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Uplifted ultramafic rocks represent an important vector for the transfer of carbon and

reducing power from the deep subsurface into the biosphere and potentially support

microbial life through serpentinization. This process has a strong influence upon the

production of hydrogen and methane, which can be subsequently consumed by

microbial communities. The Santa Elena Ophiolite (SEO) on the northwestern Pacific

coast of Costa Rica comprises ∼250 km2 of ultramafic rocks and mafic associations.

The climatic conditions, consisting of strongly contrasting wet and dry seasons, make the

SEO a unique hydrogeological setting, where water-rock reactions are enhanced by large

storm events (up to 200 mm in a single storm). Previous work on hyperalkaline spring

fluids collected within the SEO has identified the presence of microorganisms potentially

involved in hydrogen, methane, and methanol oxidation (such as Hydrogenophaga,

Methylobacterium, and Methylibium spp., respectively), as well as the presence of

methanogenic Archaea (such as Methanobacterium). Similar organisms have also been

documented at other serpentinizing sites, however their functions have not been

confirmed. SEO’s hyperalkaline springs have elevated methane concentrations, ranging

from 145 to 900 µM, in comparison to the background concentrations (<0.3 µM).

The presence and potential activity of microorganisms involved in methane cycling in

serpentinization-influenced fluids from different sites within the SEO were investigated

using molecular, geochemical, and modeling approaches. These results were combined

to elucidate the bioenergetically favorable methane production and/or oxidation reactions

in this tropical serpentinizing environment. The hyperalkaline springs at SEO contain a

greater proportion of Archaea and methanogens than has been detected in any terrestrial

serpentinizing system. Archaea involved in methanogenesis and anaerobic methane

oxidation accounted from 40 to 90% of total archaeal sequences. Genes involved in

methanogenic metabolisms were detected from the metagenome of one of the alkaline

springs. Methanogenic activities are likely to be facilitated by the movement of nutrients,

including dissolved inorganic carbon (DIC), from surface water and their infiltration into

serpentinizing groundwater. These data provide new insight into methane cycle in tropical

serpentinizing environments.
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INTRODUCTION

Serpentinization is the aqueous alteration of low-silica ultramafic
rocks, mainly olivine and pyroxenes, into serpentinite, brucite,
magnetite, and other minerals (Moody, 1976). This reaction
produces hydrogen gas (H2) and the reducing conditions that
favor the abiogenic synthesis of methane and higher molecular
weight hydrocarbons through Fischer-Tropsch-type reactions
(e.g., McCollom and Seewald, 2007; Proskurowski et al., 2008).
Serpentinization also produces favorable conditions for the
potential biogenic formation of methane through the activity of
chemolithoautotrophicmicroorganisms, however the occurrence
and relative importance of abiogenic vs. biogenicmethanogenesis
processes is enigmatic (Wang et al., 2015; Etiope, 2016; Kohl et al.,
2016; Miller et al., 2016).

The relationship between serpentinization and life has been
relatively well studied in submarine hydrothermal systems
(Schrenk et al., 2004; Kelley et al., 2005; Brazelton et al., 2006;
Quéméneur et al., 2014). The study of the microbiology and
geochemistry of terrestrial serpentinites has accelerated in the
past several years at numerous locations globally, where meteoric
water infiltrates and interacts with obducted ultramafic rock
and mixes with serpentinizing fluids. Such settings have been
described in the Sultanate of Oman (Barnes and O’Neil, 1978;
Bath et al., 1987; Miller et al., 2016), Italy (Cipolli et al., 2004),
Portugal (Marques et al., 2008; Tiago and Veríssimo, 2013), Spain
(Etiope et al., 2016), Canada (Brazelton et al., 2013; Szponar

FIGURE 1 | Map of the study area. The bold-black line denotes the Santa Elena Ophiolite boundary, dominated by ultramafic mantle rocks based on Gazel et al.

(2006). Sample locations are color-coded: alkaline spring systems within Murciélago and Potrero Grande watersheds are identified by green and yellow symbols,

respectively; black triangles denote groundwater wells; pink square stands for a control surface water site. Blue and orange lines are the main perennial rivers and

faults, respectively.

et al., 2013), the Philippines (Abrajano et al., 1990; Cardace et al.,
2015; Woycheese et al., 2015), and California (Barnes et al., 1967;
Cardace et al., 2013; Morrill et al., 2013; Suzuki et al., 2013),
among other locations.

More recently, a terrestrial serpentinization site was described
in a tropical setting at the Santa Elena Ophiolite (SEO),
which comprises over 250 km2 of ultramafic rocks and
mafic associations along the northwestern Pacific coast of
Costa Rica (Sánchez-Murillo et al., 2014; Figure 1). This
system is characterized by warm air temperature (up to
38◦C during the dry season months) and extreme variation
in precipitation conditions between wet (May–November)
and dry (December–April) seasons, resulting in a distinctive
hydrogeological setting (Sánchez-Murillo et al., 2014). These
dynamic hydroclimatic conditions make the hyperalkaline
springs at SEO unique, and potentially enhance rock weathering
processes and the delivery of nutrients and oxidants likely
stimulating subsurface microbial activity.

Microorganisms involved in the methane cycle are abundant
in marine hydrothermal serpentinizing systems (Brazelton et al.,
2006). At terrestrial serpentinization sites, however, even though
there is abundant methane (Wang et al., 2015), there is
less evidence of the presence and activity of methanogenic
and methanotrophic microorganisms. Sequences related to
the anaerobic methanotrophic archaea ANME-1a have been
previously detected from the springs in Cabeço de Vide aquifer
in Portugal (Tiago andVeríssimo, 2013).Methanogenic taxa have
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been detected in springs from the Voltri Massif, Italy (Brazelton
et al., 2017) and wells from the Samail Ophiolite in the Sultanate
of Oman (Miller et al., 2016) and from carbonate samples
collected from serpentinizing seeps inManleluag Spring National
Park, Philippines (Woycheese et al., 2015). Microcosm studies
using 13C-labeled substrates demonstrated that native microbial
communities from The Cedars (California, USA) spring water
and sediments were capable of methanogenesis and acetogenesis
(Kohl et al., 2016). Previous work in SEO detected the presence
of microorganisms involved in the methane cycle, such as
methanotrophic bacteria from the families Methylococcaceae,
Methylobacteriaceae, and Methylocystaceae, and methanogenic
archaea from the orders Methanobacteriales, Methanocellales,
and Methanomicrobiales (Sánchez-Murillo et al., 2014). Here
we investigate in more detail the presence of these organisms
and their metabolic potential in fluids collected from different
sites within this tropical serpentinizing setting, using molecular,
geochemical, andmodeling approaches. The results are discussed
in light of the unique precipitation and hydrological processes
within the SEO.

Hydroclimatic Conditions at SEO
Four regional air circulation processes predominantly control the
climate of the SEO: NE trade winds, the latitudinal migration
of the Intertropical Convergence Zone (ITCZ), cold continental
outbreaks, and sporadic influence of tropical cyclones (Waylen
et al., 1996; Sáenz and Durán-Quesada, 2015). These circulation
processes produce two predominant rainfall maxima, one in May
and June and the second one in August-September-October,
which are interrupted by a relative minimum in July known as
theMid-Summer Drought (Magana et al., 1999;Maldonado et al.,
2013). In addition to these circulation processes, the continental
divide (i.e., a mountainous range that extends from NW to SE)
also influences precipitation patterns across the country, dividing
the territory into the Caribbean and Pacific slopes. The SEO
(located on the northwestern Pacific slope) receives on average
1,464 mm/year of rainfall (based on 10 years of historical records
at the Santa Rosa climatological station, Sánchez-Murillo et al.,
2014). This region is highly dependent on the variations of
the El Niño/Southern Oscillation cycles. For instance, La Niña
(cold and wet phase) produces a considerable rainfall increase
up to 3,000mm, while El Niño (warm and dry phase) years are
characterized by annual precipitation below 1,200 mm and a
dry period usually covering 5–7 months. Seasonal temperature
variation is low; mean annual maximum and minimum ambient
temperatures are 31 and 23◦C, respectively. During the dry
period, maximum temperatures can reach up to 38◦C (Sánchez-
Murillo et al., 2014). The northwestern Pacific region of Costa
Rica has estimated regional groundwater recharge rates of <300
mm/year (Mulligan and Burke, 2005). Baseflow recession starts
in November and reaches its minimum in late April. Most of
the groundwater recharge in the SEO occurs between May and
October. Commonly, terrestrial serpentinization and alkaline
spring studies have been conducted in temperate regions (e.g.,
Tablelands, Canada; California Coast Range, USA; Gruppo di
Voltri, Italy; Othrys, Greece) and at subtropical sites (e.g., Samail,
Oman). In these regions precipitation is mostly composed of

snow and rainfall events, meteoric recharge occurs in a short
time during spring runoff or in relatively slow snowmelt rates.
Coastal temperate sites might experience intermittent rainfall
at relatively low intensities. Furthermore, in arid and semi-
arid areas where precipitation events are scarce and isolated,
infiltration is limited due to large evaporation losses. Contrary
to the previous scenarios, in tropical environments like the
SEO (Sánchez-Murillo et al., 2015), the Zambales Ophiolite and
the Palawan Ophiolite (Abrajano et al., 1988; Cardace et al.,
2015; Woycheese et al., 2015) precipitation amounts and rainfall
intensities are usually greater and occur throughout several
months, which facilitate infiltration and deep percolation, and
thus, water-rock reactions, may be enhanced. The SEO differs
from the Philippines serpentinites in that rainfall and recharge
is punctuated into a short (few-month) interval.

MATERIALS AND METHODS

Site Description and Sample Collection
During a field sampling campaign in February 2014 (dry season),
fluid and gas samples were collected from three hyperalkaline
springs: Spring 9 and Spring 8, located at the Murciélago river
watershed, and Quebrada Danta (Q. Danta) located in the
Potrero Grande watershed (Figure 1). Upstream locations to
the springs were sampled (Murciélago Upstream and Q. Danta
Upstream, respectively) for comparison purposes. Three private
and municipal wells located nearby the SEO were also sampled
(30–70m depth): Pozo Murciélago (P. Murciélago), Pozo Nuevo
(P. Nuevo), and Pozo Aguas Calientes (P. Aguas Calientes), as
well as one control location at Río Calera (R. Calera) (Figure 1).
Although the groundwater wells are located outside SEO, their
recharge and flow paths originate within the ophiolite complex
(Sánchez-Murillo et al., 2014).

Potrero Grande watershed (Figure 1) is characterized by a
10.3 km long floodplain with very steep tributaries (∼33% slope),
such as Q. Danta. Active erosion processes resulted in greater
peridotite exposure among all watersheds in the SEO. Vegetation
(i.e., deciduous trees) is mostly located in riparian areas, whereas
tropical dry forest grass is common on the upper part of the
stream canyons. Carbon and nutrient contributions from the
topsoil layer are negligible during baseflow periods, and it solely
represents subsurface conditions. The hyperalkaline system (Q.
Danta) within Potrero Grande is located in the headwaters about
121m a.s.l. Murciélago River is characterized by a relatively
narrow valley and a greater presence of riparian vegetation.
The hyperalkaline springs within the Murciélago watershed are
located at the bottom portion of the catchment (78m a.s.l.).
Overall, field evidence suggests that hyperalkaline seepages are
numerous and are active late in the baseflow period of perennial
streams (December to April). Hyperalkaline springs often form
shallow pools characterized by moderate turbidity, thin white
films of carbonate precipitates, and extensive yellow-brown
carbonate deposits.

Surface waters were exclusively collected at the flowing
sections of streams to avoid stagnant ponds with biased
evaporative signals (Sánchez-Murillo and Birkel, 2016).
Groundwater samples were collected using Teflon sterile and
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disposable geobailers (Geotech Environmental Equipment,
Colorado, USA) and automated pumping (P. Murciélago).
Spring samples were collected according to following criteria:
evidence of continuous water flow from the rock, close to
bubbling zones, and near the most reductive point. The sampling
campaign was designed to target baseflow conditions. Baseflow is
described as the cumulative outflow from all upstream riparian
aquifers during rainless periods (Brutsaert, 2005), therefore, it
represents the most average geochemical characteristics of any
particular watershed or aquifer (Sánchez-Murillo et al., 2015).

Fluid and gas samples were collected from all sites following
methods in the subsections below. Standard physicochemical
measurements (i.e., water temperature, pH, Eh, electrical
conductivity (EC), total dissolved solids, and salinity) were
recorded using handheld probes (Oakton PC Testr 35 and
Oakton Testr 10), which were calibrated twice a day using
standard solutions.

Gas and Aqueous Geochemical
Characterization
Water samples for dissolved methane concentration and isotopic
composition analyses were collected from the spring source using
a bubble-free 60 mL syringe with Tygon tubing attached. The
samples were carefully transferred to a He-purged 160 mL serum
bottle and crimp sealed immediately. For H2, a 10 mL sample
was collected following the same protocol and transferred to a
14 mL serum vial. For dissolved inorganic carbon (DIC), a 14
mL serum vial, containing one NaOH pellet, was filled to the
top, capped with a butyl rubber stopper, and microbial activity
was arrested using saturated ZnCl2 (80 µM final conc.). All
samples were collected in triplicate and were sent for analysis
as a contracted service to JBL Analytical Services (http://www.
joyeresearchgroup.uga.edu; University of Georgia, GA, USA).

The filtrate from the 0.2 µm Sterivex filter cartridges (EMD
Millipore, Billerica, MA) used for molecular sampling (see
methods below) was collected into an acid-cleaned 30 mL
Nalgene bottle (Tupas et al., 1994; Joye et al., 2010) for
dissolved organic carbon (DOC) and nitrogen and phosphorous
species: total dissolved nitrogen (TDN), ammonium (NH+

4 ),
nitrite (NO−

2 ), nitrite + nitrate (NO−
2 + NO−

3 ), total dissolved
phosphorous (TDP), and orthophosphate (PO−3

4 ). Samples were
transported in cold bags from the field and were frozen at
−20◦C immediately upon arrival to the field station (2–6 h after
sampling). Samples were sent for analysis to JBL Analytical
Services (University of Georgia, GA, USA).

Samples for water stable isotope analysis were collected in
30 mL glass E-C borosilicate bottles with tetrafluoroethylene
(TFE)-lined caps (Wheaton Science Products, USA). Bottles were
filled completely, leaving no head space, covered with parafilm
(Thermo Scientific, USA) avoiding exchange with atmospheric
moisture, and stored upside down at 5◦C until analysis. Water
stable isotope analyses were conducted at the Stable Isotope
Research Group facilities of the National University (Heredia,
Costa Rica) using a Cavity Ring Down Spectroscopy (CRDS)
water isotope analyzer L2120-i (Picarro, USA). The secondary
standards were: Moscow Tap Water, MTW (δ2H = −131.4‰,

δ18O = −17.0‰), Deep Ocean Water, DOW (δ2H = −1.7‰,
δ18O = −0.2‰), and Commercial Bottled Water, CAS (δ2H =

−64.3‰, δ18O=−8.3‰). MTW andDOW standards were used
to normalize the results to the VSMOW2-SLAP2 scale, while CAS
was used as a quality control and drift control standard. The
analytical long-term precision was: ±0.5‰ (1 s) for δ2H and ±

0.1‰ (1 s) for δ18O.

Cell Counts
Fluids were preserved in 3.7% (v/v) formaldehyde (final
concentration) for enumeration of cell abundances and stored
at 4◦C until processing. The preserved fluids were filtered
through a 0.2 µm black polycarbonate filters (Whatman; PA,
USA), and cells were stained with 1 µg/ml of 4′,6-diamidino-
2-phenylindole (DAPI) and counted by epifluorescence
microscopy using appropriate filter sets according to previously
published protocols (Hobbie et al., 1977; Schrenk et al., 2003).

DNA Extraction
For molecular characterization of the microbial communities,
between one to three liters of fluids were filtered in the field
though 0.22 µm SterivexTM –GV filter units (EMD Millipore,
MA, USA) using a Masterflex R© E/S portable sampler (Cole-
Parmer, IL, USA). Filters were covered with ice during the
filtration process, then capped and flash frozen in liquid nitrogen,
and stored at−80◦C until processing. Extraction of total genomic
DNA followed previously described protocols (Huber et al., 2002;
Sogin et al., 2006). DNA extracts were purified with the DNA
Clean and ConcentratorTM-5 kit (Zymo Research, CA, USA)
according to the manufacturer’s instructions. DNA extracts were
quantified with a Qubit R© dsDNA High Sensitivity Assay kit in a
Qubit R© 2.0 Fluorometer (Life Technologies, NY, USA).

16S rRNA Gene Enumeration
Quantification of 16S rRNA gene copies were determined by
quantitative polymerase chain reaction (q-PCR) on a BioRad C-
1000 thermo-cycler with a q-PCRmodule using the SsoAdvanced
SybrGreen Assay (BioRad; CA, USA). Domain-specific primers,
958F and 1048R for Archaea and 967F and 1064R for Bacteria,
targeted the V6 hypervariable region of the 16S rRNA gene
(Sogin et al., 2006). Gene copy numbers were calculated using
standard curves generated by amplification of DNA from
Methanocaldococcus jannaschii for Archaea and Escherichia coli
for Bacteria. Amplification efficiencies were 70% for the Archaeal
and 93% for the Bacteria qPCR reactions, respectively.

16S rRNA Gene Tag Sequencing and Data
Analysis
Purified DNA was submitted to the Josephine Bay Paul Center,
Marine Biological Laboratory (http://www.mbl.edu/jbpc/) for
amplicon sequencing of archaeal and bacterial 16S rRNA genes
with an IlluminaMiSeq instrument with domain-specific primers
targeting the V4-V5 hypervariable regions of the 16S rRNA gene
(518F-926R for bacteria and 517F-958R for archaea), following
themethods described by Nelson et al. (2014). Quality-filtering of
the sequences was conducted via the Visualization and Analysis
of Microbial Population Structures (VAMPS) pipeline (Huse
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et al., 2014). These data are publicly available at https://vamps.
mbl.edu/ under the project code DCO_BRZ and the sample code
Serp_SEO as well as the NCBI SRA database under SRP096759
and Bioproject accession number PRJNA361138.

The 16S rRNA gene amplicon sequences were processed
as described previously by Brazelton et al. (2017). Briefly,
further quality-control of the sequences was completed in
mothur (v. 1.36.1; Schloss et al., 2009) to remove sequences
with homopolymers >9 and ambiguous bases >0. The mothur
command pre.cluster (diff = 1) was run, reducing the number
of unique samples from 1,531,396 to 1,044,544 for Bacteria and
862,835 to 616,217 for Archaea. The resulting unique sequences
were considered operational taxonomic units (OTUs) for this
study. Taxonomic classification of all OTUs was performed with
mothur using the SILVA reference alignment (SSURef v.123.1)
and taxonomy outline (Pruesse et al., 2007).

This current study focuses on the methane cycling
members within the bacterial and archaeal communities.
To assess the abundance of methanotrophic bacteria, the
following genera were searched within the taxonomic
dataset: Methylococcus, Methylocaldum, Methylohalobius,
Methyothermus, Methylobacter, Methylomicrobium,
Methylomonas, Methylosarcina, Methylosoma, Methylosphaera,
Crenothrix, and Clonothrix of the family Methylococcacaeae
within the Gammaproteobacteria; Methylocystis and
Methylosinus of the family Methylocystaceae and Methylocella
and Methylocapsa of the family Beijerinckiaceae within the
Alphaproteobacteria (Hanson and Hanson, 1996; Op den
Camp et al., 2009 and the references therein). Additionally,
the members of the genus Methylacidiphilum within phylum
Verrucomicrobia (Op den Camp et al., 2009) and the Ca.
genus Methylomirabilis of the candidate phylum NC10
(Ettwig et al., 2010) were also searched for within the
bacterial taxonomic dataset. Archaea classified as belonging
to Anaerobic Methane Oxidizing Archaea (ANME) were
identified as potential methanotrophs. For methanogenic
archaea, sequences taxonomically classified as belonging to the
orders Methanopyrales, Methanococcales, Methanobacteriales,
Methanomicrobiales, Methanocellales (Sakai et al., 2008),
Methanoplasmatales (Paul et al., 2012), and Methanosarcinales
(Thauer et al., 2008) were identified. The relative abundances of
these taxa were calculated with the get.relabund command in
mothur.

Metagenomic Sequencing and Data
Analysis
Purified DNA from two samples (Spring 9 and Murciélago
Upstream) was submitted to the Josephine Bay Paul Center,
Marine Biological Laboratory for shotgun metagenomic
sequencing. Metagenomic libraries were constructed
with the Nugen Ultralow Ovation kit according to the
manufacturer’s instructions. Paired-end sequencing with
a 100 cycle Illumina HiSeq run generated partial ∼30 bp
overlaps, and six libraries were multiplexed per lane. The raw
metagenomic sequence data are publically available in the
NCBI SRA database under the BioProject accession number
PRJNA340462.

Quality control of the metagenomic reads was performed
to remove low quality and sequencing artifact reads. Cutadapt
v.1.9 (Martin, 2011) was used to identify and remove reads with
Illumina adapters at the 5′-end of the sequence and to trim
Illumina adapters at the 3′-end of the sequence. Identical and
5′-prefix replicates were also removed (Gomez-Alvarez et al.,
2009). Nucleotides (0–3) at the beginning and end of reads
were cropped from all reads in that sample if those positions
exhibited nucleotide frequencies inconsistent with the nucleotide
frequency distribution for the rest of the read. Low-quality bases
were removed from the ends of the reads, and the remaining
sequence was scanned 6 base pairs at a time and trimmed where
the mean quality score fell below a score of 28. Reads that did
not pass a minimum length threshold of 62 bp after quality and
adapter trimming were removed from the dataset. Metagenomic
assembly of each sample was performed by Ray Meta v.2.3.1
(Boisvert et al., 2012). A kmer of 61 was chosen after manual
inspection of assemblies with kmer values of 31, 41, 51, and 61.
High-quality reads from each sample were mapped onto each
assembly with Bowtie2 v.2.2.6 (Langmead and Salzberg, 2012).
Metagenomic assembly statistics can be found in Table S1. The
Prokka pipeline (Seeman, 2014) was used for gene prediction
and functional annotation, with the arguments –metagenome
and –proteins in Prokka v.1.12 with gene prediction by Prodigal
v.2.6.2 (Hyatt et al., 2010). The database provided was the Kyoto
Encyclopedia of Genes and Genomes, release 2016-09-26 (Ogata
et al., 1999). Predicted protein abundances (in units of reads
per kilobase) were calculated with HTSeq v.0.6.1 (Anders et al.,
2014), and the final normalized coverage was calculated by
normalizing to the total number of fragments in the smallest
metagenome. A summary of the methane-cycling genes and
their KEGG IDs searched for within this dataset can be found in
Table S2.

Bioenergetics Calculations
To assess the amount of chemical energy potentially available
to support chemolithoautotrophic organisms at the study sites,
a series of calculations were performed to estimate the Gibbs
energy of several metabolic reactions based on themeasured fluid
compositions. For the calculations, fluid speciation calculations
were first performed with Geochemist’s Workbench (Aqueous
Solutions LLC, Champaign, IL) to estimate activities of dissolved
species involved in the metabolic reactions, such as dissolved
CO2. The default thermo.com.V8.R6+.tdat database supplied
with the program was used for the calculations. Since data
were available for only some components of the fluid, nominal
amounts of Na and Cl (10–15 mM for Na and Cl) were
included in the calculations to account for the measured salinity
and achieve charge balance since these are typically the major
dissolved ion components at sites of terrestrial serpentinization
(e.g., Morrill et al., 2013).

The amount of energy available from several potential
metabolic reactions involving methane (Tables S3, S4) was then
calculated according to the familiar equation:

1G = 1G◦ + RT ln Q (1)
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where 1G is the Gibbs energy of reaction (J/mol), 1G◦ the
standard Gibbs energy, R the universal gas constant (J/mole
K), T the temperature (K), and Q the activity quotient of the
compounds involved in the reaction. The latter factor, Q, takes
into account the contribution of the fluid composition to the
Gibbs energy of each reaction, and was calculated using the
activities determined by the fluid speciation models. Values of
the 1G◦ were calculated using SUPCRT92 (Johnson et al., 1992)
with the default database. Since measurements of dissolved O2

were not available, calculations for aerobic methanotrophy were
performed assuming concentrations equivalent to 0.1 and 1.0%
of saturation with respect to air (Table S3). Similarly, calculations
for acetoclastic methanogenesis assume acetate accounts for 1
or 10% of measured DOC concentrations (Table S4), which
are within the range previously reported for the Coast Range
Ophiolite (Crespo-Medina et al., 2014). To better facilitate
comparisons between different metabolic pathways, the total
amount of energy available from each of these reactions per liter
of fluid was estimated by multiplying the Gibbs energy by the
concentrations of the reaction components in the fluids, taking

into account which of the reactants was the limiting component
(e.g., McCollom and Shock, 1997).

RESULTS

Aqueous, Volatile, and Stable Isotope
Geochemistry
Fluids from SEO’s springs are highly alkaline with pH ranging
between 11.2 and 11.6 and highly reducing, with an oxidation-
reduction potential (ORP) ranging from −380 to −251 mV.
Overall, surface water from upstream sites and groundwater in
proximity of SEO are relatively alkaline with pH values ranging
from 7.54 up to 8.90. Upstream sites and groundwater wells
exhibited oxidizing conditions with ORP values ranging from
+66 up to+97 mV. These conditions are consistent with springs
sampled at other terrestrial serpentinization sites (Schrenk et al.,
2013, and reference therein). The fluid temperature ranged from
26.1◦ to 29.2◦C, with the temperature at the springs measuring 1–
3◦C greater than the respective upstream counterparts (Table 1).
Electrical conductivity (EC) ranged from 470 up to 700

TABLE 1 | Physicochemical, geochemical, and isotopic analysis of samples collected from Santa Elena Ophiolite*.

Sample name Q. Danta Q. Danta

Upstream

Spring 8 Spring 9 Murciélago Upstream R. Calera P. Murciélago P. Nuevo P. Aguas

Calientes

Sample type Spring River Spring Spring River River Well Well Well

PHYSICOCHEMICAL PARAMETERS

pH 11.59 8.42 11.54 11.54 8.9 8.61 7.54 8.3 7.26

Temp. (◦C) 29.2 27.9 26.1 26.4 24 25.3 28 30.2 30.2

Conductivity (µS/cm) 542 470 543 466 492 493 700 696 603

TDS (ppm) 358 334 386 333 306 349 498 535 428

Salinity (ppm) 412 357 414 351 326 372 535 496 459

ORP (mV) −251 66 −331 −348 35 148 97 76 70

AVERAGE GEOCHEMICAL PARAMETERS (µM)

DOC 5.6 103.0 73.2 41.2 67.1 59.5 11.6 20.2 25.9

DIC (µM) 126.3 597.3 227.0 254.3 533.7 663.3 748.0 417.7 644.3

δ13C-CO2 (‰) −20.1 −17.9 −17.9 −20.8 −19.8 −18.6 −19.5 −18.6 −18.7

TDN 0.4 6.6 14.2 1.7 1.7 2.6 62.4 3.5 39.2

NOx 0.8 2.5 0.3 0.2 0.3 1.8 58.3 0.2 36.8

NO2 0.0 0.1 0.0 0.0 0.1 0.0 0.0 0.0 0.0

NH+
4 1.3 0.6 1.7 0.8 0.1 0.1 2.1 4.1 1.5

DON bdl**a 3.5 12.2 1.1 1.3 0.7 2.0 bdl 0.9

PO3−
4 0.1 1.6 0.2 0.3 1.6 1.9 2.7 1.7 2.7

TDP 0.1 0.2 0.1 0.1 0.2 0.2 0.4 0.6 1.1

AVERAGE GASEOUS GEOCHEMISTRY AND ISOTOPIC COMPOSITION

CH4 (µM) 145.0 0.3 870.7 912.3 14.3 0.3 0.3 0.3 0.2

δ13C-CH4 (‰) −44.0 bdlb −0.9 −2.2 1.3 bdl bdl bdl bdl

H2 (µM) 38.3 9.2 10.9 53.1 0.8 23.7 1.0 0.8 1.0

WATER ISOTOPES

δ18O (‰) −7.18 −4.33 −7.22 −7.18 −7.02 −6.65 −7.12 −6.84 −6.65

δ2H (‰) −50.0 −33.4 −50.4 −50.4 −45.7 −45.1 −47.6 −48.9 −45.1

*Complete data set is presented in Table S5.
**bdl, below detection level.
aLimit of detection for DON was 0.1 µM.
bSamples with methane concentration of 0.3 µM or less were within the limit of the detection of the instrument, but did not give a reliable δ13C-CH4 signature (measurements with high

standard deviation) and thus were not taken into consideration in this analysis.
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µS/cm. EC values upstream from the hyperalkaline springs
were consistently lower, while groundwater wells presented the
greatest EC values. The DOC concentration in the spring fluids
ranged from 5.6 to 73.2 µM (Table 1), while upstream sites
ranged from 67.1 to 103.0 µM. Groundwater wells presented
low DOC values ranging from 11.6 up to 25.9 µM. The fluids
are enriched in nitrogen and phosphorous species compared to
other terrestrial serpentinizing sites (Tiago et al., 2004; Morrill
et al., 2013; Cardace et al., 2015), though to a lesser extent
than was previously reported for fluids from the Coast Range
Ophiolite in California (Crespo-Medina et al., 2014). Both DOC
and nutrients (nitrogen and phosphorous species) were slightly
elevated at Spring 8 and Spring 9 compared toQ. Danta (Table 1).
Hyperalkaline springs and groundwater wells presented a nearly
uniform δ18O (−6.65 to −7.22‰) and δ2H (−45.1 to −50.4‰)
composition. The sampling site upstream from Q. Danta spring
was more enriched (δ18O=−4.33‰and δ2H=−33.4‰).

Methane concentrations in SEO’s spring fluids ranged from
145 to 912 µM, which is in the same range as previously
described for the Coast Range Ophiolite (CA, USA) (210–1832
µM, Crespo-Medina et al., 2014), serpentinite springs at Voltri
Massif (155–733 µM; Brazelton et al., 2017), and at tropical
springs from Zambales and Palawan Ophiolites in Philippines
0–400 µM; Cardace et al., 2015), but slightly elevated when

compared to springs at Tablelands (20.0–26.2 µM; Szponar
et al., 2013). Methane concentrations were 0.3 µM at the Q.
Danta upstream and 14.3 µM at the Murciélago upstream sites
(Table 1). However, it is important to highlight that several
bubbling sites within the Murciélago River’s upstream channel
were observed, which may have contributed to the methane
concentrations measured in this stream. Methane concentrations
in the control stream (R. Calera) and nearby groundwater wells
were consistently below 0.3 µM. Hydrogen concentrations at
the springs were elevated, ranging from 10.9 up to 53.1 µM,
which is greater than previously described for the California
site (CROMO, 0.2–0.7 µM; Crespo-Medina et al., 2014), and
consistent with what has been previously observed at Voltri
Massif (0.5–26.8 µM; Brazelton et al., 2017), but lower to
that reported from Tablelands (585–747 µM; Szponar et al.,
2013), and from Zambales Ophiolite (0–495.5 µM; Cardace
et al., 2015). Spring 9 had the greatest methane and hydrogen
concentrations (Table 1). Groundwater wells presented lower
hydrogen concentrations (<0.8µM). The spring samples contain
lower DIC concentration (ranging between 126 and 254 µM)
than the background samples (417–748 µM). Even though
DIC at the SEO springs is greater than at most terrestrial
serpentinizing sites; e.g. in the Voltri Massif springs in Italy,
DIC ranged from 7.8 to 29 µM (Brazelton et al., 2017), at

FIGURE 2 | Concentration vs. stable isotopic signature for dissolved methane in fluids from SEO in comparison with other serpentinizing fluids. Samail

Ophiolite data (red squares) was obtained from Miller et al. (2016) and Etiope (2016); Lost City data (circles) was obtained from Proskurowski et al. (2008); Zambales

Ophiolite data (blue cross) was obtained from Cardace et al. (2015); and Cabeço de Vide data (black asterisk) was obtaind from Etiope et al. (2013).
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The Cedars’ springs it ranged from 6 to 70 µM (Morrill et al.,
2013), while at CROMO, it ranged from 21 to 63 µM in fluids
collected from established wells and 194–210 µM in a newly-
drilled well (Crespo-Medina et al., 2014), the levels are 2–15 times
lower than what was previously reported form another tropical
serpentinizing site in Phillipines (250–3216 µM; Cardace et al.,
2015). Samples with greater methane concentrations (Springs
8 and 9 within Murciélago river) were enriched in 13CH4

(Table 1, Figure 2), relative to a spring with moderate methane
concentrations (Q. Danta) (Table 1, Figure 2). A detailed table
with the geochemistry results from individual replicates is
presented as a supplementary material (Table S5).

DNA Yields and Cell Abundances
In general, the hyperalkaline springs had slightly lower biomass
than their respective upstream samples, as suggested from the
DNA yield (ng/L) and cell count data (cells/ml) (Table 2), and
slightly higher abundances than neutral pH groundwater wells.
Conversely, the wells had the highest average abundances of
archaeal amplicons, followed by the springs, and the upstream
“background” samples (Table 2).

Abundance of Methanotrophs and
Methanogens from 16S rRNA Gene
Sequencing
Based upon tag sequencing of 16S rRNAmarker genes, sequences
related to known methanotrophic bacteria comprise <2% of the
total bacterial 16S rRNA gene sequences in all the samples, except
in the fluids from P. Aguas Calientes, where sequences related
to these microorganisms represent∼3–7% of the total sequences
(Figure 3). From 1 to 2% of the sequences in P. Aguas Calientes
belong to the Phylum NC10, whose members are capable of
NO-dismutation coupled to methane oxidation (Ettwig et al.,
2010).

On the other hand, archaeal sequences related to the methane
cycling (methanogenesis and AOM), accounted for ∼40 to
90% of the archaeal 16S rRNA gene sequences in spring water
samples, 15 to 40% in the upstream samples, and 0–15% in the
control river sample (R. Calera) and in groundwater well samples
(Figure 4) suggesting the importance of methane-metabolizing
organisms in this system. The majority of the archaeal sequences
in the Spring 8 sample belong to the order Methanosarcinales,
which for the most part include methanogenic Archaea.
However, it should be noted that Methanoperedens, a member
of the ANME-2d clade, falls within Methanosarcinales and was
detected in Spring 8 in low abundances within the 16S rRNA
amplicon dataset. The majority of the sequences in Spring 9 and
Q. Danta belong to the ANME-1b group, a group that is thought
to represent obligate methanotrophs (Hinrichs et al., 1999).

Metagenomic Analysis of the
Methanogenesis Pathway
Metagenomic sequences were obtained from Spring 9 and
Murciélago Upstream, and the analysis described here focuses
only on the identification of genes involved in the methane
cycle (Table S2). Genes involved in aerobic methanotrophy, such

TABLE 2 | Microbial biomass abundance data for samples collected from

Santa Elena Ophiolite.

Sample name

(replicate)

DNA yield

(ng/L)

Archaeal 16S

copies per mL

of sample

Bacterial 16S

copies per mL

of sample

Cell counts

(cells/mL)

Q. Danta (1) 34.4 2.00 × 103 1.05 × 104 2.90 × 104

Q. Danta (2) 57.7 8.24 × 103 2.74 × 104 4.15 × 104

Q. Danta (3) 78.2 4.92 × 103 2.68 × 104 3.37 × 104

Q. Danta

Upstream (1)

767.8 2.96 × 104 2.29 × 105 8.64 × 104

Q. Danta

Upstream (2)

2111.4 3.51 × 104 4.47 × 105 1.94 × 104

Q. Danta

Upstream (3)

1004.1 2.99 × 101 9.63 × 103 1.63 × 104

Spring 8 (1) 68.3 5.40 × 103 1.66 × 104 3.44 × 104

Spring 8 (2) 1499.0 5.55 × 104 2.71 × 105 4.39 × 104

Spring 8 (3) 366.6 1.74 × 104 8.37 × 104 7.18 × 104

Spring 8 (4) 559.7 9.73 × 103 6.90 × 104 2.66 × 104

Spring 9 (1) 501.8 3.34 × 104 1.74 × 105 1.90 × 105

Spring 9 (2) 552.3 3.11 × 104 1.63 × 105 1.09 × 105

Spring 9 (3) 518.3 3.74 × 104 2.15 × 105 1.33 × 105

Murciélago

Upstream (1)

972.0 5.54 × 104 7.20 × 105 2.29 × 105

Murciélago

Upstream (2)

1096.4 5.71 × 104 7.55 × 105 2.21 × 105

Murciélago

Upstream (3)

1185.1 3.58 × 104 6.30 × 105 7.15 × 104

R. Calera (1) 439.3 2.01 × 104 7.18 × 104 7.76 × 104

R. Calera (2) 283.4 3.46 × 103 1.20 × 104 5.17 × 104

R. Calera (3) 224.7 3.14 × 103 1.07 × 104 1.14 × 104

P. Murciélago (1) 97.6 1.02 × 104 1.41 × 104 7.49 × 103

P. Murciélago (2) 11.4 1.82 × 103 2.45 × 103 Bdl*

P. Murciélago (3) 13.1 2.06 × 103 2.76 × 103 Bdl

P. Nuevo (1) 748.5 6.84 × 104 1.55 × 105 9.39 × 104

P. Nuevo (2) 677.5 ND 1.57 × 105 7.88 × 104

P. Nuevo (3) 599.9 6.21 × 104 1.58 × 105 1.90 × 105

P. Aguas

Calientes (1)

168.5 2.07 × 104 2.87 × 104 2.54 × 104

P. Aguas

Calientes (2)

159.9 1.27 × 104 2.03 × 104 Bdl

P. Aguas

Calientes (3)

309.1 1.79 × 104 8.03 × 104 4.51 × 104

ND, not determined; bdl, below detection limit.
*detection limit for cell counts was 6.98 × 103 cells per mL.

as particulate methane monooxygenase (pmoA) or methanol
dehydrogenase (mxfA) were not detected in the metagenomic
assemblies (Table S2). However, when investigating genes
involved in methanogenesis pathways (Figure 5), we were able to
detect all the key genes involved in acetoclastic methanogenesis,
hydrogenotrophic methanogenesis, and methanogenesis
from formate in the Spring 9 metagenome. The genes for
methylotrophic methanogenesis were not detected in either
metagenome. The metagenome of the Murciélago Upstream
sample contained only genes involved in initial steps of
methanogenesis, such as those involved in the conversion
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FIGURE 3 | Relative abundance of methanotrophic OTUs within the bacterial 16S rRNA amplicon dataset.

FIGURE 4 | Relative abundance of methane-cycling archaea within the archaeal 16S rRNA amplicon dataset. Families generally associated with

methanogenesis are in shades of yellow and red, while taxa generally associated with anaerobic methane-oxidation are in blue.
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FIGURE 5 | Diagram of methanogenesis pathways from carbon dioxide, formate, acetate, methanol, and methylamines with associated protein

homologs identified with KEGG IDs. Orange-highlighted proteins are predicted to occur in the Spring 9 metagenomic assembly, and blue-highlighted proteins are

predicted to occur in both the Spring 9 and Murciélago upstream assemblies. The diagram is modified from Ferry (2010).

of formate to CO2, of acetate to acetyl Co-A and for the
incorporation of H2 into di-iron flavoprotein F420H2 oxidase.

Bioenergetics of Methane Metabolism
For Spring 8 and Spring 9, the bioenergetics calculations
reflect that there is more energy (kJ per L) from acetoclastic
methanogenesis than hydrogenotophic methanogenesis
(although that depends, in part, on assumptions about the
composition of DOM; Figure 6, Table S4), and both have
greater energy yields than anaerobic methane oxidation. For Q.
Danta the bioenergetics calculations reflect that there is more
energy available from hydrogenotrophic methanogenesis than
acetoclastic methanogenesis. Bioenergetic calculations for this
system demonstrate that anaerobic methane oxidation is limited
by the abundance of electron acceptors (Figure 6, Table S3).

DISCUSSION

As in other serpentinization-influenced ecosystems, the springs
at SEO have fluids that are highly alkaline, reduced, and
enriched in methane and hydrogen. The fluids at SEO had
elevated concentrations of DIC and nutrients when compared
to previously studied serpentinizing springs, this might be due
in part by the large input of meteoric water to the system
and short mean residence times. Microorganisms involved in
methane cycling were detected in all three alkaline springs
studied. Aerobic methanotrophic bacteria were less prevalent
than ANME or methanogenic archaea in spring fluids. These
results are consistent with our bioenergetics calculations, which
indicate that aerobic methanotrophy is not likely to be a
favorable process at depth in this system. Sequences related
to ANME-1b methanotrophic archaea and to methanogens
from the orders Methanosarcinales, Methanomicrobiales and

Methanobacteriales accounted for 40–90% of the total archaeal
sequences in all three hyperalkaline spring fluids.

The enriched δ13C-CH4 signature of the Spring 8 and
Spring 9 samples suggests that a majority of methane in
these samples is likely to be abiotically generated (Whiticar,
1999), although biological methanogenesis from δ13C-enriched
substrates cannot be excluded with the current data set
(Etiope, 2016). At Spring 8 and Spring 9, the biological
signal of methanogenesis may be overshadowed by abiogenic
contributions. On the other hand, the detection of a 13C depleted
stable isotope signature (∼ −40‰) in methane from Q. Danta
may represent contributions from acetoclastic methanogenesis
(Whiticar, 1999).

Bioenergetic calculations indicate that methanogenesis
(acetoclastic and hydrogenotrophic) yields more energy than
anaerobic methanotrophy, but the sample with the most depleted
δ13C-CH4 (Q. Danta) was dominated by ANME-1b. The
detection of ANME -1 archaea in methanogenic sediments from
White Oak River estuary, however, suggests that these organisms
are not exclusively methanotrophs and that theymight be capable
of methanogenesis (Lloyd et al., 2011). Alternatively, the isotopic
signature may represent a combination of hydrogenotrophic
methanogenesis and subsequent methane oxidation, resulting
in the relatively “heavy” isotopic signature of methane from
Q. Danta.

The fact that methanogenesis is a relatively favorable
bioenergetic process and that methanogens and ANME-1 were
abundant at Spring 8 and Spring 9, even though the δ13C-CH4

in these samples is very enriched, might be explained by the
hydrology of the system. Spring 8 and Spring 9 are located at
the bottom of Murciélago watershed, where water flow paths
from the recharge zone (∼700m a.s.l.) to the hyperalkaline
springs outflow (78m a.s.l.) are expected to be longer. Q. Danta
is located in a steeper watershed but closer to the recharge
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FIGURE 6 | Free energy yield (kJ per L of fluids) for methanogenic and methanotrophic processes in SEO’s fluids. AM (1), acetoclastic methanogenesis

assuming 1% of DOM is acetate; AM (10), acetoclastic methanogenesis assuming 10% of DOM is acetate: MG, hydrogenotrophic methanogenesis; SO4, Anaerobic

oxidation of methane (AOM) coupled to SO2−
4 reduction; NO3, AOM coupled to NO−1

3 reduction; O2-1.0, aerobic methane oxidation assuming 1% saturation with

respect to air; O2-0.1, aerobic methane oxidation assuming 0.1% saturation with respect to air.

zone, resulting in potentially shorter flow paths. In terms of
water mean residence time (MRT), the expected longer MRT
in Spring 8 and 9 might result in a stronger abiotic methane
signature, by allowing abiogenic methane to accumulate, which
in turn, may mask the biological methane signature. While in
Q. Danta, having shorter water flow paths from the recharge
zone to the spring outflow and consequently shorter MRT,
biological methanogenesis likely impacts the bulk methane
signal.

The hyperalkaline springs at SEO contain a greater abundance
of Archaea and a higher proportion of methanogens than has
been detected in any terrestrial serpentinizing system to date.
The conditions at SEO appear to sustain a predominantly
methanogenic ecosystem, where biological methanogenesis is
sustained by acetoclastic and hydrogenotrophic processes, in
concert with abiogenic methane formation. Methanogenic
activities are likely to be facilitated by the dynamic
flux of nutrients, including DIC, from surface water
and their infiltration into serpentinizing groundwater
during intense seasonal cycles of rainfall and recharge.
However, in addition to methanogenic process, anaerobic
methane oxidation may be superimposed and influence
the resulting gas flux. These data provide new insight into
methane cycle in a tropical serpentinizing environment,
and context to the patterns in methane occurrence in
terrestrial serpentinites in various hydrological and climatic
settings.

AUTHOR CONTRIBUTIONS

MC and KT contributed equally to this study. MC, RS, and
MS designed the project and planned the field campaign. MC
and RS were in charge of sample collection. MC and MS were
in charge of geochemical characterization of the fluids, RS of
isotopic analysis, KT and WB of sequence analysis, TM of the
bioenergetics calculations. All authors contributed to the writing
and editing of the manuscript.

FUNDING

Metagenomic analysis was funded by the Census of Deep Life
(CoDL) project PRJNA340462 to MC and RS. RS would like
to thank the support of the Research Office of the National
University of Costa Rica through grants SIA-0482-13, SIA-0378-
14, and SIA-0101-14. Travel support, geochemical, and 16S
rDNA sequence analyses were supported by MSU new faculty
startup funds to MS. Postdoctoral salary support was provided
to MC through a grant by the Deep Carbon Observatory (Alfred
P. Sloan Foundation).

ACKNOWLEDGMENTS

We would like to thank Ms. María Marta Chavarría, Mr.
Roger Blanco, and Mr. Alejandro Masís from the Research
Program of the Área de Conservación Guanacaste, Costa Rica

Frontiers in Microbiology | www.frontiersin.org 11 May 2017 | Volume 8 | Article 916

http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive


Crespo-Medina et al. Methane Cycle in Tropical Serpentinizing Fluids

(https://www.acguanacaste.ac.cr/) for their help in the field and
with related sampling logistics. Special thanks to Alex Hyer,
Christopher Thornton, Pham Nguyen, and Michaela Lemen
for their help with bioinformatic analyses; to Hilary Morrison
and Mitch Sogin from MBL for their expertise and technical
assistance; and to personnel from JBL Analytical Services at the
University of Georgia for their advice during the geochemical
sampling. The authors declared that all biological samples
were collected under the authorized 2014 permission given

to MC and RS from the Comisión Nacional para la Gestión
de la Diversidad de Costa Rica, Ministerio de Ambiente y
Energía.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fmicb.
2017.00916/full#supplementary-material

REFERENCES

Abrajano, T. A., Sturchio, N. C., Bohlke, J. K., Lyon, G. L., Poreda, R.
J., and Stevens, C. M. (1988). Methane-hydrogen gas seeps, Zambales
ophiolite, Philippines: deep or shallow origin? Chem. Geol. 71, 211–222.
doi: 10.1016/0009-2541(88)90116-7

Abrajano, T. A., Sturchio, N. C., Kennedy, B. M., Lyon, G. L., Muehlenbachs,
K., and Bohlke, J. K. (1990). Geochemistry of reduced gas related to
serpentinization of the Zambales ophiolite, Philippines. Appl. Geochem. 19,
787–802. doi: 10.1016/0883-2927(90)90060-i

Anders, S., Pyl, P. T., and Huber, W. (2014). HTSeq: a Python framework to
work with 805 high-throughput sequencing data. Bioinformatics 31, 166–169
doi: 10.1101/002824

Barnes, I., Lamarche, V. C. Jr., and Himmelberg, G. (1967). Geochemical
evidence of present-day serpentinization. Science 156, 830–832.
doi: 10.1126/science.156.3776.830

Barnes, I., and O’Neil, J. R. (1978). Present day serpentinization in New
Caledonia, Oman, and Yugoslavia. Geochim. Cosmochim. Acta 42, 144–145.
doi: 10.1016/0016-7037(78)90225-9

Bath, A. H., Christofi, N., Philp, J. C., Cave, M. R., McKinley, I. G., and Berner, U.
(1987). Trace Element and Microbiological Studies of Alkaline Groundwaters in

Oman, Arabian Gulf: A Natural Analog for Cement Pore-Waters. FLPU Report
87-2. British Geological Survey.

Boisvert, S., Raymond, F., Godzaridis, E., Laviolette, F., and Corbeil, J. (2012).
Ray meta: scalable de novo metagenome assembly and profiling. Genome Biol.

13:R122. doi: 10.1186/gb-2012-13-12-r122
Brazelton, W. J., Morrill, P. L., Szponar, N., and Schrenk, M. O. (2013).

Bacterial communities associated with subsurface geochemical processes in
continental serpentinite springs. Appl. Environ. Microbiol. 79, 3906–3916.
doi: 10.1128/AEM.00330-13

Brazelton, W. J., Schrenk, M. O., Kelley, D. S., and Baross, J. A. (2006).
Methane- and sulfur-metabolizing microbial communities dominate the Lost
City hydrothermal field ecosystem. Appl. Environ. Microbiol. 72, 6257–6270.
doi: 10.1128/AEM.00574-06

Brazelton, W. J., Thornton, C. H., Hyer, A., Twing, K. I., Longino, A. A., Lang,
S. Q., et al. (2017). Metagenomic identification of active methanogens and
methanotrophs in serpentinite springs of the Voltri Massif, Italy. Peer J 5:e2945.
doi: 10.7717/peerj.2945

Brutsaert, W. (2005). Hydrology: An Introduction. Cambridge: Cambridge
University Press.

Cardace, D., Hoehler, T., McCollom, T., Schrenk, M., Carnevale, D., Kubo,
M., et al. (2013). Establishment of the Coast Range Ophiolite Microbial
Observatory (CROMO): drilling objectives and preliminary outcomes. Sci. Dril.
16, 45–55. doi: 10.5194/sd-16-45-2013

Cardace, D., Meyer-Dombard, D. R., Woycheese, K. M., and Arcilla, C. A. (2015).
Feasible metabolisms in high pH springs in the Philippines. Front. Microbiol.

6:10. doi: 10.3389/fmicb.2015.00010
Cipolli, F., Gambardella, B., Marini, L., and Ottonello, G. (2004). Geochemistry

of high-pH waters from serpentinites of the Gruppo di Voltri (Genova,
Italy) and reaction path modeling of CO2 sequestration in serpentinite
aquifers. Appl. Geochem. 19, 787–802. doi: 10.1016/j.apgeochem.2003.
10.007

Crespo-Medina, M., Twing, K. I., Kubo, M. D. Y., Hoehler, T. M., Cardace, D.,
McCollom, T., et al. (2014). Insights into environmental controls on microbial

communities in a continental serpentinite aquifer using a microcosm-based
approach. Front. Microbiol. 5:604. doi: 10.3389/fmicb.2014.00604

Etiope, G. (2016). Comment: methane origin in the Samail ophiolite: comment
on “modern water/rock reactions in Oman hyperalkaline peridotite aquifers
and implications for microbial habitability.” Geochim. Cosmochim. Acta. 19,
787–802. doi: 10.1016/j.gca.2016.08.001

Etiope, G., Vadillo, I., Whiticar, M. J., Marques, J. M., Carreira, P. M., Tiago, I.,
et al. (2016). Abiotic methane seepage in the Ronda peridotite massif, southern
Spain. Appl. Geochem. 66, 101–113. doi: 10.1016/j.apgeochem.2015.12.001

Etiope, G., Vance, S., Christensen, L. E., Marques, J. M., and Ribeiro da Costa, I.
(2013). Methane in serpentinized ultramafic rocks in mainland Portugal. Mar.

Petrol. Geol. 45, 12–16. doi: 10.1016/j.marpetgeo.2013.04.009
Ettwig, K. F., Butler, M. K., Le Paslier, D., Pelletier, E., Mangenot, S., Kuypers,

M. M., et al. (2010). Nitrite-driven anaerobic methane oxidation by oxygenic
bacteria. Nature 464, 543–548. doi: 10.1038/nature08883

Ferry, J. G. (2010). How to make a living by exhaling methane. Annu. Rev.
Microbiol. 64, 453–473. doi: 10.1146/annurev.micro.112408.134051

Gazel, E., Denyer, P., and Baumgartner, P. O. (2006). Magmatic and geotectonic
significance of Santa Elena Peninsula, Costa Rica. Geol. Acta 4, 193–202.
doi: 10.1344/105.000000365

Gomez-Alvarez, V., Teal, T. K., and Schmidt, T. M. (2009). Systematic artifacts
in metagenomes from complex microbial communities. ISME J. 3, 1314–1317.
doi: 10.1038/ismej.2009.72

Hanson, R. S., and Hanson, T. E. (1996). Methanotrophic bacteria.Microbiol. Rev.
60, 439–471.

Hinrichs, K.-U., Hayes, J. M., Sylva, S. P., Brewer, P. G., and DeLong, E. F. (1999).
Methane-consuming archaebacteria inmarine sediments.Nature 398, 802–805.
doi: 10.1038/19751

Hobbie, J. E., Daley, R. J., and Jasper, S. (1977). Use of nucleopore filters for
counting bacteria by fluorescence microscopy. Appl. Environ. Microbiol. 33,
1225–1228.

Huber, J. A., Butterfield, D. A., and Baross, J. A. (2002). Temporal changes in
archaeal diversity and chemistry in a mid-ocean ridge subseafloor habitat.Appl.
Environ. Microbiol. 68, 1585–1594. doi: 10.1128/AEM.68.4.1585-1594.2002

Huse, S. M., Mark Welch, D. B., Voorhis, A., Shipunova, A., Morrison,
H. G., Eren, A. M., et al. (2014). VAMPS: a website for visualization
and analysis of microbial population structures. BMC Bioinformatics 15:41.
doi: 10.1186/1471-2105-15-41

Hyatt, D., Chen, G. L., Locascio, P. F., Land, M. L., Larimer, F. W., and Hauser, L.
J. (2010). Prodigal:prokaryotic gene recognition and translation initiation site
identification. BMC Bioinformatics. 11:119. doi: 10.1186/1471-2105-11-119

Johnson, J. W., Oelkers, E. H., and Helgeson, H. C. (1992). SUPCRT92: a
software package for calculating the standard molal thermodynamic properties
of minerals, gases, aqueous species, and reactions from 1 to 5000 bar and 0 to
1000◦C. Comput. Geosci. 18, 899–947. doi: 10.1016/0098-3004(92)90029-q

Joye, S. B., Bowles, M.W., Samarkin, V. A., Hunter, K. S., and Niemann, H. (2010).
Biogeochemical signatures andmicrobial activity of different cold-seep habitats
along the Gulf of Mexico deep slope. Deep Sea Res. Part II 57, 1990–2001.
doi: 10.1016/j.dsr2.2010.06.001

Kelley, D. S., Karson, J. A., Früh-Green, G. L., Yoerger, D. R., Shank, T. M.,
Butterfield, D. A., et al. (2005). A serpentinite hosted ecosystem: the Lost City
hydrothermal field. Science 307, 1428–1434. doi: 10.1126/science.1102556

Kohl, L., Cumming, E., Cox, A., Rietze, A., Morrissey, L., Lang, S. Q., et al. (2016).
Exploring the metabolic potential of microbial communities in ultrabasic,

Frontiers in Microbiology | www.frontiersin.org 12 May 2017 | Volume 8 | Article 916

https://www.acguanacaste.ac.cr/
http://journal.frontiersin.org/article/10.3389/fmicb.2017.00916/full#supplementary-material
https://doi.org/10.1016/0009-2541(88)90116-7
https://doi.org/10.1016/0883-2927(90)90060-i
https://doi.org/10.1101/002824
https://doi.org/10.1126/science.156.3776.830
https://doi.org/10.1016/0016-7037(78)90225-9
https://doi.org/10.1186/gb-2012-13-12-r122
https://doi.org/10.1128/AEM.00330-13
https://doi.org/10.1128/AEM.00574-06
https://doi.org/10.7717/peerj.2945
https://doi.org/10.5194/sd-16-45-2013
https://doi.org/10.3389/fmicb.2015.00010
https://doi.org/10.1016/j.apgeochem.2003.10.007
https://doi.org/10.3389/fmicb.2014.00604
https://doi.org/10.1016/j.gca.2016.08.001
https://doi.org/10.1016/j.apgeochem.2015.12.001
https://doi.org/10.1016/j.marpetgeo.2013.04.009
https://doi.org/10.1038/nature08883
https://doi.org/10.1146/annurev.micro.112408.134051
https://doi.org/10.1344/105.000000365
https://doi.org/10.1038/ismej.2009.72
https://doi.org/10.1038/19751
https://doi.org/10.1128/AEM.68.4.1585-1594.2002
https://doi.org/10.1186/1471-2105-15-41
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1016/0098-3004(92)90029-q
https://doi.org/10.1016/j.dsr2.2010.06.001
https://doi.org/10.1126/science.1102556
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive


Crespo-Medina et al. Methane Cycle in Tropical Serpentinizing Fluids

reducing springs at The Cedars, CA, USA: experimental evidence of microbial
methanogenesis and heterotrophic acetogenesis. J. Greophys. Res. Biogeosci.
121, 1203–1220. doi: 10.1002/2015JG003233

Langmead, B., and Salzberg, S. (2012). Fast gapped-read alignment with Bowtie 2.
Nat. Methods 9, 357–359. doi: 10.1038/nmeth.1923

Lloyd, K. G., Alperin, M. J., and Teske, A. (2011). Environmental evidence
for net methane production and oxidation in putative Anaerobic
MEthanotrophic (ANME) archaea. Environ. Microbiol. 13, 2548–2564.
doi: 10.1111/j.1462-2920.2011.02526.x

Magana, V., Amador, J. A., and Medina, S. (1999). The midsummer drought
over Mexico and Central America. J. Clim 12, 1577–1588. doi: 10.1175/1520-
0442(1999)012<1577:TMDOMA>2.0.CO;2

Maldonado, T., Alfaro, E., Fallas-López, B., and Alvarado, L. (2013). Seasonal
prediction of extreme precipitation events and frequency of rainy days over
Costa Rica, Central America, using Canonical Correlation Analysis. Adv.
Geosci. 33, 41–52. doi: 10.5194/adgeo-33-41-2013

Marques, J. M., Carreira, P. M., Carvalho, M. R., Matias, M. J., Goff,
F. E., Basto, M. G., et al. (2008). Origins of high pH mineral waters
from ultramafic rocks, Central Portugal. Appl. Geochem. 23, 3278–3289.
doi: 10.1016/j.apgeochem.2008.06.029

Martin, M. (2011). Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet. J. 17, 10–12. doi: 10.14806/ej.17.1.200

McCollom, T. M., and Seewald, J. S. (2007). Abiotic synthesis of organic
compounds in deep-sea hydrothermal environments.Chem. Rev. 107, 382–401.
doi: 10.1021/cr0503660

McCollom, T. M., and Shock, E. L. (1997). Geochemical constraints on
chemolithoautotrophic metabolism by microorganisms in seafloor
hydrothermal systems.Geochim. Cosmochim. Acta 61, 4375–4391. doi: 10.1016/
S0016-7037(97)00241-X

Miller, H. M., Matter, J. M., Kelemen, P., Ellison, E. T., Conrad, M. E., Fierer, N.,
et al. (2016). Modern water/rock reactions in Oman hyperalkaline peridotite
aquifers and implications for microbial habitability.Geochim. Cosmochim. Acta
179, 217–241. doi: 10.1016/j.gca.2016.01.033

Moody, J. B. (1976). Serpentinization: a review. Lithos 9, 125–138.
doi: 10.1016/0024-4937(76)90030-X

Morrill, P. L., Kuenen, G. J., Johnson, O. J., Suzuki, S., Rietze, A., Sessions, A. L.,
et al. (2013). Geochemistry and geobiology of a present day serpentinization
site in California: the Cedars. Geochim. Cosmochim. Acta 109, 222–240.
doi: 10.1016/j.gca.2013.01.043

Mulligan, M., and and, Burke, S. M. (2005). Fog Interception for the Enhancement

of Streamflow in Tropical Areas (90m Resolution Hydrological Model).
Available online at: http://www.ambiotek.com/fiesta (Accessed September
30, 2013).

Nelson, M. C., Morrison, H. G., Benjamino, J., Grim, S. L., and Graf, J.
(2014). Analysis, optimization, and verification of Illumina-generated 16S
rRNA gene amplicon surveys. PLoS ONE 9:e94249. doi: 10.1371/journal.pone.
0094249

Ogata, H., Goto, S., Sato, K., Fujibuchi, W., Bono, H., and Kanehisa, M. (1999).
KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids Res. 27,
29–34. doi: 10.1093/nar/27.1.29

Op den Camp, H. J. M., Islam, T., Stott, M. B., Harhangi, H. R., Hynes, A.,
Schouten, S., et al. (2009). Environmental, genomic and taxonomic perspectives
on methanotrophic Verrucomicrobia. Environ. Microbiol. Rep. 1, 293–306.
doi: 10.1111/j.1758-2229.2009.00022.x

Paul, K., Nonoh, J. O., Mikulski, L., and Brune, A. (2012). “Methanoplasmatales,”
Thermoplasmatales-related archaea in termite guts and other environments,
are the seventh order of methanogens.Appl. Environ. Microbiol. 78, 8245–8253.
doi: 10.1128/AEM.02193-12

Proskurowski, G., Lilley, M. D., Seewald, J. S., Früh-Green, G. L., Olson, E. J.,
Lupton, J. E., et al. (2008). Abiogenic hydrocarbon production at lost city
hydrothermal field. Science 319, 604–607. doi: 10.1126/science.1151194

Pruesse, E., Quast, C., Knittel, K., Fuchs, B. M., Ludwig, W., Peplies, J., et al.
(2007). SILVA: a comprehensive online resource for quality checked and aligned
ribosomal RNA sequence data compatible with ARB. Nucleic Acids Res. 35,
7188–7196. doi: 10.1093/nar/gkm864

Quéméneur, M., Bes, M., Postec, A., Mei, N., Hamelin, J., Monnin, C., et al. (2014).
Spatial distribution ofmicrobial communities in the shallow submarine alkaline

hydrothermal field of the Prony Bay, New Caledonia. Environ. Microbiol. Rep.

6, 665–674. doi: 10.1111/1758-2229.12184
Sáenz, F., and Durán-Quesada, A. M. (2015). A climatology of low level wind

regimes over Central America using weather type classification approach.
Front. Earth Sci. 3:15. doi: 10.3389/feart.2015.00015

Sakai, S., Imachi, H., Hanada, S., Ohashi, A., Harada, H., and Kamagata, Y. (2008).
Methanocella paludícola gen. nov., sp. nov., a methane-producing archaeon, the
first isolate of the lineage ‘Rice Cluster I’, and proposal of the new archaeal
order Methanocellales ord. nov. Int. J. Syst. Evol. Microbiol. 58, 929–936.
doi: 10.1099/ijs.0.65571-0

Sánchez-Murillo, R., and Birkel, C. (2016). Groundwater recharge mechanisms
inferred from isoscapes in a complex tropical mountainous region. Geophys.
Res. Lett. 43, 5060–5069. doi: 10.1002/2016GL068888

Sánchez-Murillo, R., Brooks, E. S., Elliot, W. J., and Boll, J. (2015). Isotope
hydrology and baseflow geochemistry in natural and human-altered watersheds
in the Inland Pacific Northwest, USA. Isotope Environ. Health Sci. 51, 231–254
doi: 10.1080/10256016.2015.1008468

Sánchez-Murillo, R., Gazel, E., Schwarzenbach, E. M., Crespo-Medina, M.,
Schrenk, M. O., Boll, J., et al. (2014). Geochemical evidence for active
tropical serpentinization in the Santa Elena Ophiolite, Costa Rica: an
analog of a humid early Earth? Geochem. Geophys. Geosyst. 15, 1783–1800.
doi: 10.1002/2013GC005213

Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M.,
Hollister, E. B., et al. (2009). Introducing mothur: open-source, platform-
independent, community-supported software for describing and comparing
microbial communities. Appl. Environ. Microbiol. 75, 7537–7541.
doi: 10.1128/AEM.01541-09

Schrenk, M. O., Brazelton, W. J., and Lang, S. Q. (2013). Serpentinization, carbon,
and deep life, Rev.Mineral. Geochem. 75, 575–606. doi: 10.2138/rmg.2013.75.18

Schrenk, M. O., Kelley, D. S., Bolton, S. A., and Baross, J. A. (2004). Low
archaeal diversity linked to subseafloor geochemical processes at the Lost City
Hydrothermal Field, Mid-Atlantic Ridge. Environ. Microbiol. 6, 1086–1095
doi: 10.1111/j.1462-2920.2004.00650.x

Schrenk, M. O., Kelley, D. S., Delaney, J. R., and Baross, J. A. (2003).
Incidence and diversity of microorganisms within the walls of an active
deep-sea sulfide chimney. Appl. Environ. Microbiol. 69, 3580–3592.
doi: 10.1128/AEM.69.6.3580-3592.2003

Seeman, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics

30, 2068–2069. doi: 10.1093/bioinformatics/btu153
Sogin, M. L., Morrison, H. G., Huber, J. A., Mark Welch, D., Huse, S. M.,

Neal, P. R., et al. (2006). Microbial diversity in the deep sea and the
underexplored “rare biosphere.” Proc. Natl. Acad. Sci. U.S.A. 103, 12115–12120.
doi: 10.1073/pnas.0605127103

Suzuki, S., Ishii, S., Wu, A., Cheung, A., Tenney, A., Wanger, G., et al. (2013).
Microbial diversity in The Cedars, an ultrabasic, ultrareducing, and low salinity
serpentinizing ecosystem. Proc. Natl. Acad. Sci. U.S.A. 110, 15336–15341.
doi: 10.1073/pnas.1302426110

Szponar, N., Brazelton, W. J., Schrenk, M. O., Bower, D. M., Steele, A., and
Morrill, P. L. (2013). Geochemistry of a continental site of serpentinization, the
Tablelands Ophiolite, Gros Morne National Park: a Mars analogue. Icarus 224,
286–296. doi: 10.1016/j.icarus.2012.07.004

Thauer, R. K., Kaster, A. K., Seedorf, H., Buckel, W., and Hedderich, R. (2008).
Methanogenic archaea: ecologically relevant differences in energy conservation.
Nat. Rev. Microbiol. 6, 579–591. doi: 10.1038/nrmicro1931

Tiago, I., Chung, A. P., and Veríssimo, A. (2004). Bacterial diversity in a
nonsaline alkaline environment: heterotrophic aerobic populations. Appl.

Environ. Microbiol. 70, 7378–7387. doi: 10.1128/AEM.70.12.7378-7387.2004
Tiago, I., and Veríssimo, A. (2013). Microbial and functional diversity of a

subterrestrial high pH groundwater associated to serpentinization. Environ.
Microbiol. 15, 1687–1706. doi: 10.1111/1462-2920.12034

Tupas, L. M., Popp, B. N., and Karl, D. M. (1994). Dissolved organic carbon
in oligotrophic waters: experiments on sample preservation, storage
and analysis. Mar. Chem. 45, 207–216. doi: 10.1016/0304-4203(94)
90004-3

Wang, D. T., Gruen, D. S., Lollar, B. S., Hinrichs, K. U., Stewart, L. C., Holden, J.
F., et al. (2015). Nonequilibrium clumped isotope signals in microbial methane.
Science 348, 428–431. doi: 10.1126/science.aaa4326

Frontiers in Microbiology | www.frontiersin.org 13 May 2017 | Volume 8 | Article 916

https://doi.org/10.1002/2015JG003233
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1111/j.1462-2920.2011.02526.x
https://doi.org/10.1175/1520-0442(1999)012<1577:TMDOMA>2.0.CO;2
https://doi.org/10.5194/adgeo-33-41-2013
https://doi.org/10.1016/j.apgeochem.2008.06.029
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1021/cr0503660
https://doi.org/10.1016/S0016-7037(97)00241-X
https://doi.org/10.1016/j.gca.2016.01.033
https://doi.org/10.1016/0024-4937(76)90030-X
https://doi.org/10.1016/j.gca.2013.01.043
http://www.ambiotek.com/fiesta
https://doi.org/10.1371/journal.pone.0094249
https://doi.org/10.1093/nar/27.1.29
https://doi.org/10.1111/j.1758-2229.2009.00022.x
https://doi.org/10.1128/AEM.02193-12
https://doi.org/10.1126/science.1151194
https://doi.org/10.1093/nar/gkm864
https://doi.org/10.1111/1758-2229.12184
https://doi.org/10.3389/feart.2015.00015
https://doi.org/10.1099/ijs.0.65571-0
https://doi.org/10.1002/2016GL068888
https://doi.org/10.1080/10256016.2015.1008468
https://doi.org/10.1002/2013GC005213
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.2138/rmg.2013.75.18
https://doi.org/10.1111/j.1462-2920.2004.00650.x
https://doi.org/10.1128/AEM.69.6.3580-3592.2003
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1073/pnas.0605127103
https://doi.org/10.1073/pnas.1302426110
https://doi.org/10.1016/j.icarus.2012.07.004
https://doi.org/10.1038/nrmicro1931
https://doi.org/10.1128/AEM.70.12.7378-7387.2004
https://doi.org/10.1111/1462-2920.12034
https://doi.org/10.1016/0304-4203(94)90004-3
https://doi.org/10.1126/science.aaa4326
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive


Crespo-Medina et al. Methane Cycle in Tropical Serpentinizing Fluids

Waylen, P. R., Caviedes, C. N., and Quesada, M. E. (1996). Interannual variability
of monthly precipitation in Costa Rica. J. Clim. 9, 2606–2613. doi: 10.1175/
1520-0442(1996)009<2606:IVOMPI>2.0.CO;2

Whiticar, M. J. (1999). Carbon and hydrogen isotope systematics of
bacterial formation and oxidation of methane. Chem. Geol. 161, 291–314.
doi: 10.1016/S0009-2541(99)00092-3

Woycheese, K. M., Meyer-Dombard, D. R., Cardace, D., Argayosa, A. M.,
and Arcilla, C. A. (2015). Out of the dark: transitional subsurface-to-
surface microbial diversity in a terrestrial serpentinizing seep (Manleluag,
Pangasian, the Philippines). Front. Microbiol. 6:44. doi: 10.3389/fmicb.2015.
00044

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Crespo-Medina, Twing, Sánchez-Murillo, Brazelton, McCollom

and Schrenk. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) or licensor are credited

and that the original publication in this journal is cited, in accordance with accepted

academic practice. No use, distribution or reproduction is permitted which does not

comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 14 May 2017 | Volume 8 | Article 916

https://doi.org/10.1175/1520-0442(1996)009<2606:IVOMPI>2.0.CO;2
https://doi.org/10.1016/S0009-2541(99)00092-3
https://doi.org/10.3389/fmicb.2015.00044
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

	Methane Dynamics in a Tropical Serpentinizing Environment: The Santa Elena Ophiolite, Costa Rica
	Introduction
	Hydroclimatic Conditions at SEO

	Materials and Methods
	Site Description and Sample Collection
	Gas and Aqueous Geochemical Characterization
	Cell Counts
	DNA Extraction
	16S rRNA Gene Enumeration
	16S rRNA Gene Tag Sequencing and Data Analysis
	Metagenomic Sequencing and Data Analysis
	Bioenergetics Calculations

	Results
	Aqueous, Volatile, and Stable Isotope Geochemistry
	DNA Yields and Cell Abundances
	Abundance of Methanotrophs and Methanogens from 16S rRNA Gene Sequencing
	Metagenomic Analysis of the Methanogenesis Pathway
	Bioenergetics of Methane Metabolism

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


