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ABSTRACT
Interface environments between extreme and neutrophilic conditions are often hotspots of metabolic activity and taxonomic 
diversity. In serpentinizing systems, the mixing of high pH fluids with meteoric water, and/or the exposure of these fluids to 
the atmosphere can create interface environments with distinct but related metabolic activities and species. Investigating these 
systems can provide insights into the factors that stimulate microbial growth, and/or what attributes may be limiting microbial 
physiologies in native serpentinized fluids. To this aim, changes in geochemistry and microbial communities were investigated 
for different interface environments at Ney Springs—a marine-like terrestrial serpentinization system where the main serpenti-
nized fluids have been well characterized geochemically and microbially. We found that reduced sulfur species from Ney Springs 
had large impacts on the community changes observed at interface environments. Oxygen availability at outflow environments 
resulted in a relative increase in the taxa observed that were capable of sulfur oxidation, and in some cases light-driven sulfur 
oxidation. A combination of cultivation work and metagenomics suggests these groups seem to predominantly target sulfur 
intermediates like polysulfide, elemental sulfur, and thiosulfate as electron donors, which are present and abundant to various 
degrees throughout the Ney system. Fluid mixing with meteoric water results in more neutral pH systems which in turn select for 
different sulfur-oxidizing taxa. Specifically, we see blooms of taxa that are not typically observed in the primary Ney fluids, such 
as Halothiobacillus in zones where fluids mix underground with meteoric water (~pH 10) or the introduction of Thiothrix into 
the nearby creek as fluids enter at the surface (~pH 8). This work points to the potential importance of oxidants for stimulating 
microbial respiration at Ney Springs, and the observation that these serpentinized fluids act as an important source of reduced 
sulfur, supporting diverse taxa around the Ney Springs system.

1   |   Introduction

In an ecological context, interface environments are formed 
where two systems of distinct conditions merge and exchange 

energy and resources (Mihailović et al. 2017). Due to this mix-
ing, these boundary zones are often hotspots of metabolic ac-
tivity and taxonomic diversity. In astrobiology, interfaces are of 
particular interest, as they are thought to have played a key role 
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in the origin of life on our planet, and/or play a role in supporting 
life from geologically driven redox gradients (Boyd et al. 2020; 
Martin et al. 2008; Russell et al. 2010). In addition, these settings 
provide an opportunity to investigate the conditions that may be 
limiting microbial growth and/or how population structure and 
activity change across gradients of different environmental con-
ditions. A notable example of the importance of interfaces in-
cludes outflows of Yellowstone hot springs, which have provided 
insight into the temperature extremes at which different auto/
phototrophic communities can survive and/or perform opti-
mally (Boomer et al. 2009; Hamilton and Havig 2022). Similarly, 
pH is an important environmental parameter that can include 
or exclude microbial members and specific physiologies, though 
work across pH gradients, especially in alkaline systems, is lim-
ited. This work investigates the geochemistry and geomicrobiol-
ogy of naturally occurring redox and pH gradients that form at 
interfaces of high conductivity serpentinized fluids mixing with 
surface/meteoric fluids or atmospheric (i.e., oxic) gases.

Serpentinizing systems arise from a geologic process in which 
water hydrates ultramafic rock resulting in the production of 
high pH fluids (> pH 10) rich in hydrogen, and occasionally 
methane or other small organic compounds (McCollom and 
Seewald 2013; Schrenk et al. 2013). As a result, these reduced 
fluids are often enriched in electron donors but lack oxidants to 
support microbial respiration. Thus, mixing with oxidant-rich 
fluids or the atmosphere can provide an important resource for 
microbial life. Additionally, this mixing can ameliorate some 
of the extreme conditions (i.e., decrease pH) that limit hab-
itability in the reacted fluids. Examples of life capitalizing on 
these interface-based niches can be observed in the Lost City 
serpentinizing system, where hydrothermal fluids rich in hy-
drogen mingle with sulfate and oxygen rich seawater; this 
merging supports a dynamic microbial food web including hy-
drogen oxidizers, methano-gen/-trophs, and sulfur-reducers/-
oxidizers (Kelley et al. 2001; Spear and Pace 2004). In terrestrial 
systems, exposure of reduced serpentinized fluids to either the 
atmosphere or more oxidized fluids found in springs formed 
at the surface can also generate additional oxidants. These 
geochemical interactions also play an important role in shap-
ing the microbial community. Consequently, surface springs 
are often dominated by oxygen consuming hydrogenotrophs 
such as Serpentinamonas (Cedars/Tablelands etc.) (Brazelton 
et al. 2012; Suzuki et al. 2014), On the other hand, the limited 
concentration of sulfate/sulfide in terrestrial fluids compared 
to marine environments often limits the abundance of sulfur-
reducing/oxidizing taxa found within these systems (Brazelton 
et  al.  2006; Suzuki et  al.  2017; Woycheese et  al.  2015). In the 
few terrestrial systems that do harbor sulfur-associated taxa, 
such as the Coast Range Ophiolite Microbial Observatory and 
the Samail ophiolite, geologically derived sulfur from ancient 
marine deposits is the proposed source (Glombitza et al. 2021; 
Sabuda et al. 2020). Overall, the variation in host geology, the 
influence of meteoric water and the depth sampled can result 
in extensive geochemical and microbial community variation 
even within the same systems, such as is seen in The Cedars 
(Morrill et al. 2013; Suzuki et al. 2013), Manleluag (Woycheese 
et  al.  2015), and the Samail ophiolite (Rempfert et  al.  2017). 
Comparing microbial communities across the gradients pres-
ent in these systems could provide insight into how core mi-
crobial taxa respond positively and negatively to the various 

geochemical changes encountered. Thus, this type of study will 
provide further insight into the ecology of these systems, sup-
porting which taxa are positively or negatively influenced by 
environmental changes, and/or which chemical species play im-
portant roles as limiting or stimulating nutrients.

Ney Springs is a small spring located in Northern California and 
has previously been shown to be distinct from other terrestrial 
serpentinizing systems both geochemically and microbially 
(Trutschel et  al.  2022). It has marine-like geochemistry with 
high conductivity fluids (35 mS/cm) that are 10× higher than 
the previously highest reported measurement for a terrestrial 
system (i.e., 3 mS/cm measured at the Tablelands) (Trutschel 
et al. 2022, 2023). The spring has high pH fluids (12–12.5) that 
are rich in ammonia (> 100 mg/L), methane (17 mg/L dissolved), 
and sulfide (> 700 mg/L) (Trutschel et al. 2022). The fluid geo-
chemistry of Ney Springs is likely influenced by the Franciscan 
subduction complex (marine deposit) and/or regional basaltic 
formations, as evidenced by Ney fluids being highly conduc-
tive and containing elevated levels of sodium (15,000 mg/L) 
and silica (4000 mg/L) (Feth et al. 1961; García-Ruiz et al. 2017; 
Trutschel et al. 2023). The source of Ney Springs fluids primarily 
collect into a concrete cistern constructed ca. 1889 (Figure 1), 
and previous geochemical and microbial community charac-
terization of this system have focused on the fluids contained 
in this fixture (Cook et  al.  2021; Feth et  al.  1961; Trutschel 
et al.  2022). Repeated isotopic measurements support that the 
fluids observed in the main cistern at Ney Springs, are connate 
in origin, as they fall well off the meteoric water line and show 
a consistently depleted δ18O isotopic composition (Figure S1). In 
addition to the primary cistern structure, however, there are sev-
eral outflow seepage spots where high pH fluids can be observed 
draining into a proximal creek. Downstream, there is also stag-
nant spring, which is much lower in pH, though still sulfidic 
and predicted to be the product of serpentinized and meteoric 
fluid mixing (Feth et al. 1961). In this work we investigate how 
serpentinized fluids exposed to and mixing with the surround-
ing environment affects microbial community composition and 
changes in geochemistry, with a particular focus on sulfur, to 
further investigate the importance of different environmental 
parameters for supporting or promoting microbial life in these 
geologically altered fluids.

2   |   Materials and Methods

2.1   |   Site Description

The physical and geological setting of Ney Springs has been pre-
viously described (Feth et  al.  1961), overview in Figure  1A,B. 
The main regions of access to serpentinized fluids in the area 
are described as follows. The cistern consists of an octagonal 
concrete structure approximately 1 m wide and 1 m deep (N1) 
(Figure 1C). Fluids seep into the cistern from the bottom, where 
methane rich gases are also continuously bubbling into the sys-
tem. The cistern has previously been emptied and fluids replen-
ished the system through cracks in the bottom of the structure 
(Feth et al. 1961). We estimate, based on the rate of replenish-
ment of removed fluids, that the fluid flow rate is approximately 
4 L/h. Loss of fluid occurs through cracks in the side walls of 
the cistern and a metal pipe (visible from the side of the cistern) 
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from which fluids slowly drain into the surrounding area. Fluids 
from the cistern drain to the stairs outflow (N2, Figure  1D), 
which is where fluid can be seen seeping out of rocks beneath 
the concrete stairs leading down to the creek In warmer months, 
a biofilm community can often be observed where these fluids 
pass over the substrate. These fluid samples were collected to 
assess aqueous geochemistry of the stairs outflow environment, 
and biomass from the biofilm communities in contact with the 
fluids were used to profile microorganisms. A notable feature of 
Ney Springs creek is that cobbles within the stream are covered 
in white filamentous biofilms just downstream of the stairs out-
flow area (Figure 1E). Further downstream is stagnant spring 
(N3, Figure  1F), a small cascade located along the bank ap-
proximately 70 m down from the main cistern. It features heavy 
pink and white filamentous biofilm growth where the fluids run 
down the bank into Ney Springs creek. Three other locations, 
“Lodge Spring”, “Sweet Spring”, and “Sulfur Spring” were noted 
previously (Feth et al. 1961), but could no longer be located.

2.2   |   Geochemical Sampling

The Ney Springs primary cistern and surrounding points 
of interest were sampled between May 2021 and May 2023. 
Conductivity, pH, total dissolved solids (TDS) and oxidation–
reduction potential (ORP) were measured using a multimeter 

(Columbus OH, USA). Sulfide and dissolved oxygen were mea-
sured with a HACH portable spectrometer using methods 8316 
and 8131 (Loveland, CO, USA). Thiosulfate and tetrathionate 
were also measured with the HACH utilizing the cyanolysis 
method (Kelly et  al.  1969). Cistern and creek fluids were col-
lected using a Geopump peristaltic pump (GeoTech, Denver, CO, 
USA) and autoclaved MasterFlex PharMed BPT tubing (Cole-
Palmer, Vernon Hills, IL, USA) equipped with a polypropylene 
in-line filter housing (Millipore; Bedford, MA, USA) contain-
ing 0.1 μm polycarbonate membrane filters (47 mm diameter, 
Millipore, Tullagreen, Carrigtwohill Co. Cork, IRL). Outflow 
and stagnant spring fluid samples were collected using syringes 
fitted with 0.1 μm syringe filters. Samples for cation (Li+, Na+, 
NH4

+, K+, Mg2+, and Ca2+) and anion (F−, Cl−, NO2
−, Br−, NO3

−, 
PO4

3− and SO4
2−) analysis were measured on a Dionex Aquion 

Ion Chromatograph (Thermo Fisher Scientific, Waltham, MA, 
USA). Technical replicates of standards and water samples were 
performed with standard errors observed at less than 2% for 
each analyte. Creek and stagnant spring samples were analyzed 
undiluted, while the cistern, footbath, and outflow samples were 
run at a 1:10 dilution with MilliQ water, or at a 1:5 dilution with 
MilliQ water after the sample had been mixed with Amberlite 
MB20 H/OH resin beads (Sigma-Aldrich, USA, with a ratio of 
80 mg of beads per 2 mL of sample). The removal of chloride with 
the resin beads allowed for better detection of less abundant spe-
cies such as nitrate and nitrite.

FIGURE 1    |    (A) Redrawn map of Ney Springs area from Feth et al. (1961). The small arrows indicate approximate fluid composition and flow di-
rection. Meteoric water is represented by white, will serpentized fluids are represented by black. Ney Springs Creek is primarily meteoric water that 
flows downward to the east. The cistern (N1) is primarily serpentinized fluids that upwell from cracks in the bottom of the structure, as indicate by 
a black arrow pointed up. The stairs outflow (N2) is primarily serpentinized fluids with some meteoric water introduced as it drains into Ney Springs 
Creek, while Stagnant Spring (N3) is primarily meteoric water with slight underground mixing with serpentinized fluids that trickles down from 
the embankment into Ney Springs Creek. (B) View of Ney Springs cistern and stairs outflow from standing at adjacent Ney Springs Creek point. (C) 
N1 is the main cistern as viewed from coming down the trail. (D) Below the stairs lies the N2 stairs outflow which is frequently characterized by the 
presence of a biofilm on the vertical stone surfaces. (E) View of Ney Springs creek as seen at the lower creek location designated on the map. (F) N3 
is a view of Stagnant Spring as seen when standing in front of the resort ruins in Ney Springs Creek.
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2.3   |   Isotope Analysis

Water isotope samples were collected and analyzed at the 
Center for Stable Isotope Biogeochemistry at the University of 
California, Berkeley using Isotope Ratio Mass Spectrometry 
(IRMS) as described previously in (Trutschel et al. 2023). This 
method maintains a long-term external precision for δ2H and 
δ18O of ±0.60/00 and ± 0.120/00 respectively. Samples for sulfide 
isotopes were precipitated as ZnS by mixing Ney water with 
0.5 M Zinc Acetate (pH 4.0) in a 1:1 ratio. Sulfate was precip-
itated with 5 mL of 1 M BaCl maintained at pH 4.0 using HCl 
(Canfield et  al.  2010). In both cases precipitates were filtered 
in the field onto glass fiber filters (GFF) and stored in sterile 
conical tubes until analysis. Triplicate samples were preserved. 
Isotope analysis was performed at the Geobiology laboratory 
at MIT as previously described, with the reported analytical 
standard deviations are ±0.4, 0.02, and 0.16 for δ34S, Δ33S and 
Δ36S, respectively. (Uveges et al. 2023). In brief, ZnS was con-
verted to Ag2S using AgNO3. Ag2S was then converted to SF6 
which was cryogenically purified in liquid nitrogen and gas-
source isotope ratio mass spectrometry was performed using a 
Thermo-Finnigan MAT 253 (Thermo Scientific). Sulfate from 
the BaSO4 precipitate was reduced to sulfide using Thode chem-
istry (Farquhar 2008) and subsequently analyzed with the SF6 
method.

Continuously exsolving gas bubbles were captured via an in-
verted funnel inserted into a submerged and inverted 150 mL 
serum bottle, and were used to analyze 13C and 2H in bulk 
methane gas at the University of California, Davis Stable 
Isotope Facility (UCD-SIF) via concentration (ThermoScientific 
Precon, Bremen, Germany) and subsequent IRMS analysis 
(ThermoScientific Delta V Plus, Bremen, Germany) follow-
ing standard UCD-SIF procedures. Resulting δ13C and δ2H of 
methane are reported relative to international standards (V-PDB 
(Vienna PeeDee Belemnite) for carbon and V-SMOW (Vienna-
Standard Mean Ocean Water) for hydrogen). The long-term 
standard deviation for methane analysis via GasBench-Precon-
IRMS reported is ±0.20/00 and ± 20/00 for δ13C-CH4 and δ2H-CH4 
respectively.

2.4   |   Sulfur Electrochemistry

Sulfur and oxygen species presence within the cistern and out-
flow communities was assessed using cyclic voltammetry (CV) 
with gold-amalgam microelectrodes as previously described 
(Brendel and Luther 1995; Luther et al. 2000, 2008). Au micro-
electrodes were purchased from Analytical Instrument Systems 
Inc. (AIS) (http://​02f77​66.​netso​lhost.​com/​, New Jersey, USA) 
and plated in house to form Au-Hg amalgam electrodes accord-
ing to (Luther et al. 2008). A three-electrode system was used 
consisting of the Au-Hg working electrode, Ag/AgCl reference 
electrode, and platinum wire counter electrode (Figure S2). CV 
scans were performed between −0.1 and −2.0 V (vs. Ag/AgCl) at 
a scan rate of 1000 mV/s using an AIS DLK Micro-Pstat-1 portable 
potentiostat. CVs were run in batches of 10 with the final three 
scans used for confirmation of presence/detection rather than 
quantification. Approximate location of sulfur species peaks 
were referenced from (Druschel et al. 2003; Luther et al. 2008; 
Rosen 1971) or were concluded experimentally by adding known 

concentrations of sulfide and/or polysulfide (S4) to an anoxic Ney 
Springs artificial medium consisting of 200 mM NaCl,10 mM 
NH4Cl, 0.5 mM MgCl2* 6H2O, 1 mM K2HPO4, 100 mM Na2CO3, 
and 5 mM NaOH adjusted to pH 12. Polysulfide (S4) was prepared 
according to (Boyd and Druschel 2013). Electrode conditioning 
was performed in between additions of standards or dilutions in 
the field, with the electrode placed in MilliQ water and poised at 
−1.4 V for 1 min to remove any residual sulfur species from the 
working electrode. After re-conditioning, the electrodes were 
then transferred to a new vessel with fresh matrix and a CV ran 
again to ensure removal of all remaining sulfur species before 
proceeding with more testing. Ney cistern fluids were added to 
a vial of anaerobic MilliQ water to perform dilutions. This was 
given a brief stir and then electrodes were immediately added to 
limit oxygen intrusion. Electrode tests on the N2 outflow area 
were conducted by placing the electrodes directly into the bio-
film or within small pools of liquid (Figure S2).

2.5   |   Sulfur Spectroscopy

Fluid samples for UV–visible spectrophotometry were collected 
from N1, N2, and N3. These were analyzed in 1 cm cuvettes in a 
Genesys 150 spectrophotometer (Thermo Fisher Scientific, WI, 
USA). Absorbance was measured over wavelengths from 200 
and 1100 nm to encompass the polysulfide range (Khan 2012). 
Wavelength accuracy is reported at ±0.5 nm with repeatability 
at < ±0.2 nm. Data was collected using a medium speed scan 
rate at 1 nm increments. Photometric accuracy for this instru-
ment is reported at ±0.002A at 0.5A, ±0.004A at 1.0A, ±0.008 
A at 2.0 A, with photometric reproducibility at ±0.001 A at 1 A 
measured at 1.0 A at 546 nm.

Fluid and mineral precipitate samples from N1 and N2 were col-
lected and frozen for Raman analysis on a Horiba MacroRAM 
Raman spectrometer, which uses a 785 nm excitation laser. The 
laser was operated at 100% power (for water samples) or 40% 
power (for precipitate) and spectra were collected for 10 to 30 s. 
Fluid samples were analyzed in a fused quartz cuvette, and 
baseline corrected using data from the blank cuvette. Precipitate 
samples were pressed into a sample holder for analysis. Spectra 
were compared to the RUFF elemental sulfur standard (https://​
rruff.​info; RRUFF ID: R050006).

2.6   |   16S rRNA Sample Collection and Analysis

Filtered fluids and solid material (biofilms) were collected from 
sites N1–N3 and the adjacent creek across eight sampling trips. 
Filtered fluid samples were collected from the cistern and creek 
using the peristaltic pump and in-line filter housing setup de-
scribed in the geochemical sampling section, with different sets 
of tubing and filter housing used for each location. Preservation 
of the cistern filters was described previously, with filtering con-
tinuing until clogging (falling between 2 and 12 L) (Trutschel 
et  al.  2023). A similar collection method of creek filters was 
performed with the exception that only 2 L of fluid was filtered 
for each sample. Biofilm/sediment samples from the N2 and N3 
locations were collected with autoclaved scopulas into sterile 
15 mL conical tubes and preserved on dry ice then at −20°C until 
DNA extraction. This included both solid materials and fluids 
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from each location. DNA was extracted from filters or collected 
biomass using a Qiagen DNAeasy Powersoil kit and quantified 
using a Qubit fluorometer (ThermoFisher Scientific, USA).

The V4 region 16S rRNA region (515F-806R) was sequenced via 
Novogene (en.​novog​ene.​com) (Beijing, CHN) using NovaSeq 
PE250 amplicon sequencing. A total of 39 samples were used for 
overall community analysis, with the cistern fluid samples (N1) 
previously analyzed (Trutschel et al.  2023). Here we addition-
ally include 12 biofilm samples which were obtained from the 
stairs outflow (N2), two biofilm samples which were obtained 
from Stagnant Spring (N3), and four fluid samples obtained 
from three locations along the Ney Springs Creek spanning up-
stream and downstream of the main cistern location. All 16S 
data can be found at NCBI under accession number SRP324941. 
Sequence data was processed using DADA2 (v. 1.22.0) (Callahan 
et  al.  2016) for quality filtering. DeContam (v. 1.14.0) (Davis 
et al. 2018) was used for erroneous sequence removal using the 
prevalence method, which takes into account presence/absence 
of amplicon sequence variants (ASVs) in control vs. true samples 
and removes them from the true samples. The extraction blank 
used as the control sample contained very few shared sequences 
with most of the environmental samples, so a threshold of 0.375 
was set to remove contaminants that were most abundant in 
the blank. The list of sequences flagged as contaminants was 
then manually reviewed to prevent accidental removal of true 
environmental sequences. Chloroplast and mitochondrial se-
quences were filtered out prior to analysis. Phyloseq (v. 1.38.0) 
(McMurdie and Holmes  2013) was used for taxonomic bar 
charts and Bray-Curtis distance calculation, while Dendextend 
(v. 1.16.0) (Galili 2015) was used for plotting the Bray-Curtis den-
drogram. Differential abundances of sequences compared be-
tween samples was determined using DESeq2 (Love et al. 2014). 
To focus on taxa found throughout the system and less likely to 
be introduced from the surroundings, only taxa found in five or 
more samples and with a total count greater or equal to 500 were 
included for comparisons in the DEseq2 analysis. This filtering 
is due to findings from our previous work that highlighted a high 
transient population of ASVs that were not found in all our sam-
pling events and were generally in abundances < 1% (Trutschel 
et al. 2023). These cut-offs were instituted to limit observations 
in these transient populations in the results.

2.7   |   Metagenome Analysis

Metagenome assembled genomes (MAGs) from the Ney Spring's 
interface environments were compiled and/or compared with 
Ney Springs cistern metagenome data, using the sampling, DNA 
extraction, and sequencing methods previously described in 
(Trutschel et al. 2022) and (Trutschel et al. 2023). For clarity, the 
origin of each MAG is indicated in Table S1. Sequenced MAGs 
were analyzed in the Kbase web platform (Arkin et al. 2018) ac-
cording to the metagenome analysis method used in (Trutschel 
et al. 2023). Briefly, the metagenomic reads were co-assembled 
by IDBA-ID (v1.1.3) (Peng et  al.  2012), MEGAHIT (v1.2.9) (Li 
et al. 2015), and metaSPAdes (v 3.15.3) (Nurk et al. 2017). From 
this, CONCOCT (v1.1) (Alneberg et al. 2014), MaxBin2 (V2.2.4) 
(Wu et al. 2016) and MetaBAT2 (v1.7) (Kang et al. 2019) were 
used to generate bins, with DAS tool (v1.1.2) (Sieber et al. 2018) 
then used to combine redundant bins generated across all three 

binning methods into one binned set for each of the three as-
sembly variants. The three assemblies were then classified using 
GTDB-tk (v1.7.0) (Chaumeil et al. 2020) and assessed in CheckM 
(v1.0.18) (Parks et al. 2015) for completeness. The multiple se-
quence alignment CheckM creates to assess bin completeness 
was then used to generate a phylogenetic tree using FastTree2 
(v2.1.9) (Price et al. 2010). As many of the bins were represented 
in each of the three assembly methods, the phylogenetic tree 
and CheckM stats were then used to choose which bin would 
be representative based on having the highest completeness and 
lowest contamination. Unique bins only generated for one of 
the assembly methods were also evaluated. From this method, 
a final list of MAGs was obtained. These MAGs were then an-
notated using KEGG GhostKoala (v2.2.) (Kanehisa et al. 2016). 
From this large pool of MAGs, genomes that contained genes 
related to sulfur metabolism were screened. Metabolic pathway 
completeness for sulfur oxidation, disproportionation, and re-
duction was assessed using the KeggDecoder package (Graham 
et al. 2018) and by manual search through the KEGG annota-
tions. Metagenome data is available under the NCBI BioProject 
accession number PRJNA739719.

2.8   |   Bioorthogonal Noncanonical Amino Acid 
Tagging (BONCAT) Setup and Analysis

BONCAT was used to determine the activity of microorganisms 
within Ney Springs cistern fluids when enriched with different 
sulfur species. Vials and analyses were all prepared using the 
BONCAT protocol, with homopropargylglycine (HPG) used 
as the methionine analog as it is recommended for high pH 
and sulfide rich conditions (Hatzenpichler and Orphan  2015). 
170 mL serum vials were purged with N2 and then crimped. An 
HPG stock solution was prepared at a concentration of 10 mM. 
HPG was then added to each of the crimped vials which when 
diluted with 75 mL of Ney fluids would achieve a final concen-
tration of 100 μm HPG. Stock solutions of polysulfide, sulfide, 
thiosulfate, sulfate, and acetate were added anaerobically to the 
serum vials in small volumes of 3 mL or less so that they would 
achieve the following final concentrations once 75 mL of Ney 
Springs cistern fluids were added: 20 mM polysulfide, 20 mM 
polysulfide/10 mM acetate, 20 mM thiosulfate, 20 mM thiosul-
fate/acetate, 20 mM sulfide, and 20 mM sulfate/10 mM acetate. 
Serum vials were also prepared for background activity and flu-
orescence controls that only contained HPG or did not contain 
HPG or any other additives. In the field, 75 mL of Ney cistern 
fluid was added to each serum vial via syringe. Serum vials were 
all kept cold (~4°C–10°C) and in darkness before and after inoc-
ulation (~3 days). In the lab, the serum vials targeting sulfur ox-
idizers were then exposed to oxygen with a 0.1 μm syringe filter 
and needle through the septa, while sulfur reducing incubation 
were kept anaerobic. All incubations were allowed to incubate at 
room temperature for 3 weeks before they were filtered, as previ-
ous enrichment trials with sulfur species indicated this is a suf-
ficient time to observe cell growth. Thiosulfate oxidizing control 
organisms, previously isolated from Ney springs (Trutschel 
et al. 2023), and Shewanella oneidensis were used as BONCAT 
positive label controls for this experiment.

For microscopy, 40 mL was removed from each serum vial and 
fixed with 3% PFA for 1 h. These were then filtered onto 0.1 μm 
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polycarbonate membrane filters (47 mm diameter, Millipore, 
Tullagreen, Carrigtwohill Co. Cork, IRL). The filters were then 
rinsed with 10 mL 1:1 Ethanol:Phosphate buffered saline (PBS) 
and allowed to dry before storage at −20°C. Solutions for click 
chemistry were prepared according to the protocol, with AZdye 
488 used as the azide dye and DAPI used as a counterstain. 
Stained filters were analyzed on a Nikon ECLIPSE TI-E in-
verted microscope. Fifty images with a field of view measuring 
0.18 mm × 0.18 mm were taken for each filter.

3   |   Results/Discussion

3.1   |   Ney Springs Cistern Fluids as a Source 
of Reduced Molecules and High pH Fluids to 
the Surrounding Area

High pH (12–12.7) and sulfidic (> 300 mg/L) fluids have been 
consistently measured at Ney Springs for more than 100 years 
(Waring  1915), with very little seasonal fluctuation observed 
(Trutschel et al. 2023). We have previously shown that this lo-
cation is a major source of high pH connate fluids, enriched 
in reductants. Here we investigated the impacts of these fluids 
on the chemistry and microbiology of the surrounding systems 
(Figure 1 and Table 1).

Given the highly reduced nature of the cistern fluids, this en-
vironment is functionally anoxic, with only small amounts of 
oxygen being measured at the air-water interface (Table  1). 
Fluids from the cistern slowly seeped into the surrounding area 
in measurable amounts resulting in distinct formations and 
biofilm communities. The stairs outflow interface environment 
(N2) provided an opportunity to investigate the impacts of the 
atmosphere and increased oxygen exposure on the Ney fluid 

chemistry and microbial community. Compared with the cis-
tern pH (12–12.7), we consistently measured the stairs outflow 
(N2) fluids to be marginally lower in pH (Table 1). The water 
isotopes of the stairs outflow sample are the same as the cistern, 
with samples for both collected in October 2022 plotting on top 
of each other (Figure S1). In comparison, the nearby creek con-
sistently measured slightly above neutral (pH 8.19–8.43), except 
for the area immediately downstream of the cistern and outflow 
fluids (within 3–5 m) which is notably more alkaline (pH 9.2) 
(Table 1). As stagnant spring (N3) was located very close to the 
creek bed, it is more impacted by surface/ground water interac-
tions than the other locations and was occasionally inaccessible 
due to flooding. This is supported by the hydrogen and oxygen 
water isotopes, which suggest the spring fluids are largely in-
fluenced by meteoric water due to their close position to the 
global meteoric water line and distinction from the other Ney 
samples (i.e., N3 vs. N1 and N2; Figure S1). Nonetheless, the pH 
and sulfur concentrations at this spring point to stagnant spring 
providing an opportunity to compare the influence of fluid mix-
ing between Ney's connate fluids with more oxidized meteoric 
fluids on microbial communities.

3.2   |   Minimal Isotopic Evidence for Biological 
Sources of Methane and Sulfide

As mentioned, the connate fluids at Ney Springs provide a 
source of reduced carbon, nitrogen, and sulfur species to the sur-
rounding area; however, the origin of these molecules remains 
unclear. Methane is one of the most abundant carbon sources 
fluxing through the spring. It comprises approximately 80% of 
the exsolving gas which is consistently bubbling from the springs 
source in the main cistern. Timeseries analysis of methane iso-
topes in this study showed δ2H values consistently above −180‰ 

TABLE 1    |    Representative samples of the aqueous geochemistry of Ney Springs cistern (N1), surrounding outflow (N2), and adjacent spring (N3) 
and creek environments.

Ney 
cistern 

(N1)

Stairs 
outflow 

(N2)
Stagnant 

spring1 (N3)

Ney springs 
creek1 

(Downstream)

Ney springs 
creek1 

(Adjacent)

Ney springs 
creek1 

(Upstream)

pH 12.5 12.2 10 9.2 8.356 8.35

Conductivity (μS/
cm)

3830 3810 480 139 110 106

Dissolved oxygen 
(mg/L)

0.061 > 0.054 > 0.054 NA2 12.7 NA2

Sulfide (mg/L) 444 290 0.9 NA2 0.025 NA2

Thiosulfate (mg/L) 830 1050 < 0.053 NA2 < 0.053 NA2

Tetrathionate 
(mg/L)

400 < 0.053 < 0.053 NA2 < 0.053 NA2

Sulfate (mg/L) 160 180 6.5 1.48 1.11 0.88

Chloride (mg/L) 4800 4500 420 7.24 0.56 < 0.023

1Stagnant Spring and Ney Springs Creek data is from October 2022 due to flooding in May 2023 creating inaccessible conditions.
2“NA” indicates these values were not measured.
3Indicates samples were below the detection limit of the method used (<).
4Indicates a peak was detected via cyclic voltammogram scan using Au/Hg microelectrodes, which have a detection limit of 0.05 mg/L for dissolved oxygen (Luther 
et al. 2008).
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(−126.80‰ to −144.61‰) and enriched in 13C (δ13C of −16.5‰ 
to −19.62‰), both of which suggest a non-microbial origin of 
methane (Liu 2019) (Figure S3). This was further supported by 
previously collected methane isotopologue data, from panorama 
(a high-mass resolution multiple collector isotope ratio mass 
spectrometer) from collaborators for this system, which showed 
Ney Springs methane falling near the thermal equilibrium line 
at 50°C (Blank et  al.  2017). While fractionation by methane 
oxidizing bacteria can cause enrichment in both 13C and 2H 
(Coleman 1981), preliminary clumped isotope work and the fact 
that previous work showed little evidence for either biological 
production or consumption of methane (Trutschel et al.  2022, 
2023) make a geologic methane source the most parsimonious 
explanation. Additionally, the high ammonia concentrations at 
Ney Springs could be inhibitory towards methane metabolisms 
(Bedard and Knowles 1989; Gallert et al. 1998). The ammonia 
concentrations are anomalously high at this location compared 
with other serpentinizing systems, and previous work has sug-
gested a potential biological origin of ammonia from Stickland 
reactions by the most abundant taxa in the spring (Trutschel 
et al. 2023).

The origin of the reduced sulfur species at Ney Springs remains 
unknown. Previous work has posited proximity to a volcanic 
system (Mt. Shasta), which could mean the Ney fluid chemis-
try is impacted by geothermal activity. However, the high nitro-
gen to argon ratio of exsolved gasses suggests there is limited 
geothermal influence (Mariner et  al.  2003). Alternatively, the 
marine deposit that impacts the overall fluid conductivity and 
ion content in the spring could act as source for sulfate, which 
could be reduced microbially (Alt  2013). To investigate this 
potential, we collected sulfate and sulfide samples for isotopic 
analysis (Table S2). Interestingly, the sulfate and sulfide isoto-
pic composition were relatively similar (δ34SVCDT 14.34 vs. 16.67 
and Δ33S or 0.024 and 0.056 for Zn-S and sulfate samples respec-
tively), suggesting that the sulfate molecules may result from 
sulfide oxidation (Alt 2013; Thode 1970). This is supported by 
our metagenomic work (discussed below) which demonstrated 
limited genetic evidence for sulfate reduction, but several taxa 
capable of sulfur oxidation in the Ney Springs cistern microbial 
community.

3.3   |   Oxygen and pH Impact Available Sulfur 
Forms at N2 and N3 Locations

Oxygen availability plays a key role in the relative abundance of 
sulfur oxidizing taxa and the observed sulfur forms, throughout 
the Ney Springs system. The Ney cistern (N1) has a high con-
centration of sulfur species over a range of oxidation states. The 
highest concentration of sulfide (444 mg/L) was observed at N1, 
which is expected given that the cistern is largely anoxic and is 
primary output of the source fluids. The prevalence of sulfide 
is supported by Raman, UV–vis and geo-electrochemical anal-
yses (Figure 2). Interestingly the most abundant form of sulfur 
within the cistern is thiosulfate (830 mg/L), though other abun-
dant oxidation sources are also present at lower concentrations 
(400 and 160 mg/L for tetrathionate and sulfate respectively) 
(Table  1). The complex nature of the various sulfur oxidation 
states observed within the cistern alone isexemplified by the 
detection of polysulfide and elemental sulfur. Although we are 

unable to quantify these sulfur species using cyclic voltammetry 
(CV), these data suggest a dynamic relationship between many 
of the sulfur intermediates observed within the Ney Springs 
cistern (Figure 3). Comparing the CV peaks formed with stan-
dards constructed in the anoxic Ney matrix (pH 12), sulfide and 
polysulfide were found to form peaks at close but distinct loca-
tions at −0.8 V and − 0.9 V when assessed separately but formed 
a triple peak when combined in solution together (Figure 3A). 
As spiking in known standards of sulfur species resulted in the 
formation of these triple peaks (Figure 3B), it was challenging 
to absolutely confirm the identity of the various peaks observed 
in the Ney Springs fluids. One of the potential explanations for 
these shifting and merging peaks is due to the presence of ele-
mental sulfur in this system; elemental sulfur is likely present 
as both nanocrystalline and organically complexed elemental 
sulfur, which is electrochemically active and can interact with 
other species such as polysulfide and/or sulfide found within the 
cistern (Figure  3) (Boyd and Druschel  2013; Kafantaris  2017). 
Polysulfide is expected to be stable under these high pH condi-
tions, and it is likely produced as a result of interactions between 
sulfide and the different elemental sulfur intermediates present. 
The Raman and UV–Vis spectra confirm some form of elemen-
tal sulfur is present in the Ney system as well (Figure 4), and 
in some samples these coincide with the form observed in our 
RUFF standard. Though we observe polysulfide electrochemi-
cally, and polysulfide should not be generated electrochemically 
as an artifact, we did not confirm polysulfide in the cistern flu-
ids with an outside or lab-based method (e.g., UV–vis or Raman). 
Given polysulfide oxidizes to thiosulfate and is more challeng-
ing to preserve, this is potentially why we only see it present 
with our electrochemical measurements, as these are performed 
in the field rather than collected as a sample and analyzed later. 
Nonetheless, these data support a wide range of redox states of 
available sulfur in the cistern, and we predict based on these ob-
servations and previous work (Trutschel et al. 2022, 2023) that 
oxygen exposure at the spring surface and microbial activity are 
responsible for these diverse sulfur intermediates.

Sulfur species composition shifts in the outflow systems, which 
have a notably larger surface area to fluid volume ratio com-
pared to the main cistern. In the N2 fluids, a decrease in sulfide 
(290 mg/L) and increase in thiosulfate (1050 mg/L) and sulfate 
(180 mg/L) was observed (Table  1). Interestingly, tetrathionate 
was below the limit of detection in the stairs outflow system, 
despite being consistently measured in the cistern. Higher oxi-
dation state products, such as elemental sulfur, were detected in 
the Raman and geo-electrochemical analyses of N2 fluids and 
precipitates respectively (Figure 2 and Figure 3C,D). Polysulfide 
was also observed using geo-electrochemical assays in some 
samples/locations and could be confirmed via UV–vis spectra 
(Figure 2 and Figure 3C,D). While the level of oxygen interac-
tion may dictate which sulfur intermediates form and dominate 
each of the outflows, the dropping of pH and conductivity as the 
source fluids mix with meteoric water may additionally affect 
the generation and preservation of some of the observed sulfur 
species.

Unlike within the cistern, meteoric water mixes with other 
fluid flows in the Ney Springs area, which results in a lower 
fluid conductivity and overall lower sulfur concentration 
(Table  1). N3 (stagnant spring) has the lowest detectable 
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sulfide concentration but is still functionally anoxic with 
dissolved oxygen falling below the 0.05 mg/L detection limit 
(Table 1 and Figure 3E). Dilution of the connate fluids with 
meteoric water has reduced the total sulfur concentrations, 
however sulfide (up to 0.9 mg/L) is still consistently pres-
ent in this system. Interestingly, the sulfate concentration 
(6.5 mg/L) is much higher than the total reduced species mea-
sured. Similarly, in the creek directly adjacent to Ney Springs, 
sulfide was detectable (0.025 mg/L) using the methylene blue 
assay, but at this more neutral pH and in the presence of ox-
ygen (12.7 mg/L) this sulfide seems to quickly oxidize to sul-
fate (1.11 mg/L) which is more abundant in the downstream 
and outflow communities than in the upstream creek location 
(Table  1). Meanwhile thiosulfate and tetrathionate are not 
observed at detectable levels in either N3 or within the creek 
locations sampled.

Combined, these data point to a diverse combination of sulfur 
intermediates present in the Ney Springs system. Overall, the 
observed differences in sulfur oxidation products between the 
cistern and stairs outflow environment is likely a combination 

of biotic and abiotic drivers such as abiotic interaction with ox-
ygen, and/or the activity of sulfur oxidizing microorganisms. 
Quantification of elemental sulfur in such systems is extremely 
difficult to impossible (Kamyshny et  al.  2004), and the tech-
niques utilized here do not permit absolute quantification, but 
the presence of elemental sulfur and the interaction of that 
elemental sulfur and sulfide to form polysulfides (Avetisyan 
et al. 2019; Kafantaris and Druschel 2020; Kamyshny et al. 2004) 
is a key part of the observed chemistry. The high concentrations 
of thiosulfate are likely the result of polysulfide oxidation, as 
thiosulfate is the predominant product of this reaction (Kleinjan 
et al. 2005). Thiosulfate in turn would be susceptible to abiotic 
decomposition at these conditions, though in non-acidic springs 
this would be relatively slow and tetrathionate is not typically 
a significant product of this process (Xu 1997; Xu et al. 2000). 
Given that significant tetrathionate is observed in N1, and that 
we have previously observed changes in tetrathionate con-
centration correlated with changes in abundance of putative 
tetrathionate producing genera such as Halomonas (Trutschel 
et al. 2023), future work will look to disentangle the role of bi-
ological sulfur oxidation in potentially enhancing this process. 

FIGURE 2    |    Identification of sulfide, and polysulfide in Ney Springs environments N1 (A), N2 (B) and N3 (C) using UV–Vis absorption spectrosco-
py. Raman spectroscopy of the cistern N1 (D) and stairs outflow environment N2 (E) compared to an elemental sulfur standard. The arrows represent 
key peaks found within the elemental standard, with matching peaks only observed in the N2 sample.
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Notably, the presence of these intermediates at Ney Springs sup-
ports the fact that these products are at least moderately stable 
at extremely high pH.

The ratio of more reduced to oxidized forms of sulfide may place 
limitations on the sulfur oxidizing community in the cistern, 
as evidenced by the enrichment of sulfur-associated taxa in the 
outflows compared to cistern as discussed in the next section. In 
the meteoric water influenced systems, the overall concentra-
tions of sulfur species were lower, as they are driven by dilution 
with sulfur-free fluids. However, the ratio of oxidized products 
increases from the pure connate fluids in the cistern as we move 
to the creek, thus supporting overall enhanced oxidation in the 
mixed fluids and greater overall abundance and variety in ter-
minal electron acceptors available to the microbial community. 
It is not clear whether the shift in proportion of sulfur-utilizing 
taxa at the interfaces is largely driven by enhanced oxygen ex-
posure or due to enhanced availability of some other limiting 
nutrient (e.g., carbon dioxide), but these shifts in sulfur species 
presence and abundance can be further correlated with the 
physiologic potentials observed in several of the endemic micro-
bial community members as discussed below.

3.4   |   Changes in the Microbial Community 
of the N2 and N3 Locations Compared to N1

Microbial community analysis via 16S amplicon sequencing 
across the Ney Springs system demonstrated distinct commu-
nity profiles across the interfaces investigated. Unsurprisingly, 
the cistern community samples all group together, but are most 
closely related to the community observed in the stairs outflow 
N2 (Figure 4)—the closest system. Stagnant spring, likely due to 
meteoric water influences, clusters more closely with the creek 
samples, and in particular the Ney Springs adjacent section 
(Figure 4). The overall alpha diversity of the microbial commu-
nity is highest in the Ney Springs creek samples (avg. Shannon 
7.08 ± 0.76, Avg. Simpson 0.99 ± 0.005), while the cistern (avg. 
Shannon 3.26 ± 0.84, Avg. Simpson 0.81 ± 0.06), stairs biofilm 
(avg. Shannon 2.92 ± 0.93, Avg. Simpson 0.85 ± 0.08), and stag-
nant spring samples (avg. Shannon 3.08 ± 0.08, Avg. Simpson 
0.89 ± 0.008) share similar levels of diversity.

As the N1 and N2 communities are proximal, and fluids 
from N1 flow to N2, observed shifts in the microbial com-
munity between these two systems are likely a result of the 

FIGURE 3    |    Geoelectrochemical data for: Standards of sulfide, polysulfide, and a mix of both substrates, run under cyclic voltammetry (X mV/s) 
in Ney Springs artificial medium, elemental sulfur predicted based on a previous experiment but noted as unconfirmed (?) due to the lack of a stan-
dard available (A); Ney cistern (N1) fluids diluted 1:10 in anoxic DI water, with and without a polysulfide standard addition (B); the stairs outflow 
environment (N2) in two separate locations (C and D) showing various geochemical characteristics; fluids observed at stagnant spring (N3) showing 
detectable sulfide and minimal oxygen; and Ney Creek showing oxygen only (peaks shifting due to pH).
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environmental and geochemical differences. Besides the intro-
duction of new taxa from the mingling of source fluids with the 
surrounding neutral environment at these interfaces, many of 
the taxa regularly found within N1 are significantly enriched 
at these other locations (Figure  5). As previously described, 
the cistern microbial community is dominated by fermenta-
tive firmicutes belonging to the Tindallia and Izimaplasma 
genera. These genera consistently make up the majority of the 
community, with anywhere from 50% to 80% of the commu-
nity comprised of a few species belonging to these two groups 
(Trutschel et  al.  2022, 2023). Though abundant within the 
cistern, Izimaplasma is notably more enriched within the N2 
biofilm compared to the cistern (Figure  5). Biofilm growth 
has not been observed within the cistern, while rich biofilm 
communities are a predominant feature of the stairs outflow, 
which also likely impacts community composition. Mixing 
in the cistern may select against biofilm formation, while the 
constant flow of fluids in the outflows favors this ecology. The 
stairs outflow biofilm is also more sun exposed than the cis-
tern and thus is predominately composed of Proteobacteria 
and Cyanobacteria, with Cyanobacterium PCC-7202 and 
various potentially phototrophic Rhodobacteraceae spp. 
comprising the most abundant taxa (Data  S1). Additionally, 
many of the putative sulfur-oxidizing taxa observed within 
the cistern fluids are more enriched within the stairs outflow 
samples as well, including several Rhodobacteraceae genera, 
Sulfurimonas, and Thioalkalimicrobium (Figure  5). The en-
richment of these putative sulfur-oxidizing taxa within N2 
may be explained by the increased availability of both oxygen 
as a terminal electron acceptor and the availability of multiple 
sulfur sources in the forms of thiosulfate, sulfide, elemental 
sulfur, and polysulfide.

Though the overall community of stagnant spring is more 
similar to creek samples, rich biofilms with streaming com-
munities can be observed at N3 that were not seen in the creek 
(Figure 1F). Similarly, like the stairs outflow community, N3 is 
enriched in more putative sulfur-utilizing taxa compared to the 
cistern fluids, and includes higher amounts of Desulfurivibrio, 
Roseinatronobacter, Sulfurimonas, and a Halothiobacillaceae 
species (Figure  5). The Halothiobacillaceae species is the 
most abundant ASV in the stagnant spring biofilm, mak-
ing up approximately 30% of the community (Data  S1). 
Halothiobacillaceae spp. are in low abundance within the 
cistern fluids and other outflow areas but seem to flourish in 
stagnant spring, suggesting these species may be less tolerant 
of extremely high pH, but still benefit from the presence of 
several sulfur species.

Both upstream and downstream Ney Springs creek locations 
show a similar microbial community composition, even though 
sample were taken 75 m apart. Many of the most abundant ASVs 
found in the cistern, such as Tindallia, Izimaplasma, and var-
ious Rhodobacteraceae were also present in the creek samples. 
The creek samples were moderately enriched in Rhodoferax, 
Sulfurimonas and unclassified Halothiobacillaceae compared 
to the cistern (Figure  5). While many of the most abundant 
taxa within the creek are also found in the cistern, two gen-
era stand out as more distinct elements of the creek environ-
ment: Rhodoferax and Thiothrix. While found in low numbers 
throughout locations around Ney Springs, Rhodoferax is the first 
or second most abundant ASV within all sampled creek loca-
tions. The creek also contained high amounts Thiothrix, a com-
mon sulfur-oxidizing taxa, which was absent from most other 
locations except stagnant spring.

FIGURE 4    |    Dendrogram of Ney Springs samples calculated using Bray-Curtis distance metrics. Sampling location in reference to map displayed 
in Figure 1 is noted in black on the appropriate branch. Taxonomic barchart of Ney Springs samples at the Phylum level. Samples are a merged aver-
age based on location, with the exception of the cistern samples which are additionally merged by month.
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3.5   |   Light, Oxygen, pH and Sulfur Physiologies 
Correlate With Community Changes in the N2 
and N3 Communities

In addition to increased exposure to oxygen, the outflow com-
munities are more exposed to light, and this has likely impacted 
the relative abundance of photosynthetic taxa. Enrichment of 
Rhodobacteraceae and Cyanobacterium groups (putatively ca-
pable of phototrophy) within the stairs outflow biofilm is seen, 
which are likely to correspond with the purple and green pig-
ments often observed in the biofilm. The enhanced accessibility 

of sunlight in this area compared to the cistern may explain why 
these genera are more enriched in the stairs outflow region com-
pared to the cistern (Figure 5). Rhodobacteraceae species such 
as Rhodobaculum are important core community members of 
the Ney Springs cistern, but no pigmented cultured representa-
tives have been observed or isolated from this system thus far 
(Trutschel et al. 2022, 2023). The type strain of Rhodobaculum 
was isolated from a pH 9 soda lake and is described as an al-
kaliphilic photoheterotroph that forms pale-pink to dark 
purple colonies (Bryantseva et  al.  2015). Although the type 
strain of Rhodobaculum was not shown to oxidize any sulfur 

FIGURE 5    |    DEseq differential abundance plot of Ney Springs creek, Stagnant Spring (N3), and Stairs Outflow (N2) microbial communities com-
pared to the Ney Springs Cistern (N1).
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species, it is a part of the Rhodobaca-Roseinatronobacter alka-
liphilic Rhodobacteraceae clade, which has varying degrees of 
photosynthetic and sulfur-oxidizing capabilities (Bryantseva 
et al. 2015; Kopejtka et al. 2018, 2017). Several MAGs belonging 
to the Rhodobacteraceae have been pulled from both the cistern 
(N1) and stairs outflow (N2) locations (Figure 6). Notable traces 
of cyanobacteria found within the system are 16S sequences 
belonging to Cyanobacterium PCC-7202 (Synechococcus) spe-
cies, the type strain of which was originally isolated from an 
alkaline lake in Chad and is said to be adapted to saline and 
freshwater conditions (Klanchui et  al.  2017). Additionally, a 
Cyanobacterium MAG identified as a Pleurocapsa species was 
also obtained from a stairs outflow sample (Table S1).

As previously mentioned, the diversity and distribution of sul-
fur intermediates was linked to oxygen exposure and/or the 
introduction of meteoric water. For example, abiotic oxidation 
of sulfide and/or polysulfide can result in the production of thio-
sulfate, and this molecule is enriched in the stairs outflow sys-
tem (N2) as are many members of the Rhodobacteraceae. These 
organisms are capable of thiosulfate oxidation, and both metag-
enomic and cultured isolate evidence of thiosulfate oxidation 
has been shown for members of this family obtained from Ney 
Springs (Figure 6) (Trutschel et al. 2022; Trutschel et al. 2023). 
MAGs belonging to members of this family all encode for sul-
fide:quinone oxidoreductase (Sqr), sulfide dehydrogenase flavo-
cytochrome (FccB), and may also contain a complete or partial 
Sox pathway, sulfite: quinone dehydrogenase (SoeABC) and/or 
sulfate adenylyltransferase (Sat) (Figure  6) supporting the ca-
pacity for sulfur oxidation within members of this group, though 
these organisms are also confirmed heterotrophs. Conversely, 
Thiomicrospira (a.k.a. Thioalkalimicrobium or Hydrogenovibrio) 
and Sulfurimonas are putative autotrophic sulfur oxidizers 
enriched at this location. Thiomicrospira has previously been 
established as an abundant cistern core community member 

(Trutschel et  al.  2023) and has been previously detected in 
marine serpentinizing systems (Brazelton et  al.  2012; Postec 
et  al.  2015). Sulfurimonas species are known for their ability 
to colonize a wide range of environments and utilize both hy-
drogen and sulfur as electron donors (Han and Perner  2015). 
Both Thiomicrospira and Sulfurimonas are predicted to utilize 
Sqr and/or FccB for oxidation of sulfide along with the Sox sys-
tem for oxidation of thiosulfate (Han and Perner  2015; Scott 
et al. 2006), which is consistent with current genomic observa-
tions, though the MAG obtained for Sulfurimonas (predicted to 
be 97% complete with < 2% contamination; Table S1) only con-
tains Sox YCD. Species from both genera are often described 
as obligately autotrophic, using the energy gained from sulfur 
oxidation to fix carbon (Han and Perner 2015; Scott et al. 2006; 
Sorokin et al. 2002). In addition to enhanced oxygen exposure 
in the overflow environment due to an increase in the surface 
area to volume ratio for atmospheric exposure, there is also po-
tential for greater access to bioavailable inorganic carbon from 
the atmosphere (e.g., carbon dioxide) in the stairs outflow envi-
ronment. This may aid the aforementioned putative autotrophs 
with growth and carbon fixation in the outflow environment, as 
inorganic carbon is notoriously limited at high pH due to precip-
itation of carbonate with divalent cations to form solid species 
such as calcite (Schrenk et al. 2013).

Though thiosulfate is higher in the stairs outflow fluids, the 
sulfur oxidation intermediate tetrathionate was only mea-
sured within the cistern. Long term seasonal sampling of the 
Ney Springs cistern revealed a positive correlation between 
Halomonas ASVs and increasing tetrathionate concentrations 
(Trutschel et al. 2023). A Halomonas sp. also remains the only 
MAG pulled out of the system with a putative alternate thio-
sulfate oxidase (DoxAD or TsdA) that would theoretically pro-
duce tetrathionate as an intermediate (Figure 6). Additionally, a 
Halomonas isolate from the cistern has been shown to produce 

FIGURE 6    |    Heatmap of sulfur metabolism genes found in metagenome assembled genomes (MAGs) obtained from the Ney Springs system. Key 
indicates sample location where the MAG originated from.

 14724669, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gbi.70026, W

iley O
nline L

ibrary on [01/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



13 of 18

tetrathionate as a sulfur oxidation intermediate (Trutschel 
et  al.  2022). Notably however, Halomonas is not significantly 
enriched in the cistern compared to any of the other locations 
and can be found in abundance throughout all locations sam-
pled (Data S1). As such, Halomonas may be metabolically active 
throughout the system via heterotrophy, but either the anoxic 
nature of the cistern better preserves the tetrathionate, or the cis-
tern environment allows them to better compete for thiosulfate.

In addition to providing favorable conditions for aerobic sulfur 
oxidizers, the presence of multiple sulfur species such as sul-
fide, thiosulfate, elemental sulfur, and sulfate may also gener-
ate more favorable conditions for organisms that utilize sulfur 
disproportionation and consequently we see more evidence for 
these metabolisms in the MAGs associated with taxa that are en-
riched in N2 compared to N1. Desulfurivibrio and Dethiobacter 
are putative sulfur-utilizing taxa that have been encountered at 
Ney Springs previously, but not in regular abundance within the 
cistern (Trutschel et al. 2023). A Desulfurivibrio MAG obtained 
from the cistern contains a complete set of genes necessary for 
sulfate reduction (Figure 6) (Trutschel et al. 2022), however the 
only isolate for this genus, Desulfurivibrio alkaliphilus, grows as 
a sulfur oxidizer or sulfur disproportionator in culture (Melton 
et al. 2016; Thorup et al. 2017). Similarly, Dethiobacter isolates 
from soda lakes have also been shown to engage in sulfur dis-
proportionation using polysulfide, thiosulfate and elemental 
sulfur but lack the ability to reduce sulfate (Merkel et al. 2023; 
Sorokin et al. 2008). The stairs outflow biofilm was the only lo-
cation to contain detectable levels of the three sulfur intermedi-
ates: thiosulfate, elemental sulfur, and polysulfide.

The N3 system is characterized by a lower pH relative to the other 
serpentinized fluid flows, and more dilute sulfur due to meteoric 
water dilution. The most abundant Halothiobacillaceae ASV 
enriched there is most closely related to Thiofaba tepidiphila, a 
chemolithoautotrophic sulfur-oxidizing bacterium isolated from 
a hot spring (Mori and Suzuki 2008). Organisms from this fam-
ily are typically halotolerant and often found in neutral or acidic 
environments, while its sister family Thioalkalibacteraceae is 
more strongly associated with haloalkaline environments. A 
Halothiobacillus MAG obtained from the system contains ho-
mologous duplicates of Sqr and FccB along with a complete Sox 
system (Figure  6), suggesting it is capable of both sulfide and 
thiosulfate oxidation.

The creek community, despite being fresh water, is enriched in 
a few sulfur oxidizing ASVs (Figure 6) such as Rhodoferax spp. 
These taxa have been detected in many aquatic environments, 
with many isolates displaying diverse metabolic capabilities re-
lated to sulfur oxidation, phototrophy, and even iron reduction 
(Jin et al. 2020). This ASV is observed in all the Ney samples but 
is enriched in the creek relative to the cistern. Thiothrix on the 
other hand is only abundant in the downstream creek location, 
where long hair-like strands, characteristic of this filamentous 
organism, are visible on rocks within the creek bed (Figure 1G). 
Thiothrix are common in sulfide-rich waters, and have been 
observed in areas impacted by mine drainage and wastewa-
ter (Larkin and Shinabarger  1983; Ravin et  al.  2021). While 
the presence of Thiothrix immediately below Ney Springs best 
exemplifies the impact of Ney Springs fluids on the creek en-
vironment, the slightly elevated pH (pH 8.35) and the presence 

of other cistern-associated taxa upstream of the cistern suggests 
there may be other access points for serpentinized fluids into 
creek, though this has yet to be established.

3.6   |   Sulfur Intermediates Are Likely 
the Dominant Substrate for Microbial Sulfur 
Oxidation in the Ney Springs System

In our previous work, we successfully isolated sulfur-oxidizing 
organisms relevant to the Ney Springs environment, including 
Thiomicrospira sp. (Trutschel, unpublished), a Halomonas sp., 
and a Rhodobacterceae sp. (Trutschel et al. 2022). Interestingly, 
most of these successful cultivars came from inoculations 
using polysulfide as an electron donor sulfur substrate, rather 
than sulfide. To confirm our hypotheses about the metabolic 
potential of organisms with different sulfur species in this sys-
tem more broadly, we attempted to use a BONCAT labeling 
approach (Hatzenpichler and Orphan 2015). BONCAT utilizes 
the uptake of HPG (an analog amino acid of methionine) and 
click chemistry to track metabolic activity under various exper-
imental conditions. In this instance, HPG was spiked into sev-
eral different incubations targeting various sulfur oxidation or 
reduction metabolisms to determine which of these conditions 
generated the most metabolic activity. Surprisingly, we noticed 
that no incubation had a larger percentage of HPG incorporated 
than the control samples, even though the total number of cells 
for certain incubations increased over five-fold (Figure 7A). For 
example, cell numbers for the thiosulfate and polysulfide oxi-
dizing incubations increased from approximately 1000 cells in 
the no growth addition experiments to 10,000 and 4000 cells 
quantified respectively. The acetate-containing incubations 
also increased in the rage of 2000 to 6000 cells depending on 
the incubation (Figure  7B). This supported that while overall 
cell numbers were increasing in these incubations, we did not 
see a corresponding increase in fluorescence, suggesting that in 
this system, HPG was not incorporated into the growing pop-
ulation. Interestingly, our incubation with sulfide, the highest 
energy sulfur species for oxidation, yielded neither a significant 
increase in biomass nor BONCAT label incorporation, support-
ing that sulfide is not actively used by the microbial community 
in this high pH system. This is consistent with previous observa-
tions that our isolated representatives are incapable of growth in 
the presence of sulfide. Potentially, the bioavailability of sulfide 
at this high pH may be impacted as at a pH ~12, the primary 
sulfide species is S2−, which has decreased membrane perme-
ability in its charged state (Sorokin et  al.  2011; Steudel  2020). 
Further experimentation with isolates that can utilize multiple 
sulfur sources and grow across a broad pH range may help in 
addressing this question.

The general lack of labeling for BONCAT in our samples, includ-
ing in samples that demonstrated increases in overall biomass, 
suggests that the microbes at Ney Springs may not universally 
take up the HPG label. To test this hypothesis, we performed 
BONCAT on the Rhodobacteraceae isolated in our previous 
work (Trutschel et al. 2022) growing aerobically on acetate in 
the presence of HPG. At the end of the growth curve where the 
OD increased from 0.05 to 0.4, we did not observe significant flu-
orescence signal in the cells, whereas using another lab strain, 
Shewanella oneidensis MR-1 as a positive control we were able 
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to observe label incorporation (Figure S4). While not an ideal 
result, this observation presents a potential caution for the appli-
cation of BONCAT in highly divergent systems.

4   |   Conclusions

Throughout the Ney Springs systems, gradients of pH, oxygen 
concentrations, light and CO2 availability, as well as a diverse 
array of sulfur species can be observed stemming from various 
interactions with the Ney Springs connate fluids. These condi-
tions generate a suite of distinct niches for microbial growth, 
and we have shown there are subsequent shifts in microbial 
community composition and structure, particularly with re-
spect to various sulfur-utilizing capabilities. For example, the 
stairs outflow environment results in robust biofilms that are 
enriched in taxa associated with autotrophic microbes includ-
ing sulfur-oxidizing Thiomicrospira and Sulfurimonas taxa or 
phototrophic Rhodobacteraceae and Cyanobacterium groups. 

This environment has the same source fluids as the cistern, but 
the enhanced exposure to light and the atmosphere provides 
more oxygen and access to CO2 for aerobic autotrophs. More 
broadly, we see the presence of sulfur-oxidizing taxa, in sites 
that geochemically we would not expect (i.e., the oxic creek) 
due to the consistent influence of these fluids. The effects of 
this can be seen with the enrichments of members belonging 
to the Halothiobacillaceae within stagnant spring, and Thiothrix 
within the Ney Springs creek.

Thiomicrospira, Halomonas, and members of the 
Rhodobacteraceae have previously been associated within alka-
line environments (Brazelton et al. 2006; Kopejtka et al. 2017; 
Sorokin 2003), but the presence of Sulfurimonas, Thiothrix, and 
Halothiobacillaceae members in an alkaline environment and/
or in areas impacted by alkaline fluids offers new insight into 
the range of pH tolerance for these organisms. While isolation 
and enrichment attempts for many of the abundant core cistern 
community members have been unsuccessful, likely due to the 

FIGURE 7    |    BONCAT incorporation for all DAPI labeled cells quantified in Ney springs incubations including control samples lacking any sub-
strate addition, and those where electron donor and acceptors were provided. Experiments were performed aerobically unless otherwise stated. (A) 
Percentage of BONCAT and DAPI labeled cells relative to just DAPI labeled cells. (B) Total labeled BONCAT and DAPI labeled cells compared to 
DAPI only labeled cells.
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low biomass observed in fluids, biofilm growth observed within 
the outflow and stagnant spring communities may aid in fu-
ture cultivation attempts for organisms such as Izimaplasma, 
Sulfurimonas, Halothiobacillus, and additional members of the 
Rhodobacteraceae, as it provides a more concentrated source 
of biomass. This approach has already been proven successful 
with Thiomicrospira, as a few strains were recently isolated 
from the stairs outflow biofilm on solid media and have been 
successfully grown in vitro autotrophically with thiosulfate or 
polysulfide as the sole energy source (Trutschel, unpublished). 
Thioalkalimicrobium/Thiomicrospira forms a large portion of 
the Ney Springs gradient community, but it is also found in other 
serpentinizing systems such as the Lost City and Prony Bay 
hydrothermal fields (Brazelton et al. 2006; Postec et al. 2015), 
making it a key sulfur-oxidizer across serpentinizing systems. 
Further isolate characterization and genomic investigation of 
this organism, as well as other dominant organisms from the 
Ney Springs gradient community, will improve our understand-
ing of sulfur use across a wide pH range and what the genetic 
underpinnings to these processes may be.

Additionally, this work also provides an example of a system 
where BONCAT labeling did not faithfully identify anabolic ac-
tivity in the microbes present. As this was not the focus of our 
study, we did not extensively troubleshoot these experiments 
nor exhaustively test this approach, but this may serve as the 
impetus for follow-up work. Future work will investigate the or-
igin of the challenges we observed in BONCAT in this system, 
including the cause of these labeling issues and whether they 
are specific to high pH conditions or are an organism-specific 
phenomenon.

Acknowledgements

Funding and salary support for Leah Trutschel, Brittany Kruger and 
Annette Rowe have been provided by the NASA-ROSE  Exobiology 
Program grant number (80NSSC21K0482). Leah Trutschel received 
a Lewis and Clark Field work in Astrobiology fellowship and the 
University of Cincinnati Dr. Stacy Pfaller memorial scholarship. We 
would like to thank Shuhei Ono and Gareth Izon and the Ono stable 
isotope laboratory for help analyzing sulfate and sulfide stable isotopes.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are openly avail-
able in NCBI at https://​www.​ncbi.​nlm.​nih.​gov/​, reference number 
PRJNA739719.

References

Alneberg, J., B. S. Bjarnason, I. De Bruijn, et  al. 2014. “Binning 
Metagenomic Contigs by Coverage and Composition.” Nature Methods 
11, no. 11: 1144–1146. https://​doi.​org/​10.​1038/​nmeth.​3103.

Alt, J. C. 2013. “The Role of Serpentinites in Cycling of Carbon and 
Sulfur: Seafloor Serpentinization and Subduction Metamorphism.” 
Lithos 178: 40–54.

Arkin, A. P., R. W. Cottingham, C. S. Henry, et al. 2018. “KBase: The 
United States Department of Energy Systems Biology Knowledgebase.” 

Nature Biotechnology 36, no. 7: 566–569. https://​doi.​org/​10.​1038/​
nbt.​4163.

Avetisyan, K., T. Buchshtav, and A. Kamyshny. 2019. “Kinetics 
and Mechanism of Polysulfides Formation by a Reaction Between 
Hydrogen Sulfide and Orthorhombic Cyclooctasulfur.” Geochimica et 
Cosmochimica Acta 247: 96–105. https://​doi.​org/​10.​1016/j.​gca.​2018.​
12.​030.

Bedard, C., and R. Knowles. 1989. “Physiology, Biochemistry, and 
Specific Inhibitors of CH4, NH4+, and CO Oxidation by Methanotrophs 
and Nitrifiers.” Microbiological Reviews 53, no. 1: 68–84.

Blank, J. G., G. Etiope, V. Stamenković, et  al. 2017. “Methane at the 
Aqua de Ney Hyperalkaline Spring (N. California USA), a Site of Active 
Serpentinization.” In Astrobiology Science Conference 2017. Houston: 
Lunar and Planetary Institute.

Boomer, S. M., K. L. Noll, G. G. Geesey, and B. E. Dutton. 2009. 
“Formation of Multilayered Photosynthetic Biofilms in an Alkaline 
Thermal Spring in Yellowstone National Park, Wyoming.” Applied and 
Environmental Microbiology 75, no. 8: 2464–2475. https://​doi.​org/​10.​
1128/​AEM.​01802​-​08.

Boyd, E. S., M. J. Amenabar, S. Poudel, and A. S. Templeton. 2020. 
“Bioenergetic Constraints on the Origin of Autotrophic Metabolism.” 
Philosophical Transactions. Series A, Mathematical, Physical, and 
Engineering Sciences 378, no. 2165: 20190151. https://​doi.​org/​10.​1098/​
rsta.​2019.​0151.

Boyd, E. S., and G. K. Druschel. 2013. “Involvement of Intermediate 
Sulfur Species in Biological Reduction of Elemental Sulfur Under Acidic, 
Hydrothermal Conditions.” Applied and Environmental Microbiology 
79, no. 6: 2061–2068. https://​doi.​org/​10.​1128/​AEM.​03160​-​12.

Brazelton, W. J., B. Nelson, M. O. Schrenk, B. C. Christner, and L. State. 
2012. “Metagenomic Evidence for H 2 Oxidation and H 2 Production 
by Serpentinite-Hosted Subsurface Microbial Communities.” 2, no. 
January: 1–16. https://​doi.​org/​10.​3389/​fmicb.​2011.​00268​.

Brazelton, W. J., M. O. Schrenk, D. S. Kelley, and J. A. Baross. 
2006. “Methane- and Sulfur-Metabolizing Microbial Communities 
Dominate the Lost City Hydrothermal Field Ecosystem.” Applied and 
Environmental Microbiology 72, no. 9: 6257–6270. https://​doi.​org/​10.​
1128/​AEM.​00574​-​06.

Brendel, P. J., and G. W. Luther. 1995. “Development of a Gold Amalgam 
Voltammetric Microelectrode for the Determination of Dissolved Fe, 
Mn, O2, and S(−Ll) in Porewaters of Marine and Freshwater Sediments.” 
Environmental Science & Technology 29: 751–761.

Bryantseva, I. A., V. A. Gaisin, and V. M. Gorlenko. 2015. “Rhodobaculum 
claviforme gen. nov., sp. nov., a new alkaliphilic nonsulfur purple bac-
terium.” Microbiology 84, no. 2: 247–255. https://​doi.​org/​10.​1134/​S0026​
26171​5020022.

Callahan, B. J., P. J. McMurdie, M. J. Rosen, A. W. Han, A. J. A. Johnson, 
and S. P. Holmes. 2016. “DADA2: High-Resolution Sample Inference 
From Illumina Amplicon Data.” Nature Methods 13, no. 7: 581–583. 
https://​doi.​org/​10.​1038/​nmeth.​3869.

Canfield, D. E., J. Farquhar, and A. L. Zerkle. 2010. “High Isotope 
Fractionations During Sulfate Reduction in a Low-Sulfate Euxinic 
Ocean Analog.” Geology 38, no. 5: 415–418. https://​doi.​org/​10.​1130/​
g30723.​1.

Chaumeil, P. A., A. J. Mussig, P. Hugenholtz, and D. H. Parks. 2020. 
“GTDB-Tk: A Toolkit to Classify Genomes With the Genome Taxonomy 
Database.” Bioinformatics 36, no. 6: 1925–1927. https://​doi.​org/​10.​1093/​
bioin​forma​tics/​btz848.

Coleman, D. D. 1981. “Fractionation of Carbon and Hydrogen Isotopes 
by Methane-Oxidizing Bacteria.” Geochimica et Cosmochimica Acta 45, 
no. 7: 1033–1037.

Cook, M. C., J. G. Blank, S. Suzuki, K. H. Nealson, and P. L. Morrill. 
2021. “Assessing Geochemical Bioenergetics and Microbial Metabolisms 

 14724669, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gbi.70026, W

iley O
nline L

ibrary on [01/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.ncbi.nlm.nih.gov/
https://doi.org/10.1038/nmeth.3103
https://doi.org/10.1038/nbt.4163
https://doi.org/10.1038/nbt.4163
https://doi.org/10.1016/j.gca.2018.12.030
https://doi.org/10.1016/j.gca.2018.12.030
https://doi.org/10.1128/AEM.01802-08
https://doi.org/10.1128/AEM.01802-08
https://doi.org/10.1098/rsta.2019.0151
https://doi.org/10.1098/rsta.2019.0151
https://doi.org/10.1128/AEM.03160-12
https://doi.org/10.3389/fmicb.2011.00268
https://doi.org/10.1128/AEM.00574-06
https://doi.org/10.1128/AEM.00574-06
https://doi.org/10.1134/S0026261715020022
https://doi.org/10.1134/S0026261715020022
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1130/g30723.1
https://doi.org/10.1130/g30723.1
https://doi.org/10.1093/bioinformatics/btz848
https://doi.org/10.1093/bioinformatics/btz848


16 of 18 Geobiology, 2025

at Three Terrestrial Sites of Serpentinization: The Tablelands (NL, 
CAN), the Cedars (CA, USA), and Aqua de Ney (CA, USA).” Journal of 
Geophysical Research: Biogeosciences 126, no. 6: 1–16. https://​doi.​org/​10.​
1029/​2019j​g005542.

Davis, N. M., D. M. Proctor, S. P. Holmes, D. A. Relman, and B. J. 
Callahan. 2018. “Simple Statistical Identification and Removal of 
Contaminant Sequences in Marker-Gene and Metagenomics Data.” 
Microbiome 6, no. 1: 1–14. https://​doi.​org/​10.​1186/​s4016​8-​018-​0605-​2.

Druschel, G. K., R. J. Hamers, G. W. Luther, and J. F. Banfield. 2003. 
“Kinetics and Mechanism of Trithionate and Tetrathionate Oxidation at 
Low pH by Hydroxyl Radicals.” Aquatic Geochemistry 3: 145–164.

Farquhar, J. 2008. “Sulfur and Oxygen Isotope Study of Sulfate 
Reduction in Experiments With Natural Populations From Faellestrand, 
Denmark.” Geochimica et Cosmochimica Acta 72, no. 12: 2805–2821. 
https://​doi.​org/​10.​1016/j.​gca.​2008.​03.​013.

Feth, J. H., S. M. Rogers, and C. E. Roberson. 1961. “Aqua de Ney, 
California, a Spring of Unique Chemical Character.” Geochimica et 
Cosmochimica Acta 26, no. 4: 519–521. https://​doi.​org/​10.​1016/​0016-​
7037(62)​90101​-​1.

Galili, T. 2015. “Dendextend: An R Package for Visualizing, Adjusting, 
and Comparing Trees of Hierarchical Clustering.” Bioinformatics 31: 
3718–3720. https://​doi.​org/​10.​1093/​bioin​forma​tics/​btv428.

Gallert, C., S. Bauer, and J. Winter. 1998. “Effect of Ammonia on the 
Anaerobic Degradation of Protein by a Mesophilic and Thermophilic 
Biowaste Population.” Applied Microbiology and Biotechnology 50, no. 
4: 495–501. https://​doi.​org/​10.​1007/​s0025​30051326.

García-Ruiz, J. M., E. Nakouzi, E. Kotopoulou, L. Tamborrino, and O. 
Steinbock. 2017. “Biomimetic Mineral Self-Organization From Silica-
Rich Spring Waters.” Science Advances 3, no. 3: 1–7. https://​doi.​org/​10.​
1126/​sciadv.​1602285.

Glombitza, C., L. I. Putman, K. R. Rempfert, et  al. 2021. “Active 
Microbial Sulfate Reduction in Fluids of Serpentinizing Peridotites of 
the Continental Subsurface.” Communications Earth & Environment 2, 
no. 1: 1–9. https://​doi.​org/​10.​1038/​s4324​7-​021-​00157​-​z.

Graham, E. D., J. F. Heidelberg, and B. J. Tully. 2018. “Potential for 
Primary Productivity in a Globally-Distributed Bacterial Phototroph.” 
ISME Journal 12, no. 7: 1861–1866. https://​doi.​org/​10.​1038/​s4139​
6-​018-​0091-​3.

Hamilton, T. L., and J. Havig. 2022. “Meet Me in the Middle: Median 
Temperatures Impact Cyanobacteria and Photoautotrophy in Eruptive 
Yellowstone Hot Springs.” MSystems 7, no. 1: 1–6.

Han, Y., and M. Perner. 2015. “The Globally Widespread Genus 
Sulfurimonas: Versatile Energy Metabolisms and Adaptations to Redox 
Clines.” Frontiers in Microbiology 6, no. SEP: 1–17. https://​doi.​org/​10.​
3389/​fmicb.​2015.​00989​.

Hatzenpichler, R., and V. J. Orphan. 2015. “Detection of Protein-
Synthesizing Microorganisms in the Environment via Bioorthogonal 
Noncanonical Amino Acid Tagging (BONCAT).” In: Hydrocarbon 
and Lipid Microbiology Protocols. T.J. McGenity, K.N. Timmis, and 
B. Nogales. (eds), 145–157. Springer Protocols Handbooks. Springer. 
https://​doi.​org/​10.​1007/​8623_​2015_​61.

Jin, C. Z., Y. Zhuo, X. Wu, et  al. 2020. “Genomic and Metabolic 
Insights Into Denitrification, Sulfur Oxidation, and Multidrug Efflux 
Pump Mechanisms in the Bacterium Rhodoferax Sediminis sp. Nov.” 
Microorganisms 8, no. 2: 5–7. https://​doi.​org/​10.​3390/​micro​organ​isms8​
020262.

Kafantaris, F. C. 2017. “On the Reactivity of Nanoparticulate Elemental 
Sulfur: Experimentation and Field Observations. Ph.D. Thesis, 228.”

Kafantaris, F.-C. A., and G. K. Druschel. 2020. “Kinetics of the 
Nucleophilic Dissolution of Hydrophobic and Hydrophilic Elemental 
Sulfur Sols by Sulfide.” Geochimica et Cosmochimica Acta 269: 554–565. 
https://​doi.​org/​10.​1016/j.​gca.​2019.​11.​010.

Kamyshny, A., A. Goifman, J. Gun, D. Rizkov, and O. Lev. 2004. 
“Equilibrium Distribution of Polysulfide Ions in Aqueous Solutions at 
25°C: A New Approach for the Study of Polysulfides' Equilibria. equilib-
ria.” Environmental Science & Technology 38: 6633–6644.

Kanehisa, M., Y. Sato, and K. Morishima. 2016. “BlastKOALA and 
GhostKOALA: KEGG Tools for Functional Characterization of Genome 
and Metagenome Sequences.” Journal of Molecular Biology 428, no. 4: 
726–731. https://​doi.​org/​10.​1016/j.​jmb.​2015.​11.​006.

Kang, D. D., F. Li, E. Kirton, et  al. 2019. “MetaBAT 2: An Adaptive 
Binning Algorithm for Robust and Efficient Genome Reconstruction 
From Metagenome Assemblies.” PeerJ 2019, no. 7: 1–13. https://​doi.​org/​
10.​7717/​peerj.​7359.

Kelley, D. S., J. A. Karson, D. K. Blackman, et al. 2001. “An Off-Axis 
Hydrothermal Vent Field Near the Mid-Atlantic Ridge at 30° n.” Nature 
412, no. 6843: 145–149. https://​doi.​org/​10.​1038/​35084000.

Kelly, D. P., L. A. Chambers, and P. A. Trudinger. 1969. “Cyanolysis 
and Spectrophotometric Estimation of Trithionate in Mixture With 
Thiosulfate and Tetrathionate.” Analytical Chemistry 41, no. 7: 898–901. 
https://​doi.​org/​10.​1021/​ac602​76a029.

Khan, S. A. 2012. “UV-ATR Spectroscopy Study of the Speciation in 
Aqueous Polysulfide Electrolyte Solutions.” International Journal of 
Electrochemical Science 7, no. 1: 561–568.

Klanchui, A., S. Cheevadhanarak, P. Prommeenate, and A. Meechai. 
2017. “Exploring Components of the CO2-Concentrating Mechanism 
in Alkaliphilic Cyanobacteria Through Genome-Based Analysis.” 
Computational and Structural Biotechnology Journal 15: 340–350. 
https://​doi.​org/​10.​1016/j.​csbj.​2017.​05.​001.

Kleinjan, W. E., A. de Keizer, and A. J. Janssen. 2005. “Kinetics of the 
Chemical Oxidation of Polysulfide Anions in Aqueous Solution.” Water 
Research 39, no. 17: 4093–4100. https://​doi.​org/​10.​1016/j.​watres.​2005.​
08.​006.

Kopejtka, K., J. Tomasch, B. Bunk, C. Spröer, I. Wagner, and D. Michal. 
2018. “The Complete Genome Sequence of Rhodobaca barguzinen-
sis Alga05 (DSM 19920) Documents its Adaptation for Life in Soda 
Lakes.” Extremophiles 22, no. 6: 839–849. https://​doi.​org/​10.​1007/​s0079​
2-​018-​1041-​8.

Kopejtka, K., J. Tomasch, Y. Zeng, M. Tichý, D. Y. Sorokin, and M. 
Koblížek. 2017. “Genomic Analysis of the Evolution of Phototrophy 
Among Haloalkaliphilic Rhodobacterales.” Genome Biology and 
Evolution 9, no. 7: 1950–1962. https://​doi.​org/​10.​1093/​gbe/​evx141.

Larkin, J. M., and D. L. Shinabarger. 1983. “Characterization of 
Thiothrix nivea.” International Journal of Systematic Bacteriology 33, 
no. 4: 841–846. https://​doi.​org/​10.​1099/​00207​713-​33-​4-​841.

Li, D., C. M. Liu, R. Luo, K. Sadakane, and T. W. Lam. 2015. 
“MEGAHIT: An Ultra-Fast Single-Node Solution for Large and 
Complex Metagenomics Assembly via Succinct de Bruijn Graph.” 
Bioinformatics 31, no. 10: 1674–1676. https://​doi.​org/​10.​1093/​bioin​
forma​tics/​btv033.

Liu, Q. 2019. “Carbon and Hydrogen Isotopes of Methane, Ethane, and 
Propane: A Review of Genetic Identification of Natural Gas.” Earth-
Science Reviews 190: 247–272.

Love, M. I., W. Huber, and S. Anders. 2014. “Moderated Estimation of 
Fold Change and Dispersion for RNA-Seq Data With DESeq2.” Genome 
Biology 15, no. 12: 1–21. https://​doi.​org/​10.​1186/​s1305​9-​014-​0550-​8.

Luther, G. W., B. T. Glazer, L. Hohmann, et al. 2000. “Sulfur Speciation 
Monitored In  Situ With Solid State Gold Amalgam Voltammetric 
Microelectrodes: Polysulfides as a Special Case in Sediments, Microbial 
Mats and Hydrothermal Vent Waters.” Journal of Environmental 
Monitoring 3, no. 1: 61–66. https://​doi.​org/​10.​1039/​b006499h.

Luther, G. W., B. T. Glazer, S. Ma, et  al. 2008. “Use of Voltammetric 
Solid-State (Micro)electrodes for Studying Biogeochemical Processes: 
Laboratory Measurements to Real Time Measurements With an In Situ 

 14724669, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gbi.70026, W

iley O
nline L

ibrary on [01/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1029/2019jg005542
https://doi.org/10.1029/2019jg005542
https://doi.org/10.1186/s40168-018-0605-2
https://doi.org/10.1016/j.gca.2008.03.013
https://doi.org/10.1016/0016-7037(62)90101-1
https://doi.org/10.1016/0016-7037(62)90101-1
https://doi.org/10.1093/bioinformatics/btv428
https://doi.org/10.1007/s002530051326
https://doi.org/10.1126/sciadv.1602285
https://doi.org/10.1126/sciadv.1602285
https://doi.org/10.1038/s43247-021-00157-z
https://doi.org/10.1038/s41396-018-0091-3
https://doi.org/10.1038/s41396-018-0091-3
https://doi.org/10.3389/fmicb.2015.00989
https://doi.org/10.3389/fmicb.2015.00989
https://doi.org/10.1007/8623_2015_61
https://doi.org/10.3390/microorganisms8020262
https://doi.org/10.3390/microorganisms8020262
https://doi.org/10.1016/j.gca.2019.11.010
https://doi.org/10.1016/j.jmb.2015.11.006
https://doi.org/10.7717/peerj.7359
https://doi.org/10.7717/peerj.7359
https://doi.org/10.1038/35084000
https://doi.org/10.1021/ac60276a029
https://doi.org/10.1016/j.csbj.2017.05.001
https://doi.org/10.1016/j.watres.2005.08.006
https://doi.org/10.1016/j.watres.2005.08.006
https://doi.org/10.1007/s00792-018-1041-8
https://doi.org/10.1007/s00792-018-1041-8
https://doi.org/10.1093/gbe/evx141
https://doi.org/10.1099/00207713-33-4-841
https://doi.org/10.1093/bioinformatics/btv033
https://doi.org/10.1093/bioinformatics/btv033
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1039/b006499h


17 of 18

Electrochemical Analyzer (ISEA).” Marine Chemistry 108, no. 3–4: 221–
235. https://​doi.​org/​10.​1016/j.​march​em.​2007.​03.​002.

Mariner, R. H., W. C. Evans, T. S. Presser, and L. D. White. 2003. 
“Excess Nitrogen in Selected Thermal and Mineral Springs of the 
Cascade Range in Northern California, Oregon, and Washington: 
Sedimentary or Volcanic in Origin?” Journal of Volcanology and 
Geothermal Research 121, no. 1–2: 99–114. https://​doi.​org/​10.​1016/​
S0377​-​0273(02)​00414​-​6.

Martin, W., J. Baross, D. Kelley, and M. J. Russell. 2008. “Hydrothermal 
Vents and the Origin of Life.” Nature Reviews Microbiology 6: 805–814.

McCollom, T. M., and J. S. Seewald. 2013. “Serpentinites, Hydrogen, and 
Life.” Elements 9: 129–134. https://​doi.​org/​10.​2113/​gsele​ments.9.​2.​129.

McMurdie, P. J., and S. Holmes. 2013. “Phyloseq: An R Package for 
Reproducible Interactive Analysis and Graphics of Microbiome Census 
Data.” PLoS One 8, no. 4: e61217. https://​doi.​org/​10.​1371/​journ​al.​pone.​
0061217.

Melton, E. D., D. Y. Sorokin, L. Overmars, et  al. 2016. “Complete 
Genome Sequence of Desulfurivibrio alkaliphilus Strain AHT2T, a 
Haloalkaliphilic Sulfidogen From Egyptian Hypersaline Alkaline 
Lakes.” Standards in Genomic Sciences 11, no. 1: 1–9. https://​doi.​org/​10.​
1186/​s4079​3-​016-​0184-​4.

Merkel, A. Y., A. A. Klyukina, I. M. Elizarov, V. A. Pikhtereva, and V. 
S. Rusakov. 2023. “Iron or Sulfur Respiration—An Adaptive Choice 
Determining the Fitness of a Natronophilic Bacterium Dethiobacter 
Alkaliphilus in Geochemically Contrasting Environments.” Frontiers in 
Microbiology 14: 1108245. https://​doi.​org/​10.​3389/​fmicb.​2023.​1108245.

Mihailović, D. T., I. Balaž, and D. Kapor. 2017. “Environmental 
Interface: Definition and Introductory Comments.” Developments in 
Environmental Modelling 29, no. 2007: 3–10. https://​doi.​org/​10.​1016/​
B978-​0-​444-​63918​-​9.​00001​-​6.

Mori, K., and K. I. Suzuki. 2008. “Thiofaba tepidiphila Gen. Nov., sp. 
Nov., a Novel Obligately Chemolithoautotrophic, Sulfur-Oxidizing 
Bacterium of the Gammaproteobacteria Isolated From a Hot Spring.” 
International Journal of Systematic and Evolutionary Microbiology 58, 
no. 8: 1885–1891. https://​doi.​org/​10.​1099/​ijs.0.​65754​-​0.

Morrill, P. L., J. G. Kuenen, O. J. Johnson, et al. 2013. “Geochemistry 
and Geobiology of a Present-Day Serpentinization Site in California: 
The Cedars.” Geochimica et Cosmochimica Acta 109: 222–240. https://​
doi.​org/​10.​1016/j.​gca.​2013.​01.​043.

Nurk, S., D. Meleshko, A. Korobeynikov, and P. A. Pevzner. 2017. 
“MetaSPAdes: A New Versatile Metagenomic Assembler.” Genome 
Research 27, no. 5: 824–834. https://​doi.​org/​10.​1101/​gr.​213959.​116.

Parks, D. H., M. Imelfort, C. T. Skennerton, P. Hugenholtz, and G. W. 
Tyson. 2015. “CheckM: Assessing the Quality of Microbial Genomes 
Recovered From Isolates, Single Cells, and Metagenomes.” Genome 
Research 25, no. 7: 1043–1055. https://​doi.​org/​10.​1101/​gr.​186072.​114.

Peng, Y., H. C. Leung, S. M. Yiu, and F. Y. Chin. 2012. “IDBA-UD: A 
de Novo Assembler for Single-Cell and Metagenomic Sequencing Data 
With Highly Uneven Depth.” Bioinformatics 28, no. 11: 1420–1428. 
https://​doi.​org/​10.​1093/​bioin​forma​tics/​bts174.

Postec, A., M. Quéméneur, M. Bes, N. Mei, and F. Benaïssa. 2015. 
“Microbial Diversity in a Submarine Carbonate Edifice From the 
Serpentinizing Hydrothermal System of the Prony Bay (New Caledonia) 
Over a 6-Year Period.” Frontiers in Microbiology 6: 1–19. https://​doi.​org/​
10.​3389/​fmicb.​2015.​00857​.

Price, M. N., P. S. Dehal, and A. P. Arkin. 2010. “FastTree 2 – 
Approximately Maximum-Likelihood Trees for Large Alignments.” 
PLoS One 5, no. 3: e9490. https://​doi.​org/​10.​1371/​journ​al.​pone.​0009490.

Ravin, N. V., T. S. Rudenko, D. D. Smolyakov, et al. 2021. “Comparative 
Genome Analysis of the Genus Thiothrix Involving Three Novel 
Species, Thiothrix Subterranea sp. Nov. Ku-5, Thiothrix Litoralis 
sp. Nov. AS and “Candidatus Thiothrix Anitrata” sp. Nov. A52, 

Revealed the Conservation of the Pathways of Dissimila.” Frontiers 
in Microbiology 12, no. October: 1–12. https://​doi.​org/​10.​3389/​fmicb.​
2021.​760289.

Rempfert, K. R., H. M. Miller, N. Bompard, et  al. 2017. “Geological 
and Geochemical Controls on Subsurface Microbial Life in the Samail 
Ophiolite, Oman.”  Frontiers in Microbiology 8: 56. https://​doi.​org/​10.​
3389/​fmicb.​2017.​00056​.

Rosen, E. 1971. “A Preparative and X-Ray Powder Diffraction Study of 
the Polysulfides Na2S2, Na2S4, and Na2S5.” Acta Chemica Scandinavica 
25: 3329–3336.

Russell, M. J., A. J. Hall, and W. Martin. 2010. “Serpentinization as a 
Source of Energy at the Origin of Life.” Geobiology 8, no. 5: 355–371. 
https://​doi.​org/​10.​1111/j.​1472-​4669.​2010.​00249.​x.

Sabuda, M. C., W. J. Brazelton, L. I. Putman, et al. 2020. “A Dynamic 
Microbial Sulfur Cycle in a Serpentinizing Continental Ophiolite 00.” 
Environmental Microbiology 22: 2329–2345. https://​doi.​org/​10.​1111/​
1462-​2920.​15006​.

Schrenk, M. O., W. J. Brazelton, and S. Q. Lang. 2013. “Serpentinization, 
Carbon, and Deep Life.” Reviews in Mineralogy and Geochemistry 75, 
no. 1: 575–606. https://​doi.​org/​10.​2138/​rmg.​2013.​75.​18.

Scott, K. M., S. M. Sievert, F. N. Abril, et  al. 2006. “The Genome of 
Deep-Sea Vent Chemolithoautotroph Thiomicrospira crunogena XCL-
2.” PLoS Biology 4, no. 12: 2196–2212. https://​doi.​org/​10.​1371/​journ​al.​
pbio.​0040383.

Sieber, C. M. K., A. J. Probst, A. Sharrar, et  al. 2018. “Recovery of 
Genomes From Metagenomes via a Dereplication, Aggregation and 
Scoring Strategy.” Nature Microbiology 3, no. 7: 836–843. https://​doi.​
org/​10.​1038/​s4156​4-​018-​0171-​1.

Sorokin, D. Y. 2003. “Oxidation of Inorganic Sulfur Compounds by 
Obligately Organotrophic Bacteria.” Microbiology 72, no. 6: 641–653. 
https://​doi.​org/​10.​1023/B:​MICI.​00000​08363.​24128.​e5.

Sorokin, D. Y., V. M. Gorlenko, T. y. P. Tourova, A. I. Tsapin, K. H. 
Nealson, and G. J. Kuenen. 2002. “Thioalkalimicrobium Cyclium 
sp. Nov. and Thioalkalivibrio jannaschii sp. Nov., Novel Species of 
Haloalkaliphilic, Obligately Chemolithoautotrophic Sulfur-Oxidizing 
Bacteria From Hypersaline Alkaline Mono Lake (California).” 
International Journal of Systematic and Evolutionary Microbiology 52, 
no. 3: 913–920. https://​doi.​org/​10.​1099/​ijs.0.​02034​-​0.

Sorokin, D. Y., J. G. Kuenen, and G. Muyzer. 2011. “The Microbial 
Sulfur Cycle at Extremely Haloalkaline Conditions of Soda Lakes.” 
Frontiers in Microbiology 2, no. MAR: 44. https://​doi.​org/​10.​3389/​fmicb.​
2011.​00044​.

Sorokin, D. Y., T. P. Tourova, M. Mußmann, and G. Muyzer. 2008. 
“Dethiobacter alkaliphilus Gen. Nov. sp. Nov., and Desulfurivibrio al-
kaliphilus Gen. Nov. sp. Nov.: Two Novel Representatives of Reductive 
Sulfur Cycle From Soda Lakes.” Extremophiles 12, no. 3: 431–439. 
https://​doi.​org/​10.​1007/​s0079​2-​008-​0148-​8.

Spear, J. R., and N. R. Pace. 2004. “Diversity of Life at the Geothermal 
Subsurface—Surface Interface: The Yellowstone Example Geophysical 
Monograph Series.” Geophysical Monograph Series 144: 343–353. 
https://​doi.​org/​10.​1029/​144GM21.

Steudel, R. 2020. The Chemical Sulfur Cycle in “Environmental 
Technologies to Treat Sulfur Pollution: Principles and Engineering”, ed-
ited by P. N. L. Lens, 2nd ed.  IWA Publishing. https://​doi.​org/​10.​2166/​
97817​89060966.

Suzuki, S., S. Ishii, T. Hoshino, et  al. 2017. “Unusual Metabolic 
Diversity of Hyperalkaliphilic Microbial Communities Associated With 
Subterranean Serpentinization at the Cedars.” ISME Journal 11, no. 11: 
2584–2598. https://​doi.​org/​10.​1038/​ismej.​2017.​111.

Suzuki, S., S. Ishii, A. Wu, et  al. 2013. “Microbial Diversity in the 
Cedars, an Ultrabasic, Ultrareducing, and Low Salinity Serpentinizing 
Ecosystem.” Proceedings of the National Academy of Sciences of the 

 14724669, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gbi.70026, W

iley O
nline L

ibrary on [01/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.marchem.2007.03.002
https://doi.org/10.1016/S0377-0273(02)00414-6
https://doi.org/10.1016/S0377-0273(02)00414-6
https://doi.org/10.2113/gselements.9.2.129
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1186/s40793-016-0184-4
https://doi.org/10.1186/s40793-016-0184-4
https://doi.org/10.3389/fmicb.2023.1108245
https://doi.org/10.1016/B978-0-444-63918-9.00001-6
https://doi.org/10.1016/B978-0-444-63918-9.00001-6
https://doi.org/10.1099/ijs.0.65754-0
https://doi.org/10.1016/j.gca.2013.01.043
https://doi.org/10.1016/j.gca.2013.01.043
https://doi.org/10.1101/gr.213959.116
https://doi.org/10.1101/gr.186072.114
https://doi.org/10.1093/bioinformatics/bts174
https://doi.org/10.3389/fmicb.2015.00857
https://doi.org/10.3389/fmicb.2015.00857
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.3389/fmicb.2021.760289
https://doi.org/10.3389/fmicb.2021.760289
https://doi.org/10.3389/fmicb.2017.00056
https://doi.org/10.3389/fmicb.2017.00056
https://doi.org/10.1111/j.1472-4669.2010.00249.x
https://doi.org/10.1111/1462-2920.15006
https://doi.org/10.1111/1462-2920.15006
https://doi.org/10.2138/rmg.2013.75.18
https://doi.org/10.1371/journal.pbio.0040383
https://doi.org/10.1371/journal.pbio.0040383
https://doi.org/10.1038/s41564-018-0171-1
https://doi.org/10.1038/s41564-018-0171-1
https://doi.org/10.1023/B:MICI.0000008363.24128.e5
https://doi.org/10.1099/ijs.0.02034-0
https://doi.org/10.3389/fmicb.2011.00044
https://doi.org/10.3389/fmicb.2011.00044
https://doi.org/10.1007/s00792-008-0148-8
https://doi.org/10.1029/144GM21
https://doi.org/10.2166/9781789060966
https://doi.org/10.2166/9781789060966
https://doi.org/10.1038/ismej.2017.111


18 of 18 Geobiology, 2025

United States of America 110, no. 38: 15336–15341. https://​doi.​org/​10.​
1073/​pnas.​13024​26110​.

Suzuki, S., J. G. Kuenen, K. Schipper, et  al. 2014. “Physiological 
and Genomic Feautures of Highly Alkaliphilic Hydrogen-Utilizing 
Betaproteobacteria From a Continental Serpentinizing Site.” Nature 
Communications 5: 3900. https://​doi.​org/​10.​1038/​ncomm​s4900​.

Thode, H. G. 1970. “Sulfur Isotope Geochemistry and Fractionation 
Between Coexisting Sulfide Minerals.” Mineralogical Society of America 
Special Paper 3: 133–144.

Thorup, C., A. Schramm, A. J. Findlay, K. W. Finster, and L. 
Schreiber. 2017. “Disguised as a Sulfate Reducer: Growth of the 
Deltaproteobacterium Desulfurivibrio alkaliphilus by Sulfide Oxidation 
With Nitrate.” MBio 8, no. 4: 1–9. https://​doi.​org/​10.​1128/​mBio.​00671​-​17.

Trutschel, L. R., G. L. Chadwick, B. Kruger, et al. 2022. “Investigation 
of Microbial Metabolisms in an Extremely High pH Marine-Like 
Terrestrial Serpentinizing System: Ney Springs.” Science of the Total 
Environment 836, no. April: 155492. https://​doi.​org/​10.​1016/j.​scito​tenv.​
2022.​155492.

Trutschel, L. R., B. R. Kruger, J. D. Sackett, G. L. Chadwick, and A. 
R. Rowe. 2023. “Determining Resident Microbial Community Members 
and Their Correlations With Geochemistry in a Serpentinizing Spring.” 
Frontiers in Microbiology 14: 1182497. https://​doi.​org/​10.​3389/​fmicb.​
2023.​1182497.

Uveges, B. T., G. Izon, S. Ono, N. J. Beukes, and R. E. Summons. 2023. 
“Reconciling Discrepant Minor Sulfur Isotope Records of the Great 
Oxidation Event.” Nature Communications 14, no. 1: 279. https://​doi.​
org/​10.​1038/​s4146​7-​023-​35820​-​w.

Waring, G. A. 1915. “Springs of California.” United States Geological 
Survey 338: 264–265.

Woycheese, K., C. A. Arcilla, T. Magnuson, and I. State. 2015. “Out of 
the Dark: Transitional Subsurface-To-Surface Microbial Diversity in a 
Terrestrial Serpentinizing Seep.” 6, no. February: 1–12. https://​doi.​org/​
10.​3389/​fmicb.​2015.​00044​.

Wu, Y. W., B. A. Simmons, and S. W. Singer. 2016. “MaxBin 2.0: An 
Automated Binning Algorithm to Recover Genomes From Multiple 
Metagenomic Datasets.” Bioinformatics 32, no. 4: 605–607. https://​doi.​
org/​10.​1093/​bioin​forma​tics/​btv638.

Xu, Y. 1997. “Kinetics of Redox Transformation of Aqueous Sulfur 
Species: The Role of Intermediate Sulfur Oxyanions and Mineral 
Surfaces. PhD Dissertation.”

Xu, Y., M. A. A. Schoonena, D. K. Nordstromb, K. M. Cunninghamb, 
and J. W. Ball. 2000. “Sulfur Geochemistry of Hydrothermal Waters 
in Yellowstone National Park, Wyoming, USA. II. Formation and 
Decomposition of Thiosulfate and Polythionate in Cinder Pool.” Journal 
of Volcanology and Geothermal Research 97: 407–423.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.    

 14724669, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gbi.70026, W

iley O
nline L

ibrary on [01/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1073/pnas.1302426110
https://doi.org/10.1073/pnas.1302426110
https://doi.org/10.1038/ncomms4900
https://doi.org/10.1128/mBio.00671-17
https://doi.org/10.1016/j.scitotenv.2022.155492
https://doi.org/10.1016/j.scitotenv.2022.155492
https://doi.org/10.3389/fmicb.2023.1182497
https://doi.org/10.3389/fmicb.2023.1182497
https://doi.org/10.1038/s41467-023-35820-w
https://doi.org/10.1038/s41467-023-35820-w
https://doi.org/10.3389/fmicb.2015.00044
https://doi.org/10.3389/fmicb.2015.00044
https://doi.org/10.1093/bioinformatics/btv638
https://doi.org/10.1093/bioinformatics/btv638

	Sulfide Oxidation Products Support Microbial Metabolism at Interface Environments in a Marine-Like Serpentinizing Spring in Northern California
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Site Description
	2.2   |   Geochemical Sampling
	2.3   |   Isotope Analysis
	2.4   |   Sulfur Electrochemistry
	2.5   |   Sulfur Spectroscopy
	2.6   |   16S rRNA Sample Collection and Analysis
	2.7   |   Metagenome Analysis
	2.8   |   Bioorthogonal Noncanonical Amino Acid Tagging (BONCAT) Setup and Analysis

	3   |   Results/Discussion
	3.1   |   Ney Springs Cistern Fluids as a Source of Reduced Molecules and High pH Fluids to the Surrounding Area
	3.2   |   Minimal Isotopic Evidence for Biological Sources of Methane and Sulfide
	3.3   |   Oxygen and pH Impact Available Sulfur Forms at N2 and N3 Locations
	3.4   |   Changes in the Microbial Community of the N2 and N3 Locations Compared to N1
	3.5   |   Light, Oxygen, pH and Sulfur Physiologies Correlate With Community Changes in the N2 and N3 Communities
	3.6   |   Sulfur Intermediates Are Likely the Dominant Substrate for Microbial Sulfur Oxidation in the Ney Springs System

	4   |   Conclusions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


