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Novel microbial assemblages inhabiting crustal
fluids within mid-ocean ridge flank subsurface
basalt

Sean P Jungbluth1,2, Robert M Bowers3,4, Huei-Ting Lin2, James P Cowen2,✠ and
Michael S Rappé1
1Hawaii Institute of Marine Biology, SOEST, University of Hawaii, Kaneohe, HI, USA; 2Department of
Oceanography, SOEST, University of Hawaii, Honolulu, HI, USA and 3NASA Astrobiology Institute, IfA,
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Although little is known regarding microbial life within our planet’s rock-hosted deep subseafloor
biosphere, boreholes drilled through deep ocean sediment and into the underlying basaltic crust
provide invaluable windows of access that have been used previously to document the presence of
microorganisms within fluids percolating through the deep ocean crust. In this study, the analysis of
1.7 million small subunit ribosomal RNA genes amplified and sequenced from marine sediment,
bottom seawater and basalt-hosted deep subseafloor fluids that span multiple years and locations on
the Juan de Fuca Ridge flank was used to quantitatively delineate a subseafloor microbiome
comprised of distinct bacteria and archaea. Hot, anoxic crustal fluids tapped by newly installed
seafloor sampling observatories at boreholes U1362A and U1362B contained abundant bacterial
lineages of phylogenetically unique Nitrospirae, Aminicenantes, Calescamantes and Chloroflexi.
Although less abundant, the domain Archaea was dominated by unique, uncultivated lineages of
marine benthic group E, the Terrestrial Hot Spring Crenarchaeotic Group, the Bathyarchaeota and
relatives of cultivated, sulfate-reducing Archaeoglobi. Consistent with recent geochemical measure-
ments and bioenergetic predictions, the potential importance of methane cycling and sulfate
reduction were imprinted within the basalt-hosted deep subseafloor crustal fluid microbial
community. This unique window of access to the deep ocean subsurface basement reveals a
microbial landscape that exhibits previously undetected spatial heterogeneity.
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Introduction
The volume of oceanic lithosphere habitable by
microbial life is thought to be a substantial portion of
the Earth’s crust—one that potentially extends
thousands of meters below the seafloor (Edwards
et al., 2012; Biddle et al., 2014). Although the actual
limit for life is likely quite deep, extrusive basalts
buried within aging igneous oceanic crust are
thought to be the most conducive subsurface
environments for microbial life owing to their high
porosity and extensive hydrothermal circulation
(Baross et al., 2004). Here the uppermost 500m of
subseafloor rock-hosted aquifer is estimated to
contain a volume of fluid equivalent to ~ 2% of the
current world ocean and circulates a volume

equivalent to the entire ocean every ~ 100 000 years
(Johnson and Pruis, 2003).

Mid-ocean ridge environments are the locus
of extensive hydrothermal circulation deep into the
oceanic crust that ultimately fuels a variety of novel
subseafloor microbial habitats (Summit and Baross,
2001; Edwards et al., 2005). Although the mid-ocean
ridges themselves make up only a small portion
of the seafloor, hydrothermally heated fluid also
circulates through the sediment-covered deep ocean
crust along the ridge flanks and basins. Fluid
transport that is generally driven by differences in
pressure between recharging and discharging fluids
at exposed rocky outcrops protruding through
sedimented regions can occur laterally over long
distances in ridge flank and basin systems (450 km;
Fisher et al., 2003) and at timescales ranging from
decades to several thousands of years (Elderfield
et al., 1999; Fisher et al., 2003; Fisher and Wheat,
2010). In contrast to fluid circulation within mid-
ocean ridges, the hydrothermal circulation through
the sediment-covered deep ocean crust within ridge
flanks and basins occurs through a more vast
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interconnected network of fluid flow paths that can
be highly complicated in directional nature (Wilcock
and Fisher, 2004). This flow can be isolated from
deep seawater for extended time periods owing to
thick, impermeable layers of overlying sediment.

Although many studies have investigated
the sedimentary microbiology of the global ocean
(for example, Parkes et al., 1994; Kallmeyer et al.,
2012; D’Hondt et al., 2015), few have investigated
aspects of microbial life in the igneous subsurface
crust (Cowen et al., 2003; Huber et al., 2006;
Orcutt et al., 2011; Smith et al., 2011; Lever et al.,
2013; Jungbluth et al., 2013a, 2014). This is not
altogether surprising given the difficulties in
adequately sampling this unique environment: the
characterization of life inhabiting the basaltic deep
subseafloor biosphere has consistently faced formid-
able challenges in the form of access and obtaining
samples of high integrity that lack chemical and/or
microbial contamination (Cowen, 2004; Biddle et al.,
2014). Until recently, a lack of access necessitated
the use of discharging hydrothermal fluids and
exposed basalt as indirect ‘windows’ into the deep
subsurface (for example, Deming and Baross, 1993;
Butterfield et al., 1997). However, progressive
improvements in the design and performance of
subseafloor borehole ‘observatories’, and the instru-
mentation used to sample them, have increasingly
made fluid sampling from the basalt-hosted deep
subseafloor via boreholes a more consistent, efficient
and pristine process (Wheat et al., 2011; Cowen
et al., 2012).

Along the eastern flank of the Juan de Fuca Ridge
(JdFR), an array of boreholes intermittently drilled
through the sediment layer and into subseafloor
basalt currently encompasses several different types
of subseafloor observatories, also known as ‘CORKs’
(Circulation Obviation Retrofit Kits) (Becker and
Davis, 2005; Wheat et al., 2011). These include early
generation instrument and sampling platforms at
boreholes 1024C, 1025C and 1027C that deliver
warm crustal fluids directly through a potentially
reactive steel casing that is open at depth in the
formation, allowing fluids to be accessed through
a spigot on the CORK at the seafloor, and second-
generation CORK observatories at boreholes 1026B
and U1301A that include stainless steel fluid
delivery lines running exterior to the CORK casing,
where they can then be accessed through a spigot at
the seafloor wellhead (Fisher et al., 2005). Borehole
1026B did initially have an early generation CORK
in place that was subsequently replaced with a
second-generation version in 2004 (Fisher et al.,
2005). In 2010, a new generation of subseafloor
borehole observatories were drilled and installed
at boreholes U1362A and U1362B that substitute
potentially corrosive components with alternative
construction materials such as fiberglass, titanium
and Teflon and incorporate other design features
such as wide-diameter Tefzel fluid delivery lines for
microbiological sampling that aim to reduce the

impact of borehole observatories on in-formation
biological processes and facilitate the retrieval of
pristine crustal fluid samples (Wheat et al., 2011;
Cowen et al., 2012). In addition to variation in CORK
construction, the CORK observatories along the JdFR
flank also reside in spatially and topographically
distinct locations that access crustal fluids at
different states of alteration (for example, from oxic
to anoxic), at different temperatures (~39 °C at
borehole 1025C and ~65 °C at boreholes 1026B,
U1301A and U1362A and U1362B), and tap different
depth horizons within the basaltic crust.

Although CORK-mediated deep subseafloor
microbiology extends back nearly 15 years (Cowen
et al., 2003), the number of independent samples that
have been examined remains sparse. Two of the
earliest studies took advantage of the first-generation
CORK initially installed at overpressured borehole
1026B to collect single fluid samples emanating from
the spigot of the wellhead (Cowen et al., 2003; Huber
et al., 2006). More recently, the microbiology
of basalt-hosted crustal fluids has been investigated
via single samples obtained from the first-generation
CORK at borehole 1025C (Jungbluth et al., 2014), the
stainless steel fluid delivery line of the second-
generation CORK subsequently installed at borehole
1026B (Jungbluth et al., 2014), and single samples
collected annually from 2008 to 2010 via the
stainless steel fluid delivery line of the CORK
at borehole U1301A (Jungbluth et al., 2013a). The
phylogenetic structure of microbial communities
within these seven samples was characterized by
relatively low throughput small subunit ribosomal
RNA (SSU rRNA) gene cloning and sequencing
which, when coupled with few samples overall,
prohibited a rigorous evaluation or statistical
analysis of community structure between samples,
boreholes or potential source or seed communities
inhabiting nearby seawater and sediments.

In 2011, a new iteration of instrumentation for
clean sampling was used to collect fresh fluids from
the CORK and stainless steel fluid delivery line at
borehole U1301A and the first set of fluid samples
intended for microbiological analysis from the Tefzel
fluid delivery lines of CORKs at boreholes U1362A
and U1362B along the JdFR flank (Cowen et al.,
2012; Lin et al., 2012). The goals of this study were to
use high throughput SSU rRNA gene sequencing and
epifluorescence microscopy to compare the taxo-
nomic diversity and cellular abundance of micro-
organisms within this new set of samples to those
previously obtained from the first- and second-
generation CORKs in this area and to identify
common and abundant microbial taxa residing in
anoxic, deep subseafloor basement fluids. In total, a
suite of 64 basalt-hosted deep subsurface crustal
fluid, bottom seawater and sediment samples was
compared in an effort to quantify relationships
between the microbial communities inhabiting
closely arrayed but disparate points of access to the
basalt-hosted aquifer below the JdFR flank, as well as
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between basalt-hosted deep subsurface communities
and those occupying their most closely adjoining
habitats—sediments and bottom seawater (Table 1).
Crustal fluids collected simultaneously from three
boreholes drilled within a ~1-km radius allowed us
to compare microbial communities from indepen-
dent, yet closely arranged, sampling points in the
deep ocean crust in what is currently the only
location where this comparison is feasible.

Materials and methods

Additional details regarding the Materials and
Methods are provided as Supplementary Information.

Sample collection and preparation
During R/V Atlantis cruises AT15-35 (28 July–13
August 2008), AT15-51 (20 August–6 September
2009), AT15-66 (13 June–1 July 2010) and AT18-07
(28 June–14 July 2011), fluid samples were
collected from CORK observatories located east of
the JdFR (Table 1, Supplementary Table S1 and
Supplementary Figures S1A–C) via HOV Alvin and
ROV Jason-II submersibles equipped with borehole-
attachment devices and sampling equipment to
conduct fluid sampling via dedicated fluid delivery
lines of the CORK observatories (Cowen et al., 2012).
One borehole observatory (1025C) is located in
cooler (~39 °C) 1.2 million year-old ocean crust
while all other observatories sampled for this study
(1026B, U1301A, U1301B, U1362A, U1362B) are
located within ~ 1 km radius in warmer (~65 °C) 3.5
million year-old ocean crust (Table 1 and
Supplementary Figure S1B). The borehole observa-
tories penetrate up to 260m of sediments and up to
another 292m of basement rock (Supplementary
Figure S1C). Fluids were sampled from the CORK
observatory at borehole U1301A (47°45.209′N, 127°
45.833′W) over four consecutive years (2008–2011)
from the stainless steel microbiological sampling
line (Fisher et al., 2005; Wheat et al., 2011); 2008–
2010 samples have been described previously
(Jungbluth et al., 2013a). The stainless steel line at
U1301A taps an interval between a packer set at 8 m

sub-basement (msb; that is, below the sediment–
basement interface) and the top of the fill in the
bottom of the borehole at 107msb (Supplementary
Table S1). Fluids from the CORK observatories at
boreholes 1025C (47°53.247′N, 128°38.919′W) and
1026B (47°45.7571′N, 127°45.5482′W) were sampled
in 2010 as previously described (Jungbluth et al.,
2014). The CORK at borehole 1025C does not have a
fluid delivery line, but the hole is cased to a depth of
5msb. Thus samples derived from 1025C originate
from an interval spanning 5–34msb (top of the fill in
the bottom of the hole) (Supplementary Table S1).
The stainless steel line at 1026B samples an interval
between 9msb (end of hole casing) and 32msb (top
of the fill in the bottom of the hole) (Supplementary
Table S1). Fluids from the CORK observatories at
boreholes U1301B (47°45.2286′N, 127°45.8262′W)
and 1026B were sampled in 2009 but ultimately
yielded only samples contaminated with sea-
water. During the course of this study, two new
boreholes, U1362A (47°45.6628′N, 127°45.6720′
W) and U1362B (47°45.4997′N, 127°45.7312′W),
were drilled and fitted with lateral CORKs
(L-CORKs) equipped with both stainless steel and
Tefzel-lined fluid delivery lines (Expedition 327
Scientists, 2011). Following 1 year of equilibration
within the new boreholes, U1362A and U1362B
were sampled in July 2011 from Tefzel fluid
delivery lines that tap basement intervals spanning
193–280msb (U1362A) and 30–110msb (U1362B).
These intervals are bounded by inflatable packers
above and top of the fill in the bottom of the
respective boreholes at depth (Supplementary
Figure S1C; Supplementary Table S1). The fluid
flow path of our sampling instrumentation usually
contained a custom flowcell with an in situ oxygen
optode (Aanderaa Data Systems, Bergen, Norway),
temperature sensor (Sea-Bird Electronics Inc., Bel-
lingham, WA, USA) and a custom fluid flow sensor
to allow for real-time assessment of the integrity of
fluids and the plumbing flow path (for example,
Cowen et al., 2012). During most sampling events,
temperature and oxygen were monitored in situ in
order to rapidly assess the likely quality of samples;
elevated fluid temperature and draw down of oxygen
relative to bottom seawater concentrations were

Table 1 Environmental DNA samples analyzed in this study

Borehole Crustal age (Ma) Depth Fluid line Sample Number of samples by year Total

2008 2009a 2010 2011

1025C 1.2 0–46 msb None Basalt-hosted — — 1 — 1
U1301A 3.5 8–107 msb Stainless Basalt-hosted 4 4 9 3 20
U1362A 3.5 193–292 msb Tefzel Basalt-hosted — — — 3 3
U1362B 3.5 29–117 msb Tefzel Basalt-hosted — — — 4 4
U1363 suite NA ~1–225 mbsf NA Sediment — — 11 — 11
NA NA ~2500–2650 mbsl NA Seawater 2 3 10 5 20

Abbreviations: Ma, million years old; mbsf: meters below seafloor; mbsl: meters below sea-level; msb, meters sub-basement; NA, not applicable.
aSamples from CORKs 1026B and U1301B were excluded because no high-quality samples were collected or analyzed.
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indicative of high-integrity crustal fluids. The major-
ity of fluid and sediment pore water samples
investigated for microbiology here were also sub-
sampled and characterized by an extensive suite of
biogeochemical measurements (Supplementary
Table S2; Lin et al., 2012, 2014).

In some instances, the ROV Jason-II was also
equipped with a 5-liter Niskin bottle (General
Oceanics, Miami, FL, USA) to collect seawater.
Hydrocasts were used to collect additional seawater
and were conducted using a conductivity–tempera-
ture–depth rosette water sampler equipped with 24
10-liter sampling bottles (General Oceanics). Surfi-
cial and deep sediments were collected from the
periphery of an exposed rocky seamount during
IODP Expedition 327 (Jungbluth et al., 2013b).

SSU rRNA gene sequencing and analysis
A barcoding approach using primers targeting the
V4 region was used during the amplification of SSU
rRNA genes for sequencing on an Illumina MiSeq
DNA sequencer (Illumina, San Diego, CA, USA)
(Caporaso et al., 2011). A total of 1 734 012 reads
(150-bp average length) were processed using a
combination of programs and scripts, including
QIIME (Caporaso et al., 2010) and mothur (Schloss
et al., 2009) (Supplementary Figure S2). SSU rRNA
gene cloning and sequencing was performed on a
small subset of samples. The isolation of single cells
by flow cytometry, amplification of their genomes,
and identification via SSU rRNA gene sequencing
was performed from a sample collected from bore-
hole U1362A (SSF19 in Supplementary Table S1)
following previously described methods (Swan et al.,
2011).

Community analyses
Sequence clustering was performed using several
methods, including the use of unpaired and paired
sequence reads, in order to evaluate and select an
appropriate method for subsequent analyses
(Supplementary Methods; Supplementary Tables
S3 and S4; Supplementary Figure S2). The lowest
sequence diversity (for example, Chao1, observed
species, Shannon diversity) was found using
distribution-based clustering with the default cutoff
value (d=0.1); other parameter values selected
for this clustering method had diversity levels
comparable to those found using traditional cluster-
ing methods that do not incorporate information
about read distribution across samples (for example,
UPARSE, UCLUST, mothur; Supplementary Figure
S3). As expected, analyses performed with unique
reads resulted in the highest diversity with respect to
Chao1, observed species and Shannon indices
(Supplementary Figure S3). Procrustes shape analy-
sis was performed using the Bray–Curtis dissimilar-
ity index and the abundance weighted Jaccard
distance to assess differences in read-pairing and

clustering techniques; no major observable differ-
ences in the clustering patterns were detected
when comparing forward and reverse reads,
forward reads versus paired reads or forward
reads clustered using the different techniques
(Supplementary Figure S4). Thus, subsequent
community analyses were ultimately performed
with the unique read analysis method and
either unpaired forward reads or paired-end reads
generated using the merge-illumina-pairs script
(Eren et al., 2013) owing to our interest in potential
ecological differences between very closely related
sequences. The longer length paired reads
were used for analyses involving taxonomically
assigned sequences, including principal coordinate
analysis (PCoA), phylogenetic and unique read
(heatmap) analysis and indicator species analysis.
Unpaired forward reads were used for all other
analyses owing to the higher number of sequences
per library, including unweighted paired group
mean average (UPGMA) of Bray–Curtis distances,
distance-based Redundancy Analysis (db-RDA),
jackknifed β-diversity, mantel tests, adonis, analy-
sis of similarity (ANOSIM), multi-response permu-
tation procedures (MRPP), permutational analysis
of variance (PERMANOVA), heterogeneity of
dispersion (PERMDISP), venn diagram and α-diver-
sity. Αlpha-diversity analyses (Chao1, observed
species, Good's coverage, Shannon, Simpson
evenness) were performed in QIIME using 100
randomly generated sets of rarefied reads sampled
to an even depth (n = 6108) and for each clustering
method described above. PCoA and Procrustes
analyses were performed in QIIME following
removal of singleton operational taxonomic
units (OTUs; OTUs with one member) and rarefying
samples to the depth of the lowest sample in each
comparison. Jackknifed beta diversity analysis was
performed in QIIME using 100 sequences randomly
selected from each sample, and the results
were visualized using EMPeror (Vázquez-Baeza
et al., 2013). UPGMA analysis was generated in
QIIME using read clusters rarefied to an even
sampling depth (n = 6108) across all samples. Venn
diagrams were generated in mothur (Schloss et al.,
2009) and plotted in R (R Core Team, 2014) using
venneuler (Wilkinson, 2011). Read clusters taxono-
mically assigned as described in Supplementary
Material were imported into R for generation of
OTU heatmaps and Dufrêne-Legendre indicator
species analysis. Heatmaps and indicator taxa plots
were generated using R packages phyloseq
(McMurdie and Holmes, 2013), vegan (Oksanen
et al., 2013) and labdsv (Roberts, 2013). Following
identification of reads to be included in the
heatmap and indicator taxa plots, the taxonomic
identity of those reads was manually curated
by adding filtered sequences into the SILVA SSU
Ref 99 version 115 database and base tree using
the parsimony insertion tools within ARB (Ludwig
et al., 2004).
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Results

Borehole fluid sampling and integrity
Subseafloor crustal fluids were sampled from
CORKs installed within five different boreholes
along the JdFR flank (Supplementary Figures S1A
and B) during the summers of 2008–2011 using
pumping equipment and samplers capable of col-
lecting whole water and filtered particulates in situ
(Supplementary Table S1). The chemical character-
istics of the majority of borehole fluid samples
are typical of highly altered crustal fluids, including
near-neutral pH, elevated calcium, silicate, and
ammonium and depleted in dissolved organic
carbon, total organic carbon, carbon dioxide,
magnesium, potassium, nitrate, sulfate, and phos-
phate, relative to surrounding bottom seawater
(Figures 1a and b; Supplementary Table S2;

Lin et al., 2012, 2014). Based on nitrate concentra-
tions, seawater contamination within the ‘high-
integrity’ group of deep subseafloor samples from
boreholes U1301A, U1362A and U1362B ranged
from undetectable (0%) up to 8% seawater.
The geochemical characteristics of fluids retrieved
from Hole 1025C are intermediate between those
of older, highly altered fluids and deep seawater,
which is consistent with the younger age of the
ocean crust at this site (~1.2 million years; Figure 1a).
Within the subset of fluid samples from ~3.5 million
year old (Ma) ocean crust possessing chemical
characteristics that were consistent with highly
altered crustal fluids, some minor chemical varia-
bility was observed (Figure 1b), indicating either
variability in crustal fluids in situ or minor seawater
intrusion into otherwise high-integrity crustal fluid
samples. A subset of fluid samples retrieved from the
boreholes was ultimately determined to be highly
contaminated with ⩾ 90% of seawater (low-quality
subsurface fluids labeled as ‘MIX’ in Figure 1a and
Supplementary Table S1). Although no chemical
data are available for the handful of samples filtered
in situ (SSF12, SSF21–SSF24) or samples SSF13 and
SSF14 owing to the small volume of recovered
fluids, depleted oxygen and elevated temperature
measured in these fluids at the seafloor during
sampling provided a strong indication that they
were high-quality crustal fluid samples.

Microbial cell abundance
The microscopic examination of borehole fluids
with high chemical integrity revealed microbial
cell abundances ranging from 2.6 ×103 to
5.1 × 104 cells ml− 1, which is up to ~ 30-fold lower
than is characteristic of nearby bottom seawater
(7.7×104 cells ml−1 average; Supplementary Table S1).
In general, microbial cell abundances in samples
with no chemical evidence for seawater contamination
were ⩽1.6×104 cellsml−1. Overall, microbial cell
abundances were strongly correlated with magnesium
concentrations (Supplementary Figure S5). Magne-
sium is depleted in pristine crustal fluids relative
to bottom seawater in this system and may be used
as a proxy for seawater intrusion (for example, Mottl
and Wheat, 1994; Lin et al., 2012). High-integrity fluid
samples collected from recently installed CORKs
at boreholes U1362A and U1362B containing Tefzel-
lined fluid delivery lines revealed cellular abundances
that ranged from 2.6×103 cellsml−1 in a sample with
relatively low total alkalinity to 2.6×104 cellsml−1 in a
sample elevated in dissolved iron. At borehole
U1301A, four crustal fluid samples that yielded
relatively high cellular abundance values contained
sodium and chloride concentrations on the extreme
low (SSF5) and high (SSF10) ends of the range,
sample SSF5 contained an anomalously high concen-
tration of dissolved organic carbon, and two samples
were highly depleted in silicate (SSF7 and SSF8)
(Supplementary Table S2). These samples have no
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Figure 1 Pristine deep subseafloor basement fluids are readily
distinguishable from seawater and mixed samples based
on geochemistry. Principal components analysis biplot of (a) all
samples and (b) borehole U1301A, U1362A, and U1362B high-
quality deep subsurface fluid samples based on eigenvalues
derived from their corresponding chemical data. Dashed arrows
indicate the direction of increase for measured chemical para-
meters while arrow length indicates the degree of correlation with
the ordination axis. Only the first two principal component axes
are shown. Details of individual samples are described in
Supplementary Tables S1 and S2. Alk, alkalinity; DOC, dissolved
organic carbon; TOC, total organic carbon; TDN, total dissolved
nitrogen; TN, total nitrogen; dFe, dissolved iron.
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clear chemical indication of seawater contamination,
however, suggesting that variability in microbial
biomass is potentially associated with natural varia-
bility in basement fluid biogeochemistry (Figure 1b).

Microbial community structure
A total of ~ 1.7 million SSU rRNA genes were
sequenced in the forward and reverse directions,
resulting in 150 base pair (bp) long reads and an
expected overlap of ~ 24 nucleotides. The average
unpaired forward reads per sample was 25 029, and
around 54% were successfully paired (13 488 reads).

The unique nature of high-integrity crustal fluids
with respect to geochemistry and microbial cell
abundances was also reflected in the characteristics
of their microbial communities: deep subseafloor
crustal fluids contained microbial communities
that were different from nearby sediments, surround-
ing bottom seawater and seawater-contaminated
samples (Figures 2a–c, Supplementary Figures S6A
and B). Average linkage analysis revealed differences
in the microbial communities that generally
corresponded with differences in the chemical
characteristics of samples: all fluid samples that
were pumped from boreholes but identified as
chemically indistinguishable from bottom seawater
clustered with other bottom seawater samples, as did
a subset of borehole fluid samples that exhibited
lesser degrees of apparent seawater contamination
(for example, elevated magnesium and cell concen-
trations: samples SSF7, SSF8, SSF11, SSF12, SSF13,
and SSF16 in Figures 2a and b; Supplementary Table
S2). Grouping samples by type (subsurface, sedi-
ment, seawater and mixed, control) was statistically
significant using db-RDA (P-value⩽ 0.001; α=0.05;
pseudo-F =4.78) (Figure 2b) and was highly
consistent with the UPGMA analysis of Bray–Curtis
distances (Figure 2a). The db-RDA analysis also
revealed sediments from deeper horizons (that is,
25–225m below the seafloor; SD1, SD7, SD10, SD11)
to be most similar to subsurface fluid samples
(Figure 2b). In the different analyses, it was also
consistently shown that microbial communities
within crustal fluids retrieved from borehole
U1301A were distinct from those sampled from
boreholes U1362A and U1362B (Figures 2a–c).

Microbial community structure was also explored
in higher-dimensional space via PCoA analysis of the
entire SSU rRNA gene sequence data set, as well as
by separately analyzing sequences from bacteria and
archaea (Figure 2c). The results were highly con-
sistent with that from the average linkage analysis
and support the distinction of three separate micro-
bial community end members: sediments,
seawater, and subsurface oceanic crustal fluids
(Figure 2c). The stability of clusters generated with
PCoA analysis of the entire sequence data set was
assessed using jackknifed UPGMA clustering, which
supported a similar, three end-member result
(Supplementary Figure S6A). Sequences found in

more than one end-member environment were
a minor contribution to the total, providing further
evidence that a distinct microbial community
exists in deep subsurface ocean crustal fluids
(Supplementary Figure S6B).

Relationships between environmental parameters
and microbial community structure were identified
using Mantel correlation analysis. Microbial com-
munity structure of all samples was significantly
(P=0.001) associated with chemical characteristics:
pH, alkalinity, and the concentrations of calcium,
magnesium, potassium, silicate, ammonium, phos-
phate, nitrate, sulfate, dissolved iron, dissolved
organic carbon and total dissolved nitrogen
(Supplementary Table S5). The Mantel analysis
was repeated with only subsurface fluid samples,
which revealed that the concentrations of calcium,
magnesium, ammonium, nitrate, dissolved iron and,
to a lesser degree, potassium were correlated
with differences in the observed microbial commu-
nity structure (Supplementary Table S5). Grouping
samples by type into subsurface, sediment and
seawater categories is statistically significant
using the rank-based ANOSIM test (P-value = 0.001;
α=0.05); an intermediate–high value for the R
statistic (R=0.6859) indicates dissimilarity between
the categorical groupings. Other statistical tests
(adonis, MRPP, PERMANOVA) performed using the
same categorical groups were also significant using
α=0.05. Analysis of group dispersion patterns using
PERMDISP revealed marginally significant (that is,
P-valueo0.1) differences between the environments
sampled (Supplementary Table S6).

From a taxonomic perspective, the microbial
communities inhabiting pristine crustal fluids
are also distinct from overlying sediments
and bottom seawater and are dominated by a
variety of uncultivated archaeal and bacterial
lineages that include marine benthic group E
(MBG-E), Archaeoglobi, Bathyarchaeota, Nitros-
pirae, Calescamantes, Aminicenantes and Thermo-
toga lineage EM3 (Figures 3 and 4a and b). Many of
the abundant groups found in fluids from boreholes
U1362A and U1362B have previously been
detected in other crustal fluid samples character-
ized from older borehole observatories on the JdFR
flank such as 1026B and U1301A, though rarely in
high abundance (Cowen et al., 2003; Huber et al.,
2006; Nakagawa et al., 2006; Orcutt et al., 2011;
Jungbluth et al., 2013a). In general, microbial
communities recovered from borehole U1301A
fluids were not as distinct from seawater microbial
communities as fluids from boreholes U1362A
and U1362B (Figures 2a–c). The taxonomic
composition of microbial communities recovered
from borehole 1025C fluids was highly similar to
communities characterized from the same samples
previously via rRNA gene cloning and Sanger
sequencing (Jungbluth et al., 2014), although
the deeper sequencing employed here uncovered
additional taxonomic diversity.
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An indicator taxa analysis revealed that lineages
within both the archaea (Terrestrial Hot Spring
Crenarchaeotic Group (THSCG), MBG-E, Deep-sea
Hydrothermal Vent Euryarchaeotic Group 2
(DHVEG-2), Methanothermococcus, Archaeaoglobi,
Bathyarchaeota) and bacteria (Gammaproteobac-
teria, Nitrospirae, Aminicenantes, Calescamantes,
Chloroflexi) are characteristic of subsurface crustal
fluids (Figure 4b). Indicator taxa from sediment,
seawater and subsurface fluids overlapped very little
(Figure 4b). In particular, overlap between subsur-
face fluids and seawater was limited to lineages
commonly found in seawater (for example, MG-I,
MG-II, Pseudomonas, OM43, Cyanobacteria) and
are most likely explained by trace amounts of
seawater contamination in the subsurface fluid
samples (Figure 4b). The indicator taxa found to be
characteristic of subsurface fluids originate from
multiple boreholes (Figure 4b). Overall, microbial
communities inhabiting nearby bottom seawater and
sediments or found in mixed samples and controls

are taxonomically distinct from subsurface fluids
(Figures 3 and 4a and b).

rRNA genes sequenced from whole-genome-
amplified single cells isolated from U1362A
crustal fluids was used as a complementary
means to assess the taxonomic diversity of deep
subsurface microorganisms, providing additional
evidence for the prevalence of Archaeoglobi, MBG-
E, Nitrospirae, Calescamantes and Aminicenantes
(Figure 5). Archaea, specifically Archaeoglobi and
MBG-E, dominated the taxonomic diversity of the
flow-sorted sample (Figure 5). In addition, gene
cloning and sequencing employing distinct SSU
rRNA gene primers was used to generate near
full-length SSU rRNA gene sequences from a handful
of high-quality subsurface samples (Figure 5 and
Supplementary Figure S7); this method revealed
Bathyarchaeota and Aminicenantes in relatively
high abundance (Figure 5 and Supplementary
Figure S7). Overlap between the three SSU rRNA
gene data sets (Illumina tag, single cell, gene cloning)
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was found for lineages of Nitrospirae and Aminice-
nantes, while Illumina-based sequencing detected
all of the lineages recovered via single-cell flow
sorting except for a single SAG from the phylum
Aquificae (Figure 5). Although diverse members
of the Bathyarchaeota were detected within the
modest environmental gene clone libraries, this
approach failed to detect Archaeoglobi, MBG-E and

Calescamantes identified via the other two methods
(Figure 5). Interestingly, Thermotoga lineage EM3
was only detected within crustal fluids from bore-
holes U1362A and U1362B via gene cloning and
sequencing (Figure 5).

Phylogenetic analyses of Illumina tag sequences
from sediments and deep subsurface fluids related to
the Aminicenantes and Bathyarchaeota partitioned
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into sub-lineages based on environment (Figure 5).
Most Aminicenantes-related tag sequences from
sediments were closely related to sequences
previously recovered from sediments, while those
from deep subsurface fluids were often closely
related to either (1) lineages previously recovered
from deep subsurface crustal fluids (for example,
1301A08_298 in Figure 5; Jungbluth et al., 2013a) or
(2) new reference SSU rRNA gene sequences from
boreholes U1362A and U1362B recovered in this
study via traditional gene cloning or single-cell
isolation coupled with whole-genome amplification
(Figure 5). The diverse Illumina tag sequences
related to archaeal group Bathyarchaeaota recovered
in this study were analyzed via fine-scale

phylogenetic classification using PhyloAssigner
and a custom database consistent with Bathyarch-
aeota/MCG naming schemes described previously
(Kubo et al., 2012), supplemented with novel
groups from deep subsurface basement fluids
characterized previously (Cowen et al., 2003;
Orcutt et al., 2011; Jungbluth et al., 2013a).
The Bathyarchaeota are a highly diverse group
present in both sediment and deep subsurface
fluids, though significant lineage-specific partition-
ing was observed based on habitat type and, in the
case of U1301A, borehole (Figure 6). Although the
Bathyarchaeota was not a particularly abundant
lineage within borehole U1362A and U1362B
fluids, those sequences that were detected were
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predominantly from two novel lineages detected
previously from crustal fluids (1301A08_240 and
1301A09_032; 15), as well as other novel and as-yet
unnamed Bathyarchaeota lineages (‘Other MCG’ in
Figure 6). A more detailed phylogenetic analysis
using a hand-curated database of Bathyarchaeota
SSU rRNA gene sequences (Kubo et al., 2012)
revealed that a portion of the crustal fluid Illumina
tag sequences classified by the SINA tool as Bath-
yarchaeota were actually associated with the MBG-
B and THSCG archaeal lineages. The gene cloning
and sequencing approach recovered a much wider
diversity of Bathyarchaeaota from deep subsurface
fluids than was recovered via the Illumina ampli-
con sequencing approach, and Bathyarchaeota as a
whole were conspicuously absent from the single-
cell sorting and whole-genome amplification ana-
lysis (Figure 5).

Discussion

Of the few routes available to study microbial life
within fluids contained in the Earth’s vast sediment-
buried subseafloor basement, hydrologically sealed
boreholes that penetrate through the sediment and
into the basaltic crust currently provide the only
direct means to do so. Globally, only a handful of
boreholes drilled into the basaltic subseafloor have
considered microbiological sampling in their design,
the most prominent of which are the CORK-fitted
boreholes along the JdFR flank of the Northeast
Pacific Ocean and their more recently installed
counterparts at North Pond on the Mid-Atlantic
Ridge. In addition to ocean basin-scale geographic
partitioning, these two sets of subseafloor observa-
tories provide a valuable contrast in proximal
environmental setting in that the Juan de Fuca
CORK-instrumented borehole array lies on a rapidly
sedimented ridge flank with relatively sluggish fluid
flow horizontally and no appreciable vertical fluid
advection, while the North Pond array is covered
by a relatively thin sediment layer that allows
vertical advection and limits the extent of geother-
mal heating of the aquifer. One prominent result
is that basalt-hosted subseafloor fluids sampled
via the JdFR CORK platforms exhibit chemical
characteristics that are expected of fluids that
have reacted extensively with basaltic rock and have
been transformed by microbial activity, including
exhaustion of oxygen and nitrate as electron
acceptors. By contrast, similarly sampled fluids from
North Pond contain both oxygen and nitrate at
concentrations near those of bottom seawater
(Orcutt et al., 2013).

Until recently, restricted physical access and
semi-continuous successional changes in the devel-
opment of CORK platforms and the instrumentation
required to interface with them have limited success-
ful microbiological sampling at deep subseafloor
borehole observatories. Thus a robust and statisti-
cally significant characterization of basalt-hosted
subseafloor aquifer microbial assemblages has been
elusive. To date, three of the four studies describing
microbial communities within basement fluids
collected via JdFR CORK observatories have
included single samples that are difficult to interpret
within the context of seawater, sediment and other
potentially contaminating sources (Cowen et al.,
2003; Huber et al., 2006; Jungbluth et al., 2014).
The fourth study investigated one sample per year
for three years, all at borehole U1301A (Jungbluth
et al., 2013a). The current study is the first to
investigate microbial community structure within
basalt-hosted deep subseafloor aquifers via multiple
independent, high-integrity basement fluid samples
collected over the course of several years and from
multiple CORK-instrumented borehole locations
along the JdFR flank, including fluids from the most
recent generation of CORK observatories that are
equipped with titanium sampling ports and Tefzel-
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Figure 6 Taxonomic analysis of unique reads identified
as Bathyarchaeaota using the SILVA database and PhyloAs-
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Microorganisms in the subseafloor crust
SP Jungbluth et al

2043

The ISME Journal



lined fluid delivery lines that deliver water from
depth horizons of nearly 300m below the sediment–
rock interface. Thus these samples span unprece-
dented spatial, temporal and CORK infrastructure
gradients that allowed us to quantify relationships
between the microbial communities sampled via
several different points of access into the basalt-
hosted aquifer below the JdFR flank, as well as
between basalt-hosted communities and microorgan-
isms occupying their most closely adjoining habitats
—sediments and bottom seawater. The chemical
characteristics of fluid samples interrogated here are
consistent with previous studies (for example, Mottl
et al., 1998; Wheat et al., 2000; Lin et al., 2012, 2014)
though provide valuable refinement of their natural
range. In addition, the large number of high-integrity
subsurface crustal fluid samples provides a robust
assessment of the biomass supported by highly
reacted fluids within the deep ocean crustal
biosphere.

Using a combination of methodologies, we have
shown that the microbial communities inhabiting
deep subseafloor crustal fluids from the warm,
anoxic basement aquifer along the JdFR flank are
conspicuously distinct from their counterparts inha-
biting surrounding bottom seawater and sediments.
Over 85% of the total unique Illumina SSU rRNA
gene sequencing reads from deep subseafloor fluids
were unique to this environment compared with
seawater, sediments and experimental controls, with
an even higher percentage recovered from pristine
samples collected from the new CORK observatories
at boreholes U1362A and U1362B. Many of
the microbial lineages characteristic of the subsur-
face fluids collected here, such as the Nitrospirae,
Aminicenantes and MBG-E, are rare in cold seafloor
sediments but instead have relatives that are
most often detected in studies of hydrothermally
influenced sediments or deposits (for example, Takai
and Horikoshi, 1999; Suzuki et al., 2004; Nercessian
et al., 2005). The Archaeoglobi are also not common
to sediment but are instead affiliated primarily with
high-temperature hydrothermal systems. At the
location of the JdFR flank boreholes, the tempera-
tures typical for growth of Archaeoglobus are
encountered only in the basement environment,
where fluids in the upper basement are ~ 65 °C
(Davis and Becker, 2002). Microbial lineages related
to Thermotoga and Aquifex were also found within
crustal fluids, providing additional evidence that
the fluid samples characterized here originate from
deep within the Earth’s geothermally heated crust.
Overall, the novel microbial diversity and unique
community structure reveals a distinct microbial
assemblage in this anoxic basaltic aquifer and
harbors members with temperature optima inferred
from the closest neighbors that are consistent with a
system that is thermogenically driven.

Most of the ubiquitous and abundant lineages
within basalt-hosted subseafloor fluids currently
have poorly characterized metabolisms owing to a

lack of relevant cultivated isolates or genomic
information to use for inference. Exceptions are
lineages of Methanococci and a subset of the
Archaeoglobi detected here; their close relationship
with cultivated and characterized strains reveals that
they likely maintain methanogenic and sulfate-
reducing metabolic lifestyles, respectively. Evidence
for sulfate reduction has also been corroborated by
the successful identification of dissimilatory sulfite
reductase (dsr) genes related to Archaeoglobus
(Robador et al., 2015) and other taxa (Lever et al.,
2013), which is consistent with the SSU rRNA gene-
based findings described here, and is also consistent
with the depletion of oxygen and nitrate as terminal
electron acceptors. Although detected in basaltic
rocks from U1301B by Lever et al. (2013), Methano-
sarcinales were not detected in U1301A fluids
despite the close proximity (~35m) of these two
locations; however, this lineage was identified in low
abundances (o0.2%) in all samples of U1362A
crustal fluids. In contrast to the reports from Lever
et al. (2013), anaerobic methanotrophic archaea
(ANME) groups were undetected in borehole crustal
fluids, with the exception of one unique sequence
related to ANME-2c found in U1362B fluid sample
SSF24. Although phylogenetically unique and dee-
ply branching lineages of Nitrospirae were also
major indicator taxa for subseafloor crustal fluid
samples, their significant evolutionary divergence
from the closest relatives limits inferences regarding
their potential primary metabolic characteristics.
However, it is noted that sulfate reduction is
characteristic of some members of the Nitrospirae
(Sekiguchi et al., 2008), and putative deeply branch-
ing Nitrospirae-related dsr genes were recently
identified within some of the same samples character-
ized in our study (Robador et al., 2015). Of the
remaining ubiquitous and highly abundant microbial
lineages inhabiting deep subseafloor fluids of the JdFR
flank, little is known regarding their potential physio-
logical characteristics. Recently, single-cell genomics
revealed some insight regarding the potential for
amino-acid degradation within the candidate bacterial
phylum Aminicenantes (OP8) (Rinke et al., 2013),
although the Aminicenantes-related lineages we
describe here diverge significantly from those with
genomic information. Despite single-cell genome
sequencing efforts (Rinke et al., 2013), the potential
metabolic characteristics of the candidate phylum
Calescamantes remains unknown. This also remains
the case for members of the uncultivated archaeal
lineage MBG-E, where no isolated strains or metabolic
inferences from genomic information are available.

The question of whether the variability we have
documented in the structure of microbial commu-
nities inhabiting crustal fluids collected from
the JdFR is a reflection of variability in the natural
state or artificially induced over the course
of sampling and analysis remains unresolved.
For borehole U1301A, the consistent detection
of microbial lineages indicative of seawater
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contamination, such as SAR11, SAR324, and
planktonic marine Thaumarchaeota and Euryarch-
aeota, reveal that seawater invasion regularly
occurs during sampling at this borehole owing to
either insufficient sealing between borehole and
sampling instrumentation or seawater intrusion
into the borehole prior to connection to the fluid
delivery line. Although we found no evidence
for connectivity issues, borehole U1301A was
underpressured and drew in surrounding bottom
ocean seawater for several years after drilling
(Wheat et al., 2010), making the later a plausible
explanation. In contrast, boreholes U1362A
and U1362B were positively pressured and produ-
cing fluids following drilling in o1 year and had
little-to-no evidence of seawater intrusion.
Thus we can conclude that differences between
U1301A and U1362A/U1362B are due, at least
in part, to artificial factors outside of natural
variability of microbial communities in situ.
Because we sampled two non-overlapping base-
ment horizons at boreholes U1362A and U1362B,
we were able to investigate vertical stratification
of microbial communities within the basaltic
subseafloor crust. Although each horizon at
U1362A and U1362B has not been characterized
with replicate, identically processed samples
in sufficient numbers to quantitatively evaluate
the natural variability within each borehole and
horizon, the samples described in this study reveal
differences in community structure that may
derive from vertical stratification or horizontal
segregation of fluid flow in this region of the ocean
basement.

Overall, this study provides strong evidence for
the dominance of a limited number of bacteria and
archaea within deep subseafloor crustal fluids
accessed through multiple boreholes and multiple
horizons of the anoxic, basalt-hosted aquifer within
the eastern flank of the JdFR. The vast majority
of abundant lineages, which includes some
within-candidate bacterial (Aminicenantes, Cales-
camantes) and archaeal (marine benthic group E,
Terrestrial Hot Spring Crenarchaeotic Group)
phyla, as well as divergent lineages only distantly
related to the characterized taxa (Nitrospirae
Chloroflexi, Archaeoglobi), are of unknown
physiology. However, severe depletion in dissolved
organic carbon, oxygen, nitrate and cellular
abundances coupled with hydrogen and methane
in sufficient quantities to fuel microbial metabolism
create an environmental setting where it is likely
that chemolithotrophy and methane cycling
coupled with sulfate reduction are traits of the
unusual microbial lineages prevalent in this system
(Lin et al., 2014). Although the pervasiveness
of oxygen within the global network of geother-
mally heated deep subseafloor basalt-hosted aqui-
fers is not yet known in other regions where oxygen
is extinguished in a similar manner to the eastern
flank of the JdFR, we postulate the existence

of microbial communities containing lineages
closely related to those found here.
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