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INTRODUCTION

The microbiology of subsurface, hydrothermally influenced basaltic crust flanking mid-
ocean ridges has remained understudied, due to the difficulty in accessing the subsurface
environment. The instrumented boreholes resulting from scientific ocean drilling offer
access to samples of the formation fluids circulating through oceanic crust. \We analyzed the
phylogenetic diversity of bacterial communities of fluid and microbial mat samples collected
in situ from the observatory at Ocean Drilling Program Hole 896A, drilled into ~6.5 million-
year-old basaltic crust on the flank of the Costa Rica Rift in the equatorial Pacific Ocean.
Bacterial 16S rRNA gene sequences recovered from borehole fluid and from a microbial
mat coating the outer surface of the fluid port revealed both unique and shared phylo-
types. The dominant bacterial clones from both samples were related to the autotrophic,
sulfuroxidizing genus Thiomicrospira. Both samples yielded diverse gamma- and alphapro-
teobacterial phylotypes, as well as members of the Bacteroidetes, Planctomycetes, and
Verrucomicrobia. Analysis of ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO)
genes (cbbl and cbbM) from the sampling port mat and from the borehole fluid demon-
strated autotrophic carbon assimilation potential for in situ microbial communities; most
cbbl genes were related to those of the sulfuroxidizing genera Thioalkalivibrio and Thiomi-
crospira, and cbbM genes were affiliated with uncultured phylotypes from hydrothermal
vent plumes and marine sediments. Several 16S rRNA gene phylotypes from the 896A
observatory grouped with phylotypes recovered from seawaterexposed basalts and sul-
fide deposits at inactive hydrothermal vents, but there is little overlap with hydrothermally
influenced basaltic boreholes 1026B and U1301A on the Juan de Fuca Ridge flank, sug-
gesting that site-specific characteristics of Hole 896A (i.e., seawater mixing into borehole
fluids) affect the microbial community composition.

Keywords: basalt, chemolithoautotrophic bacteria, CORKs, Costa Rica rift, formation fluids, ocean drilling program,
subsurface, thiomicrospira

significant impact on global biogeochemical cycles. Specifically,

The deep-sea subsurface is characterized by relatively low organic
carbon input, elevated pressures, geographically variable temper-
atures, and sparse nutrient availability. Together, these conditions
create unique and challenging habitats for microorganisms. Sub-
seafloor sediments are estimated to constitute a large proportion
of Earth’s biomass (Whitman etal., 1998; Parkes etal., 2000),
although local cell densities and microbial activities are low
compared to surficial sediments (D’Hondt et al., 2004, 2009; Jor-
gensen and Boetius, 2007). Less is known, however, about a
biosphere potentially hosted in subsurface oceanic basalt crust,
largely due to difficulties is accessing this environment. Chemi-
cal and microscopic evidence coupled with theoretical models of
potential metabolic reactions (Bach and Edwards, 2003) suggest
that microbial activity in oceanic crust occurs and may have a

gradual microbial oxidation of reduced metals and sulfur species
within the basalt crusts results in increased oxidation state and bio-
catalyzed weathering of ocean crust, as it ages and moves from the
center of a mid-ocean ridge to the outer flanks (Bach and Edwards,
2003). Microaerophilic, autotrophic iron-oxidizing, or nitrate-
reducing bacteria from ridge flank surfaces have been isolated, and
include alpha- and gammaproteobacteria (Edwards etal., 2003);
seafloor basalts from the 9°N East Pacific Rise harbor mostly
gamma- and alphaproteobacteria, and Planctomycetes (Santelli
etal., 2008, 2009). The question is whether similar bacteria are
active in the deep basaltic subsurface.

Scientific ocean drilling provides one potential mechanism for
the collection of deep subsurface samples for microbiological anal-
ysis. Such drilling is often conducted within the framework of the
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Integrated Ocean Drilling Program (IODP) and its precursor, the
Ocean Drilling Program (ODP). Subsurface drilling can work well
in sedimentary layers, since contamination monitoring protocols
allow for stringent control of seawater and drilling fluid contam-
ination (Lever etal., 2006). By contrast, collection of pristine
hard rock crustal samples through drilling is often problem-
atic (Santelli etal., 2010), and rock sample surfaces are generally
prone to seawater and drilling fluid contamination (Lever etal,,
2006). Installation of long-term observatories within the result-
ing borehole offers an alternative for exploring subsurface crustal
environments. Such borehole observatories, known as Circulation
Obviation Retrofit Kits or “CORKs” (Davis etal., 1992; Becker
and Davis, 2005), have been used successfully in the past to
study hydrogeologic properties of crustal aquifers (Fisher etal.,
2008) and to examine the biogeochemical composition of fluids
circulating within oceanic crust (Wheat etal., 2010).

More recently, the composition of microbial communities
inhabiting deep basaltic crust has been investigated through the
collection of observatory fluids (Cowen et al.,2003), mineral crusts
formed on the surface on observatories (Nakagawa etal., 2006),
and mineral chip colonization experiments conducted within
the observatories (Orcutt etal., 2011). Those experiments have
focused on a series of CORK observatories, mostly at ODP Hole
1026B and IODP Hole U1301A (Fisher etal., 2005), installed on
the eastern flank of the Juan de Fuca Ridge in the northeastern
Pacific Ocean. Here, reduced, anoxic, sulfate-rich hydrothermal
(~64°C) fluids flow within 3.5 million-year-old basaltic crust.
Analysis of borehole fluids and mineral crusts from these sites
revealed diverse microbial communities containing novel Firmi-
cutes bacteria, some of which are distantly related to Ammonifex
degensii, a chemolithoautotrophic, thermophilic bacterium that
oxidizes hydrogen, formate or pyruvate with nitrate, sulfate or ele-
mental sulfur (Cowen etal., 2003; Nakagawa etal., 2006; Orcutt
etal., 2011). Furthermore, enrichment experiments conducted on
mineral crusts from the Hole 1026B observatory yielded anaero-
bic thermophiles, including methanogens, fermenters, and sulfate
reducers (Nakagawa etal., 2006; Steinsbu etal., 2010). Archaeal
communities in these observatories appear to be less diverse
and align more closely with cultivated members of thermophilic,
hydrogenotrophic methanogens of the genus Methanothermococ-
cus (Nakagawa etal., 2006). Similar microbial communities of
deep basalt origin might permeate adjacent layers of the overlying
sediment column, as indicated by elevated counts of bacteria and
archaea in sediments just above the basalt/sediment interface at
Juan de Fuca (Engelen etal., 2008). The microbial community
composition of the Juan de Fuca Ridge flank crustal subsur-
face differs significantly from the composition of communities
harbored in seafloor-exposed basalts (Santelli etal., 2008, 2009),
near-surface hydrothermal fluids circulating within basaltic out-
crops (Huber etal., 2006), and hydrothermal fluids collected from
sulfide- and/or iron-rich hydrothermal vents (Suzuki etal., 2004;
Perner etal., 2007; Takai etal., 2008; Rassa etal., 2009). This dis-
parity suggests that, although the crustal subsurface shares similar
mineralogical and geochemical characteristics with the other habi-
tats, it nonetheless harbors a unique subsurface crustal biosphere
(Orcutt etal., 2011). Investigations of other subsurface crustal
habitats are necessary to evaluate this hypothesis.

Here, we report the results of culture-independent 16S rRNA
and RuBisCO gene molecular surveys conducted on opportunis-
tic borehole fluid and mineral crust samples collected from an
observatory in ODP Hole 896A. Hole 896A is located on the
southern flank of the Costa Rica Rift in the equatorial Pacific
Ocean at a water depth of 3,440 m (Shipboard Scientific Party,
1993). The borehole was drilled in 1993 to a maximum depth of
469 meters below seafloor (mbsf), with the lowermost 290 m pen-
etrating roughly 6.8 million-year-old altered basaltic basement.
Many features of the Hole 896A crustal aquifer are similar to those
observed at the Juan de Fuca Ridge flank sites mentioned earlier.
For instance, both sites are characterized by pillow and sheet-flow
plagioclase-olivine phyric basalts; and vein filling with saponite
and celadonite alteration minerals indicates complex hydrother-
mal evolutions of the systems (Alt et al., 1996; Hunter etal., 1999).
Furthermore, formation fluids at Hole 896A are roughly 58°C
(Becker etal., 2004), which is similar to those observed in the
Juan de Fuca boreholes. Chemically, the basement fluids at both
sites are characterized by reduced, high sulfate, low alkalinity flu-
ids with relatively high calcium and low magnesium contents,
indicating hydrothermal fluid-rock interactions (Table 1). Finally,
both sites are located on buried basement highs (Alt etal., 1996;
Fisher etal., 2005) with inferred fluid flow on the order of hun-
dreds of liters per hour (Becker etal., 2004). As at the Juan de
Fuca Ridge flank sites, microbial alteration textures, elemental
analyses, cell counts, extractable DNA, and carbon and oxygen
isotope data from basalts of Hole 896A indicate microbial activ-
ity (Giovannoni etal., 1996; Fisk etal., 1998; Torsvik etal., 1998;
Furnes etal., 2001).

In this study, samples were collected from an observatory placed
at Hole 896A in 2001 and revisited in 2002 (Becker etal., 2004)
to conduct comparative phylogenetic analysis for evaluating the
in situ microbial communities.

MATERIALS AND METHODS

STUDY SITE

ODP Hole 896A on the Costa Rica Rift (1°13’ N, 83°43" W;
Figure 1) is 3,463 m below sea level and drilled to a depth of
469 mbsf (Figure 1). The lower 290 m of the hole consists of
altered basaltic oceanic crust. During drilling in 1993, the upper
196 m section of Hole 896A was cased, thus sealing out sediment
pore water and allowing the influx and accumulation of hydrother-
mal subsurface fluids from the basaltic crust. In 2001, roughly 8
years after the borehole was originally drilled, a wireline packer
seal apparatus similar to a CORK observatory was deployed with
the intent to plug the hole, record the pressure and temperature
in the sealed zones, sample borehole formation fluids, and moni-
tor the return to in situ hydrogeological conditions (Becker etal.,
2004). The wireline CORK apparatus was constructed primarily
from mild steel, and it included one packer in the cased section
and a second packer intended to be set about 50 m into the open-
hole section, as well as steel tubing umbilicals to bring formation
fluids to sampling ports at the wellhead. However, on deployment,
the lower packer became stuck in the hole about 20 m above the
intended setting depth. In the attempts to deal with this, it is likely
that the tubing umbilicals were damaged and the packers could
not be inflated to seal the hole.
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Table 1 | Comparative chemistry of fluids from Costa Rica Ridge flank Holes 896A and 504B with Juan de Fuca Ridge flank fluids, with seawater

for comparison.

Component Units Hole 896A2 Hole 504B® Hole U1301A° Baby Bared Seawater®
Temperature °C ~60 58 64 64 2

Cl— mmol/kg 547 b46 553 554 541

S042~ mmol/kg 18.5 17 176 178 279
Alkalinity mea/kg 0.6 0.1 0.4 043 2.44

Na* mmol/kg 460 456 463 473 463.5

K+ mmol/kg 6.8 7 6.9 6.88 10.1

Ca?t mmol/kg 50.5 58 55.8 55.2 10.2

Mg2+ mmol/kg 8.5 8 1.9 0.98 52.6

@Data extrapolated from basal sediment pore water samples collected from ODP Holes 501, 504, 677 and 678 (Holes 678 became Hole 896A; Mottl, 1989).
bData from Hole 5048 borehole fluids collected in situ 1,233 days after drilling (Mottl and Gieskes, 1990, \Wheat and Mottl, 2000).

¢Near steady-state formation fluid from Hole U1301A CORK OsmoSamplers deployed in basement borehole for ~4 years (Wheat et al., 2010).

9Fluids sampled from the Baby Bare basalt outcrop of the Juan de Fuca Ridge flank (WWheat and Mottl, 2000).

€Bottom seawater from the Costa Rica Ridge flank (\Mottl, 1989).
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FIGURE 1 | Map of the Ocean Drilling Program Hole 896A study site in
the Pacific Ocean in relation to the Costa Rica Rift. Color gradient scale
provided for water depth in meters. Maps were created using the
GeoMapApp software (www.geomapapp.org; Ryan etal., 2009).

Immediately prior to the attempt to deploy the wireline packer,
avideo and temperature log had been conducted to verify that the
hole was open down to the intended setting depth of the lower
packer about 50 m into open hole. The temperature log indicated
that upper basement formation fluids were being produced up the
hole, with an average temperature of 57.8°C and total fluid flow
rate through the casing of 12 m/h, equivalent to a volume flux
of 800 I/h (Becker etal., 2004). In situ video monitoring revealed
the presence of thick whitish crusts resembling sulfur-oxidizing
bacterial mats on both the cased and open-hole sections of Hole
8964, and flocculent material seems to be entering the borehole
around 220 mbsf (Becker etal., 2004).

SAMPLE COLLECTION

Roughly 15 months after the installation of the observatory, fluid
and microbial mat samples were collected on November 18, 2002
during submersible operations with DSV Alvin (Dive 3840; Woods
Hole Oceanographic Institution). Because the wireline CORK
packers had not been inflated, it is likely that the uphole flow of
upper basement fluids revealed by the 2001 temperature log was
continuing up around the wellhead. The microbial mat sample,
referred to as mat, consisted of a flocculent grey crust growing
on the seawater exposed exterior of Port L that was swabbed
with a fresh green plastic sponge, which was exposed to sea-
water and therefore not sterile (Figure 2A). The sponge was
stored on the submersible in a closed plastic biobox filled with
site bottom water before return to the ship. The fluid sample,
referred to as bore, consisted of fluids collected at a wellhead
sampling port about 10 min after the valve (Port L; Figure 2A)
was opened, into an ethanol-sterilized titanium bottle using a
flexible sampling hose (Figure 2B). The sampling port was con-
nected to the tubing leading from just below the lower packer.
However, because of the possibility of damage to the umbili-
cal and lack of packer seal, it is likely that a mix of bottom
water and true formation fluids was being sampled. No warm
water venting and efflux of borehole water was observed at
Port L. After return to the ship, approximately 0.75 1 of bore-
hole fluid was filtered, using a handpump, through a 90-mm
diameter 0.22 pm mesh nylon filter to collect particulate mat-
ter and microorganisms. Both samples were returned to the ship
(RV Atlantis, Woods Hole Oceanographic Institution) within a
few hours and immediately frozen at —80°C for preservation of
DNA. Samples were then transported frozen to a shore-based
laboratory.

DNA EXTRACTION, AMPLIFICATION, AND SEQUENCING

Environmental DNA was extracted from samples following a pro-
tocol modified from two published procedures for extracting DNA
from deep subsurface sediments (Juniper etal., 2001; Kormas
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FIGURE 2 | Microbial mat and fluid sampling at ODP Hole 896A made
from still images captured during Alvin operations. (A) The L port with
attached biofilm, removed with the first scrubber and sequenced as “mat”
sample; (B) water sampling (the material used here) by tube coupling to the
L port.

etal., 2003). Using sterilized tools, the filter and sponge were
cut into pieces and then transferred into replicate vials of 6 ml
DNA extraction buffer (200 mM NaCl, 200 mM Tris, 2 mM
sodium citrate, 10 mM CaCl,, 50 mM EDTA, pH 8). The fil-
ter pieces were vortexed, and subjected to two freeze-thaw cycles
(alternating —80°C and +65°C). Fifty microliters of Proteinase
K (20 mg/ml) and 100 !l of 20% [w/v] sodium dodecyl sulfate
(SDS) were added, and the samples were incubated for 30 min at
37°C. About 1.5 ml of 20% SDS was added and the samples were
incubated at 55°C for 2 h in a shaking chamber. Then, the samples
were centrifuged at 6,000 g for 10 min, the supernatant was har-
vested, an equal amount of 24:25:1 phenol/chloroform/isoamyl
alcohol was added, and they were centrifuged again at 6,000x g
for 10 min. The upper phase was harvested and 2.5x volume
of ice-cold ethanol and 0.1x volume of ice-cold 5 M NaCl were
added. The samples were placed in the —80°C freezer overnight to
allow for DNA precipitation. The DNA was harvested by centrifug-
ing at 10,000x g for 30 min, removing the supernatant, washing
with 500 pl of 70% EtOH, and centrifuging again at 10,000 x g
for an additional 30 min. The remaining pellet was allowed to
air dry before re-dissolving in 50 pl sterile water. To obtain
more sequences, additional filter and mat samples were extracted
with the Powersoil DNA Isolation Kit (Mobio) according to the
manufacturer’s instructions and final volume of 50 pl elution
solution.

Near full-length 16S rRNA genes were amplified by poly-
merase chain reaction (PCR) using bacterial primers BAC-8F
(5'-AGRGTTTGATCCTGGCTCAG-3’) and BAC-1492R (5'-
CGGCTACCTTGTTACGACTT-3'; Lane, 1991). The PCR mixture
for the phenol/chloroform/isoamyl alcohol extracted samples con-
sisted of 1 pl of the environmental DNA, 2 pl of each primer
(0.5mM), 0.5 ul of enzyme included in the Failsafe™ PCR System
kit (EpiCentre Biotechnologies), 25 pl of Failsafe™ Premix B and
a balance of water for a total reaction volume of 50 pl. The PCR
cycle conditions involved an initial denaturation at 95°C for 2 min,
followed by 30 cycles of denaturation at 95°C for 1 min, annealing
at 55°C for 1 min, and extension at 72°C for 3 min. These 30
cycles were followed by a final extension at 72°C for 10 min. Sam-
ples extracted with the Mobio Powersoil DNA Isolation Kit were
amplified with Speedstar HS DNA Polymerase (Takara) using 2 .l
of DNA sample and the manufacturer’s reccommendations con-
centrations of buffer, dNTPs, and polymerase in a final volume
of 25 pl. Thermal cycling was performed as previously described
above with the exception that cycling times were 95°C for 10 s,
52°C for 15 s, and 72°C for 20 s over 28 cycles.

To examine the potential for autotrophy using the Calvin
cycle, ccbL and ccbM genes involved in the formation of ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBisCO) from the mat
sample environmental DNA were PCR amplified as described pre-
viously (Elsaied and Nagamuna, 2001). An initial round of PCR,
cloning and sequencing yielded only one cbbL clone and three
cbbM clones (mat clones A06, E03, H09, and F03). Additional
DNA was amplified from the Powersoil Isolation Kit extractions
with the GoTaq Flexi DNA Polymerase (Promega) using a final
concentration of 3 mM MgCly, 1 uM of each primer, and the
manufacturer’s recommendation of ANTP, buffer, and polymerase
concentration. Primers for the c¢bbL gene included cbbL1AF172
(5'-ACNTGGACNACNGTNTGG-3') and cbbL1AR1382 (5'-TCR
AAYTTGATYTCBTTCCA-3'). Primers for the cbbM gene
included cbbM337F (5'-AACCARGYATGGGYGAY-3') and
cbbM1126R (5'-TCATRCCVCCVGADAT-3'). In the bore sample,
non-specific priming was extensive in one cbbL PCR sample and
an additional primer, cbbL1AR1142 (5'-GGCATRTGCCANACRT
GRAT-3'), was used with primer cbbLAF172 in a nested PCR
using 0.2 pl of the bore PCR sample and the same mixture
and cycling conditions described above, with the exception that
the number of cycles was reduced to 20. We note that the c¢bbL
primers did not fully target the total diversity of the “red-like”
IC form of RuBisCO (Badger and Bek, 2008) due to the need
to limit the number of degeneracies; some diversity may have
been missed.

The PCR products were subjected to 1.5% agarose gel elec-
trophoresis, stained with 0.5 pg/ml of ethidium bromide or 1x
GelRed (Biotium), and visualized by UV excitation for bands
indicating successful DNA amplification. PCR products were
either excised from the agarose gel or directly purified using the
Wizard® PCR preparation kit (Promega) or the Qiagen Minelute
Gel Extraction kit, and then cloned using TOPO XL PCR cloning
kit (Invitrogen). From each clone library, clones were selected
randomly for sequencing at the Josephine Bay Paul Center of
the Marine Biological Laboratory in Woods Hole, MA, USA or
Genewiz (Research Triangle Park, NC, USA).
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PHYLOGENETIC ANALYSIS RESULTS
Raw 16S rRNA gene and RuBisCO sequences were edited using 16S rRNA GENE PHYLOGENY

Chromas or Sequencher (Genecodes) software to remove cloning
vector sequences, and potential chimeric sequences were eval-
uated using Pintail'. Closely related sequences were identified
using the Basic Local Alignment Search Tool (BLAST) program
searches in GenBank? (Altschul etal.,, 1997). 16S rRNA gene
sequences were aligned against a curated sequence database (using
the NAST alignment tool available at greengenes.org; DeSan-
tis etal., 2006a) and manually checked for alignment accuracy
against reference sequences from the Greengenes database (DeSan-
tis etal., 2006b) using the ARB software package (Ludwig etal,,
2004). A phylogenetic tree of the nearly full-length 16S rRNA
gene sequences of this study, plus key reference sequences, was
calculated in ARB based on Jukes-Cantor distances via neigh-
bor joining. The ¢bbL and cbbM gene sequences were translated
to amino-acid sequences and aligned with Clustal W in MEGA
4.0 (Kumar etal., 2008) using a Gonnet protein weight matrix.
The RuBisCO phylogeny was constructed in MEGA using a
neighbor-joining method based on Poisson-corrected distances.
Statistical support of tree topology was estimated by boot-
strapping with 1,000 replicates in MEGA. The 16S rRNA gene
sequences reported here are available in GenBank under the acces-
sion numbers GQ903340-GQ903342, GQ903344, GQ903346—
GQ903350, and GQ903352-GQ903376. The RuBisCO genes
have GenBank accession numbers HQ856238-HQ856241 and
1Q795724-JQ795729.

The similarity of the bore and mat 16S rRNA gene clone
libraries to previously published clone libraries was evaluated by
comparing sequence similarity distance matrices with the pro-
grams DOTUR and SONS (Schloss and Handelsman, 2005, 2006)
using methods described previously (Santelli etal., 2008). In par-
ticular, the nearly full-length Hole 896A 16S rRNA gene sequences
were compared to sequence datasets generated from seafloor-
exposed basalts from the East Pacific Rise and the Loihi Seamount
(Santelli etal., 2008); from subsurface (3 m) hydrothermal basalt
formation fluids from the Baby Bare outcrop on the Juan de
Fuca Ridge flank (Huber etal., 2006); from fluids freely venting
from the ODP Hole 1026B borehole (Huber etal., 2006); from
bottom water samples collected above the Juan de Fuca Ridge
flank (Huber etal., 2006); and from seafloor-exposed inactive
massive sulfides from the East Pacific Rise (Sylvan etal., 2012).
Sequence datasets were compared to identify the number and
type of shared “species” between samples, with “species” oper-
ationally defined as operational taxonomic units (OTUs) with
97% or greater sequence similarity, as defined previously (San-
telli etal., 2008). Sequence distance matrices were generated in
ARB using the neighbor-joining method, the Jukes—Cantor cor-
rection, and application of an in-program filter for bacteria, of
E. coli base pair positions 228-1420. Diversity estimators were
calculated in DOTUR under standard settings at the 97% or
greater sequence similarity definition level, and shared richness
estimates were generated using standard settings in the SONS
program.

'www.bioinformatics-toolkit.org/Web-Pintail/

2www.ncbi.nlm.nih.gov

A total of 66 and 60 nearly full-length 16S rRNA gene clones
were successfully sequenced from the bore and mat sample clone
libraries, respectively. Phylogenetic analysis of the clone libraries
revealed 40 phylotypes from several bacterial phylum-level groups
including Bacteroidetes, aerobic and anaerobic heterotrophs
widespread in soil and water (Kirchman, 2002); Cyanobacte-
ria; Actinobacteria (OM1 group; Rappé etal., 1997), oxygenic
marine phototrophs; the phylum-level lineages Verrucomicrobia
and Planctomycetes, often detected in oxygen-depleted marine
habitats (Kirkpatrick etal., 2006) and with relatively few cul-
tured chemoorganotrophicisolates (Wagner and Horn, 2006); and
diverse Alpha-, Gamma-, and Epsilonproteobacteria (Figures 3
and 4). The seven most abundant phylotypes (highlighted in pur-
ple in Figures 3 and 4) were found in both the borehole fluids and
the microbial mat.

Despite using bacteria-specific 16S rRNA gene primers, one
archaeal clone was also recovered from the mat sample. This clone,
matl, was related to Thermocladium modestius, an extremely ther-
mophilic crenarchaeote isolated from acidic hot spring areas in
Japan (Itoh etal., 1998). The presence of an archaeal clone in a
bacterial 16S rRNA gene clone library was unexpected, given that
the bacterial and archaeal versions of the forward primers had five
nucleotide mismatches and thus strong PCR bias against archaeal
gene amplification.

A number of sequences grouped near known sulfur cycling
microorganisms. Phylotype mix2 was related to the free-living,
autotrophic, oxygen- and nitrate-respiring, sulfur-oxidizing genus
Thiomicrospira of the Gammaproteobacteria; this phylotype
comprised nearly half of the sequences of both the bore and
mat clone libraries (Figure 3). This phylotype has also been
observed in clone libraries from seafloor-exposed massive sulfides
(Sylvan etal, 2012) and in fluids sampled from the ODP Hole
1026B observatory on the Juan de Fuca Ridge flank (Huber etal.,
2006). One bore phylotype affiliated with the sulfur-oxidizing
chemolithoautotrophic Epsilonproteobacteria Sulfurimonas den-
itrificans and S. autotrophica. Generally, hydrogen- and sulfur-
oxidizing, chemolithoautotrophic Epsilonproteobacteria have a
wide environmental distribution at hydrothermal vents and in
marine surficial sediments (Campbell etal., 2006; Nakagawa and
Takai, 2008) and employ an alternative pathway of autotrophic
CO, fixation, the reverse tricarboxylic acid (TCA) cycle (Hiigler
etal., 2005). The whitish mats deposited on the walls of the
observatory and recorded in video logs of the Hole 896A bore-
hole (Becker etal., 2004) bear a conspicuous resemblance to the
sulfur precipitates and flocs produced by sulfur-oxidizing bac-
teria (Kuenen and Veldkamp, 1972; Taylor and Wirsen, 1997;
Wirsen et al., 2002).

Several other bore and mat sequences also grouped most
closely with uncultivated environmental sequences recovered from
seawater-exposed basalts and inactive sulfides from the East Pacific
Rise and Hawaii (Santelli etal., 2009; Sylvan etal., 2012), from
hydrothermal fluids from a basaltic outcrop (Huber etal., 2006)
and from cold seep and hydrothermally influenced deep marine
sediments. These phylotypes are highlighted with colored cir-
cles in Figures 3 and 4. Nine of the forty observed bacterial
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Thiomicrospira crunogena str. XCL-2 (NC_007520)
Hydrogenovibrio marinus str. JCM7688 MH-110 (D86374)
Juan de Fuca ridge flank crustal fluid clone FS§275-74B-03 (DQ513107)
East Pacific Rise inactive sulfides clone 3M34_089 (JQ287490)
ODP Hole 896A clone mix2 (18 mat clones, 26 bore clones)
Rainbow hydrothermal sediments clone pIR3BF02 (AY354141)
Mid-Atlantic Ridge chi ys clone L8B6 (EF644808)
ODP Hole 896A clone mat18 (2 mat clones)
Thiomicrospira pelophila str. DSM 1534 (L40809)
East Pacific Rise basalts clone 3968Bc49 (EU491716)
ODP Hole 896A clone bore15 @
ODP Hole 896A clone bore14
mud volcano sediment clone HMMVCen-13 (AJ704666)
ODP Hole 896A clone bore12
Lost City Hydrothermal Field chimney clone LC1408B (DQ270606)
cold seep sediment clone JT58-11 (AB189338)
ODP Hole 896A clone bores @
Colwellia piezophila str. Y223G (AB094412)
Hawaii basalts clone P9X2b3A02
— Mid-Atlantic Ridge chimney clone L8B10 (EF644812)
ODP Hole 896A clone mat22 (2 mat clones)
Hawaii basalts clone P9X2b8D02 (EU491303)
Hawaii basalts clone P9X2b3B06 (EU491101)
ODP Hole 896A clone mat20 (11 mat clones, 3 bore clones) @
Uncultured gamma proteobacterium clone pLM5B-26 (AB247830)
East Pacific Rise inactive sulfides clone 3M23_016 (JQ287054)
Acidithi idans str. DSM 2392 (AJ459800)
Thialkalivibrio thiocyanoxidans str. ARh 2 (AF302081)
ODP Hole 896A clone 896A008_mat i
East Pacific Rise inactive sulfides clone 3M23_059 (JQ287091) 3
Thiothrix flexilis str. SNR-3 (AB042543)
East Pacific Rise inactive sulfides clone 3M23_064 (JQ287095)
ODP Hole 896A clone bore2 (2 clones) @
Sulfurimonas denitrificans ATCC 33889 str. DSM 1251 (L40808)

East Pacific Rise inactive sulfides clone 3M23_008 (JQ287047)
ODP Hole 896A clone mix1 (1 mat clone, 5 bore clones).
East Pacific Rise basalts clone 3968Bc41 (EU491708)

str. IFO 16482 (AB078076)
Flavobacteriaceae str. TD-ZX30 (AB265181)
OPD Hole 896A clone 896A022_bore
B Flaviramulus basaltis str. H35 (DQ361033)
deep-sea octacoral clone ctg_ CGOCA60 (DQ395513)
East Pacific Rise basalts clone 3965B¢32 (EU491853)
ODP Hole 896A clone bore4
ODP Hole 896A clone 896A030_bore @
East Pacific Rise inactive sulfides clone 7M24_010
East Pacific Rise basalts clone 3968Bc1 (EU491679)
marine clone Arctic95D-9 (AY028220)
ODP Hole 896A clone 896A025_mat
East Pacific Rise basalts clone 3965B¢c55 (EU491867)
ODP Hole 896A clone bore3 @
Rainbow hydrothermal sediments clone pIR3BF01 (AY354171)
ODP Hole 896A clone mat5
Prochlorococcus marinus str. MIT9302 (AF053396)
ODP Hole 896A clone 896A021_bore
Prochlorococcus marinus str. MIT9201 (AF115268)
ODP Hole 896A clone bore22
Emiliania huxleyi str. CCMP 373 (NC_007288)
gJuan de Fuca ridge flank crustal fluid clone FS142-30B-02 (DQ513030)
ODP Hole 896A clone mat3 O
East Pacific Rise clone 9NSWBact_36 (DQ070787)
ODP Hole 896A clone 896A009_bore
uncultured water column bacterium clone 6C232374 (EU804446)
Cape Hatteras picoplankton clone OM1 (U70710)
ODP Hole 896A clone 896A013_bore
Iheya hydrothermal chimney clone lheB3-34 (AB099989)

0.25 substitutions per site
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FIGURE 3 | 16S rRNA gene neighbor-joining phylogenetic tree for Hole
896A observatory bore and mat sample sequences in comparison to
close relatives from the GenBank database, excluding the Alphaproteo-
bacteria phylum. Clones from borehole fluids collected at the observatory
spigot are labeled as bore in blue, and clones from the microbial mat on
the exterior of the borehole are labeled as mat in red. Identical clones from
both samples are labeled in purple. Short sequences are indicated with
asterisks. Sequences that are shared with other clone libraries are
indicated with colored dots: East Pacific Rise inactive massive sulfides
(black); East Pacific Rise and Loihi Seamount basalts (green); Juan de Fuca
Ridge flank crustal fluids (white); Juan de Fuca CORK Hole 1301A (yellow).

phylotypes, marked with black circles, grouped closely with phylo-
types from inactive massive sulfide samples collected from the East
Pacific Rise (Sylvan et al., 2012), whereas eight phylotypes, marked
with green circles, were shared with clone libraries from seafloor-
exposed basalts (Santelli etal., 2009). Three phylotypes, marked
with white and yellow circles, were similar to clones from samples
from other deep basalt observatories. Of these, one alphapro-
teobacterial sequence (Figure 4) grouped closely with a sequence
from a biofilm formed on pyrite incubated in the subsurface for
4 years (Orcutt etal., 2011); the Thiomicrospira-related clone mix
2 and Prochlorophyte clone mat 3 are close to clones from vent-
ing basalts at Baby Bare on the Juan de Fuca ridge (Huber etal,,
2006). No 16S rRNA clone library phylotypes were shared between
the Hole 896A samples and background bottom water collected
above basaltic lavas the Pacific Ocean (Santelli et al., 2008). While

East Pacific Rise basalt clone 3967Bc58 (EU491804)

East Pacific Rise inactive sulfides clone 3M34_078 (JQ287480)
Rainbow hydrothermal sediments clone pIR3BF04 (AY354146)
ODP Hole 896A clone bore9 @

cold seep sediment clone SB1-18 (AB188773)

ODP Hole 896A clone 896A037_mat (2 clones)

ODP Hole 896A clone mat11 (6 mat clones, 1 bore clone) %

inori ia chlamys (AY174894)

Antarctic whale fall bone clone 131839 (AY92224)

deep sea sediment clone B61 (AY375078)
East Pacific Rise basalts clone 3968Bc75 (EU491742)
OPD Hole 896A clone 896A023_mat
East Pacific Rise inactive sulfides clone 3M23_087 (JQ287113)
ODP Hole 896A clone bore7 (3 bore clones) @

East Pacific Rise inactive sulfides clone 3M34_033 (JQ287450)

ODP Hole 896A clone mat15 @

Roseobacter isolate 667-2 clone (AJ294353)

Rainbow hydrothermal sediments clone pIR3BC12 (AY354143)
ODP Hole 896A clone bore8 @

East Pacific Rise inactive sulfide clone 3M34_051 (JQ287457)

Iheya hydrothermal system clone:IBNC-18 (AB175521)

Lost City Hydrothermal Field clone LC1231b170 (DQ228567)

ODP Hole 896A clone 896A028_crust (1 mat clone, 3 bore clones)
Riftia pachyptila's tube clone R103-B28 (AF449223)

Marinosulfonomonas methylotropha (AY772092

East Pacific Rise inactive sulfide clone 3M23_037 (JQ287072)

ODP Hole 896A clone bore11 @

Maricaulis maris str. ACM 5106 (AJ0O07807)

East Pacific Rise inactive sulfide clone 3M23_011 (JQ287050)
ODP Hole 896A clone mat16 (1 mat clone, 1 bore clone) @ @

East Pacific Rise basalt clone 4059Bc92 (EU491593)

Ahrensia kielensis str. IAM12618 (D88524)

LEast Pacific Rise basalts clone 4059Bc61 (EU491563)

ODP Hole 896A clone bore10 (2 bore clones)

— basalt sand incubation clone LOI41-H09

ODP Hole 896A clone 896A001_mat

ODP Hole 896A clone 896A041_mat (2 mat clones)

ODP Hole 896A clone 896A002_mat (2 mat clones, 3 bore clones)

ODP Hole 896A clone 896A016_mat

ODP Hole 896A clone 896A045_mat

East Pacific Rise inactive sulfides clone 3M34_022 (JQ287443)

deep-sea sediment clone BD7-3 (AB015579)
ODP Hole 896A clone 896A021_mat
Rainbow hydrothermal sediments clone pIR3BA07 (AY354160)
ODP Hole 896A clone 896A029_mat
Rhodothalassium salexigenes (M59070)
ODP Hole 896A clone 896A015_mat
Loi’hi Seamount Ula Nui iron oxide mat clone UNB30
Juan de Fuca CORK 1301A pyrite chip clone 1301APX_F11 (GU189017)
ODP Hole 896A clone 896A044_bore O
East Pacific Rise inactive sulfide clone 3M23_015 (JQ287053)
Candidatus Pelagibacter ubique str. HTCC1062 (AF510191)
ODP Hole 896A clone bore18 x

2BE0BIS0BGOPOYY

0.25 substitutions per site

FIGURE 4 | 16S rRNA gene neighbor-joining phylogenetic tree for Hole
896A observatory bore and mat sample Alphaproteobacteria
sequences in comparison to close relatives from the GenBank
database. Same details as for Figure 3.

the identification of shared phylotypes is robust, shared diver-
sity estimates between the sample sets were tested, but they were
skewed due to the difference in clone library sizes between the Hole
896A samples and the comparison studies, and the possibility of
seawater entrainment in the Hole 896A samples.

Several sequences grouped most closely to environmental
sequences commonly found in seawater (Figures 3 and 4). For
example, the borel8 phylotype grouped near Pelagibacter ubique
within the SAR 11 cluster, a cosmopolitan clade of marine olig-
otrophicbacteria (Rappé et al.,2002). Several alphaproteobacterial
phylotypes from each sample grouped within the Rhodobacter-
aceae or marine Roseobacter group, a cosmopolitan group of
marine bacteria that often metabolize and oxidize organosulfur
compounds (Buchan etal., 2005; Brinkhoff et al., 2008). Two phy-
lotypes were most closely related (99% identity) to sequences from
the marine cyanobacterial genus Prochlorococcus, which is found
at varying depths in the water column in oceans worldwide (West
etal., 2001). The presence of these phylotypes is unexpected in
samples of oceanic basement formation fluids, and indicates sea-
water entrainment and contamination during sampling of the
bore and mat samples at the observatory platform, or seawater
entrainment into the mixed borehole fluids itself. Moreover, the
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occasional close phylogenetic association of some phylotypes with
known aerobic chemoorganotrophic isolates, such as Flaviramu-
lus basaltis and Marivirga tractuosus (Figure 3), suggests chronic
oxic seawater mingling with basement fluids at the Hole 896A
observatory.

RuBisCO PHYLOGENY

Amplification of the cbbM and cbbL genes of RuBisCO yielded
sequences of sufficient length and quality for phylogenetic analysis
from the mat sample and from the borehole fluid sample. BLAST
search based on amino-acid sequence, and subsequent phyloge-
netic analysis (Figure 5) revealed that most cbbL sequences (mix
clone ODP3_4 1) recovered from the mat (45 clones) as well as
the borehole sample (16 clones) were most closely related to the
obligately chemolithoautotrophic, sulfur-oxidizing gammapro-
teobacterial genera Thioalkalivibrio, isolated from Siberian and
East African soda lakes (Sorokin et al., 2001; Thioalkalivibrio thio-
cyanoxidans, GenBank accession ZP_08930733, 93% identity), to
sequences from hypersaline soda lake sediment in Kulunda Steppe
(Russia; Kovaleva etal., 2011; GenBank ADN96557, 97% iden-
tity), and to the facultatively phototrophic sulfur oxidizer Thio-
capsa (Guyoneaud et al., 1998), capable of chemolithoautotrophic
growth with reduced sulfur compounds under microoxic con-
ditions (Caumette, 1986). Other clones (mix clone ODP 6_1_9;
five bore and one mat clone) were most closely related to
Thiomicrospira ( Thiomicrospira crunogena, GenBank YP_391108,
94% identity) isolated from marine sediments and hydrothermal

vents (Jannasch etal., 1985; Scott etal., 2006) and the obligately
autotrophic hydrogen oxidizer Hydrogenovibrio marinus, phylo-
genetically a lineage within the genus Thiomicrospira (GenBank
BADI15312, 93% identity; Nishihara etal., 1998). Two other
borehole sequences were most closely related to those from a
pogonophoran bacterial endosymbiont from a cold methane seep
in the Japan Trench (Nagamuna et al., 2007).

Only five cbbM sequences from the mat and bore sample were
obtained in total despite attempts to amplify the gene with pub-
lished (Elsaied and Nagamuna, 2001) and newly designed primers
(this study). The cbbM sequences recovered from the Hole 896A
samples were related to cbbM sequences of uncultivated bacte-
ria from the hydrothermally active Suiyo Seamount, a submarine
black smoker volcano in the Izu-Bonin trench off Japan (Clone
Suiyo II-5, nucleotide accession number AB174751, protein ID
BAD13304; Elsaied etal., 2007) and to cbbM sequences obtained
from reducing sediments near the deepest known chemosyn-
thetic microbial community, in deep-sea sediments of the Japan
Trench at 7,434 m depth (Clone JT-Sed(II)-5, nucleotide accession
number AB040517, protein ID BAD94441; Elsaied and Nagamuna,
2001; Figure 5).

DISCUSSION

The phylogenetic data presented here from Hole 896A on the Costa
Rica Rift flank represents the second dataset from a basaltic crust
borehole observatory, providing the first comparison to the avail-
able data from the Holes 1026B and U1301A CORK observatories

100

80| /8

55~ mat clone E03

72| 8o

A
0.1 Substitutions per site

FIGURE 5 | Neighbor-joining tree based on amino-acid sequences
translated from RuBisCO cbbL and cbbM large subunit gene sequences.

mat clone A06

Thl()a/kallVlbflO thiocvanoxidans, (ZP_08930733)

Thiocansa marina (ZP_08772989T)

Soda lake sediment clone (ADN96542)

mix clone ODP3 _4 _1 (45 mat, 16 bore)

Hvdrgapnovihn'o marinus (BAD15312)

mix clone ODP6 _1_9 (5 bore, 1 mat)

Th:omlqmsgr@ crunoqena (YP_391108) |

bore clone ODP2_1f_9 (4 bore)

85 Gupriavidus metalligurans (YP_583653)
Acidithiobacillus ferrooxidans (YP _002221061)

941~ Paaononhora endosymbiont (BA863903)

bore clone ODP2 _1_10 (2 bore

Hydrogenophilus thermoluteolus (Q51856)
Rhodonseudomonas palustris (YP_568687)

96| — mat clone H09

Suivo hydrothermal vent clone (BAD13304)
bore clone ODP5_1_11
Deep Sea bacterial clone (BAAS4441)
mat clone ODP5_2 _26 Il
mat clone F03
Oliaobrachia haakonmosbiensi svmbiont (CAP03141)
>andidatus Vesicomvosocius okutanii (BAF61766)

Thiomicrosnira nelonhila (ABC55009)
Thiomicrospira, crunogena (ABC55008)
Thiomicrospira halobhila (ABD52283)

Bootstrap values (1,000 replicates) above 50% are displayed beside the
nodes. Clone sequences are indicated in bold.
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on the Juan de Fuca Ridge flank (Cowen etal., 2003; Nakagawa
etal., 2006; Orcutt etal., 2011). Such comparisons face impor-
tant limitations; the two samples from the Hole 896A observatory
were not pristine, and the sample type (formation fluids from the
damaged observatory, and a scraping of a mat on the observa-
tory exterior — both with likely seawater admixture) differs from
previous samples, for example the enrichments on mineral sur-
faces in Hole U1301A (Orcutt etal., 2011), the CORK mineral
crusts at Hole U1301A (Nakagawa etal., 2006), the vent fluids at
Hole 1026B (Huber et al., 2006), or the biocolumn enrichments at
1026B (Cowen etal., 2003). However, we believe that the samples
still allow broad comparisons toward a more complete picture of
the biosphere hosted in subsurface oceanic crust. Our analysis also
highlights operational issues that need to be addressed for future
efforts to investigate the subsurface deep biosphere.

COMPARISON OF HOLE 836A MICROBIAL COMMUNITIES TO

THOSE FROM OTHER HABITATS

Based on 16S rRNA gene clone libraries, the microbial com-
munities observed in the Hole 896A samples (Figures 3 and 4)
bore little resemblance to the communities described in forma-
tion fluids and mineral crusts from Holes 1026B and U1301A,
despite the previously reported similarities in mineralogy, base-
ment fluid chemistry, and temperature (Table 1). Holes 1026B
and Ul1301A on the Juan de Fuca ridge flank reveal sub-
surface microbial communities characterized by an abundance
of Firmicutes bacteria (Cowen etal., 2003; Nakagawa etal,
2006; Orcutt etal.,, 2011). The predominant bacterial phylo-
types in the Hole 1026B clone libraries were distantly related
to thermophilic, nitrate-, and sulfate-reducing bacteria, such
as the hydrogen-oxidizing nitrate-reducing ammonia producer
Ammonifex degensii, and the gram-positive, spore-forming sul-
fate reducing genus Desulfotomaculum. In contrast, the Hole
896A observatory samples were dominated by sequences grouping
with Gammaproteobacteria related to the chemolithoautotrophic,
sulfur-oxidizing genus Thiomicrospira that is predominantly iso-
lated from sulfidic marine sediments and hydrothermal vents,
and hydrothermal plumes; these bacteria were not detected in
other borehole surveys (Cowen et al., 2003; Nakagawa et al., 20065
Orcutt etal., 2011).

One explanation for these differences in the dominant members
of the microbial communities, with suspected metabolic differ-
ences as well, may be different redox regimes within the boreholes,
despite the similarity in major ion concentrations of the formation
fluids (Table 1). Namely, the extensive accumulation of white floc-
culent crusts in Hole 896A (Becker etal., 2004) suggests microoxic
or nitrate-reducing conditions, while an anaerobic environment is
known to prevail in Holes 1026B and U1301A (Wheat etal., 2010).
The formation of extensive white flocs is also known from biore-
actor experiments, where microaerobic sulfur-oxidizing bacteria
produce extracellular sulfur in large amounts (Taylor and Wirsen,
1997); sulfur precipitation is also a characteristic by-product of
aerobic, sulfur-oxidizing Thiomicrospira spp. growing in labora-
tory culture (for an instructive example, see Figure 2 in Kuenen and
Veldkamp, 1972). The in situ observation of the flocculent mat-
like material within the Hole 896A borehole (Becker etal., 2004)
indicates in situ production of biomass and flocculent mats by

sulfur-oxidizing bacteria within the borehole. Seawater influence
at the Hole 896A CORK observatory is consistent with this inter-
pretation. If seawater were entrained or mixed with the borehole
fluids, which are presumably rich in reduced substrates such as sul-
fur and iron, this might create an ideal niche for the enrichment for
the sulfide-oxidizing and biofilm-forming phylotypes observed.
The sulfur-oxidizing bacteria that dominate the borehole could
ultimately be derived from bottom water mixed with highly dilute
hydrothermal plumes and microbial populations (Huber etal.,
2006, 2007). The observation of seawater-related phylotypes such
as SAR11, Roseobacter, Prochlorophytes, and OM1 Actinobacteria
in the bore hole sample clone libraries also supports the argument
for seawater entrainment. In consequence, the in situ enrichment
of bacteria growing under likely conditions of seawater entrain-
ment in the borehole and within the CORK distorts the assessment
of potential indigenous microbial diversity in basaltic basement
fluids (Cowen, 2004).

AUTOTROPHIC POTENTIAL

Based on theoretical models of the energy available from sulfur
and iron oxidation in basaltic crust, significant levels of primary
production should occur in the subsurface (Bach and Edwards,
2003), a prediction testable by RuBisCO genes analysis. RuBisCO
catalyzes the assimilation of carbon dioxide to organic carbon via
the Calvin—Benson—Bassham cycle. Of its currently four known
forms, form I is oxygen tolerant and found predominantly in
cyanobacteria, chloroplasts, and aerobic chemolithoautotrophic
bacteria, while form II is adapted to high CO;, conditions and
found predominantly in microaerobic or anaerobic bacteria (Del-
wiche and Palmer, 1996; Badger and Bek, 2008). We observed
both forms of RuBisCO in the Hole 896A mat and borehole sam-
ples (Figure 5). RuBisCO sequences were phylogenetically related
to Thiomicrospira, the closest cultured relative of the most fre-
quently recovered 16S rRNA sequences at the 896A CORK. The
form I RuBisCO sequences obtained from the bore hole and from
the mat sample were most closely related to the sulfur-oxidizing
chemolithoautotrophic genera Thioalkalivibrio, Thiocapsa, and
Thiomicrospira, within the form IA “green-type” clade that is asso-
ciated with proteobacteria and cyanobacteria (Badger and Bek,
2008). This pattern is consistent with the 16S rRNA sequencing
results, and with the interpretation that the borehole fluid and the
mat sample contain autotrophic, sulfur-oxidizing bacteria related
to these gammaproteobacterial genera. The presence of additional
autotrophic bacteria (or of bacteria that contain form II in addi-
tion to one of the form I sequences found here) is indicated by
the form II sequences in the mat; these sequences were related
to RuBisCO of uncultured marine bacteria, not from the open
water column but from methane seep sediments and hydrothermal
plumes (Figure 5).

As anote of caution, RuBisCO has a high rate of horizontal gene
transfer events (Delwiche and Palmer, 1996). The gammapro-
teobacterial form I types are also found in cyanobacteria, for
example, the common marine cyanobacterium Prochlorococcus
which most likely acquired its RuBisCO genes by horizontal gene
transfer (Hess etal., 2001). Thus, the RuBisCO sequences do
not rule out seawater contamination, as indicated by the two
Prochlorococcus 16S rRNA gene sequences found in the borehole
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fluid (Figure 3). A certain degree of seawater contamination is
obvious, but it does not invalidate the abundance of phylotypes
most closely related to sulfur-oxidizing bacteria ( Thiomicrospira,
Sulfurimonas) and to basalt-associated bacterial phylotypes. With
this caveat, the 16S rRNA gene and RuBisCO sequence data are
consistent with autotrophic, most likely sulfur-oxidizing bacterial
populations growing within the borehole and on the sampling
ports of the CORK; this interpretation is fully consistent with
in situ borehole observations of microbial mat growth within the
borehole (Becker etal., 2004).

RECOMMENDATIONS FOR FUTURE OBSERVATORY STUDIES

The Hole 896A observatory was installed for primarily geophys-
ical experiments (Becker etal., 2004) and was not designed for
high-quality sampling for microbiological analysis of the sub-
surface crustal biosphere. Nevertheless, samples were collected
opportunistically and analyzed despite potential contamination
pitfalls, as they represented a unique chance to evaluate the crustal
biosphere. Our analysis indicates that fluids from the crustal sub-
surface mixed with seawater can support microbial communities
that appear to form biofilms, and that some of these biofilm-
forming species are related to known sulfide oxidizing microbial
groups like Thiomicrospira. Given the stark differences in the
microbial communities observed between subsurface observato-
ries placed in similar crustal settings (i.e., between the Hole 896A
observatory and the Juan de Fuca Ridge flank Holes 1026B and
U1301A), enhanced sample characterization may shed light on
the underlying environmental conditions that could explain these

differences. For example, analysis of borehole fluid oxygen, nitrate
and redox conditions may help resolve whether the presence of
these electron acceptors may have influenced the Hole 896A com-
munity. A time series analysis of the Hole 896A observatory would
provide background information on whether the observed com-
munity was representative of “steady state” formation fluids or if
it instead represented a transitory evolution of the community
post-observatory installation, as has been observed elsewhere for
microbial communities in other boreholes (Orcutt etal., 2011).
Most importantly, improvements in the Hole 896A observatory
infrastructure to allow cleaner microbiological sampling would
reduce the confounding influence of seawater contamination.
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