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Abstract

In deep ocean hypersaline basins, the combination of high salinity, unusual ionic composi-

tion and anoxic conditions represents significant challenges for microbial life. We used geo-

chemical porewater characterization and DNA sequencing based taxonomic surveys to

enable environmental and microbial characterization of anoxic hypersaline sediments and

brines in the Orca Basin, the largest brine basin in the Gulf of Mexico. Full-length bacterial

16S rRNA gene clone libraries from hypersaline sediments and the overlying brine were

dominated by the uncultured halophilic KB1 lineage, Deltaproteobacteria related to cultured

sulfate-reducing halophilic genera, and specific lineages of heterotrophic Bacteroidetes.

Archaeal clones were dominated by members of the halophilic methanogen genus Metha-

nohalophilus, and the ammonia-oxidizing Marine Group I (MG-I) within the Thaumarch-

aeota. Illumina sequencing revealed higher phylum- and subphylum-level complexity,

especially in lower-salinity sediments from the Orca Basin slope. Illumina and clone library

surveys consistently detected MG-I Thaumarchaeota and halotolerant Deltaproteobacteria

in the hypersaline anoxic sediments, but relative abundances of the KB1 lineage differed

between the two sequencing methods. The stable isotopic composition of dissolved inor-

ganic carbon and methane in porewater, and sulfate concentrations decreasing downcore

indicated methanogenesis and sulfate reduction in the anoxic sediments. While anaerobic

microbial processes likely occur at low rates near their maximal salinity thresholds in Orca

Basin, long-term accumulation of reaction products leads to high methane concentrations

and reducing conditions within the Orca Basin brine and sediments.

Introduction

The Orca Basin is a large deep hypersaline anoxic basin (DHAB) located in a seafloor depres-

sion along the Texas-Louisiana continental slope (26˚56’N, 91˚19’W). The brine fills two
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adjacent sub-basins that are separated by a shallow saddle and extends from ca. 2200 m water

depth to the basin floor at approx. 2400 m depth [1] (Fig 1). Unlike hypersaline basins in the

Red Sea and Mediterranean Sea, which are mostly influenced by divergent and convergent

plate tectonics, Orca Basin lies on a passive continental margin where a previously buried rock

salt layer breached the seafloor and started leaching brine that accumulates in adjacent seafloor

basins [2]. The onset of anoxic conditions in the brine and underlying sediment, dated at

7900 ± 170 years ago using radiocarbon, is visible in the sediments as a transition from under-

lying grey mud typical for oxygen-exposed sediments on the open slope to overlying black

mud containing metal sulfides that indicate anoxia [3]. Reflecting its origin from predomi-

nantly halite dissolution, the brine was enriched by factor of 7.5 and 8.5 in Na+ and Cl-, respec-

tively, whereas it is only moderately enriched by factors 1.3 to 2.6 in K+, Ca2+, and SO4
2-, and

slightly depleted in Mg2+ [1,4].

The strong density gradient across the brine/seawater interface in the Orca Basin prevents

advective mixing, maintaining anoxia in the brine and the underlying sediments [1,4]. The

brine-seawater interface also serves as a particle trap, where total suspended matter accumu-

lates to concentrations as high as 880 μg/l, eight times higher than the overlying seawater [5,6].

In comparison to seawater, the brine is slightly acidic (pH = 6.5). Microbial activity is concen-

trated at the brine-seawater interface [7], which is congruent with microbial consumption of

the electron acceptors nitrate and oxygen. The brine is enriched in biogenic compounds such

as the products of microbial remineralization of organic matter, silica and phosphate, as well

as ammonium and methane [1,4,8].

Within the black and grey-colored Orca Basin sediments, porewater salinities averaged

260 ppt (100 cm downcore) reflecting the overlying brine, and after that gradually decreased

with depth [9]. In the hypersaline sediments, predominantly marine-derived organic matter is

degraded slowly and has a long residence time [10,11]. At depth, buried fronds of Sargassum
have been found intact, only partially degraded [12], indicating attenuated microbial activity

in the hypersaline sediments. Porewater geochemical data revealed high sulfate concentrations

that reached ~44 to 55 mM at the sediment surface and decreased slowly downcore [9]. Pore-

water sulfide concentrations up to ~150 μM were detected in hypersaline cores [9], but sulfide

was not detectable in the deep brine [4]. Solid-phase sulfur compounds were identified

Fig 1. Sampling site locations. A. Location of Orca Basin in the Gulf of Mexico. B. Sampling map within Orca Basin

displaying multicore locations (white) and the south sub-basin CTD location (red). C. The region indicated by the

white box in B shows the location of DSV Alvin push cores from expedition AT18-02. The map was created with the

GEBCO Compilation Group GEBCO 2019 Grid (doi:10.5285/836f016a-33be-6ddc-e053-6c86abc0788e).

https://doi.org/10.1371/journal.pone.0231676.g001
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predominantly as FeS in black sediments, and pyrite in the gray sediments [13]. Sediments

from the relatively oxidized, non-sulfidic saddle appeared brown with red laminations, [9,14]

resulting from high concentrations of iron oxide in the form of hematite [13].

In line with similar observations in deep brine lakes of the Mediterranean and the Red Sea

[15], microbial studies in Orca Basin have demonstrated microbial activity and population

peaks within the oxycline and halocline. Measurements of adenosine 5’-triphosphate and uri-

dine uptake indicated a highly active microbial community within an approx. 50 m thick layer

(2173 to 2221 m) where oxygen decreased from approx. 71 to 13% of deep seawater concentra-

tions, while microbial activity in the deep brine decreased substantially [16]. Archaeal isopren-

oid lipids displayed a distinct peak approximately 2260 to 2270 m depth, indicating that

archaea thrive or at least accumulate in this deep halocline horizon [17]. Culturable iron- and

manganese-oxidizing and reducing bacteria showed relative abundance peaks above the stee-

pest halocline layer near 2170 and 2220 m and 2230 to 2250 m, respectively [18]. Microbial

community surveys of Orca Basin sediments are so far limited to archaeal 16S rRNA gene

sequences of a few sediment samples [19]. As a first step toward a comprehensive microbial

census of Orca Basin, we geochemically characterized sediment cores from the deep brine

basins and slope sediments, and analyzed the bacterial and archaeal community composition

of these sediments based on clone libraries of nearly full-length 16S rRNA genes as well as Illu-

mina sequencing of partial 16S rRNA genes.

Materials and methods

Sample collection and processing

Sediment core samples were collected on R/V Atlantis during expedition AT18-2 in November

2010. A collection permit was acquired by the Bureau of Ocean Energy Management (BOEM

OCS Notice NG14-002). A shipboard multicorer was used to obtain sediment cores of approx-

imately 70 cm length from the anoxic brine-filled south and north sub-basins (MUC-6, depth

2432 m, collected on Nov. 18, 2010, at 26˚54.48N and 91˚20.09W, and MUC-7, depth 2339 m,

collected on Nov. 19, 2010, at 27˚00N and 91˚16.99W), and from an elevated ridge, or saddle,

separating the N and S basins in the Orca Basin (MUC-8, also called the Red Ridge core due to

the color of the sediments, collected on Nov. 20, 2010, in 2180 m depth at 26˚56.25N and 91˚

17.10W). Sediment push cores were collected by submersible Alvin during dive 4650 from the

steep flanks of Orca Basin near the oxycline and halocline. Based on site and sediment charac-

teristics, these Alvin cores were subsequently called Pink Jello cores (core 4650–24 for microbi-

ology, and adjacent core 4650–19 for geochemistry; depth 2198 m) and Sponge Garden cores

(core 4650–4 for microbiology, adjacent core 4650–8 for geochemistry; depth 2167 m) (Fig 2).

A background core representing deep Gulf of Mexico slope sediment unaffected by brine seep-

age (MUC 13) was collected from a depth of 2068 m on Nov. 27, 2010, at 27˚07.41N and 90˚

17.27W. For molecular analysis, brine from the south sub-basin was collected using Niskin

bottles attached to a rosette and equipped with a CTD.

Sediment cores were immediately capped after shipboard recovery, and stored at 4˚C until

they were processed within 12 hours of collection. Overlying water was removed with a sterile

syringe. Multicorer sediment cores were divided into 5-cm sections, while push cores were sec-

tioned in 1 to 5-cm intervals. All materials used for core extrusion were either autoclaved or

ethanol-washed prior to sampling. Water for molecular analysis was transferred from Niskin

bottles into sterile containers; subsequently, approximately 500 mL was vacuum-filtered

onboard using a sterile 47-mm diameter polycarbonate filter with 0.22 μm pore size. All sam-

ples for molecular analyses were immediately frozen at -80˚C after processing.
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Sample preparation for geochemical analysis

Geochemistry subsamples were collected from each Alvin push core and each multicore dur-

ing core sectioning. A 5-ml sediment sample for use in determining methane concentration

and carbon isotopic composition (δ13C-CH4) was mixed immediately with 2 ml of 1 M NaOH

solution in a 30-ml serum vial; vials were capped with thick butyl rubber stoppers and crimp-

sealed. For multicore sulfate (SO4
2-) and sulfide (H2S) measurements, porewater samples were

obtained by centrifuging 50-ml of sediment at 3000 rpm for 15 minutes. Samples were pushed

through a 0.22-μm syringe filter into sterile falcon tubes. For sulfate, 1 ml of porewater was

added to 50 μl of 50% concentrated (6N) HCl in a 2 ml microcentrifuge tube. Each tube was

bubbled with N2 for three minutes to remove sulfide, and samples were stored at 4˚C until

analysis by ion chromatography.

Sulfide concentration was determined by aliquoting 1 ml of porewater into 0.1 ml of 0.1 M

zinc acetate solution in a 2-ml microcentrifuge vial; samples were mixed and stored subse-

quently at 4˚C until further analysis. The remaining porewater was stored at -20˚C for salinity

measurements. For hydrogen (H2) concentration determination, a 3-mL sediment sample was

collected into a cut-off syringe and transferred to a helium-purged serum vial, which was

capped with a rubber septum and crimp-sealed. Vials were purged with helium and then incu-

bated to allow headspace equilibration at 4˚C for four days before analysis [20].

Alvin pushcores processed for geochemical analyses were extruded and sliced in 3-cm sec-

tions, and dissolved gas and porewater samples were analyzed as described previously [21].

Methane samples were obtained and preserved by transferring 5 mL of wet sediment into a

12-mL He-flushed serum vial amended with 4 mL of helium-purged 2 M NaOH, capping the

vial with a butyl rubber septum, crimp-sealing, shaking and storing samples upside down at

Fig 2. Sediment core characteristics. Top row, photographs of Orca Basin multicores taken from (a) black sediment

in the south sub-basin (MUC 6), (b) dark-grey sediment in the north sub-basin (MUC 7), and (c) red sediments of the

basin slope (MUC 8). Push cores 4650–24 (d) and 4650–8 (e) were obtained with HOV Alvin from the basin slope near

the saddle region. Bottom row, Alvin photographs of the coring sites for Pink Jello core 4650–24 at 2198 m depth (left)

and for Sponge Garden core 4650–8 at 2167 m depth (right; the core being collected on this snapshot is 4560–7, next to

4560–8).

https://doi.org/10.1371/journal.pone.0231676.g002
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room temperature until analysis. The remaining sediment was then transferred to Ar-flushed

squeezer cups, then porewater was collected into an Ar-purged syringe, and passed through a

0.22-μm Target1 filter before being aliquoted for different analyses. Porewater subsamples

for cation (Na+, K+, Mg2+) and anion (Cl-, SO4
2-) concentration determination were preserved

with 1 μM (final concentration) of trace metal grade nitric acid. To preserve subsamples for

sulfide concentration analysis, 0.5 to 2 mL of pore water was transferred to vials containing 1

mL of 20% (w:w) zinc acetate. The remaining filtered pore water (without nitric acid or zinc

sulfate addition) was either analyzed immediately for ammonium (NH4
+) or frozen until pro-

cessed for dissolved organic carbon (DOC) and salinity.

Geochemical measurements

The salinity of Multicore pore water and overlying brine was determined in ppt [g salt/kg water]

with an Atago Master-S / Millα salinity refractometer after being filtered through a 0.45-μm

syringe filter and diluted by weight with deionized water for high salinity samples that were out of

range of the instrument. Methane concentrations from multicore sediment samples were ana-

lyzed by injecting 1 mL of headspace gas into a ThermoFinnigan TraceGC gas chromatograph

equipped with a flame ionization detector. Methane and other hydrocarbons were separated iso-

thermally at 40˚C on a Carboxen-1006 PLOT fused-silica capillary column (0.32 mm × 30 m;

Supelco Inc., USA). An independently-certified methane standard (Scott Specialty Gases1) was

used for calibrating the concentration measurements. Methane samples from Alvin push core

sediments were measured with a Shimadzu gas chromatograph as described previously [21].

Porewater concentrations of methane were calculated from headspace concentrations, sediment

volume, sediment porosity (determined gravimetrically), temperature and pressure.

Analysis of δ13C-CH4 values was performed on a gas chromatography combustion isotope

ratio mass spectrometry (GC–C-IRMS) system combining a ThermoFinnigan Trace GC Ultra

with a DELTA Plus XP mass spectrometer via a ThermoFinnigan GC Combustion III interface,

as described previously [22]. Hydrogen samples were measured on the ship with a Peak Per-

former 1 Reduction Gas Analyzer equipped with mercury oxide detector (detection limit 800

parts per trillion; Peak Laboratories, USA). Calibrations were performed with a 1% H2 standard

balanced in He (Scott Specialty Gases, USA). Repeated measurements were performed with a

standard to determine the precision (<1.5%). Porewater H2 concentrations were calculated from

headspace concentrations and the solubility constant for H2 corrected for temperature and salin-

ity [23], as described previously [24]. Push core DIC measurements were made on samples pre-

served and stored under a helium atmosphere until quantification with infrared detection on a

Shimadzu TOC1 analyzer [21]. Multicore porewater DIC samples were prepared by freezing

−20˚C until analysis for concentration and δ13C by injecting 1 mL headspace gas after acidifica-

tion with 0.2 mL of 0.1 M phosphoric acid into a Hewlett–Packard 5890 GC equipped with a 6 m

Poroplot Q column held at 35˚C and a Finnigan Mat DELTA S IRMS [19].

DOC, phosphate, and major cations and anions were measured as previously described

[21], after diluting samples with high salt content. Sulfide concentrations were measured color-

imetrically [25]. NH4
+ concentrations were measured by the indo-phenol method [26]. For the

multicorer deployments, some of the geochemical measurements (cations and anions, DOC

and phosphate) were obtained from a different core than the core used for microbial 16S

rRNA gene sequencing and the remaining geochemical measurements.

DNA extraction and sequencing

Sediment DNA for Sanger sequencing was extracted with the PowerSoil DNA isolation kit

according to the manufacturer’s instructions (MoBio, Carlsbad, CA) except triplicate ~0.5 g of
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sediment from each sample was centrifuged at maximum speed (16000 x g) for 5 minutes and

overlying water decanted before processing. After bead beating, the supernatants from three

tubes of the same sample were combined into one spin filter column, and the final eluate was

reduced to 50 μL. For the brine sample, DNA was extracted from the filter with the PowerSoil

DNA isolation kit according to the manufacturer’s recommendations, except the final volume

was adjusted to 50 μL. The bacterial and archaeal 16S rRNA genes were amplified with Qia-

gen’s HiFidelity polymerase according to the manufacturer’s recommendations for buffers,

polymerase, and Q solution. In addition, MgCl2 was used at a final concentration of 2 mM.

Primers B8f (50-AGRGTTTGATCCTGGCTCAG-30) and B1492R (50-CGGCTACCTTGTTACG
ACTT-30) for bacterial 16S rRNA genes and A8f (50-TCCGGTTGATCCTGCC-30) and A1492

(50-GGCTACCTTGTTACGACTT-30) for archaeal 16S rRNA genes [27] were used at a final

concentration of 2 μM each. Amplification was performed in a thermal cycler under the fol-

lowing conditions: an initial denaturation 95˚C for 5 min, 35 cycles of 95˚C for 30 s, 52˚C for

1 min and 72˚C for 2 min, and a final extension at 72˚C for 10 min. PCR products were elec-

trophoresed on a 1% agarose gel amended with GelRed (Biotum, Hayward, CA) and visualized

under UV light. PCR products were purified with the minElute PCR Purification Kit or, if

multiple banding was observed, with the MinElute Gel Extraction kit (Qiagen, Valencia, CA).

Bacterial 16S rRNA gene PCR products were ligated to the TOPO TA PCR 2.1 vector (Invitro-

gen, Carlsbad, CA) according to the manufacturer’s instructions, with the exception that reac-

tions were incubated for 16 hours. Archaeal 16S rRNA gene PCR products were ligated to the

pDrive cloning vector (Qiagen) according to the manufacturer’s recommendations, at a liga-

tion temperature of 8˚C. All vector reactions were transformed into Escherichia coli TOP10

chemically competent cells (Invitrogen, Carlsbad, CA) according to the manufacturer’s

instructions. Transformed bacteria were plated on LB agar with 50 μg/mL kanamyacin and

40 μg/mL X-gal. White colonies were arbitrarily selected, picked and re-streaked on another

LB agar plate for bidirectional Sanger sequencing using vector primers M13 F and M13 R

(Genewiz, South Plainfield, NJ).

Illumina sequencing samples were thawed on ice and 0.5 g of sediment of each sample was

collected using a 1-mL syringe and placed in a 96-well MoBio bead-beating plate for subse-

quent extraction with the Powersoil-htp 96 Well DNA Isolation Kit (MoBio, Carlsbad, CA).

DNA extraction, 16S rRNA gene amplification of the V4 fragment using bacterial/archaeal

primers 515F and 806R, and sequencing on the Miseq2000 platform was performed at Joint

Genome Institute (Walnut Creek, CA) in 2012 according to the Earth Microbiome Project

standard protocol [28]. For illumina sequencing, the primer 515F (5’-
GTGCCAGCMGCCGCGGTAA-3’) is extended in 5’-direction by a 5’-illumina adapter, forward

linker pad and forward primer linker; the reverse primer 806R (5’-GGACTACHVGGGTWTC
TAAT-3’) is extended by a reverse complement of 3’-illumina adapter, Golay barcode,

reverse primer pad and reverse primer linker [28].

Sequencing analysis

Sanger sequence reads were assembled and edited in Sequencher (Genecodes, Ann Arbor,

MI). Sequences were aligned with SINA 1.2.11 [29] and were imported into ARB [30] and

manually corrected. A maximum likelihood tree was constructed using RaxML in ARB. Statis-

tical support of nodes was assessed by 1000 bootstrap replicates, using the rapid bootstrap

analysis method as implemented in ARB.

Illumina sequences were analyzed with QIIME v1.8 [31]. Sequence quality scores were plot-

ted and sequences truncated at a cutoff of quality score of 25. Paired ends were joined with the

fastq-join method [32] and sequence data demultiplexed and identified by the 12 base Golay
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error correcting barcodes (attached to the 806R primer) utilizing the split libraries script in

QIIME. Sequences were grouped into operational taxonomic units (OTUs) at 97% similarity

and putative chimeras were removed with UPARSE [33]. Singletons were removed before fur-

ther analysis. Taxonomic classifications for OTU sequences were determined using QIIME’s

UCLUST approach and SILVA reference and taxonomic mapping files of SILVA release 111

[34]. Updated taxonomic names for candidate division phyla were also included in the figure

(SILVA v132). Sequences were aligned with the Python implemented NAST alignment algo-

rithm [35]. Phylogenetic trees relating OTUs were constructed using the FastTree method

[36]. Alpha diversity was calculated as Shannon diversity [37] and Faith’s PD whole tree [38]

metrics based on multiple rarefactions of the data. Beta diversity was estimated using weighted

Unifrac [39] and visualized with Principal Coordinate Analysis (PCoA) at a rarefaction depth

of 22600 sequences using the phyloseq package in R [40].

Sequence accession numbers

Genbank accession numbers of the nearly full-length 16S rRNA gene sequences are

KP204602-KP204843, KR857575-KR857679, KT223145-KT223310 and KY563090-KY563092.

The Illumina Miseq dataset is deposited in the NCBI Short Read Archive under the SRA Study

number SRP137375.

Results

Sediment characteristics

The sediment core from the south sub-basin (MUC 6) was black over its entire length, and the

north sub-basin multicore (MUC 7) was black with a transition to dark grey starting at 45 cm

depth (Fig 2). The multicore from the saddle area (MUC 8) was red with brownish-red lamina-

tions throughout the core (Fig 2). In all three cases, the cores over-penetrated the extremely

porous, fine-grained sediments, and neither the sediment surface layer nor overlying brine

was recovered. Therefore, the exact sediment depths remain unknown and the true sediment

water interface is not represented by these data. The background continental slope multicore

contained brown sediment more typical for the Gulf of Mexico. The sediment push cores col-

lected by Alvin at 2167 m depth in the Orca Basin edge recovered conspicuous rosy-red sedi-

ments; this area also harbored abundant glass sponges. The basin edge sediments collected by

Alvin at 2198 m depth showed a jelly-like consistency and were characterized by reddish-

brown laminations; this area did not harbor glass sponges (Fig 2). Unlike the Orca Basin multi-

cores, the continental slope multicore and the Alvin push cores were not over-penetrated and

contained overlying water.

Geochemical characteristics

Salinity and major anions and cations. Salinity estimates were similar to values previ-

ously reported in Orca Basin. Refractometer salinity estimates indicated that the sediment

porewater salinity matched that of the overlying brine. Porewater salinity of sediments in the

south sub-basin decreased from 267 ppt at the top of the core to 261 ppt at 60 cm depth. The

salinity of the north sub-basin brine was 258 ppt, almost identical to the previously determined

salinity value of 258.1 ppt for Orca Basin brine [1]. Sediment pore water salinity in the north

sub-basin decreased from 255 ppt at the top of the core to 234 ppt at the bottom of the core. In

the Red Ridge MUC core, porewater salinity ranged from 53 to 59 ppt, confirming the position

of this sampling location along the halocline.
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Porewater major anions and cations indicated little concentration change with depth (Fig

3). Concentrations of Na+ and Cl- were elevated relative to seawater, approximately 5 M in

south sub-basin sediments and 4.5 M in north sub-basin sediments. Compared to the conti-

nental slope background site core, Na+ and Cl- in the Red Ridge multicore and the Pink Jello

core were elevated by a factor of 1.5. The Sponge Garden geochemistry core exhibited Na+ and

Cl- concentrations similar to seawater. In the north and south sub-basin cores, K+ and Ca2+

concentrations were about double seawater concentrations (Fig 3).

Porewater sulfate and sulfide. In the north sub-basin MUC core, porewater sulfate

[SO4
2-] concentrations decreased slightly with depth, from near 30 mM in the 0-5-cm section

to 23 mM at 45–50 cm depth. In the south sub-basin core, porewater sulfate concentrations

started at 43 mM at 0–5 cm and decreased slightly downcore to 39 mM at 55–60 cm depth,

consistent with previous studies [9,14]. The concentration of sulfate in Orca Basin brine is

roughly 46 mM [1,4]; the lower sulfate concentrations in the MUC cores likely resulted from

over-coring and loss of surficial sediment layers where sulfate concentrations may have been

higher. Porewater sulfide concentrations remained below the detection limit (<3 μM) in the

south sub-basin and ridge sediment cores, and contrasted with detectable sulfide (7 to 64 μM)

in the north sub-basin MUC core.

Porewater methane concentration ranged from 91 to 156 μM in the south sub-basin and

from 565 to 1400 μM in the north sub-basin core. The low δ13C-CH4 values, -75.5 to -76.7‰

in the south sub-basin and -83.1 to -89.6‰ in the north sub-basin core, indicated a biogenic

source for methane in these hypersaline sediments [41]. The observed δ13C-CH4 values were

similar to those measured (-72.6 to -75.7 ‰) previously in deep sediment cores of the north

sub-basin (Site 618) that were obtained through the Deep-Sea Drilling Program [42].

Porewater dissolved carbon and ammonium. Porewater concentrations of dissolved

inorganic carbon (DIC) fluctuated between 4 and 7 mM in the south sub-basin core, and

between 5.5 to 9.5 mM in the north sub-basin core; the DIC concentrations of the ridge and

slope cores clustered around 5.5 and 7 mM (Fig 3). All measured porewater DIC concentra-

tions were clearly above the DIC concentration (4.5 mM) of the brine [43] and therefore indi-

cated microbial mineralization of organic matter. However, DIC concentrations remained

quite variable and did not increase consistently over the length of the cores (Fig 3). The

δ13C-DIC values of porewater from the Red Ridge, Pink Jello, and Sponge Garden cores varied

between -2‰ and -10‰, whereas the δ13C-DIC values of the hypersaline cores were near

-20‰ (Fig 3) [19].

Porewater concentrations of dissolved organic carbon (DOC) in the Orca Basin sediments

reached approx. 5800 μM in north sub-basin sediment and 2200 μM in south sub-basin sedi-

ment, and were highly elevated compared to the overlying brine (320 to 350 μM DOC) [7]. In

contrast, porewater DOC concentrations of ca. 200 to 700 μM were observed in the Red Ridge

core and in the Sponge Garden and Pink Jello cores (Fig 3). Porewater NH4
+ concentrations

were generally high in the hypersaline cores, up to 480 μM in south sub-basin sediment and

323 μM in north sub-basin sediment; in contrast, they remained below 50 μM in non-hypersa-

line sediments (Fig 3). Sediment NH4
+ concentrations in the south sub-basin were close to

previously reported concentrations of 500 μM in the Orca Basin brine [8].

Bacterial 16S rRNA gene clone libraries

The bacterial 16S rRNA gene sequences from the deep anoxic brine and brine sediments rep-

resented mostly the Deltaproteobacteria, Candidate Division KB1, and Bacteroidetes, with par-

tial OTU overlap between these habitats (Figs 4 and 5). Interestingly, sequences affiliated with

these three phylum or subphylum-level groups showed consistent affinities to cultured
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halophilic species and genera, or to uncultured phylotypes from hypersaline habitats. The tax-

onomic associations of clone library 16S rRNA gene sequences from the filtered deep brine

sample (Fig 4) were consistent with 16S rRNA gene sequences from a cell-sorted sample from

Fig 3. Porewater geochemical measurements in Orca Basin. Geochemical measurements are plotted as a function of

sediment depth (cm below surface). Black diamonds, Orca south sub-basin (MUC-6); grey diamonds, Orca north sub-

basin (MUC-7); red diamonds, Red Ridge core (MUC-8); pink diamonds, Pink Jello core (Alvin core 4560–19), yellow

diamonds, Sponge Garden core (Alvin core 4560–8). Multicore samples were sectioned in 5 cm intervals, while push

core samples were sectioned in 3 cm intervals. Some sites do not have complete geochemical gradient data due to

limited sample material.

https://doi.org/10.1371/journal.pone.0231676.g003
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a different Orca Basin research expedition [44]. Bacteroidetes sequences from the Orca Basin

most closely resembled those found in other hypersaline habitats, in particular a hypersaline

microbial mat in the Candeleria lagoon of Puerto Rico [45] and an evaporitic crust community

from the salt evaporation ponds in Guerrero Negro, Mexico [46].

The most frequently recovered Sanger sequencing phylotypes in the deep brine and in

hypersaline sediments were members of the uncultured Candidate Division KB1. This mono-

phyletic lineage was originally detected by 16S rRNA gene sequencing in the hypersaline Red

Sea basin Kebrit Deep [47], and was noted subsequently in high salinity environments [15). A

partial single-cell genome of KB1 from Orca Basin showed that its proteins were adapted to

high salinity; the genome also encoded an uptake system for the osmolyte glycine betaine,

which could also be used as a carbon and energy source [44], supporting 14C incorporation

experiments from Medee brine samples [48].

Deltaproteobacterial sequences (S1 Fig) were related to members of sulfate-reducing halo-

philic genera such as Desulfocella halophila [49] and some constituted the closest sister lineages

to cultured halophiles (Desulfohalobium retbaense, Desulfovermiculus halophilus, Desulfohalo-
bium utahense, and Desulfosalsimonas propionicica) [50–53]. These halophilic bacteria can

respire sulfate, thiosulfate, sulfite, and elemental sulfur and they use diverse energy sources,

including low-molecular weight organic acids, fatty acids, alcohols, and amino acids. The Orca

Basin Deltaproteobacteria were also related to clones from hypersaline sites, including a Medi-

terranean solar saltern (NCBI accession FJ536432) and the brine-seawater interface of the

hypersaline basin Shaban Deep in the Red Sea [54] (S1 Fig).

Near full-length 16S rRNA gene sequences related to the SEEP-SRB1 group within the

Desulfobacteriaceae [55] were found in all Orca Basin cores, on the slope and in both of the

brine basins (S1 Fig). SEEP-SRB1 sequences were particularly abundant in the south sub-basin

core at 50–55 cm, comprising 23.4% of all deltaproteobacterial sequences. However, no

Fig 4. Profiles of archaeal and bacterial 16S rRNA gene clone library sequences for Orca Basin sediment and brine

samples. The bar labeled “Single Cells from Brine” shows results for single cells isolated directly from the brine on a

separate research expedition, and identified by cell sorting and partial 16S rRNA gene sequencing [44].

https://doi.org/10.1371/journal.pone.0231676.g004
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sequences could be confidently assigned to the SEEP-SRB 1a subgroup, the dominant syn-

trophic partners of anaerobic methane oxidizing archaea (ANME) [56]. Two other deltapro-

teobacterial groups have been reported to be physically associated with ANME archaea, the

SEEP-SRB2 cluster [57] and sequences related to Desulfobulbaceae [58], but neither were iden-

tified in the clone libraries.

The clone library sequences from the non-hypersaline sediments represented more diverse

bacterial groups (Fig 4); their OTUs were entirely distinct from their hypersaline counterparts.

Bacterial phylotypes in the Red Ridge multicore were dominated by the uncultured candidate

divisions OP8, comprehensively described as candidate phylum Aminicenantes [59], and JS1,

comprehensively described as candidate phylum Atribacteria [60], as well as by Chloroflexi,

Fig 5. Radial phylogeny of Orca Basin bacterial 16S rRNA gene clone library sequences. Trees were constructed with RaxML. Nodes are

annotated with bootstrap numbers from 1000 replicates; only bootstrap numbers above 50% are shown. Deltaproteobacteria and Archaea

are resolved further in detailed phylogenies (S1 and S2 Figs). Sequences from south sub-basin sediments (black circles), north sub-basin

sediment (grey circles), and Orca Basin brine (orange circles) are shown.

https://doi.org/10.1371/journal.pone.0231676.g005
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Fusobacteria, Planctomycetes, and Deltaproteobacteria (Fig 4). Candidate divisions OP8 and

JS1 bacteria were absent in the Pink Jello sediment core.

Planctomycetes were present across depth in the Orca Basin slope cores, and Fusobacteria

were present in all slope samples except the Sponge Garden core 0–1 cm section. The Pink

Jello and Sponge Garden cores shared several major groups, including Nitrospira, Candidate

Division SR1, as well as Cyanobacteria, and Alpha, Delta- and Gammaproteobacteria (Fig 4).

The Deltaproteobacteria in the Pink Jello core were represented by various uncultured mem-

bers of the sulfate- and sulfur-reducing families Desulfobacteraceae, Desulfurellaceae and

Desulfobulbaceae, as well as unclassified lineages (S1 Fig).

Archaeal 16S rRNA gene clone libraries

In contrast to highly diverse bacterial lineages, relatively few archaeal lineages were recovered

(Fig 4). Most hypersaline brine and sediment clone libraries were dominated by two lineages:

the Marine Group-I (MG-I) Thaumarchaeota, a clade at present represented by aerobic, che-

molithotrophic ammonia oxidizers that are the predominant archaea in the open-ocean water

column [61], and by Methanohalophilus spp., a genus of methylotrophic, halotolerant to halo-

philic methanogens [62]. Within this Orca Basin dataset, MG-I archaea appear to be the only

major group that can be potentially linked to nitrification. Other potential nitrifiers were rep-

resented only by a single clone from the Sponge garden site; the clone has 95% sequence simi-

larity to Nitrospina gracilis, a member of the aerobic, nitrite-oxidizing marine bacterial genus

Nitrospina within the phylum-level Nitrospinae lineage [63].

The south sub-basin core clone library at 55–60 cm contained one to two sequences each

representing sulfate-dependent methane-oxidizing archaea of the ANME-1a, ANME-1b and

ANME-2c clusters [64], as well as Marine Group II and Marine Group III archaea within the

Thermoplasmatales [65]. In the north sub-basin core 0–5 cm section, a single sequence associ-

ated with ANME-2a as well as several sequences associated with Marine Group II were

detected. The Pink Jello and Sponge Garden cores yielded mostly MG-I sequences, in addition

to a few sequences related to the Deep-Sea Hydrothermal Vent Euryarchaeaotal Group 5

(DHVEG-5), an uncultured lineage containing phylotypes from marine sediments and hyper-

saline basins [65], and unclassified Thermoplasmatales. Few archaeal clones (N = 5) were

recovered from the Red Ridge multicore sediment; these were related to unclassified uncul-

tured Methanomicrobia, Thermoplasmatales and MG-I archaea (Figs 4 and S2).

Illumina sequencing

A total of 1,338,537 reads were obtained after demultiplexing and quality control filtering

(read length 253 bases). After chimera detection, USEARCH OTU clustering, and removal of

singletons, 35,488 OTUs were obtained. Rarefaction curves are shown in S3 Fig. The Illumina

sequencing survey recovered similar bacterial and archaeal taxa as the clone libraries: 62%

(Pink Jello sample, 4650–24 1–2 cm) to 85% (Orca South sediment sample, 0–5 cm) of the

Sanger bacterial OTUs were present in the Illumina sequences. For archaeal-related sequences,

70% (Pink Jello sample 4650–24, 16–19 cm) to 100% (MUC 6 Orca south sub-basin sediment

sample, 0–5 cm) of the Sanger OTUs were shared with the Illumina sequences amplified from

the same sample (S4 Fig). The two amplification and sequencing methods indicated different

relative taxon abundances, however, potentially due to known primer biases [66] or sequenc-

ing strategy. Differences in relative abundances were especially apparent in the hypersaline

samples. Candidate Division KB1 and Methanohalophilus appeared as major components of

the bacterial and archaeal clone libraries, but accounted only for small fractions (approx. 1%

and< 0.5%) among the Illumina sequences of the Orca Basin brine and sediments (Fig 6),
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except for a localized Methanomicrobia peak in the deepest section of the Red Ridge multicore

(S5 Fig). The most frequent OTU (representing between 6–14% of the total sequences) in the

Illumina data from the hypersaline sediments was associated with the Bacteroidetes lineage

E6aCO2 (S6 Fig), initially detected in a hypersaline endoevaporitic microbial mat [67].

Sequences of the MG-I Thaumarchaeota were found frequently in Orca Basin brine and the

sediments collected near the saddle area; they represented the most abundant archaeal group

(up to 25% of the total archaeal reads per sample) in almost every Illumina amplicon sample

(Fig 6), and also in the archaeal Orca Basin 16S rRNA gene clone libraries, with the sole excep-

tion of the ANME-1-rich clone library from the 50–55 cm layer of the north sub-basin (Fig 4).

The most frequent Thaumarchaeota-associated OTU was found predominantly in the north

sub-basin core, where it accounted for 5–12% of the archaeal reads, while the south sub-basin

hypersaline samples contained relative abundances of 2–5% of this OTU. The OTU was highly

similar to sequences from hydrothermal fields (e.g. FN553841), and had a BLAST identity of

94% to the 16S rRNA gene from a hypersaline Red Sea Thaumarchaeota genome sequence [68].

Whereas the Illumina sequencing dataset for the hypersaline sediments of Orca Basin were

dominated by MG-I archaea, Bacteroidetes, Alpha-, Gamma- and Deltaproteobacteria, the

Red Ridge multicore sediment retained these groups in diminished proportions but contained

mostly sequences of different phyla (Fig 6), in particular of the candidate phylum Atribacteria

[60], the Chloroflexi phylum, the candidate phylum Aminicenantes [59], and the uncultured

Aerophobetes (BHI180-139) lineage [69]. These lineages contributed less to the Illumina pro-

files of the Pink Jello core and the continental slope core, which were instead dominated by

Alpha-, Gamma- and Deltaproteobacteria (Fig 6).

Sequences related to sulfate-reducing deltaproteobacteria were detected in both hypersaline

cores, and accounted for 3.1 to 6.8 percent of the Illumina dataset. The sequences were phylo-

genetically similar to cultured halotolerant sulfate-reducing bacteria, including genera and

species of the Desulfobulbaceae and Desulfobacteraceae (Desulfosalsimonas, Desulfohalobium
utahense, and Desulfovermiculus halophilus) [51–53], or uncultured organisms that are typi-

cally found in hypersaline environments [15], for example the deltaproteobacterial MSBL-7

lineage [70] classified by SILVA as a member of the Desulfobacteraceae (S6 and S7 Figs).

Since the Desulfobacteraceae contain the sulfate-reducing syntrophs of sulfate-dependent

methane oxidation, the SEEP-SRB1 clade and its subgroups [56), we checked the Illumina

datasets for these bacteria. Members of the SEEP-SRB1 bacteria were detected in all cores,

although subgroups could not be determined due to insufficient length of the Illumina

sequence fragments (S7 Fig). Members of the SEEP-SRB2 clade, an uncultured lineage charac-

teristic of methane seeps and methane–rich sediments [55), were found in low abundance

(<1%) in the hypersaline Orca Basin cores. These sequences were present in the Red Ridge

core and the slope sediment core (S5 Fig), where they coincided with depth intervals showing

higher relative abundances of ANME-1b Methanomicrobia sequences (Figs 6 and S7).

Beta diversity patterns for the brine samples indicated potential distinction between some

sample types. Weighted UniFrac beta-diversity analysis indicated that north and south sub-

basin hypersaline sediment sequences clustered together (Fig 7), while sequences from the Red

Ridge core (MUC 8), Pink Jello core, and from the deeper layers (below 25 cmbsf) of the conti-

nental slope background core clustered together. The upper sediment layers (above 25 cmbsf)

of the background core grouped separately.

Discussion

The general characteristics of Orca Basin cores (Fig 2) were consistent with previous observa-

tions of sediments from the site. The hypersaline sediments at the bottom of Orca Basin show
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the black color of FeS that is deposited in these Fe-rich sediments under anoxic conditions

[14], and the dark-grey bottom layer of the northern basin core were reminiscent of the previ-

ously observed interbedded layers of gray open-slope mud that were interpreted as slump

deposits from the oxic slope of Orca Basin [3].

The red and pink sediments collected from the saddle area of Orca Basin corresponded to

previous descriptions of sediments that are rich in hematite, which is formed under oxic or

microaerophilic conditions [13,14]. Porewater salinities of 267 to 261 ppt in the south sub-

basin core and 255 to 234 ppt in the north sub-basin core were comparable to previously

Fig 6. Relative abundance of different taxonomic groups of short (V4) archaeal and bacterial 16S rRNA gene

amplicons. Samples include, from top to bottom: OBSS, Orca Basin south sub-basin sediment (MUC-6); OBNS, Orca

Basin north sub-basin sediment (MUC-7); OBRS, Orca Basin Red Ridge sediment (MUC-8); OBPS, Orca Basin slope

Pink Jello sediment (Alvin core 4560–24); GOMCS, Gulf of Mexico Continental Slope sediment (MUC-13).

https://doi.org/10.1371/journal.pone.0231676.g006
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measured salinities from Deep Sea Drilling Site 618 in the north sub-basin, where the salinity

gradually decreased downcore from 237 ppt near the surface towards 48 to 56 ppt at 30

through 90 meters sediment depth [42]. The downcore decline in salinity indicates that the

source of the elevated salinity is the overlying brine; in contrast, many shallow brine pools and

hypersaline mud volcanoes in the Gulf of Mexico have a subsurface brine source [71]. Na+ and

Cl- were the major ions responsible for the high salinity in the sediment collected from beneath

the brine (Fig 3), consistent with massive halite deposits of the Louann formation dissolving

into Orca Basin [2]. The moderate enrichment of K+, Ca2+ and SO4
2- relative to seawater was

also reported by previous studies of the Orca Basin brine and sediment porewater [1,72]. The

elevated sulfate concentrations in the brine were attributed to the dissolution of sulfate-con-

taining salts–possibly anhydrite or gypsum–derived from the Louann halite, whereas the ele-

vated Ca2+ and slightly depleted Mg2+ concentrations in the southern basin were attributed to

dolomitization of calcium carbonate [72].

Brine chemistry shows high variability across different brine basins. While the brines of

most DHABs in the Mediterranean Sea and Red Sea as well as Orca Basin, are dominated by

NaCl with concentrations ranging from 2.5 to 5.4 mM chloride, the Discovery and Kyros

brine basins in the Mediterranean are athalassohaline and contain extremely high (4.4–5.1

mM) concentrations of MgCl2. DHABs also differ in sulfide and heavy metal concentrations

[15,73]. The brine temperatures of Orca Basin (5˚C) [1], Mediterranean brine basins (~14–

15˚C) [48,74], and most Red Sea brine lakes (22–25˚C) are close to the in-situ temperature of

overlying seawater, while some Red Sea basins show strong hydrothermal influence, with Dis-

covery Deep and Atlantis II brines reaching 44.8˚C and 68˚C, respectively [75,76]. Hierarchi-

cal clustering of major cation, anion and H2S concentrations of brine systems indicated that

Orca Basin grouped closest to the Port Sudan brines and several other brine lakes in the Red

Sea, and not with Gulf of Mexico brine pool GC233 and mud volcano GB425 [73]. Since dis-

tinct physical and chemical characteristics of different brine basins do not match geographical

clusters, premature generalizations have to be avoided, and biogeochemistry and microbiology

should be considered on a basin-specific basis.

Comparison of Orca Basin microbial communities to other DHABs

Despite the diversity of environmental conditions, some common brine-related taxa would be

expected to be shared between Orca Basin sediments and other hypersaline environments. For

Fig 7. Weighted Unifrac PCoA analyses of Orca Basin Illumina Miseq sequences. The percentage of variation

explained by the principle coordinates is plotted on the x (PCo1) and y (PCo2) axis.

https://doi.org/10.1371/journal.pone.0231676.g007
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example, sequences of KB1 bacteria, a widely distributed and potentially obligately halophilic

lineage [44] were found in the hypersaline sediments in this study (Figs 4 and 5), and have

been detected consistently in Red Sea DHAB brine and sediments, including Kebrit Deep

DHAB sediments [47], and Shaban Deep brine [54], and in Mediterranean Sea brine basins

Discovery, L’Atalante, Bannock, Urania [74], Medee [48], Thetis [77],and Kyros [78]. Bacteroi-

detes were also more abundant in hypersaline Orca Basin sediments, in both Sanger and Illu-

mina sequences (Figs 5 and 6). One of the most abundant OTUs from Orca Basin hypersaline

sediments was associated with the uncultured Bacteroidetes E6aCO2 bacteria (Fig 5 NCBI

Accession # KR857576; S6 Fig). This uncultured Bacteroidetes group was initially detected in a

hypersaline mat [67], and is among the sequences detected in the high MgCl2 brine of Kyros

Basin [78]. Although Deltaproteobacteria are generally abundant in anoxic sediments, the

most abundant deltaproteobacterial sequences in the hypersaline sediments of Orca Basin

were specifically associated with sequences detected in other DHABs, including high salinity

tolerant members of the Desulfobacteriaceae, Desulfohalobiaceae, and the MBSL group origi-

nally detected in Mediterranean DHABs (S1 and S7 Figs) [74], and reported to be in high

abundance in other hypersaline basins [78].

However, sequences associated with halophilic bacteria are not always dominant in high

salinity deep-sea environments. The hypersaline sediments of Orca Basin contained phylo-

types, such as Cyanobacteria, that almost certainly derived from sinking particles that origi-

nated in the upper water column and were preserved in the brine as dead cells or extracellular

DNA [79]. In the sediments beneath the brine of the Red Sea Atlantis II basin, shallower sedi-

ment layers contained taxa typical of the non-brine influenced water column, including

SAR11 (pelagic Alphaproteobacteria) and Cyanobacteria; these water column remnants were

undetectable only in the deepest sampled layer near 3.5 m sediment depth where identifiable

hypersaline taxa were more abundant [80]. In sediments at the edge of Urania, L’Atalante and

Discovery basins, sequences related to Pseudomonas sp. and other bacteria associated with soil

or non-hypersaline sediment dominated over taxa detected in other hypersaline systems, a

possible consequence of sediment sampling at the rim of these basins [81,82]. Some sequenc-

ing surveys in the Gulf of Mexico have detected non-halophiles more frequently than halo-

philes. For example, 16S rRNA gene sequences of KB1 sequences were recovered from

hypersaline seep sediments at lease block Green Canyon 205, on the Louisiana slope [83], but

they were not found in sediments on the edge of a hypersaline shallow brine pool (salinity

~90 ppt) at Alaminos Canyon 601 [84]. Similarly, few sequences related to halophiles were

observed from the brine lake at Green Canyon 233 or at 25 cm depth of the hypersaline mud

volcano at Garden Banks 425, despite salinities over 125 ppt. Instead, these locations harbored

bacterial communities that are shared more broadly by cold seeps and deep-sea sediments,

mainly Deltaproteobacteria, Epsilonbacteria, and Gammaproteobacteria, which appeared to

reflect proximity to the halocline and to non-halophilic bacterial communities. The low abun-

dance of identifiable halophilic taxa in these environments may also be a consequence of

slightly lower salinity, sampling at the periphery of hypersaline habitats, or differences in

amplification and/or sequencing strategies.

Among the archaea of Orca Basin, halophiles were represented by halotolerant, methylo-

trophic methanogens of the genus Methanohalophilus, whereas the generally aerobic and het-

erotrophic Halobacteriales, and the uncultured MSBL1 group (probably sugar-fermenting

archaea with additional autotrophic pathways) [85] were not detected. The most dominant

archaeal group in both hypersaline and non-hypersaline sediment samples from Orca Basin

were the Thaumarchaeota (MG-I archaea) that are common in the marine water column and

surficial sediments [61]; these archaea are also found in shallow Gulf of Mexico brine lakes

[84]. In the Red Sea DHABs Atlantis II and Discovery Deep, hypersaline sediment cores were
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dominated by MG-I archaeal pyrotags (73.3 to 96.1%) in almost every sediment section, and

their proportional contribution to the total archaea sequence reads decreased only in the deep-

est and most sulfur-enriched samples in Atlantis II Basin and in Discovery Deep Basin [80].

These data suggest potential accumulation and preservation of MG-I cells and their DNA

under hypersaline conditions [79,86]. However, at least some MG-I Thaumarchaeota may

have physiological adaptations to hypersaline conditions. A recent study of a Nitrosopumilus-
related genome analyzed from a Red Sea brine basin (salinity 182 ppt) detected potential

osmotolerance genes, specifically ectoine production, glutamate transporters, and a proline-

glutamate conversion enzyme [87]. Transcriptional analysis of Nitrosopumilus maritimus
showed that cells cope with high salinity not only through enhanced synthesis of osmostress-

protective ectoines; since the ectoine gene cluster contains a gene for a mechanosensitive chan-

nel, they are simultaneously prepared for osmotic down-shock [88]. Transcripts of ammonia

monooxygenase have been detected in Mediterranean brine basin sediments, although they

have not been linked specifically to MG-I archaea [82]. Organic matter could provide an alter-

native energy source, as heterotrophic capability was reported for MG-I Thaumarchaeota [89].

As the MG-I archaea demonstrate, the evidence for excluding a microbial group from the halo-

philic core community is not always straightforward.

Sulfate, sulfide, and sulfate reduction

While sulfate reduction rates were not measured directly in this study, porewater sulfate pro-

files and previous measurements indicate potentially low but persistent sulfate-reducing activ-

ity in Orca Basin sediments [14,19], which is consistent with our sequencing results detecting

members of halophilic sulfate-reducing families and genera (e.g. Desulfohalobiaceae, Desulfo-
cella, Desulfosalsimonas) (S2 and S8 Figs). Slight downcore decreases of sulfate porewater con-

centrations, in particular in the north sub-basin core (Fig 3), are consistent with detectable

porewater sulfide, and with sulfate reduction rates of 10 to 30 nmol cm-3 d-1 measured for an

Orca Basin north sub-basin core from the same multicorer deployment as this study [19]. Sim-

ilar potential sulfate reduction rates of 15.97 to 38.43 nmol cm-3 d-1 were previously measured

within the upper 36 cm of the Orca south sub-basin hypersaline sediments, and rates up to

76.59 nmol cm-3 d-1 were found in the brines [14].

The Orca Basin rates are in the same range as rates from Mediterranean brine lakes (7.80 to

82.15 nmol cm-3 d-1 [74]; max. 20.4 nmol cm-3 d-1 in the Urania Basin chemocline [90]). Sul-

fate reduction extends into deep subsurface sediments of Orca Basin, where it was detected

from 4 to 167 m below the sediment surface in Deep Sea Drilling Project Site 619 in the north

sub-basin [52,91]. Potential substrates for sulfate-reducing microbial populations–primary

alcohols, amino acids and hydrogen—can be inferred based on the substrate spectrum of cul-

tured relatives of deltaproteobacterial phylotypes in Orca Basin, such as the genera Desulfoha-
lobium [52] and Desulfovermiculus [51]. These Deltaproteobacteria may be more widely

distributed and indicate active halophilic populations; for example, In the high MgCl2 brine of

Kyros basin, sequences related to these deltaproteobacterial groups occurred in high relative

abundance where sulfate reduction rates were also highest (603 nmol cm-3 d−1) [78]. Although

sulfate reduction rates are low in Orca Basin, porewater sulfide would be expected to accumu-

late over time, as in other geochemically similar brine basins; yet the high concentrations of

dissolved ferrous iron that distinguish Orca Basin prevent the accumulation of dissolved sul-

fides [9,14,72]. The lack of dissolved sulfide, or its presence in very low concentrations, may

further attenuate anaerobic microbial processes that depend on sulfide and are commonly

observed in sulfidic, fully reduced sediments.
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Dissolved carbon and ammonium

While mud volcanoes and some brine pools have subsurface carbon inputs [71], organic car-

bon in the Orca Basin brine is likely primarily derived from sinking particles from the water

column [7]. The δ13C-DIC values of the brine cores cluster near -20‰ throughout the cores

(Fig 3) and are consistent with the accumulation of inorganic carbon primarily derived from

the remineralization of marine organic matter. The long residence times of particles at the

brine-seawater interface may increase the recalcitrance of the organic matter that is ultimately

deposited in sediments [11]. Over time, the slow microbial degradation of sedimentary organic

matter leads to accumulation of a large pool of sedimentary DOC that exceeds the DOC con-

centrations in the brine and in non-hypersaline sediments by an order of magnitude (Fig 3).

The DOC concentrations measured in the north sub-basin MUC core (5800 μM) were consis-

tent with DOC concentrations at greater depth in Orca Basin subsurface sediments at DSDP

Site 618, also located in the north sub-basin [92]. At this DSDP site, the lowest DOC value,

63 μg/ml or 5250 μM, is located at 3 mbsf, followed by the highest DOC peak of 18750 μM at

12 mbsf; the remaining values cluster in the range of 80 to 120 μg/ml or 6600 to 10000 μM and

are found in subsurface sediments down to 91 mbsf [92].

Previously measured DOC concentrations of various Gulf of Mexico brine pool and brine

flow sediments were observed to be elevated when compared to non-seep or non-hypersaline

sediments [71,93]. DOC concentrations in DHAB sediments are reported rarely. In the Atlan-

tis II brine basin, DOC concentrations of 14.9 to 36.5 μg/ml or 1240 to 3042 μM were mea-

sured 50 to 250 cmbsf below a barite mound [94]; these concentrations were similar to those

(2200 μM) found in the southern basin sediment core of Orca Basin. In general, the high DOC

concentrations in hypersaline sediments suggest that DOC accumulates due to slow microbial

oxidation degradation and assimilation of DOC. Other degradation products of photosyn-

thetic organic matter, such as ammonium, accumulate as well. High ammonium concentra-

tions in Orca Basin brine and sediments (in the range of 300–500 μM) are congruent with the

high ammonium concentrations that are commonly observed in hypersaline brine lakes

[84,87,90,95].

Methane turnover

The final product of anaerobic degradation of organic matter, methane, accumulated in the

brine and in sediments in concentrations that suggest some local variability; the previously

reported methane concentration of 750 μM in the brine [4] falls between porewater methane

concentration of 91 to 156 μM in the south sub-basin and 565 to 1400 μM in the north sub-

basin core. The δ13C-CH4 values of 75.5 to -76.7‰ in the south sub-basin and -89.6 to -83.1‰

in the north sub-basin are clearly in the biogenic range [41] and are broadly consistent with

methylotrophic methanogenesis as the dominant methanogenic pathway [19]. These

δ13C-CH4 values were similar to those (-72.6 to -75.7 ‰) measured previously in deep sedi-

ment cores of the north sub-basin (DSDP Site 618), obtained through the Deep-Sea Drilling

Project [42]; they are also similar to δ13C-CH4 values of -73 to 74 ‰ reported for the Orca

Basin brine [4]. The slightly more negative δ13C-CH4 values for the north sub-basin sediments,

and the elevated methane concentrations for this basin (Fig 3), indicate greater methanogenic

activity in the north sub-basin. To the best of our knowledge, all direct demonstrations of

methanogenic activity were so far performed with sediments from the north sub-basin. Metha-

nogenic activity in Orca Basin was shown by incubating subsurface sediments (34 mbsf) from

DSDP Site 618 in the north sub-basin with 14C-methylamine as methane-producing substrate

[91]. Methylotrophic methane production was also found using the substrate 14C-methanol in
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surficial sediments of the north sub-basin; no activity was observed with bicarbonate and ace-

tate [19].

While the available evidence supports methanogenic activity in the Orca Basin brine and

sediments, anaerobic methane oxidation appears to be suppressed under hypersaline condi-

tions. Potential AOM rates remained below detection (<1 pmol cm-3 d-1) in a core from the

north sub-basin [19]. A metabolic linkage between sulfate reduction and methane oxidation is

not supported; the methane δ13C profiles do not indicate the isotopic overprint of methane

oxidation, and sequences of ANME archaea and their sulfate-reducing deltaproteobacterial

syntrophs [64] appear rarely if at all in clone libraries and Illumina sequencing datasets. Even

the most frequent ANME clade, ANME-1, was detected only in very low abundances

(<0.01%) in the Illumina sequences of the Orca Basin hypersaline cores (S5 Fig), and sulfate-

reducing ANME-associated syntrophs among the Desulfobacteriaceae, the SEEP-SRB1 cluster,

were absent (S1 Fig). Few studies have reported on ANME archaea in hypersaline environ-

ments. ANME-1 archaea were detected by a 16S rRNA gene survey in a moderately briny, sul-

fidic methane seep in the Gulf of Mexico [83]; ANME1 and ANME2 archaea were detected in

the Atlantis II and Discovery Deep DHABs, predominantly in a sediment sample with high

total sulfur content [80]. Overall, Orca Basin represents a seafloor methane trap that accumu-

lates methane without significant diminishment by in-situ anaerobic microbial methane oxi-

dation. A long history of methane accumulation, possibly older than the lifetime of Orca

Basin, is consistent with abundant, widely distributed methane hydrates in the sediment col-

umn underlying Orca Basin [91].

Conclusions

The combined geochemical and sequence-based data set indicates that the Orca Basin sedi-

ments harbor distinct halophilic bacterial and archaeal communities that participate in several

anaerobic biogeochemical processes. Both sequencing and geochemical data indicate sulfate

reduction and methanogenesis likely occurs in Orca Basin. In addition to methane, other

products of anaerobic microbial decomposition of organic matter accumulate within the Orca

Basin sediments and brine, in particular ammonium, DOC, DIC, and reduced metals. As these

carbon and energy sources diffuse slowly from the anoxic brine across the halocline and oxy-

cline, they likely sustain a complex microbial ecosystem that thrives on these substrates, and

harvests the chemical energy of electron donors that are less energetically advantageous within

the anoxic brine and sediment. Future work focusing on a fine-scale survey of the microbial

community across the entire chemocline of Orca Basin, from oxic deep-sea water to fully

reduced brine, will identify the microbial players and their processes in this complex stratified

ecosystem.
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