsurface environments in 
the island arcs.

4  Conclusions
We found a unique prokaryotic vertical distribution in 
groundwater at intermediate depths of meteoric water 
and paleo-seawater from 500 to 790  m, named the dif-
fusion zone, DZ, in a sedimentary geological setting 
in Hokkaido, Japan. The examined groundwater was 
obtained from a borehole with a depth exceeding 1200 m, 
which was constructed as part of a pre-experimental 
study of the sedimentary terrestrial subsurface environ-
ment for radioactive waste treatment.

The density of DZ prokaryotes was of the order of 
 103 cells/mL, which was two orders of magnitude lower 
than that of the upper zone, UZ. The density increased 
again to  105  cells/mL at 943  m in the connate water 
zone, CWZ, composed of paleo-seawater > 1.3  Ma. The 
observed unique vertical profile of prokaryotes is sug-
gested to result from the differences in water chemistry 
and physics with depth.

The prokaryotic community constituents in the upper 
and lower DZ differed, indicating a significant change in 
the groundwater environment. However, the estimated 
community constituent of the upper part of DZ was simi-
lar to that of UZ and that of the lower part of DZ was 
not different from that of CWZ. This suggests that com-
munity constituents remained in the major profiles of 
the upper and lower zones. Although prokaryotic den-
sity was suppressed, the major community constituents 
maintained their abundance within a given condition.

Unlike the understanding of prokaryotes in hard-rock 
environments, the vertical distribution of prokaryotes 
in the groundwater constrained by both meteoric water 
and paleo-seawater is not simple. These findings led us to 
hypothesize that the DZ could act as a buffering zone for 
prokaryotic density and activity over a geological time-
scale. Sedimentary microbiology is expected to be more 
complex than that of hard-rock systems. Thus, we need 
to expand our understanding of the microbial ecology in 
sedimentary geological environments for the future use 
of subsurface environments.

5  Methods/experimental
5.1  Study site
The examined groundwater was sampled from an obser-
vation well (DD-1) drilled from 5.2  m above sea level 

to 1205  m bgs in a sedimentary geological setting in 
Horonobe, Hokkaido, Japan. The well is located 300  m 
from the coastline. The details of DD-1 are described 
by Ikawa et al. (2014) based on HRISE (2005). The loca-
tion of the study site and its geology are shown in Figs. 1 
and 2b, respectively. The geological formations encoun-
tered in this study are the Yuchi, the Sarabetsu, and 
Alluvium formations. The Yuchi Formation is estimated 
to be approximately 1100-m thick, and consists mainly 
of fine sand, clay, and silt, indicating that the unit was 
deposited in a shallow marine environment. The forma-
tion was deposited at 2.3 Ma, and is overlain by the Sara-
betsu Formation (1.5 Ma and younger). In well DD-1, the 
boundary between the Yuchi and the Sarabetsu forma-
tions is located at 471.5 m bgs. The geological succession 
is topped by alluvium from 86.4  m bgs upward. Ikawa 
et al. (2014) divided the studied aquifer down to 1004 m 
into several systems-Alluvium Aquifer, Upper Sarabetsu 
Aquifer, Lower Sarabetsu Aquifer, Yuchi Aquifer, DZ, 
and CWZ-based on differences in the geological setting 
inferred from measurements of chloride concentration 
and δD of pore water. The age of each aquifer was esti-
mated from δD and δ18O values of groundwater to be 
12–42  ka for the Upper Sarabetsu Aquifer, > 80–120  ka 
for the Lower Sarabetsu Aquifer and Yuchi Aquifer, 80 ka 
to 1.3 Ma for DZ, and > 1.3 Ma for CWZ (Fig. 2a).

5.2  Sample collection and field measurements
We examined groundwater samples obtained from the 
three zones of borehole DD-1 between February 2017 
and December 2018: 214  m and 476  m, in UZ, 613  m 
and 715 m, in DZ, and 943 m and 1143 m, in CWZ. Each 
groundwater sample was collected by using a packer 
system (Asano Taiseikiso Engineering Co., Ltd., Tokyo, 
Japan) and sterilized bottles. The sampling procedures 
and microbial analytical processes are summarized in the 
flow chart of Sugiyama et al. (2021b). The microbial anal-
ysis methods are described in the following section. The 
individual screen depths and environmental parameters 
measured in situ are listed in Additional file 3: Table S1. 
The examined water sample at a depth of 214  m was 
obtained from the Sarabetsu Formation and at depths of 
those at 613, 715, 943, and 1143 m from the Yuchi For-
mation. A water sample at 476  m was taken from the 
boundary between the Sarabetsu and Yuchi formations.

Temperature logging was performed to identify aqui-
fers between 30 and 1152 m (Fig. 2b). Preliminary drain-
age was performed prior to groundwater sampling to 
confirm the pH and EC stability and attenuation of 
Amino G acid (7-amino-1,3-naphthalene disulfonic 
acid mono potassium salt;  C10H8KNO6S2) added during 
drilling to ensure the in situ water quality of the studied 
depth.
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Environmental parameters, such as water temperature, 
pH, EC, and oxidation–reduction potential (ORP), were 
measured in situ by using Ocean Seven 303 (IDRONAUT 
S.r.l., Italy). The ORP values were transformed into Eh 
(STD) values (H conversion) by using Eq. (1):

Dissolved oxygen was measured by using Ocean Seven 
303 for ground-pumped water. Amino G acid concentra-
tion was measured using a spectrophotometer (FP-8000, 
JASCO Corp., Japan).

5.3  Microbial analysis
The microbial communities were elucidated though cell 
counts, LIVE/DEAD staining, FISH to evaluate spe-
cific population dynamics. In addition, DNA analysis 
was performed to elucidate the community constituents 
using NGS of the 16S rRNA gene. Microbial DNA has 
been shown to suggest groundwater flow paths based 
on differences in the physiological characteristics of the 
retrieved DNA, which resulted from the environmental 
distribution of microbes (Segawa et  al. 2015; Sugiyama 
et al. 2018; Schilling et al. 2023).

5.3.1  Microscopic analysis
The density of prokaryotes and the community structure 
were analyzed by total direct count (TDC) and FISH, 
following Porter and Feig (1980) and DeLong (1992), 
respectively, with some modifications (Kato et  al. 2009; 
Segawa et al. 2015; Sugiyama et al. 2018). If the sampled 
water contained  Fe2+, ethylenediaminetetraacetic acid 
was immediately added to the sample at a final concen-
tration of ~ 6  mM to minimize the formation of  Fe2O3 
aggregates, which interfered with the microscopic obser-
vations (Nagaosa et al. 2008). The concentration of  Fe2+ 
was determined using the ferrozine method (Viollier 
et al. 2000). The sampled water was immediately subsam-
pled and fixed with neutralized formaldehyde (final con-
centration 2%) for TDC. The subsamples for FISH were 
fixed with paraformaldehyde (final concentration 3%) and 
collected by the filtration on a nuclepore filter (0.2  μm 
pore size; GE Healthcare UK Ltd.). The water samples 
for TDC were stored at 4 °C and the filtered samples for 
FISH were stored at − 20 °C until analysis.

The subsample of groundwater for TDC was col-
lected by the filtration of 1–100  mL on a nucle-
pore filter (0.2  μm pore size). Cells were stained with 
4′,6-diamidino-2-phenylindole (DAPI, Nacalai Tesque 
Inc., Kyoto, Japan; final concentration, 0.01 μg/mL) and 

(1)

Eh (STD)[mV] =(Eh[mV]+ 206)

− 0.7× Temperature[◦C]− 25 . . .

more than 20 microscopic fields, and totally more than 
300 prokaryotic cells were counted under an epifluores-
cence microscope (BX51-FLA; Olympus Corp., Tokyo, 
Japan) (Kato et  al. 2009). Dividing cells were counted 
to determine the FDC, which indicates the growth 
potential of a given population (Newell and Christian 
1981). Counting by microscopy was performed in trip-
licate, and standard deviations were obtained. Hybridi-
zation was performed by using the bacteria-specific 
EUB338 probe or the archaea-specific ARC915 probe 
and non-ARC915 probe (listed in Additional file  3: 
Table S6). Methanomicrobiales and Methanobacteriales 
were analyzed in the sample at 1143 m by using probes 
MG1200b and MB311, respectively. The ratio of bac-
teria to archaea was counted and calculated based on 
images captured using an epifluorescence microscope 
(BX51-FLA) equipped with a digital camera (DP71, 
Olympus) (Additional file 2: Fig. S2).

To estimate the living cell ratio, LIVE/DEAD stain-
ing was performed using a LIVE/DEAD Bac Light 
Viability Kit consisting of two fluorescent nucleic acid 
stains: SYTO9 (green) and propidium iodide (PI; red) 
(Auty et  al. 2001). SYTO9 permeates both viable and 
non-viable cell membranes, whereas PI only perme-
ates damaged cell membranes, which in turn negates 
the SYTO9 fluorescence. Viable prokaryotic cells fluo-
resce in green, and those with a damaged or non-viable 
membranes fluoresce in red. A subsample of groundwa-
ter amount was collected on a nuclepore filter (0.2 μm 
pore size). The cells was stained with SYTO9 (final 
concentration 0.5 μM) and PI (3 μM), and the numbers 
of cells were counted under an epifluorescence micro-
scope (BX51-FLA). In this study, the ratio of cells with 
viable prokaryotic cell membranes (defined here as liv-
ing cells) among all cells was calculated.

5.3.2  DNA extraction
The sampled groundwater was filtered with a 0.22-μm 
Sterivex-GV filter (EMD Millipore) to collect more than 
 108 cells. Bulk DNA was extracted as described previ-
ously (Somerville et al. 1989). Prokaryotic cells were lysed 
using a solution of lysozyme and proteinase K in Sterivex-
GV. Bulk DNA was extracted using phenol. As some 
substances originating in the geological environment 
interfere with the PCR reaction, bulk DNA was purified 
using a PowerClean Pro DNA Clean-Up Kit (MO BIO) 
and subsequently extracted using a one-step PCR inhibi-
tor removal kit (Zymo Research). The concentrations of 
the extracted DNA were determined using a Qubit and 
dsDNA HS Assay Kit (Thermo Fisher Scientific).
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5.3.3  16S rRNA gene sequencing
The 16S rRNA genes were amplified using 2-step tailed 
PCR by a primer coded V3-V4 regions 341f/805r primer 
set. A negative control that did not contain the template 
DNA was used to confirm that there was no contamination 
in the PCR. The PCR conditions are shown in Additional 
file 1: Fig. S1. Sample libraries for sequencing were prepared 
according to the Synergy H1 and QuantiFluor dsDNA Sys-
tem, and checked using a Fragment Analyzer and dsDNA 
915 Reagent Kit (Advanced Analytical Technologies). NGS 
was run by MiSeq. OTUs were clustered using QIIME at 
a 97% similarity level. Chimeric sequences were detected 
using the Qiime. Individual OTUs were assigned based on 
representative sequences from the GreenGenes database. 
The accession number is DRA012929.

5.3.4  Statistical analysis
The Chao 1, Shannon, and Simpson indices were calculated 
according to Chao (1984), Shannon (1948), and Simpson 
(1949), respectively. Community similarity between the 
two samples was estimated using the Jaccard index (Jac-
card 1912), which converts the assemblage data to presence/
absence. The NMDS analysis was used to evaluate the rela-
tive similarity among the prokaryotic communities (Borcard 
et al. 2011). NMDS analysis was applied to use the similarity 
index directly because the process of normality and linear-
ity obtained by principal components analysis is incongru-
ous for analyzing biological communities. Cluster analysis 
was performed using k-medoids (Gülagiz and Sahin 2017), 
which are more robust than k-means (Borcard et al. 2011).

Abbreviations
TDC  Total direct count
FDC  Frequency of dividing cells
FISH  Fluorescence in situ hybridization
NGS  Next-generation sequencing
OTUs  Operational taxonomic units
NMDS  Nonmetric multidimensional scaling

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40645- 023- 00604-9.

Additional file 1: Fig. S1. Details of the reaction mixture and PCR 
conditions.

Additional file 2: Fig. S2. FISH image of groundwater sample at 476 m. 
Yellow arrows indicate hybridized cells (living cells) and white arrows 
indicate not hybridized cells (not living cells).

Additional file 3: Table S1. Observed in situ environmental parameters 
at the six sample depths. Table S2. Results of microbial analysis for the six 
studied depths. Table S3. Genus-level taxa and their relative ratios (%) in 
the prokaryotic community obtained by NGS analysis. Table S4. Results of 
NGS and calculated diversity indices. Table S5. Results of the community 
similarity analysis using the Jaccard index. Table S6. Oligonucleotide 
probes used in this study for target groups. 

Acknowledgements
This study was carried out as a part of R&D supporting program titled " 
Development of enhancing the disposal system in the coastal region (2018 
FY)” under the contract with Ministry of Economy, Trade and Industry (METI)
(Grant No.: JPJ007597). This study is part of the collaborative research between 
the National Institute of Advanced Industrial Science and Technology (AIST) 
and Asano Taiseikiso Engineering Co., Ltd. (ATK). This study was also partially 
supported by the River Works Technology Research and Development Pro-
gram of the Ministry of Land, Infrastructure, Transport and Tourism, Japan. We 
are grateful to various people for their support and helpful comments on the 
manuscript and Mr. Shiga from ATK for his comments on an earlier version of 
the manuscript.

Author contributions
AS proposed the topic, conceived, and designed the study. AS, IT, KN, and KK 
joined sample collection. IT performed groundwater sampling. KN conducted 
the experimental study and analyzed the data. AM and KK collaborated with 
the corresponding author (AS) in the interpretation of the data and construc-
tion of manuscript. All the authors have read and approved the final version of 
the manuscript.

Funding
This study was carried out as a part of R&D supporting program titled "Devel-
opment of enhancing the disposal system in the coastal region (2018 FY)” 
under the contract with Ministry of Economy, Trade and Industry (METI) (Grant 
No.: JPJ007597).

Availability of data and material
The datasets supporting the conclusions of this article are included within the 
article and its additional files.

Declarations

Competing interests
The authors declare that they have no competing interest.

Received: 27 April 2023   Accepted: 26 December 2023

References
Agency for Natural Resources and Energy (2018) The project for development 

of advanced of geological disposal system in coastal region (2017 Fy) (in 
Japanese). https:// www. enecho. meti. go. jp/ categ ory/ elect ricity_ and_ gas/ 
nucle ar/ rw/ libra ry/ 2017/ 29fy_ engan. pdf. Accessed 17 Jul 2023

Amann RI, Ludwig W, Schleifer KH (1995) Phylogenetic identification and 
in situ detection of individual microbial cells without cultivation. Micro-
biol Rev 59(1):143–169. https:// doi. org/ 10. 1128/ mr. 59.1. 143- 169. 1995

Auty MAE, Gardiner GE, McBrearty SJ, O’Sullivan EO, Mulvihill DM, Collins JK, 
Fitzgerald GF, Stanton C, Ross RP (2001) Direct in situ viability assessment 
of bacteria in probiotic dairy products using viability staining in conjunc-
tion with confocal scanning laser microscopy. Appl Environ Microbiol 
67(1):420–425. https:// doi. org/ 10. 1128/ AEM. 67.1. 420- 425. 2001

Borcard D, Gille F, Legendre P (2011) Numerical ecology with R. Springer, New 
York

Bowman JP, McMeekin TA (2005) Genus XI Pseudoalteromonas. In: Brenner DJ, 
Krieg NR, Staley JT, Garrity GM et al (eds) Bergey’s manual of systematic 
bacteriology, vol 2, 2nd edn. Springer, New York, pp 467–478

Caesar KH, Kyle JR, Lyons TW, Tripati A, Loyd SJ (2019) Carbonate formation in 
salt dome cap rocks by microbial anaerobic oxidation of methane. Nat 
Commun 10:808. https:// doi. org/ 10. 1038/ s41467- 019- 08687-z

Chandler DP, Li SM, Spadoni CM, Drake GR, Balkwill DL, Fredrickson JK, Brock-
man FJ (1997) A molecular comparison of culturable aerobic hetero-
trophic bacteria and 16S rDNA clones derived from a deep subsurface 
sediment. FEMS Microbiol Ecol 23(2):131–144. https:// doi. org/ 10. 1111/j. 
1574- 6941. 1997. tb003 97.x

Chao A (1984) Nonparametric estimation of the number of classes in a popu-
lation. Scand Stat Theor Appl 11(4):265–270

https://doi.org/10.1186/s40645-023-00604-9
https://doi.org/10.1186/s40645-023-00604-9
https://www.enecho.meti.go.jp/category/electricity_and_gas/nuclear/rw/library/2017/29fy_engan.pdf
https://www.enecho.meti.go.jp/category/electricity_and_gas/nuclear/rw/library/2017/29fy_engan.pdf
https://doi.org/10.1128/mr.59.1.143-169.1995
https://doi.org/10.1128/AEM.67.1.420-425.2001
https://doi.org/10.1038/s41467-019-08687-z
https://doi.org/10.1111/j.1574-6941.1997.tb00397.x
https://doi.org/10.1111/j.1574-6941.1997.tb00397.x


Page 12 of 13Sugiyama et al. Progress in Earth and Planetary Science            (2024) 11:1 

D’Hondt S, Jørgensen BB, Miller DJ, Batzke A, Blake R, Cragg BA, Cypionka H, 
Dickens GR, Ferdelman T, Hinrichs KU, Holm NG, Mitterer R, Spivack A, 
Wang G, Bekins B, Engelen B, Ford K, Gettemy G, Rutherford SD, Sass H, 
Skilbeck CG, Aiello IW, Guèrin G, House CH, Inagaki F, Meister P, Naehr T, 
Niitsuma S, Parkes RJ, Schippers A et al (2004) Distributions of microbial 
activities in deep subseafloor sediments. Science 306(5705):2216–2221. 
https:// doi. org/ 10. 1126/ scien ce. 11011 55

Dai X, Wang Y, Luo L, Pfiffner SM, Li G, Dong Z, Xu Z, Dong H, Huang L (2021) 
Detection of the deep biosphere in metamorphic rocks from the Chinese 
continental scientific drilling. Geobiology 19(3):278–291. https:// doi. org/ 
10. 1111/ gbi. 12430

Delong EF (1992) Archaea in coastal marine environments. Proc Natl Acad Sci 
USA 89(12):5685–5689. https:// doi. org/ 10. 1073/ pnas. 89. 12. 5685

Drake H, Roberts NMW, Heim C, Whitehouse MJ, Siljeström S, Kooijman E, 
Broman C, Ivarsson M, Åström ME (2019) Timing and origin of natural 
gas accumulation in the Siljan impact structure. Sweden Nat Commun 
10:4736. https:// doi. org/ 10. 1038/ s41467- 019- 12728-y

Fredrickson JK, McKinley JP, Bjornstad BN, Long PE, Ringelberg DB, White DC, 
Krumholz LR, Suflita JM, Colwell FS, Lehman RM, Phelps TJ, Onstott TC 
(1997) Pore-size constraints on the activity and survival of subsurface 
bacteria in a Late Cretaceous shale-sandstone sequence, northwestern 
New Mexico. Geomicrobiol J 14(3):183–202. https:// doi. org/ 10. 1080/ 
01490 45970 93780 43

Garnova ES, Zhilina TN (2009a) Genus III. Alkalibacter. In: De Vos P, Garrity GM, 
Jones D, Krieg NR, Ludwig W, Rainey FA et al (eds) Bergey’s manual of 
systematic bacteriology, vol 3, 2nd edn. Springer, New York, pp 896–900

Garnova ES, Zhilina TN (2009b) Genus IV. Anoxynatronum. In: De Vos P, Garrity 
GM, Jones D, Krieg NR, Ludwig W, Rainey FA et al (eds) Bergey’s manual of 
systematic bacteriology, vol 3, 2nd edn. Springer, New York, pp 831–834

Gülagiz FK, Sahin S (2017) Comparison of hierarchical and non-hierarchical 
clustering algorithms. Int J Comput Eng Inf Technol 9(1):6–14

Heuer VB, Inagaki F, Morono Y, Kubo Y, Spivack AJ, Viehweger B, Treude T, Beulig 
F, Schubotz F, Tonai S, Bowden SA, Cramm M, Henkel S, Hirose T, Homola 
K, Hoshino T, Ijiri A, Imachi H, Kamiya N, Kaneko M, Lagostina L, Manners 
H, Mcclelland HL, Metcalfe K, Okutsu N, Pan D, Raudsepp MJ, Sauvage J, 
Tsang MY, Wang DT et al (2020) Temperature limits to deep subseafloor 
life in the Nankai Trough subduction zone. Science 370(6521):1230–1234. 
https:// doi. org/ 10. 1126/ scien ce. abd79 34

HRISE (2005) Annual research report on research project for the subsurface 
environment (in Japanese). HRISE Horonobe Japan, pp. 143–176

Ikawa R, Machida I, Koshigai M, Nishizaki S, Marui A (2014) Coastal aquifer 
system in late pleistocene to holocene deposits at Horonobe in Hok-
kaido. Japan Hydrogeol J 22(5):987–1002. https:// doi. org/ 10. 1007/ 
s10040- 014- 1106-4

Inagaki F, Nunoura T, Nakagawa S, Teske A, Lever M, Lauer A, Suzuki M, Takai K, 
Delwiche M, Colwell FS, Nealson KH, Horikoshi K, D’Hondt S, Jørgensen 
BB (2006) Biogeographical distribution and diversity of microbes in 
methane hydrate-bearing deep marine sediments on the Pacific Ocean 
Margin. Proc Natl Acad Sci U S A 103(8):2815–2820. https:// doi. org/ 10. 
1073/ pnas. 05110 33103

Inagaki F, Hinrichs KU, Kubo Y, Bowles MW, Heuer VB, Hong WL, Hoshino T, 
Ijiri A, Imachi H, Ito M, Kaneko M, Lever MA, Lin YS, Methé BA, Morita S, 
Morono Y, Tanikawa W, Bihan M, Bowden SA, Elvert M, Glombitza C, Gross 
D, Harrington GJ, Hori T, Li K, Limmer D, Liu CH, Murayama M, Ohkouchi 
N, Ono S et al (2015) Deep biosphere. Exploring deep microbial life in 
coal-bearing sediment down to similar to 2.5 km below the ocean floor. 
Science 349(6246):420–424. https:// doi. org/ 10. 1126/ scien ce. aaa68 82

Ishii SI, Imachi H, Kawano K, Murai D, Ogawara M, Uemastu K, Nealson KH, Ina-
gaki F (2019) Bioelectrochemical stimulation of electromethanogenesis 
at a seawater-based subsurface aquifer in a natural gas field. Front Energy 
Res 6:417911. https:// doi. org/ 10. 3389/ fenrg. 2018. 00144

Itävaara M, Salavirta H, Marjamaa K, Ruskeeniemi T (2016) Geomicrobiology 
and metagenomics of terrestrial deep subsurface microbiomes. Adv Appl 
Microbiol 94:1–77. https:// doi. org/ 10. 1016/ bs. aambs. 2015. 12. 001

Jaccard P (1912) The distribution of the flora in the alpine zone. New Phytol 
11(2):37–50. https:// doi. org/ 10. 1111/j. 1469- 8137. 1912. tb056 11.x

Juni E (2005) Genus II Acinetobacter. In: Brenner DJ, Krieg NR, Staley JT, 
Garrity GM et al (eds) Bergey’s manual of systematic bacteriology, vol 2, 
2nd edn. Part B. Springer, New York, pp 425–437

Kallmeyer J, Pockalny R, Adhikari RR, Smith DC, D’Hondt S (2012) Global 
distribution of microbial abundance and biomass in subseafloor 

sediment. Proc Natl Acad Sci USA 109(40):16213–16216. https:// doi. 
org/ 10. 1073/ pnas. 12038 49109

Karner MB, DeLong EF, Karl DM (2001) Archaeal dominance in the mesope-
lagic zone of the Pacific Ocean. Nature 409:507–510. https:// doi. org/ 10. 
1038/ 35054 051

Kato K, Nagaosa K, Kimura H, Katsuyama C, Hama K, Kunimaru T, Tsunogai 
U, Aoki K (2009) Unique distribution of deep groundwater bacteria 
constrained by geological setting. Environ Microbiol Rep 1(6):569–574. 
https:// doi. org/ 10. 1111/j. 1758- 2229. 2009. 00087.x

Kato K, Nagaosa K, Kinoshita T, Kastsuyama C, Nazina TN, Ohnuki T, 
Kalmykov SN (2020) Microbial ecological function in migration of 
radionuclides in groundwater. In: Kato K, Konoplev A, Kalmykov SN 
(eds) Behavior of radionuclides in the environment I. Springer, Singa-
pore, pp 1–34

Kawagucci S, Miyazaki J, Morono Y, Seewald JS, Wheat CG, Takai K (2018) 
Cool, alkaline serpentinite formation fluid regime with scarce microbial 
habitability and possible abiotic synthesis beneath the South Cham-
orro Seamount. Prog Earth Planet Sci 5:74. https:// doi. org/ 10. 1186/ 
s40645- 018- 0232-3

Kuever J, Rainey FA, Widdel F (2005) Family I. Desulfuromonaceae fam. 
nov. In: Brenner DJ, Krieg NR, Staley JT, Garrity GM et al (eds) Bergey’s 
manual of systematic bacteriology, vol 2, 2nd edn. Springer, New York, 
p 1006

Kumar M, Sundaram S, Gnansounou E, Larroche C, Thakur IS (2018) Carbon 
dioxide capture, storage and production of biofuel and biomaterials by 
bacteria: a review. Bioresour Technol 247:1059–1068. https:// doi. org/ 10. 
1016/j. biort ech. 2017. 09. 050

Leung DYC, Caramanna G, Maroto-Valer MM (2014) An overview of current sta-
tus of carbon dioxide capture and storage technologies. Renew Sustain 
Energy Rev 39:426–443. https:// doi. org/ 10. 1016/j. rser. 2014. 07. 093

Lipp JS, Morono Y, Inagaki F, Hinrichs KU (2008) Significant contribution of 
Archaea to extant biomass in marine subsurface sediments. Nature 
454:991–994. https:// doi. org/ 10. 1038/ natur e07174

Maestrojuán GM, Boone DR, Xun L, Mah RA, Zhang L (1990) Transfer of 
Methanogenium bourgense, Methanogenium marisnigri, Methanoge-
nium olentangyi, and Methanogenium thermophilicum to the genus 
Methanoculleus gen. nov., emendation of Methanoculleus marisnigri 
and Methanogenium, and description of new strains of Methanocul-
leus bourgense and Methanoculleus marisnigri. Int J Syst Bacteriol 
40(2):117–122. https:// doi. org/ 10. 1099/ 00207 713- 40-2- 117

Magnabosco C, Lin LH, Dong H, Bomberg M, Ghiorse W, Stan-Lotter H, Ped-
ersen K, Kieft TL, van Heerden E, Onstott TC (2018) The biomass and biodi-
versity of the continental subsurface. Nat Geosci 11:707–717. https:// doi. 
org/ 10. 1038/ s41561- 018- 0221-6

Matsushita M, Ishikawa S, Nagai K, Hirata Y, Ozawa K, Mitsunobu S, Kimura 
H (2016) Regional variation of  CH4 and  N2 production processes in the 
deep aquifers of an accretionary prism. Microbes Environ 31(3):329–338. 
https:// doi. org/ 10. 1264/ jsme2. ME160 91

Matsushita M, Ishikawa S, Magara K, Sato Y, Kimura H (2020) The potential 
for  CH4 production by syntrophic microbial communities in diverse 
deep aquifers associated with an accretionary prism and its overlying 
sedimentary layers. Microbes Environ 35(1):ME19103. https:// doi. org/ 10. 
1264/ jsme2. ME191 03

McMahon S, Parnell J (2014) Weighing the deep continental biosphere. FEMS 
Microbiol Ecol 87(1):113–120. https:// doi. org/ 10. 1111/ 1574- 6941. 12196

Miettinen H, Bomberg M, Vikman M (2018) Acetate activates deep subsurface 
fracture fluid microbial communities in Olkiluoto, Finland. Geosciences 
8(11):399. https:// doi. org/ 10. 3390/ geosc ience s8110 399

Momper L, Kiel Reese B, Zinke L, Wanger G, Osburn MR, Moser D, Amend JP 
(2017) Major phylum-level differences between porefluid and host rock 
bacterial communities in the terrestrial deep subsurface. Environ Micro-
biol Rep 9(5):501–511. https:// doi. org/ 10. 1111/ 1758- 2229. 12563

Morozova D, Zettlitzer M, Let D, Würdemann H (2011) Monitoring of the micro-
bial community composition in deep subsurface saline aquifers during 
 CO2 storage in Ketzin, Germany. Energy Procedia 4:4362–4370. https:// 
doi. org/ 10. 1016/j. egypro. 2011. 02. 388

Murakami Y, Naganuma T, Iwatsuki T (1999) Deep subsurface microbial com-
munities in the Tono area, central Japan (in Japanese). J Nucl Fuel Cycle 
Environ 5:59–66

Nagaosa K, Maruyama T, Welikala N, Yamashita Y, Saito Y, Kato K, Fortin D, 
Nanba K, Miyasaka I, Fukunaga S (2008) Active bacterial populations and 

https://doi.org/10.1126/science.1101155
https://doi.org/10.1111/gbi.12430
https://doi.org/10.1111/gbi.12430
https://doi.org/10.1073/pnas.89.12.5685
https://doi.org/10.1038/s41467-019-12728-y
https://doi.org/10.1080/01490459709378043
https://doi.org/10.1080/01490459709378043
https://doi.org/10.1126/science.abd7934
https://doi.org/10.1007/s10040-014-1106-4
https://doi.org/10.1007/s10040-014-1106-4
https://doi.org/10.1073/pnas.0511033103
https://doi.org/10.1073/pnas.0511033103
https://doi.org/10.1126/science.aaa6882
https://doi.org/10.3389/fenrg.2018.00144
https://doi.org/10.1016/bs.aambs.2015.12.001
https://doi.org/10.1111/j.1469-8137.1912.tb05611.x
https://doi.org/10.1073/pnas.1203849109
https://doi.org/10.1073/pnas.1203849109
https://doi.org/10.1038/35054051
https://doi.org/10.1038/35054051
https://doi.org/10.1111/j.1758-2229.2009.00087.x
https://doi.org/10.1186/s40645-018-0232-3
https://doi.org/10.1186/s40645-018-0232-3
https://doi.org/10.1016/j.biortech.2017.09.050
https://doi.org/10.1016/j.biortech.2017.09.050
https://doi.org/10.1016/j.rser.2014.07.093
https://doi.org/10.1038/nature07174
https://doi.org/10.1099/00207713-40-2-117
https://doi.org/10.1038/s41561-018-0221-6
https://doi.org/10.1038/s41561-018-0221-6
https://doi.org/10.1264/jsme2.ME16091
https://doi.org/10.1264/jsme2.ME19103
https://doi.org/10.1264/jsme2.ME19103
https://doi.org/10.1111/1574-6941.12196
https://doi.org/10.3390/geosciences8110399
https://doi.org/10.1111/1758-2229.12563
https://doi.org/10.1016/j.egypro.2011.02.388
https://doi.org/10.1016/j.egypro.2011.02.388


Page 13 of 13Sugiyama et al. Progress in Earth and Planetary Science            (2024) 11:1  

grazing impact revealed by an in situ experiment in a shallow aquifer. 
Geomicrobiol J 25(3–4):131–141. https:// doi. org/ 10. 1080/ 01490 45080 
20067 93

Newell SY, Christian RR (1981) Frequency of dividing cells as an estimator of 
bacterial productivity. Appl Environ Microbiol 42(1):23–31. https:// doi. 
org/ 10. 1128/ aem. 42.1. 23- 31. 1981

Nisson DM, Kieft TL, Drake H, Warr O, Sherwood Lollar BS, Ogasawara H, Perl 
SM, Friefeld BM, Castillo J, Whitehouse MJ, Kooijman E, Onstott TC (2023) 
Hydrogeochemical and isotopic signatures elucidate deep subsurface 
hypersaline brine formation through radiolysis driven water-rock interac-
tion. Geochim Cosmochim Acta 340:65–84. https:// doi. org/ 10. 1016/j. gca. 
2022. 11. 015

Nyyssönen M, Hultman J, Ahonen L, Kukkonen I, Paulin L, Laine P, Itävaara 
M, Auvinen P (2014) Taxonomically and functionally diverse microbial 
communities in deep crystalline rocks of the Fennoscandian shield. ISME 
J 8:126–138. https:// doi. org/ 10. 1038/ ismej. 2013. 125

Palleroni NJ (2009) Genus I. Pseudomonas. In: Brenner DJ, Krieg NR, Staley JT, 
Garrity GM et al (eds) Bergey’s manual of systematic bacteriology, vol 2, 
2nd edn. Springer, New York, pp 323–379

Parkes RJ, Gibson GR, Mueller-Harvey I, Buckingham WJ, Herbert RA (1989) 
Determination of the substrates for sulphate-reducing bacteria within 
marine and esturaine sediments with different rates of sulphate reduc-
tion. Microbiology 135(1):175–187. https:// doi. org/ 10. 1099/ 00221 
287- 135-1- 175

Parkes RJ, Cragg BA, Bale SJ, Getliff JM, Goodman K, Rochelle PA, Weightman 
AJ, Harvey SM (1994) Deep bacterial biosphere in pacific ocean sedi-
ments. Nature 371:410–413. https:// doi. org/ 10. 1038/ 37141 0a0

Parkes RJ, Cragg B, Roussel E, Webster G, Weightman A, Sass H (2014) A review 
of prokaryotic populations and processes in sub-seafloor sediments, 
including biosphere: geosphere interactions. Mar Geol 352:409–425. 
https:// doi. org/ 10. 1016/j. margeo. 2014. 02. 009

Parshina SN, Stams AJM (2009) Genus VIII. Soehngenia. In: De Vos P, Garrity GM, 
Jones D, Krieg NR, Ludwig W, Rainey FA et al (eds) Bergey’s manual of sys-
tematic bacteriology, vol 3, 2nd edn. Springer, New York, pp 1141–1143

Pedersen K (1997) Microbial life in deep granitic rock. FEMS Microbiol Rev 
20(3–4):399–414. https:// doi. org/ 10. 1111/j. 1574- 6976. 1997. tb003 25.x

Pedersen K (1999) Subterranean microorganisms and radioactive waste 
disposal in Sweden. Eng Geol 52(3–4):163–176. https:// doi. org/ 10. 1016/ 
S0013- 7952(99) 00004-6

Pikuta EV, Itoh T, Krader P, Tang J, Whitman WB, Hoover RB (2006) Anaerovirgula 
multivorans gen. nov., sp. nov., a novel spore-forming, alkaliphilic anaer-
obe isolated from Owens Lake, California, USA. Int J Syst Evol Microbiol 
56(11):2623–2629. https:// doi. org/ 10. 1099/ ijs.0. 64198-0

Porter KG, Feig YS (1980) The use of DAPI for identifying and counting aquatic 
microflora. Limnol Oceanogr 25(5):943–948. https:// doi. org/ 10. 4319/ lo. 
1980. 25.5. 0943

Salka I, Moulisová V, Koblížek M, Jost G, Jürgens K, Labrenz M (2008) Abun-
dance, depth distribution, and composition of aerobic bacteriochloro-
phyll a-producing bacteria in four basins of the central Baltic Sea. Appl 
Environ Microbiol 74(14):4398–4404. https:// doi. org/ 10. 1128/ AEM. 
02447- 07

Schilling OS, Nagaosa K, Schilling TU, Brennwald MS, Sohrin R, Tomonaga Y, 
Brunner P, Kipfer R, Kato K (2023) Revisiting Mt Fuji’s groundwater origins 
with helium, vanadium and environmental DNA tracers. Nat Water 
1:60–73. https:// doi. org/ 10. 1038/ s44221- 022- 00001-4

Segawa T, Sugiyama A, Kinoshita T, Sohrin R, Nakano T, Nagaosa K, Greenidge 
D, Kato K (2015) Microbes in groundwater of a volcanic mountain Mt. Fuji; 
16S rDNA phylogenetic analysis as a possible indicator for the transport 
routes of groundwater. Geomicrobiol J 32(8):677–688. https:// doi. org/ 10. 
1080/ 01490 451. 2014. 991811

Shannon CE (1948) A mathematical theory of communication. Bell Syst Tech J 
27(3):379–423. https:// doi. org/ 10. 1002/j. 1538- 7305. 1948. tb013 38.x

Shlimon AG, Friedrich MW, Niemann H, Ramsing NB, Finster K (2004) Metha-
nobacterium aarhusense sp. nov., a novel methanogen isolated from 
a marine sediment (Aarhus Bay, Denmark). Int J Syst Evol Microbiol 
54(3):759–763. https:// doi. org/ 10. 1099/ ijs.0. 02994-0

Simankova MV, Kotsyurbenko OR (2009) Genus II. Acetobacterium. In: De Vos 
P, Garrity GM, Jones D, Krieg NR, Ludwig W, Rainey FA et al (eds) Bergey’s 
manual of systematic bacteriology, vol 3, 2nd edn. Springer, New York, 
pp 891–896

Simpson EH (1949) Measurement of diversity. Nature 163:688. https:// doi. org/ 
10. 1038/ 16368 8a0

Skerman VBD, McGowan V, Sneath PHA (1980) Approved lists of bacterial 
names. Int J Syst Bacteriol 30(225):420

Somerville CC, Knight IT, Straube WL, Colwell RR (1989) Simple, rapid method 
for direct isolation of nucleic acids from aquatic environments. Appl 
Environ Microbiol 55(3):548–554. https:// doi. org/ 10. 1128/ aem. 55.3. 548- 
554. 1989

Sugiyama A, Masuda S, Nagaosa K, Tsujimura M, Kato K (2018) Tracking the 
direct impact of rainfall on groundwater at Mt. Fuji by multiple analyses 
including microbial DNA. Biogeosciences 15(3):721–732. https:// doi. org/ 
10. 5194/ bg- 15- 721- 2018

Sugiyama A, Ibara T, Nagaosa K, Tsujimura M, Kato K (2021b) Collect the basic 
microbial information to evaluate the deep groundwater environment (in 
Japanese with English abstract). Japan Geotech J 16(1):13–21. https:// doi. 
org/ 10. 3208/ jgs. 16. 13

Sugiyama A, Tomioka Y, Hirano S, Kurita T (2021a) Microbial community analy-
sis of deep-seated fluids: Do microbes live in slab-derived fluid? Abstract 
HCG23-P03 presented at the JpGU-AGU Joint Meeting 2021, Online, 30 
May to Jun 6 2021. https:// confit. atlas. jp/ guide/ event/ jpgu2 021/ subje ct/ 
HCG23- P03/ date? crypt oId=. Accessed 17 Jul 2023

Teramoto M (2015) Oleibacter. Bergey’s manual of systematics of archaea and 
bacteria. Wiley, NJ, pp 1–7

Teramoto M, Ohuchi M, Hatmanti A, Darmayati Y, Widyastuti Y, Harayama S, 
Fukunaga Y (2011) Oleibacter marinus gen. nov., sp. nov., a bacterium 
that degrades petroleum aliphatic hydrocarbons in a tropical marine 
environment. Int J Syst Evol Microbiol 61(2):375–380. https:// doi. org/ 10. 
1099/ ijs.0. 018671-0

Utsunomiya S, Ohnuki T, Kato K, Kalmykov SN (2020) Commentary on the role 
of microorganisms and nanoparticles in radionuclides migration through 
groundwater. In: Kato K, Konoplev A, Kalmykov SN (eds) Behavior of 
radionuclides in the environment I. Springer, Singapore, pp 221–225

Viollier E, Inglett PW, Hunter K, Roychoudhury AN, Van Cappellen P (2000) The 
ferrozine method revisited: Fe(II)/Fe(III) determination in natural waters. 
Appl Geochem 15(6):785–790. https:// doi. org/ 10. 1016/ S0883- 2927(99) 
00097-9

Whitman WB, Coleman DC, Wiebe WJ (1998) Prokaryotes: the unseen majority. 
Proc Natl Acad Sci USA 95(12):6578–6583. https:// doi. org/ 10. 1073/ pnas. 
95. 12. 6578

Yoshikawa H, Inagaki M, Miyasaka I (2009) Development of scenario analysis 
and database for quantitative analysis of microbial effects on the reposi-
tory performance. MRS Proc 1193:302–307. https:// doi. org/ 10. 1557/ 
PROC- 1193- 375

Zhu J, Liu X, Dong X (2011) Methanobacterium movens sp. nov. and Metha-
nobacterium flexile sp. nov., isolated from lake sediment. Int J Syst Evol 
Microbiol 61(12):2974–2978. https:// doi. org/ 10. 1099/ ijs.0. 027540-0

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1080/01490450802006793
https://doi.org/10.1080/01490450802006793
https://doi.org/10.1128/aem.42.1.23-31.1981
https://doi.org/10.1128/aem.42.1.23-31.1981
https://doi.org/10.1016/j.gca.2022.11.015
https://doi.org/10.1016/j.gca.2022.11.015
https://doi.org/10.1038/ismej.2013.125
https://doi.org/10.1099/00221287-135-1-175
https://doi.org/10.1099/00221287-135-1-175
https://doi.org/10.1038/371410a0
https://doi.org/10.1016/j.margeo.2014.02.009
https://doi.org/10.1111/j.1574-6976.1997.tb00325.x
https://doi.org/10.1016/S0013-7952(99)00004-6
https://doi.org/10.1016/S0013-7952(99)00004-6
https://doi.org/10.1099/ijs.0.64198-0
https://doi.org/10.4319/lo.1980.25.5.0943
https://doi.org/10.4319/lo.1980.25.5.0943
https://doi.org/10.1128/AEM.02447-07
https://doi.org/10.1128/AEM.02447-07
https://doi.org/10.1038/s44221-022-00001-4
https://doi.org/10.1080/01490451.2014.991811
https://doi.org/10.1080/01490451.2014.991811
https://doi.org/10.1002/j.1538-7305.1948.tb01338.x
https://doi.org/10.1099/ijs.0.02994-0
https://doi.org/10.1038/163688a0
https://doi.org/10.1038/163688a0
https://doi.org/10.1128/aem.55.3.548-554.1989
https://doi.org/10.1128/aem.55.3.548-554.1989
https://doi.org/10.5194/bg-15-721-2018
https://doi.org/10.5194/bg-15-721-2018
https://doi.org/10.3208/jgs.16.13
https://doi.org/10.3208/jgs.16.13
https://confit.atlas.jp/guide/event/jpgu2021/subject/HCG23-P03/date?cryptoId
https://confit.atlas.jp/guide/event/jpgu2021/subject/HCG23-P03/date?cryptoId
https://doi.org/10.1099/ijs.0.018671-0
https://doi.org/10.1099/ijs.0.018671-0
https://doi.org/10.1016/S0883-2927(99)00097-9
https://doi.org/10.1016/S0883-2927(99)00097-9
https://doi.org/10.1073/pnas.95.12.6578
https://doi.org/10.1073/pnas.95.12.6578
https://doi.org/10.1557/PROC-1193-375
https://doi.org/10.1557/PROC-1193-375
https://doi.org/10.1099/ijs.0.027540-0

	A unique prokaryotic vertical distribution in the groundwaters of deep sedimentary geological settings in Hokkaido, Japan
	Abstract 
	1 Introduction
	2 Results
	2.1 Groundwater geochemical conditions
	2.2 Vertical distribution of prokaryotes
	2.3 Community constituents
	2.3.1 Upper zone
	2.3.2 Diffusion zone
	2.3.3 Connate water zone


	3 Discussion
	3.1 Vertically unique distribution of prokaryotes
	3.2 Characteristics of community constituents
	3.3 Microbiological studies in extension of utility for subsurface environment

	4 Conclusions
	5 Methodsexperimental
	5.1 Study site
	5.2 Sample collection and field measurements
	5.3 Microbial analysis
	5.3.1 Microscopic analysis
	5.3.2 DNA extraction
	5.3.3 16S rRNA gene sequencing
	5.3.4 Statistical analysis


	Anchor 24
	Acknowledgements
	References


