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RESEARCH

Diverse microbiome functions, limited 
temporal variation and substantial genomic 
conservation within sedimentary and granite 
rock deep underground research laboratories
Yuki Amano1,5*, Rohan Sachdeva2, Daniel Gittins2, Karthik Anantharaman3, Shufei Lei4, 
Luis E. Valentin‑Alvarado2, Spencer Diamond2, Hikari Beppu1, Teruki Iwatsuki5, Akihito Mochizuki5, 
Kazuya Miyakawa5, Eiichi Ishii5, Hiroaki Murakami5, Alexander L. Jaffe6, Cindy Castelle2, Adi Lavy4, 
Yohey Suzuki7 and Jillian F. Banfield2,4* 

Abstract 

Background Underground research laboratories (URLs) provide a window on the deep biosphere and enable 
investigation of potential microbial impacts on nuclear waste,  CO2 and  H2 stored in the subsurface. We carried 
out the first multi‑year study of groundwater microbiomes sampled from defined intervals between 140 and 400 m 
below the surface of the Horonobe and Mizunami URLs, Japan.

Results We reconstructed draft genomes for > 90% of all organisms detected over a four year period. The 
Horonobe and Mizunami microbiomes are dissimilar, likely because the Mizunami URL is hosted in granitic rock 
and the Horonobe URL in sedimentary rock. Despite this, hydrogen metabolism, rubisco‑based  CO2 fixation, reduc‑
tion of nitrogen compounds and sulfate reduction are well represented functions in microbiomes from both URLs, 
although methane metabolism is more prevalent at the organic‑ and  CO2‑rich Horonobe URL. High fluid flow zones 
and proximity to subsurface tunnels select for candidate phyla radiation bacteria in the Mizunami URL. We detected 
near‑identical genotypes for approximately one third of all genomically defined organisms at multiple depths 
within the Horonobe URL. This cannot be explained by inactivity, as in situ growth was detected for some bacteria, 
albeit at slow rates. Given the current low hydraulic conductivity and groundwater compositional heterogeneity, 
ongoing inter‑site strain dispersal seems unlikely. Alternatively, the Horonobe URL microbiome homogeneity may be 
explained by higher groundwater mobility during the last glacial period. Genotypically‑defined species closely related 
to those detected in the URLs were identified in three other subsurface environments in the USA. Thus, dispersal 
rates between widely separated underground sites may be fast enough relative to mutation rates to have precluded 
substantial divergence in species composition. Species overlaps between subsurface locations on different continents 
constrain expectations regarding the scale of global subsurface biodiversity.
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Introduction
The subsurface, especially hundreds of meters below 
ground, is one of the last biological frontiers [1, 2]. 
Beyond basic scientific interest in organisms that live 
there, the microbiology of these regions is an impor-
tant practical consideration if they are to be used to 
store nuclear waste and other materials (e.g.,  CO2 or 
 H2). Microbes in proximity to underground repositories 
may impact the stability of the stored material via con-
tainer corrosion (e.g., [3–6]), by consumption of stored 
resources (e.g.,  H2, [7, 8]) or by degrading containment 
integrity (e.g., via increasing rock porosity and/or perme-
ability, [9]).

Much of what we know about subsurface life (below 
the soil zone) comes from studies of groundwater. 
Genome-resolved microbiome studies of 3–6  m depth 
groundwater in an aquifer adjacent to the Colorado River, 
Rifle, Colorado brought to light dozens of new lineages 
of bacteria and archaea [10, 11]. Organisms from these 
groups have since been described from numerous other 
ecosystems, including northern California groundwater 
aquifers [12] and groundwater delivered to the surface 
via eruption of a cold  CO2-driven geyser (e.g., [13]). Stud-
ies of other terrestrial deep subsurface environments in 
various geological settings have been performed, and 
reported consistent dominance by Proteobacteria and 
Firmicutes (e.g., [14, 15]). However, these systems pro-
vide limited insights of ecological dynamics and the role 
of microbes in deep subsurface environments, as the sta-
bility of subsurface microorganisms at the genotype level 
has not been investigated. Recovery of deep underground 
samples for biological analysis is possible via drilling, but 
drilling provides samples with little context, interpre-
tation of the results may be complicated by contamina-
tion (e.g., from drilling fluids), and samples represent 
only a single time point for metagenomic analysis (e.g., 
[16]). For this reason, the construction of large, human-
accessible deep subsurface research laboratories has been 
an important development. Within these underground 
research laboratories microbiological samples can be col-
lected from well defined sites with minimal contamina-
tion. Important examples of such laboratories include 
Äspö in Sweden [17, 18], Grimsel Test Site in Switzerland 
[19], the Mont Terri Underground Rock Laboratory in 

Switzerland, the Horonobe Underground Research Labo-
ratory (Horonobe URL) in Hokkaido, Japan and the Miz-
unami Underground Research Laboratory (Mizunami 
URL) in Gifu, Japan. Here, we conducted the first multi-
year investigation of subsurface microbial diversity and 
metabolic capacities in microbiomes of the two Japanese 
URLs. This work follows one prior publication that con-
sidered microbial metabolisms in some Horonobe URL 
microbial communities [20] and another that ecologically 
and genomically profiled anaerobic methane-oxidizing 
archaea in the Mizunami URL [21]. Our analyses provide 
a comprehensive genomics-based overview of microbial 
and metabolic diversity and spatial and temporal varia-
tion. We uncover genotypic overlap within each URL 
and likely geologically-based differences between the 
microbiomes of the URLs. Finally, we compare genotypes 
from the URLs to genotypes of bacteria and archaea 
sampled from three underground locations in the USA. 
The results begin to address the ‘(to what extent is) eve-
rything everywhere’ question for microbiomes that exist 
way below the Earths’ surface, thus providing clues to 
overall levels of subsurface microbial diversity.

Results
Geochemical analyses
Our research was conducted primarily in two under-
ground research laboratories (URLs) in Japan 
(Fig.  1a). From the Mizunami URL (35°22′40.68"N, 
137°14′15.63"E) we analyzed metagenomic data from 7 
groundwater samples that were recovered from 200 to 
400 m below the surface (Table S1; Fig. 1b). During URL 
construction, 4–7  years prior to the first sample collec-
tion in 2014, ~ 10  cm diameter, ~ 100  m long boreholes 
were established by coring into rock from tunnel walls. 
At six locations in three access tunnels (200  m, 300  m, 
400 m below the surface), water was extracted from sam-
pling zones at 26.9–96.1  m distances from the tunnels 
(Table  S2). The seventh sample was collected from the 
200 m depth site in 2015. Low ionic strength groundwa-
ter in these regions is organic-poor,  Na+–Ca2+–Cl− brine, 
[22, 23]), with temperatures ranging between 15 and 
23 °C. The pH ranges from 8.7 to 9.1 and Eh values range 
from − 180 to − 60.7 mV (Table S3). From the Horonobe 
URL (45°02′41.92"N, 141°51′34.20"E) we analyzed 

Conclusions Our analyses reveal microbiome stability in the sedimentary rocks and surprising microbial commu‑
nity compositional and genotypic overlap over sites separated by hundreds of meters of rock, potentially explained 
by dispersal via slow groundwater flow or during a prior hydrological regime. Overall, microbiome and geochemical 
stability over the study period has important implications for underground storage applications.

Keywords Underground research laboratory, Metagenomics microbiome, Stability, Groundwater, Sedimentary rocks, 
Granite
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metagenomic data from 19 groundwater samples col-
lected from five locations at 4–57  m from the tunnels 
(Table S1; S2; Fig. 1c; Figure S1). Groundwater was recov-
ered from 140 and 250 m below the surface via tubes into 
defined intervals of boreholes into the surrounding rock. 
The Horonobe groundwater is organic rich and saline, 
dominated by  Na+–Cl−–HCO3

− (Table S3, [24, 25]. Tem-
peratures range from 13 to 25 °C, pH ranges from 6.4 to 
7.2, and Eh values range from − 315 to − 204 mV. Unlike 
at Mizunami, the Horonobe groundwater is saturated 
with both  CH4 and  CO2 [26, 27], which degas during 
sample recovery.

Diversity of microbial communities across granite 
and sedimentary rocks
Total DNA was extracted from the 26 samples and 
between 10.6 and 16.4 Gbp of 150 bp paired end Illumina 
sequences obtained from each sample. The sequences 
from each sample were assembled independently and 
genomes reconstructed. After gene prediction and func-
tional annotation, a census of organisms was performed 
based on phylogenetic classification of ribosomal pro-
tein S3 (rpS3) sequences. The abundance of each organ-
ism was determined based on read coverage values for 

the rpS3-bearing scaffolds. We reconstructed 1154 rpS3 
sequences from the Horonobe metagenomes and 624 
from Mizunami metagenomes. Phylogenetic analysis 
revealed that the vast majority of rpS3 sequences from 
both the Mizunami and Horonobe URLs were from Can-
didate Phyla, major groups that lack even a single isolated 
representative (Fig.  2; Data S1). Up to 21% of Mizu-
nami rpS3 sequences place within the DPANN, which 
is recognized superphylum within the archaeal domain 
(Diapherotrites, Parvarchaeota, Aenigmarchaeota, 
Nanoarchaeota and Nanohaloarchaeota; Williams et  al., 
2017). No DPANN sequences were recovered from the 
Horonobe URL, although Altiarchaeota are present (up 
to 90% of sequences) and they are sometimes grouped 
with DPANN [28]. Up to 47% of Mizunami sequences 
and up to 41% of Horonobe sequences are from bacte-
ria of the Candidate Phyla Radiation (CPR; Figs.  3, 4). 
The CPR is a bacterial supergroup consisting of dozens 
of phylum-level lineages of very small bacteria, and was 
defined based on genomes from metagenomes [29]. The 
term Patescibacteria encompassed a subset of phyla of 
the CPR.

Initially, we profiled community composition over 
space and time using high level (mostly phylum) 

Fig. 1 a Map of the Mizunami and Horonobe URL locations in Japan. b Layout of boreholes in shafts and galleries in the Mizunami URL and (c) 
the Horonobe URL
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Fig. 2 Phylogenetic tree of 956 representative sequences of ribosomal protein S3 from the Horonobe and Mizunami samples, along with reference 
sequences. Orange dots indicate individual sequences with < 70% rpS3 amino acid identity to sequences in NCBI. Numbers in squares show 
the average rank abundance of each phylum (or class in the case of Proteobacteria). Blue squares indicate organisms from the Horonobe URL 
and pink squares indicate samples from the Mizunami URL
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phylogenetic groupings (Fig. 3, Figure S2). However, for 
the Horonobe URL we also evaluated class level diversity 
and determined that the phyla with many species repre-
sentatives also have species assigned to more classes, pre-
dicted by a linear trend (slope of 0.39; Figure S3a).

We hypothesized that URL construction may have 
perturbed, and may continue to perturb, the microbi-
omes and thus community composition may correlate 
with distance from the access tunnels. Despite relatively 
consistent geological settings within each URL there 
are substantial differences in phylum-level community 
composition between some sites. Within the Mizunami 
URL, the abundances of Parcubacteria and Micrarchaeia 
(DPANN) vary substantially, and they were essentially 
absent from one 300  m depth site in a low-fluid flow 
zone. In the Horonobe microbiomes, Altiarchaeales 
(SM1) were abundant only in the two sites (140  m and 
250 m) located very close to the URL tunnels. Horonobe 
samples collected at intermediate distances from the tun-
nels featured abundant Deltaproteobacteria, Methanomi-
crobia, Firmicutes, Betaproteobacteria, and Bacteroidetes. 
Candidatus Saccharibacteria was abundantly detected 
only in 2013.

Methanoperedens (ANME-2d) were prevalent at the 
site most distant from the tunnels. Parcubacteria and 
other CPR bacteria were abundant in samples collected 
from high fluid flow zones at distance from the tun-
nels. Despite site to site differences, Horonobe sam-
ples collected over three or four years from the same 
sites showed little variation in microbiome composition 
(Fig. 3b).

Given the difference in surrounding rock type between 
the two URLs, we were interested to know how similar 
the microbiomes of the granitic hosted Mizunami URL 
are to those of the sediment-hosted Horonobe URL. Sim-
ilar microbiome compositions within each sampling loca-
tion over time were observed (Fig. 3). For both URLs, the 
15 most abundant organisms are from 15 different major 
(mostly phylum-level) groups and the URLs share only 
8 of these (Firmicutes, Alphaproteobacteria, Bacteroi-
detes, Chloroflexi, ANME-2d (Methanoperedenaceae), 
Betaproteobacteria and Elusimicrobia). Deltaproteobac-
teria were far more abundant in Horonobe compared 
to Mizunami samples. Nanoarchaeal Micrarchaeota are 
only prevalent in the Mizunami URL whereas Altiarchae-
ales archaea (SM1) and Saccharibacteria (TM7) are only 
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prominent in the Horonobe URL (Fig. 2,3; Table S4). The 
CPR bacterial types present in Horonobe samples (Per-
egrinibacteria, Saccharibacteria and Dojkabacteria) are 
different from those in the Mizunami samples (primar-
ily diverse Parcubacteria groups) (Fig. 4; Table S4). Given 
these results and the relative consistency of groundwater 
microbiology over time, we conclude that the microbi-
omes of the Mizunami and Horonobe URLs are distinct 
at high taxonomic levels. We also evaluated microbial 
overlap between the URLs at the species level. Only 15 
out of 490 species occur in both URLs (3 Actinobacteria, 

1 Bacteroidetes, 1 Betaproteobacteria, 4 Deltaproteobac-
teria, 1 Firmicutes, 2 Elusimicrobia, 1 Ignavibacteria, 1 
Spirochaete and 1 Candidatus Kuenenbacteria).

Dereplication of the 225 draft genomes from the Miz-
unami URL and 265 draft genomes from the Horonobe 
URL yielded 489 genomes in total, implying just one 
genomically defined organism (Clostridia, Species 4) 
was shared between the two URLs. The reconstructed 
genomes account for 93% and 90% of all organisms 
detected at the Mizunami and Horonobe URLs, respec-
tively, based on rpS3 analysis. Organisms lacking a draft 

Fig. 4 Phylogenetic tree for CPR bacteria constructed using ribosomal protein S3 sequences. Pink and blue shadings indicate sequences 
from the Mizunami and Horonobe URLs, respectively. Green branches indicate lineages with sequences from both the Mizunami and Horonobe 
URLs. The numbers after M (Mizunami) and H (Horonobe) indicate the number of sequences in each named lineage. Brown highlighted sequences 
are reference sequences. The long branches without color indicate Archaea, which were used as the outgroup
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genome occur in only a small subset of samples (for Miz-
unami, all were detected in only one sample). Thus, for 
both URLs, we conclude that the microbiomes of both 
URLs are now extensively genomically sampled.

Analysis of the presence/absence patterns of all spe-
cies across samples (Fig. 5, Table S5) showed that many 
organisms are present in multiple sites within each URLs. 
One organism, a Rhodobacterales, occurred in 16 of the 
19 Horonobe sampling sites. Hierarchical clustering of 
the presence absence patterns for the Horonobe URL 
(Figure  S3b) showed that community compositional 
similarities are well predicted by the sampling site (i.e., 
samples collected at the same site in different years clus-
ter together). Clustering of Horonobe samples based 
on organism presence/ absence patterns supports the 
hypothesis that microbiome distance of the access tun-
nels may impact the organisms present.

Extensive potential for microbial metabolisms
The extensive genomic sampling of both URL micro-
biomes made it reasonable to use the genomes to pro-
vide an overview of biogeochemical capacities in these 

subsurface ecosystems (Fig.  6). Our analysis targeted 
genes involved in  CO2 fixation, hydrogen cycling, nitro-
gen cycling and sulfur cycling. For example, we analyzed 
the diversity of Rubisco large subunit sequences, focusing 
primarily on forms I and II that co-occur with phospho-
ribulokinase, as these genes are indicative of the capacity 
for  CO2 fixation via the CBB cycle (Figure S4; Table S6). 
Genes for this pathway were abundant, and detected in 
all samples of both URLs. Hydrogenase-encoding genes 
were recovered from all the samples from both URLs, 
indicating a broad distribution (Table  S7). Most of the 
hydrogenases in Mizunami were assigned to groups 1a, 
3b, 3c, 3d, 4  g [NiFe]-hydrogenases and groups A3 and 
C3 [FeFe]-hydrogenases. Interestingly, the most abun-
dant [NiFe]-hydrogenase enzymes in Mizunami URL are 
from group 3b, which is predicted to oxidize NADPH 
and evolve hydrogen, maybe reversibly [30]. These com-
plexes may have sulfhydrogenase activity (elemental 
sulfur  (S0) reduced to polysulfide to  H2S; [31]). Group 
1a [NiFe]-hydrogenase is predicted to oxidize  H2 and 
is predominantly found in anaerobic Firmicutes and 
Deltaproteobacteria capable of  H2-dependent sulfate 

Fig. 5 Detection (blue bars) of organisms (columns) in samples (rows) listed in approximate order of decreasing distance from the access 
tunnels. Organisms lacking genomes are indicated by a dark gray box in the Organisms bar. (a) Almost one quarter of all organisms detected 
within the Horonobe URL were present in > 25% of the samples. 90.389.2% of all organisms are represented by draft genomes. Organisms lacking 
genomes were all detected in ≤ 3 samples. (b) Within the Mizunami URL, 45% of organisms were detected in at least 25% of the samples and 10% 
of all organisms detected were present in > 70% of the samples. 92.0% of organisms are represented by draft genomes. All organisms lacking 
genomes were detected in just one sample. For details see Table S3
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reduction and metal reduction. On the other hand, the 
hydrogenases from the Horonobe URL were from all 
of the four major [NiFe] groups and the three major 
[FeFe] groups. The abundant [NiFe]-hydrogenases were 
assigned to groups 3b, 3c, 3d, and 4f. Group 4 [NiFe]-
hydrogenases are predicted to be membrane-bound 
 H2-evolving enzymes. Although the function of group 
4f is uncertain, it may couple oxidation of a one-carbon 
compound to proton reduction concurrent with proton 
translocation. Overall, the indications are that  H2 is an 
important energy currency in these anoxic subsurface 
environments. 

Abundant genes for nitrogen cycling were identified 
in genomes from both URLs (Table  S8). These include 
genes involved in nitrogen fixation, nitrate reduction, 
nitrite reduction to ammonia and nitric oxide reduction. 
In the Mizunami URL, up to 53% of genomes encode 
genes for nitrite reduction to ammonia compared to up 
to 13% in the Horonobe URL. No genes for oxidation 
of ammonia were detected in any sample from either 
URL, which may explain the very high concentrations of 
ammonia in the groundwater at Horonobe [32]. At Mizu-
nami, a widely distributed Rhodocyclales has the capacity 
for nitrate reduction, nitrite reduction to ammonia and 
sulfate reduction. The Rhodobacterales that is the most 
widely distributed organism within the Horonobe URL 
also has genes for reduction of nitrate, nitrite reduction, 

nitric oxide and sulfur cycling. Similar capacities are 
predicted for other widely distributed bacteria (e.g,. 
Gammaproteobacteria).

Genes for sulfate reduction, sulfite reduction, sulfur 
oxidation, and thiosulfate oxidation, were observed in 
genomes of organisms from both URLs, but are more 
prevalent in the genomes of organisms from Mizunami 
compared to Horonobe (Table  S8). Abundant genes for 
sulfur dioxygenase (sdo), which could be involved in 
oxidation of elemental sulfur to sulfite, were detected in 
both URLs. Genes for sulfate reduction were particularly 
prevalent in most Nitrospirae and some Deltaproteo-
bacteria from the Mizunami URL and diverse Deltapro-
teobacteria from the Horonobe URL. However, the two 
most abundant Nitrospirae associated with the Mizu-
nami URL apparently lack this capacity. Interestingly, 
genes for selenate reduction were prevalent in genomes 
of Deltaproteobacteria and Spirochaetes from both URL 
microbiomes. In fact, selenate reduction is the only bio-
geochemically relevant capacity predicted for a Spiro-
chaete that occurs in 15 of the 19 Horonobe sampling 
sites.

Comparison of microbial communities across granite, 
sedimentary rocks, and other subsurface sites
We asked how similar the collections of genomically 
defined organisms from Mizunami and Horonobe 

Fig. 6 Key metabolisms across the Mizunami and Horonobe URLs. Presence/absence of each metabolic pathway based on the occurrence 
of indicative marker genes annotated with KEGG Orthology using Kofamscan (y‑axis) in each of the recovered genomes (x‑axis). The URL relative 
abundance (%) shows the proportion of the 265 Horonobe and 225 Mizunami genomes with that metabolism
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were to groups of organisms from other genomically 
well sampled subsurface groundwater systems. Our 
comparison set comprised organisms from the two 
URLs, from the cold,  CO2 driven Crystal Geyser that 
taps into deep aquifers below the Colorado Plateau 
[13], the shallow groundwater aquifer adjacent to the 
Colorado River, Rifle, Colorado [11], and groundwater 
from northern California [12]. We chose these due to 
their high genomic resolution and, in part, because the 
metagenomic datasets were processed using essentially 
the same protocols as the current study. We used each 
of the 1472 rpS3 sequences from genomes from the five 
locations to approximate species and compared levels 
of species overlap between locations. Notably ~ 45% of 
the Horonobe sequences are most similar to sequences 
from the sediment-hosted Rifle aquifer (Table S9).

To minimize the effect of substantial differences 
in the number of genomes reconstructed from each 
location on comparisons, we also evaluated species-
level similarity based on average % amino acid iden-
tity (aa% ID) of the best matching sequences for each 
rpS3 protein (Fig.  7). Notably, the northern California 
groundwater genome set shows statistically significant 
differences in similarity in all comparisons (i.e., more 
similar to the set from Rifle than Mizunami, more simi-
lar to the set from Mizunami than from Horonobe, 
etc.). The genomes from Horonobe are more similar 
to those from Rifle compared to northern California 
groundwater (p ≤ 0.05) and less similar to Mizunami, 

although the statistical significance is just above our 
cutoff (p > 0.05).

We evaluated genome novelty at all five locations by 
considering only those organisms whose rpS3 protein 
shared < 50% aa% ID with the highest scoring sequence 
from a comparison location. The most divergent genomes 
sampled from the Horonobe URL are for Hadesarchae-
ota, Thermoplasmatales or Bathyarchaeota, and from the 
Mizunami URL, were DPANN archaea. Notably, ~ 80% of 
most divergent sequences across the five datasets were 
from Archaea (almost half of these are DPANN) and 
almost half of the bacterial cases were CPR bacteria.

Generally lacking to date have been analyses that lev-
erage genome collections to investigate the extent of 
genomic overlap of highly related (i.e., rpS3 proteins 
with > 99% aa% ID) organisms across regions distant 
from each other geographically (e.g., different conti-
nents) and/or physically (e.g., due to depth below the sur-
face). We sought cases where highly related organisms 
were shared between subsurface locations in the USA 
and the two Japanese URLs and found 106 shared bac-
terial and archaeal species from 16 different classes/
phyla (Table S9). Most of the pairs were from Horonobe 
and Rifle or northern California groundwater and Rifle. 
Eight genomes with identical rpS3 protein sequences 
(from 6 different phyla/classes) are classified as repre-
senting the same species based on > 95% genome average 
nucleotide identity (Table  S10). One Bacteroidetes spe-
cies (genus Lentimicrobium) from Horonobe (detected 

Fig. 7 Comparison using the dereplicated genome sets from five genomically well sampled terrestrial subsurface ecosystems to seek instances 
where two ecosystems are similar or significantly different from each other. The highest scoring pairwise hit for each of 1472 sequences 
from genomes was assigned to an ecosystem comparison category and the aa ID (%) inventoried. For example, when all 503 sequences 
from Crystal Geyser were compared to all sequences from the four comparison datasets, there were 59 instances where the closest sequence 
was found in the Horonobe dataset. The 59 aa ID % values are represented by column 1. Of the comparisons, those that were significantly different 
are Horonobe compared to northern California (NorCal) vs. Rifle (p value of 1 ×  10–3), Crystal Geyser compared to Rifle vs. NorCal (p value of 5 ×  10–3), 
and NorCal compared to all other ecosystems (p < 1 ×  10–5. For details see Table S5
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from 167 m, 218 m and 250 m samples) shares 99% ANI 
with a genome from the Rifle aquifer based on alignable 
segments (which comprised > 85% of each genome bin), 
despite geographic and depth separation of these subsur-
face sites. The Lentimicrobium genomes are largely syn-
tenous across aligned regions (Figure S5), consistent with 
these organisms being very closely related. Thus, we con-
clude that there is some strain-level overlap between geo-
graphically distant shallow and deep subsurface regions.

To put the results of this multi-location comparison 
into context we turned back to the Horonobe dataset, 
which has sufficient sampling to provide insight into 
genomic similarity for organisms sampled from the 
same site at different times and from different depths 
and locations. We identified 99 distinct genome clusters 
(451 genomes), each of which is comprised of genomes 
that share > 99.5% ANI over > 95% of the genome align-
ment. Of the 99 Horonobe clusters, 17 consisted only of 
organisms from the same site sampled in different years. 
For example, a Peregrinibacterium for which we manu-
ally curated a 998,424 bp complete genome (167 m sam-
ple) shares 99.997% ANI over the entire genome with a 
genome collected a year later (and 100% ANI over 993 
kbp) from the same site (this genotype was detected in 
all four years). The remaining 83% of clusters, containing 
members from different depths within the URL, repre-
sent 31% of all genomes reconstructed. Organisms from 
the shallowest depth (140 m) were least commonly clus-
tered with organisms from other depths. However, when 
they were clustered, it was typically with organisms from 
the deepest site (250 m). Approximately one third of the 
clusters contain organisms from three different depths 
and 12% contain organisms from the four deeper sites. 
Strikingly, some clusters included genomes from differ-
ent sites with average pairwise ANI values of > 99.997%. 
For example, clusters of genomes for Saccharibacterium, 
Clostridium, Syntrophobacterales and a Gammaproteo-
bacteria from four different depths all have ≥ 99.98% 
pairwise ANI. The complete Peregrinibacteria genome 
(167  m sample) is identical to a genome comprised of 
three contigs from the 194 m depth site (98.8% genome 
alignment). Thus, we conclude that extremely closely 
related bacteria occur at sites separated by large volumes 
of rock.

We considered the possibility that the very closely 
related species from different depths at the Horonoble 
URL may be a distinct, possibly inactive subset of the 
microbial communities. However, the taxonomic affili-
ations of the widely distributed species is well predicted 
by the taxonomic composition of the overall Horonobe 
genome set. Thus, we considered the possibility that 
the genomic homogeneity of species throughout the 
Horonobe URL is due to overall microbiome inactivity. 

We tested for in  situ growth by calculating an index of 
replication (iRep; [33]) for a subset of organisms pre-
sent at a variety of abundance levels. The Peregrinibac-
teria genome that was highly conserved in the 167 m and 
194 m samples had an iRep value of 1.14, similar to values 
for other abundant microbes affiliated with the Firmi-
cutes (1.24), Methylophilales (1.12) and Rhodobacterales 
(1.26). Low coverage values limited the set of genomes 
for which this calculation was possible.

Discussion
Underground research laboratories provide unique 
access to the deep subsurface biosphere. Findings from 
such laboratories are relevant for understanding Earth’s 
microbiomes broadly, and may inform plans to use the 
subsurface for storage of energy resources and waste 
products. One question pertains to how fast microbiome 
perturbation due to URL construction wanes as microbi-
omes approach a pre-construction state over the follow-
ing years. The Horonobe time series data indicate that 
the subsurface microbiomes are not undergoing rapid 
changes that could be indicative of rebound following 
laboratory construction in the five to nine years since the 
URL was constructed.

Any long term impact of the URLs on the subsurface 
should diminish with increasing distance from the access 
shafts and tunnels. Clustering of microbiomes based on 
organism presence/absence patterns generally is consist-
ent with this prediction. The anomalously high abun-
dance of SM1 archaea only close to the Horonobe tunnels 
may be explained by degassing of  CO2 due to alteration 
of groundwater conditions. High  CO2 conditions occur 
where this archaeon has been found elsewhere in high 
abundance (e.g., the  CO2-driven Crystal Geyser, [13]).

The prevalence at Horonobe of Methanoperedens, 
an archaeon implicated in anaerobic methane oxida-
tion, only at a site that is distant from the repository is 
interesting, given high levels of methane throughout the 
URL. Based on genomic information, methane oxida-
tion is likely coupled to reduction of ferric iron [20, 34]. 
The sample was collected at the terminus of a downward 
inclined borehole where iron may be liberated from clay 
that accumulates there [34]. Supporting the possibility 
that clay could stimulate growth of Methanoperedens, 
only the groundwater sampled from this site contained 
muddy suspended solids.

An intriguing finding regarding the Mizunami micro-
biomes is the high representation of CPR bacteria and 
DPANN archaea. Consistent with many prior studies 
(e.g., [10]), their gene inventories indicate that they are 
unlikely to be capable of living independently. CPR bac-
teria and DPANN archaea may be abundant in Mizu-
nami high groundwater flow zones because low porosity 
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enables selective mobilization of only small cells from 
more complex consortia attached to rock surfaces. A sim-
ilar conclusion was suggested previously to explain the 
very high representation of CPR bacteria and DPANN 
archaea in the Crystal Geyser system [13].

We noted many differences in the taxa associated with 
the granitic vs. sediment-associated microbiomes that 
likely relate to the rock mineralogy. Granitic miner-
als such as biotite (iron, manganese), amphibole (iron, 
manganese), ilmenite (iron), chlorite (iron), [35–38], Fe-, 
Mn-bearing calcite [39] and pyrite (e.g., iron, sulfur and 
selenium [40],) may support microbial energy genera-
tion. Abiotic reactions involving minerals can be a source 
of methane and  H2 [41], but carbon isotopic analyses of 
 CH4 in the groundwater support a mixture of abiotic [21] 
and biogenic origin [42] and microbial consortia include 
methanogens. In the sedimentary rocks surrounding the 
Horonobe URL, buried organic matter, ferric iron oxides, 
iron-bearing clays (e.g., smectite) and pyrite may provide 
energy resources. High levels of dissolved  CO2,  H2,  NH3 
and  CH4 in the groundwater are probably byproducts 
of microbial metabolism [26].  H2,  NH3, and  CH4 may 
persist in the Horonobe URL due to low availability of 
electron acceptors needed for the reactions that would 
consume them.

Given the possibility of Horonobe microbiome dis-
ruption close to the tunnels (e.g., [43]), communities 
sampled further from the tunnels may be more repre-
sentative of the microbiomes surrounding the URL. Our 
data indicate that these communities are dominated by 
Deltaproteobacteria, especially Syntrophobacterales, 
which are predicted to be autotrophic sulfate-reducers 
that may also produce  H2, supporting methanogenesis by 
abundant Methanospirillum. Betaproteobacteria such as 
Methylophilales are also relatively abundant in these sam-
ples and are implicated in methanol oxidation, the source 
of which may be methane oxidation linked to nitrate 
reduction, as performed by Gammaproteobacteria such 
as Methylomonas [44]. Methanol oxidation is probably 
coupled to nitrate reduction given the lack of  O2 (analo-
gous to the process performed by Methylomirabilis oxy-
fera; [45]). The Rhodocyclales that are also abundant in 
these consortia are implicated in both nitrate reduction 
and sulfur oxidation.

A recent study provided insights into possible relation-
ships between the composition of subsurface microbi-
omes and host rock type in the terrestrial subsurface [46]. 
Despite low sample sizes resulting in a lack of statistical 
support, distinct lithologies were suggested to host dis-
tinct microbiomes, which is consistent with the taxo-
nomic differences between the Horonobe and Mizunami 
URLs. The authors noted the widespread occurrence of 
Burkholderiales, Gammaproteobacteria and Clostridia, 

also groups represented in the URL microbiomes. How-
ever, we also note the prevalence of Parcubacteria (CPR 
bacteria), Deltaproteobacteria, Chloroflexi, Nitrospirae, 
and Bacteroidetes and numerous other groups, often can-
didate phyla (e.g., Altiarchiales and Methanoperedens). 
Thus, this study expands understanding of subsurface 
microbiome diversity, in part by providing information 
about species diversity and spatial variability.

Using the findings of the current study we can predict 
some impacts of the granite and sediment hosted micro-
biomes on geological disposal and storage. For example, 
proliferation of sulfate-reducing bacteria will generate 
sulfide that can corrode the metal containers potentially 
used to store radioactive waste [5, 47, 48]. It has been 
noted that production of sulfide by microbial communi-
ties in the terrestrial deep subsurface may be occurring 
even in the absence of geochemical evidence [49], high-
lighting the importance of microbial characterisation of 
these systems. Methanogens could also be problematic 
in that they can colonize the surfaces of steel contain-
ers and use the iron as the electron donor for methane 
production [50–52]. Both sulfate reduction and methane 
production can be coupled to hydrogen metabolism, for 
which there are abundant genes. This raises the question 
of the extent to which hydrogen metabolizing microbes 
could impact subsurface  H2 storage.

This study may be of interest beyond its immediate rel-
evance to underground repositories or biodiversity and 
metabolism in granitic and sedimentary rock environ-
ments. Our analyses of microbial species overlap within 
subsurface locations (e.g., across depths of the Horonobe 
URL) and between subsurface locations on different 
continents may constrain rates of dispersal and genome 
mutation and calibrate intuition regarding global biodi-
versity (i.e., to what extent are the species or genera in 
every spatially separated underground site different?). 
The answer should depend on the degree of intercon-
nection within the subsurface, the time since dispersal 
between distant locations, transit times from the surface 
to the subsurface, and evolutionary rates.

Considering first the case of within site dispersal, our 
results point to substantial genotypic overlap (i.e., very 
limited evolutionary divergence) within the Horonobe 
URL despite separation of the sampling sites by up to 
hundreds of meters of solid rock. This raises the ques-
tion of whether genotype overlaps across sites can be 
explained by groundwater-mediated microbial trans-
port. Comparison of  d18O and dD between pore water 
and pumped groundwater indicates that there are 
“active” and “inactive” zones of advective flow within the 
Horonobe URL [53]. The groundwater samples collected 
for microbiology analyses are from “inactive” regions 
(Fig. S6). If measured hydraulic conductivities (Table S2) 
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are predictive of transit times, microbial dispersal on 
thousands of years time scale might be possible. How-
ever, spatial heterogeneity in groundwater composition 
indicates extremely low interconnectivity, probably rul-
ing out cell movement via water flow under the present 
hydraulic regime.

Alternatively, it is possible that microbial dispersal 
occurred under conditions that differ from the present. 
H and O stable isotopic measurements indicate that 
meteoric water was intruded into the Horonobe sub-
surface during glaciation (likely the Last Glacial Stage, 
between 12,000 and 70,000  years ago), when hydraulic 
gradients were higher than at present [53–56]. Intru-
sion of meteoric water probably ceased when hydraulic 
gradients decreased due to sea level rise [57]. If genomic 
overlap is due to microbial dispersal via groundwa-
ter flow > 12,000  years ago, less than one mutation was 
fixed on average every ~ 400 years in the Peregrinibacte-
ria genome. We do not attribute genome consistency to 
inactivity because data indicate slow replication of these 
bacteria at the time of sampling. Some level of micro-
bial activity is unsurprising, as an investigation of the 
deep terrestrial biosphere in the Äspö Hard Rock Labo-
ratory in Sweden showed that subsurface populations 
are normally viable, with fast degradation of non-viable 
microbes likely resulting in the absence of populations 
that are not adapted to grow in oligotrophic, subsurface 
conditions [58]).

Assuming inter-site transport was possible, environ-
mental heterogeneity could have precluded coloniza-
tion by transported organisms. Thus, we attribute the 
genomic homogeneity within the Horonobe URL in part 
to consistent and stable geochemical and physical envi-
ronments (as revealed by in situ measurements; [25, 26, 
53, 59]). The finding of biological stability is important 
for assessment of engineered subsurface environments, 
and thus long-term confinement of radioactive waste. 
Geological, hydrological, and geochemical stability for 
periods of at least tens of thousands of years is recom-
mended for geological disposal [60].

We detected closely related species overlaps between 
the Japanese URLs and underground locations in the 
USA. If inter-continental dispersal via air and/or water 
is relatively facile, and given the possibility of surface to 
Horonobe deep subsurface transport on the scale of tens 
of thousands of years, and in view of likely surface to sub-
surface groundwater movement rates at the USA loca-
tions (Supplementary Material), microbial dispersal may 
explain low levels of strain- to species level divergence 
in subsurface locations on two continents. These pre-
liminary analyses were possible because large genome-
resolved metagenomic datasets are available for several 
subsurface locations. Datasets of high quality genomes 

are being generated for many places around the world, 
and will enable further analyses of strain and species 
overlaps over geographically separated locations. Such 
research will advance our understanding of processes 
that structure the microbial biosphere, and by implica-
tion, the extent of microbial biodiversity in the Earth’s 
subsurface.

Conclusions
This study was possible due to many years of planning 
and development to establish the two Japanese URLs 
as subsurface microbiology research sites. This is the 
first study to genomically evaluate the microbiomes in 
detail, over multiple years, and to compare the ecosys-
tems in terms of community composition and microbi-
ome function. The URL microbiomes are dominated by 
little known (i.e., candidate phyla) bacteria and archaea. 
Hydrogen, sulfur and nitrogen metabolisms are key to 
ecosystem survival in these dark, underground worlds. 
The research generated nearly comprehensive genomic 
datasets for organisms detected in both URLs, includ-
ing for sites located near and far from the access tunnels, 
at multiple depths and over up to four years. The value 
of these genome collections for ecological, evolutionary, 
biotechnological and repository engineering studies will 
extend far beyond the current study. Our analyses pro-
vide answers to questions about microbiome stability and 
revealed surprising microbial community compositional 
and genotypic overlap over sites separated by hundreds 
of meters of rock, potentially explained by dispersal via 
slow groundwater flow or during a prior hydrological 
regime. Subsurface repositories for storage of  H2 and 
radionuclides constructed in the future will benefit from 
insights regarding potential microbial impacts arising 
from microbial metabolism and constraints on the ways 
that the surrounding ecosystems will be impacted by 
repository engineering.

Methods
URL description: The Horonobe URL is located about 
50 km south of Wakkanai in the northwestern peninsula 
of Hokkaido, Japan (Fig.  1). It is situated in a low-lying 
coastal plain where Quaternary alluvium and terrace 
deposits overlie Tertiary and Cretaceous sediments that 
were deposited in the Mesozoic Tempoku Basin [61]. The 
Tempoku Basin is an on-shore basin that is elongated 
in the Horonobe area along a N-S axis. Seismic reflec-
tion surveys indicate that the current compressive E-W 
neotectonic stress to the west of the Horonobe area was 
established at around 2–3  Ma [62], Ito, 1999). Neogene 
strata in this area unconformably overlie Paleogene rocks. 
These strata consist of the Miocene Onishibetsu, Mas-
uporo and Wakkanai formations, the Miocene-Pliocene 
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Koetoi Formation and the Pliocene-Pleistocene Yuchi 
and Sarabetsu Formations [63]. All of these formations 
were deposited in a marine environment. The Koetoi 
and Wakkanai Formations are the main host rocks of the 
Horonobe URL. These formations are composed mainly 
of homogeneous siliceous rocks. The burial and subsid-
ence of these formations occurred throughout the Neo-
gene and Quaternary. Subsequent uplift and denudation 
started at about 1.3–1.0 Ma [64]. The Koetoi Formation 
is Neogene to Quaternary diatomaceous mudstones 
containing opal-A, and the Wakkanai Formation is Neo-
gene siliceous mudstones containing opal-CT, with trace 
amount of quartz, feldspar, clay minerals, pyrite, cal-
cite and siderite [65–67]. The Horonobe URL was con-
structed by JAEA to conduct basic geoscientific research 
and evaluate the feasibility and safety of geological dis-
posal in deep sedimentary environments.

The Mizunami URL was located in the Gifu prefecture 
in central Japan (Fig.  1). The URL was constructed by 
JAEA to conduct basic geoscientific research, but it was 
closed in 2019 as the research project was completed. 
Around the URL site, sedimentary rock (the Mizunami 
Group; 20–15  Ma, consisting of the Akeyo Formation) 
unconformably overlies Toki Granite (70  Ma). Toki 
granite is overlain by the Tertiary sedimentary rocks 
at ~ 100—200  mbgl (meter below ground level) around 
the Mizunami URL. The Toki granite has three rock 
facies grading from muscovite-biotite granite, horn-
blende-biotite granite, and biotite granite. The constitu-
ent minerals are quartz, plagioclase, K-feldspar, biotite, 
hornblende, muscovite, accessory minerals and second-
ary minerals such as chlorite, calcite, and pyrite [68, 69]. 
The Mizunami URL consisted of a main shaft, a ven-
tilation shaft, sub-stages, and access tunnels at 300 and 
500 m below ground level.

Sample collection: Groundwater samples in the Mizu-
nami URL were collected from six zones in four differ-
ent boreholes (07MI07, 09MI20, 09MI21, 10MI26) at 
three depths 200, 300, 400  mbgl during 2014 and 2015 
(Fig. 1b; Table S1). Samples in the Horonobe URL were 
collected from five zones in three different boreholes 
(08E140C01, 07V140M03, 09V250M02) at five depths 
140, 167, 194, 218, and 250 mbgl at the Horonobe URL 
during 2013 and 2016 (Fig.  1c). All groundwater sam-
ples were obtained using multipacker systems [70]. To 
minimize the influence of drilling and the installation of 
tools for hydrogeochemical monitoring, groundwaters 
were drained at least five times the section volume before 
monitoring for geochemical and microbial studies. The 
groundwater chemistry has been monitored since 2007, 
starting immediately after the drilling of these bore-
holes. The contamination of each groundwater sample 
by the drilling fluids was checked by measurement of the 

concentration of uranine and sodium naphthionate. The 
concentrations were below the detection limit. All but 
one sample for microbiological analyses was collected 
onto 0.22 μm pore size filters (type GVWP; Merck Mil-
lipore, Darmstadt, Germany) held in pressure-resistant 
stainless steel filter holders directly connected to the tub-
ing outlet under in-situ hydraulic pressure conditions. 
The other sample (Hor_218_2014_10k) was collected 
using an ultrafiltration disc with 10,000  Da nominal 
molecular weight limit (type PLGC; Merck Millipore) 
after filtering through a 0.22  μm membrane filter. The 
volume of groundwater samples used for filtration was 
between 0.9 and 64 L at the Horonobe and 26 and 514 L 
at the Mizunami, depending on the cell densities in each 
groundwater sample (Table S1).

DNA extraction and sequencing: DNA was extracted 
from the biomass collected on filters using the Extrap 
Soil DNA Kit Plus ver. 2 (Nippon Steel and Sumikin 
EcoTech Corporation, Tsukuba Japan). Genomic DNA 
libraries were prepared using TruSeq Nano DNA Sam-
ple Prep Kit (Illumina, San Diego, CA, USA) according 
to the manufacturer’s instructions. Quality of the library 
was examined using an Agilent 2100 bioanalyzer (Agi-
lent Technologies) and paired-end 150-bp reads with a 
550  bp insert size were sequenced by Hokkaido System 
Science Co., Ltd (Hokkaido, Japan), using an Illumina 
HiSeq 2500 (San Diego, CA, USA). DNA concentrations 
and sequencing information are presented in Table  S1. 
Read datasets were assembled using IDBA_UD with the 
following parameters: -mink 40, -maxk 100, -step 20, and 
-pre_correction [71]. Trimmed shotgun sequencing reads 
from each sample were mapped to all scaffolds > 1000 bp, 
using Bowtie2 with default parameters [72]. For all scaf-
folds over 1000 bp, open reading frames were predicted 
with Prodigal using the meta setting [73]. Functional 
annotations for all open reading frames were predicted 
using USEARCH [74] searches against the Uniref100 
[75], Uniprot [76] and KEGG [77] to parse genes anno-
tated with KEGG Orthology using Kofamscan [78], tRNA 
sequences were predicted using tRNAscan-SE [79].

Genome reconstruction: After assembly, scaf-
folds > 1000 bp were binned by combination of phyloge-
netic profiles, read coverage and nucleotide content (GC 
proportion and tetranucleotide signatures) using ggKbase 
binning tools (https:// ggkba se. berke ley. edu) (Table S11). 
Genomes that shared ≥ 95% average nucleotide identity 
were clustered to approximate species and the highest 
quality genome selected from each cluster. This analysis 
was performed using dRep [80, 81].

Organism distribution patterns: We conducted a 
census of organism types and abundances by identifying 
a non-redundant set of scaffolds encoding the riboso-
mal protein S3 (rpS3). This phylogenetically informative 

https://ggkbase.berkeley.edu
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sequence, unlike 16S rRNA genes, tends to be well recon-
structed from short read datasets [82]. Reads were 
mapped to each scaffold encoding an rpS3 gene so that 
organism relative abundances in each sample could be 
determined. Species level groupings used rpS3 sequence 
comparisons with a ≥ 98% amino acid identity for classifi-
cation of two organisms as approximately the same spe-
cies [83, 84].

Phylogenetic analysis: The phylogeny of ribosomal 
protein S3 was calculated by aligning the sequences with 
select reference sequences using MUSCLE [85]. The 
alignments were manually trimmed in Geneious v.8 (Bio-
Matters Ltd., San Francisco, CA, USA) to remove poorly 
aligned positions and columns composed of over 90% 
gaps before concatenation of protein sequences. Trees 
were built using RAxML v. 8.2.10 [86] (as implemented 
on the CIPRES web server) [87], under the LG plus 
gamma model of evolution (PROTGAMMALG in the 
RAxML model section), and with the number of boot-
straps automatically determined. RpS3 sequences were 
taxonomically classified using phylogenetic trees and 
NCBI protein BLAST searches. The in  situ replication 
rates of microbial genomes were calculated using iRep 
v.1.1.14 [33] with default parameters.

Functional gene analysis: Metabolic coding potential 
of all non-redundant sequences was explored by HMM 
searches against protein families downloaded from 
FunGene [88], TIGRFAM [89] and Pfam [90] as well 
as custom-built profile HMMs for several target genes 
[91]. Hydrogenases were annotated using profile hidden 
Markov model (HMM) searches [91] with a custom set 
of [NiFe]-, [FeFe]- and [Fe]-hydrogenase HMMs [92]. 
Rubisco protein sequences were classified via phyloge-
netic analyses that used a custom dataset of reference 
sequences, including a subset from biochemically charac-
terized types.

Similarity of organisms in each site: To evaluate the 
extent to which organisms present at each URL are now 
represented by genomes we identified all rpS3 genes from 
the combined dataset, regardless of whether or not they 
were in a draft genome bin and determined which sam-
ples contained sequences belonging to the dereplicated 
sequence clusters. Both dereplication and comparison 
of the dereplicated set to rpS3 sequences in each sample 
used an 99% nucleotide ANI threshold. This approach 
generated a presence/absence matrix that was sorted by 
the number of times each genome or unbinned sequence 
was detected across the sample series.

To evaluate how similar the collections of organisms 
represented by genomes from Mizunami and Horonobe 
were to each other and to groups of genomically defined 
organisms from other well sampled subsurface systems 
we first compared organisms from each site based on 

their rpS3 sequences encoded in their genomes, then 
based on average nucleotide identity (ANI) across 
alignable portions of their genomes. Different ANI cut-
offs were used for different parts of the analysis. For 
the most closely related organisms, genome sequences 
and synteny were evaluated using Mauve [93]. For one 
especially well assembled bacterial genome, manual 
curation was performed. This involved verification of 
overall assembly accuracy using mapped paired reads, 
removal of local assembly errors by excision of the por-
tion not supported by reads and gap filling using reads 
and unplaced paired reads. Scaffold ends were extended 
using unplaced read pairs until circularization of the 
fully verified sequence was accomplished. The complete 
genome structure was evaluated using GC skew and 
cumulative GC skew using using gc_skew.py (https:// 
github. com/ chris tophe rtbro wn/ iRep) [33]. 
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