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Abstract

The process of serpentinization supports life on Earth and gives rise to the habitability of
other worlds in our Solar System. While numerous studies have provided clues to the survival
strategies of microbial communities in serpentinizing environments on the modern Earth,
characterizing microbial activity in such environments remains challenging due to low biomass
and extreme conditions. Here, we use an untargeted metabolomics approach to characterize
dissolved organic matter in groundwater in the Samail Ophiolite, the largest and best
characterized example of actively serpentinizing uplifted ocean crust and mantle. We found
that dissolved organic matter composition is strongly correlated with both fluid type and
microbial community composition, and that the fluids that were most influenced by
serpentinization contained the greatest number of unique compounds, none of which could be
identified using the current metabolite databases. Using metabolomics in conjunction with
metagenomic data, we detected numerous products and intermediates of microbial metabolic
processes and identified potential biosignatures of microbial activity, including pigments,
porphyrins, quinones, fatty acids, and metabolites involved in methanogenesis. Metabolomics
techniques like the ones used in this study may be used to further our understanding of life in
serpentinizing environments, and aid in the identification of biosignatures that can be used to
search for life in serpentinizing systems on other worlds.

Introduction

Serpentinization is the geochemical process by which ultramafic rock reacts with water,
resulting in the production of serpentine minerals and hydrogen gas (H:) (Sleep et al., 2004).
High concentrations of H, can further drive the reduction of dissolved inorganic carbon (DIC) to
reduced carbon compounds including formate, methane, and carbon monoxide (McCollom and
Seewald, 2001; Charlou et al., 2002; Proskurowski et al., 2008; McCollom, 2013.).
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Chemolithotrophic microorganisms are able to use the products of these reactions as sources
of carbon and reducing power (Schrenk et al., 2004; McCollom et al., 2007; Amend et al., 2011;
Brazelton et al., 2011; Brazelton et al., 2012; Lang et al., 2012; Brazelton et al., 2013; Schrenk et
al., 2013; Cardace et al., 2015). Serpentinization may be a widespread process in other locations
in our solar system, including the subsurface of Mars, Enceladus, and Europa, making it a
potential source of chemical disequilibria that may be harnessed by extraterrestrial life (Schulte
et al., 2006; Vance et al., 2007; Klein et al., 2019; McCollom et al., 2022). Environments
associated with serpentinization host microbial communities capable of a variety of metabolic
strategies, including methanogenesis (Miller et al., 2016; Brazelton et al., 2017; Rempfert et al.,
2017; Fones et al., 2019; Kraus et al., 2020), methane oxidation (Miller et al., 2016; Brazelton et
al., 2017; Seyler et al., 2020a; Kraus et al., 2020), acetogenesis (Brazelton et al.; 2012; Rempfert
et al., 2017; Suzuki et al., 2018; Fones et al., 2019; Seyler et al., 2020a; Coleman et al., 2022),
and sulfate reduction (Sabuda et al., 2020; Nothaft et al., 2021; Templeton et al., 2021;
Glombitza et al., 2021). However, the highly alkaline conditions resulting from the
serpentinization reaction, coupled with the precipitation of available DIC to calcite at high pH
(Barnes et al., 1978), creates a challenging environment for microbial life (Schrenk et al., 2013).
The physiological strategies used by microbial communities to overcome these challenges are
not well understood.

Metabolomics is a rapidly advancing tool in the field of microbial ecology (van Santen et
al., 2020; Bauermeister et al., 2021; Oyedeji et al., 2021). The detection and annotation of
metabolites using mass spectrometry has allowed researchers to demonstrate the existence of
complete metabolic pathways not commonly detected by genome annotation (Tang et al.,
2009), to describe the function of theoretical pathways (Peyraud et al., 2009), and to discover
entirely novel pathways (Flrch et al., 2009; Liu et al., 2016). When integrated with other -omics
approaches, including metagenomics and metatranscriptomics, metabolomics is a powerful
tool for describing metabolic activity in microbial communities (Turnbaugh and Gordon, 2008;
Beale et al., 2016; Porcar et al., 2018). Metabolomic profiling of microbial communities in
extreme (e.g., hyperalkaline) environments can assist in understanding the metabolic pathways
used by microbial communities to adapt to extreme conditions, and the mechanisms and
degree to which metabolites may be preserved under these conditions (Blanchowitz et al.,
2019). Metabolomics thus holds great potential in the search for biomarkers with
astrobiological applications (Seyler et al., 2020b).

In this study, we used metabolomics to characterize dissolved organic matter derived
from microbial metabolic activity in the Samail Ophiolite groundwaters in the Sultanate of
Oman, which is the largest and best exposed ophiolite in the world. The Samail Ophiolite
consists of a large (~15,000 km3) block of ocean crust and upper mantle (Nicolas et al, 2000)
that was rapidly emplaced onto the Arabian continental plate approximately 70 million years
ago (Glennie et al., 1973; Coleman, 1981; Tilton et al., 1981; Hacker et al., 1996). Here, mafic
and ultramafic rocks that once underwent alteration in seafloor hydrothermal systems continue
to be altered by active serpentinization on the continent (Canovas et al., 2017; Keleman et al.,
2021). We used an untargeted metabolomics approach (Patti et al., 2012) to characterize
compounds in the dissolved organic matter (DOM) pool of groundwaters collected from varied
geochemical conditions, using metagenomic data acquired from biomass filtered from the same
samples to verify the annotation of metabolomic features. To our knowledge, this is the first
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89  such study attempting to describe biomolecules that make up the DOM pool in the Samail
90 Ophiolite groundwater.

91

92  Methods

93  Site Description

94 The Samail Ophiolite provides a complete cross-section through 7 km of oceanic crust

95 and 15 km of underlying upper mantle rocks (Boudier and Coleman, 1981; Coleman and

96 Hopson, 1981; Lippard et al., 1986; Glennie, 1996; Nicolas et al., 2000). Partially serpentinized

97 peridotite in the ophiolite actively undergoes hydration and carbonation reactions at low

98 temperatures (<60°C), producing hyperalkaline fluids enriched in dissolved methane and

99 hydrogen gas in the subsurface (Barnes et al., 1978; Neal and Stanger, 1983, 1985; Clark and
100 Fontes, 1990; Kelemen and Matter, 2008; Kelemen et al., 2011, 2013; Paukert et al., 2012;
101  Streit et al., 2012; Miller et al., 2016). The ophiolite’s size, exposure, and accessibility create
102  unique opportunities for studying a broad range of geologic and hydrologic conditions
103  supporting subsurface microbial life (Rempfert et al., 2017). Previous geochemical studies of
104  the Samail Ophiolite groundwater observed a strong partitioning between two subgroups of
105 peridotite-hosted fluids and classified them as “Type I/alkaline” (pH 8-10) or “Type
106  Il/hyperalkaline” (pH > 10), while wells positioned at the “contact” between peridotite and
107  gabbro displayed more geochemical variability (Rempfert et al., 2017). Alkaline waters have
108  greater availability of oxidants and DIC and more meteoric influences than hyperalkaline, while
109 contact waters appear to be a mixture of the two (Nothaft et al., 2021). We continue to use
110 these designations to refer to well types throughout this study.

111
112 Sampling
113 In February 2017, a submersible pump was used to collect water samples from five

114  previously drilled wells in the Samail Ophiolite (Table 1). Approximately 100 L of flush water
115  were pumped from at least 20 meters below the air-water interface in each well prior to

116  sample collection. Sample volume varied according to the amount of water that could be

117  acquired from each well while continuously pumping: 20 L were collected from NSHQ14, 7 L
118 from WAB71, 18 L from WAB55, 4 L from WAB104, and 20 L from WAB105. Each sample was
119 filtered through 0.3 um glass fiber filters in a muffled stainless steel inline filter holder using
120  PTFE tubing. Approximately 30 ml filtrate was quenched and stored in liquid nitrogen for

121  transport back to the laboratory, where total organic carbon analysis was performed on a

122  Shimadzu total organic carbon analyzer. The rest of the filtrate was acidified to pH 3 using

123 concentrated HCI for solid phase extraction in the field. Biomass for DNA extraction was

124  collected using in-line 0.2 um polycarbonate filters as described previously (Fones et al., 2019).
125 10 mL samples of unfiltered waters from each well were preserved in the field for enumeration
126  of planktonic cells by adding formaldehyde to a final concentration of 10% vol/vol, and

127  transported back to the laboratory for direct cell counting via 4',6-diamidino-2-phenylindole
128  (DAPI) staining on black polycarbonate 0.2 um filters. Water temperature, conductivity, pH,
129  oxidation-reduction potential (ORP), and dissolved oxygen concentration were measured

130  during sampling using a Hach HQ40D Portable Multi Meter (Fones et al., 2019).

131

132 Metabolomics
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133 Dissolved organics were captured from the acidified filtrate on a solid phase extraction
134  Bond Elut-PPL cartridge (Agilent) (Dittmar et al., 2008; Fiore et al., 2015; Seyler et al., 2020a),
135  using 1/8" x 1/4" PTFE tubing to pull the supernatant into the cartridge to minimize the

136  possibility of contamination from plastic leaching, and Viton tubing to remove the discarded
137  flow-through via peristaltic pump (flow rate not exceeding 40 ml/min). The cartridges were

138  then rinsed with at least 2 cartridge volumes of 0.01 M HCI to remove salt, and the sorbent

139  dried with air for 5 minutes. Dissolved organic matter (DOM) was eluted with 2 ml 100%

140 methanol via gravity flow into muffled amber glass vials. These extracts were then shipped back
141  to the laboratory at Michigan State University, where they were dried down via vacuum

142  centrifugation, and resuspended in 495 ul 95:5 water:acetonitrile and 5 ul 5 pg/ml biotin-(ring-
143  6,6-d;) standard (Rabinowitz and Kimball, 2007; Fiore et al., 2015). This protocol was repeated
144  for 4 L milliQ water as an extraction blank. In addition, an extraction solvent blank was run

145  consisting of 495 pl of 95:5 water:acetonitrile plus 5 pl 5 pg/ml biotin-(ring-6,6-d>).

146 Samples were analyzed via quadrupole time-of-flight liquid chromatography tandem
147  mass spectrometry (QToF-LC/MS/MS) on a Waters Xevo G2-XS UPLC/MS/MS instrument at the
148  MSU Metabolomics Core facility. Each sample was separated chromatographically in an Acquity
149  UPLC BEH C18 column (1.7 um, 2.1 mm x 50 mm) using a polar/non-polar gradient made up of
150 10 mM TBA and 15 mM acetic acid in 97:3 water:methanol (solvent A), and 100% methanol
151  (solvent B). The gradient was run at 99.9/0.1 (% A/B) to 1.0/99.0 (% A/B) over 9 min, held an
152  additional 3 min at 1.0/99.0 (% A/B), then reversed to 99.9/0.1 (% A/B) and held another 3 min.
153 At a rate of 400uL/min, the sample was fed into a quadrupole time-of-flight mass spectrometer
154  using a Waters Xevo G2-XS MS/MS in negative ion mode using a data independent collection
155 method (m/z acquisition range 50 to 1500 Da). Mass spec data were then imported into

156  Progenesis Ql software for statistical analysis and correlation. Quality control was performed by
157  checkingion intensity maps and producing alignments of all sample runs. An aggregate data set
158  was then created from the aligned runs to produce a map of compound ions that was applied
159  to each sample for peak matching. Compound ions were deconvoluted and ion abundance

160 measurements normalized so that runs could be compared. This approach yielded a table of
161  peak areas that are identified by a unique mass to charge (m/z) and retention time (rt) pair

162 referred to as features. Multivariate statistics was then performed on the data including

163  principal components analysis and correlation analysis. A table of relative abundances of

164  features was generated for further analysis. Features found in the blanks were subtracted from
165 the sample data (Broadhurst et al., 2018). In order to be considered present in a sample, a

166  feature had to have at least a two-fold greater abundance in the sample than in both blanks.
167  Features were putatively annotated in Progenesis Ql against the ChemSpider database using
168 mass, charge, retention time, and fragmentation spectra. Further annotation of features was
169  achieved using mummichog (Li et al., 2013), which predicts functional activity by compiling

170  metabolic networks using mass spec data. Whenever possible, we used autonomous METLIN-
171  Guided In-source Fragment Annotation (MISA) (Domingo-Almenara et al., 2019), an algorithm
172  that compares detected features against low-energy fragments from MS/MS spectra in the

173  METLIN database (Smith et al., 2005), to increase our confidence in the putative annotation of
174  representative metabolites; however, most of the putative metabolites did not have MS/MS
175  spectral data available in the database. Raw spectrometry data are available in the

176  Metabolights database (Haug et al., 2020) under study identifier MTBLS6081.
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177
178  Metagenome Binning
179 DNA extraction, generation of sequencing libraries, and analysis of metagenomic
180 sequence data, including binning, was described previously (Fones et al., 2019; Kraus et al.,
181 2020).
182 Bins were taxonomically classified using GTDB-Tk (Chaumeil et al., 2019). Bin quality was

183  assessed using CheckM version 1.0.11 (Parks et al., 2014); bins with 50% or greater completion
184  were selected for further downstream analyses. The relative abundance of each bin in the
185 metagenomes was calculated using a competitive recruitment approach. A bowtie2 index was
186  built from a concatenated file of all bin contigs using bowtie2-build (Langmead and Salzberg,
187  2012). Quality-filtered metagenome reads were mapped against the bin bowtie2 index using
188  bowtie2 with the —no-unal flag. The resulting SAM files (containing only the reads which

189  mapped) were converted to BAM files, then BamM (https://github.com/Ecogenomics/BamM)
190 was used to remove all alignments with <95% identity and <75% alignment coverage. The

191 number of reads in each remaining BAM file was counted using Binsanity-profile (v0.3.3)

192 (Graham et al., 2017). The read counts were then used to calculate the normalized relative
193  fraction of the metagenomes that mapped to the bins using the following equation:

Rc},—?fds per genome " > Recruited reads to genomes < 100
Z Reb—ads all genome total reads
194 P
195 Z-scores of the normalized relative fractions were calculated using the average and

196 sample standard deviation of the relative fraction of each bin across all metagenomes. The bin
197  relative abundance data was run through the Nonnegative Matrix Factorization (NMF) package
198 (Gaujoux and Seoighe, 2010) in R to run a standard nonnegative matrix factorization algorithm
199  based on the Kullback-Leibler divergence (Brunet et al., 2004). This algorithm generated a

200 heatmap of the bins across samples and a dendrogram using a Pearson correlation distance
201  function. Bins that were representative of particular wells or geochemical conditions were

202  selected using the method defined by Carmona-Saez et al. (2006). MetaSanity (Neely et al.,
203  2019) was used to annotate functional orthologies against the KEGG database (Kanehisa et al.,
204  2019); these annotations were run through KEGG-Decoder (Graham et al., 2018) to determine
205 the completeness of metabolic pathways of interest. Genes and pathways not detected by
206  KEGG-Decoder were searched for in the bins using protein sequences available in UniProt (The
207  UniProt Consortium, 2020) and the Conserved Domain Database (Lu et al., 2020), the MUSCLE
208 alignment tool (Edgar, 2004), and the hmmsearch function in HMMER v 3.3.2 (Eddy, 2008).
209

210  Cross-referencing Metabolomic and Metagenomic Data

211 Metabolomic feature abundance and bin abundance were standardized for ordination
212  according to Legendre and Gallagher (2001) using the decostand function in the R vegan

213 package (v2.4-2; https://www.rdocumentation.org/packages/vegan). Regularized Discriminant
214  Analysis (RDA) was performed on the standardized data using the klaR package (v0.6-14;

215  https://www.rdocumentation.org/packages/klaR). These RDAs were then subjected to

216  Procrustes rotation using function Procrustes with symmetric scaling.
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Feature annotations acquired using mummichog were cross-referenced with
intermediate compounds from pathways identified in representative bins. As for the bins, NMF
analysis was performed, and a heatmap of features across samples and a dendrogram using a
Pearson correlation distance function were generated. Features that were representative of
particular wells or geochemical conditions were extracted using the procedure described by
Kim and Park (2007).

Results

Total organic carbon (TOC) was highest in WAB71 (2.5130 mg/L), followed by NSHQ14
(1.4470 mg/L), WAB104 (0.6146 mg/L), WAB105 (0.5756 mg/L), and WAB55 (0.3560 mg/L)
(Table 1). A total of 2483 features were detected in the mass spectrometry data across all wells
(Supplementary Table 1). Principal coordinate analysis of the mass spectrometry data grouped
WAB71, WAB55, WAB104, and WAB105 together and set NSHQ14 apart from the other wells
(Figure 1). A Pearson correlation of feature abundance across wells followed by NMF analysis of
feature abundance using the standard algorithm (Brunet et al., 2004) and a factorization rank of
three clustered the wells into three “levels”: NSHQ14, WAB71, and the alkaline/contact wells
(WAB104, WAB105, WAB55) (Figure 2). A factorization rank of two resulted in WAB71 being
clustered with WAB104, WAB105, and WAB55 (data not shown). NMF analysis also identified
features which were representative of (i.e., most abundant in and most likely to be found in)
each level. In our analyses, 48 features were designated as representative of NSHQ14, only one
of which could be annotated by mummichog; two features were representative of WAB71,
neither of which could be annotated by either Progenesis Ql or mummichog; and the remaining
wells had 90 representative features, eight of which could be annotated by mummichog (Table
2). We also searched the mass spectrometry data for features which were only detected in one
well (unique features). NSHQ14 had the greatest number (200) of unique features, WAB71 had
49, WAB104 had 15, WAB105 had five, and WAB55 had no unique features; none of these
unique features could be annotated by either Progenesis Ql or mummichog (data not shown).

In contrast to the metabolomic features, metagenomic bins tended to cluster by well
(Figure 3). NMF analysis clustered the bins according to fluid type, and identified bins which
were representative of (i.e., most abundant in and most likely to be found in) the hyperalkaline
(NSHQ14 and WAB71), alkaline (WAB104 and WAB105), or contact (WAB55) wells.
Superimposing the ordination plots of feature abundance and bin abundance data using
Procrustes analysis showed that variance in the DOM pool could largely be attributed to
variance in bin abundance and that the wells clustered according to fluid type, with the
exception of WAB71, whose DOM pool clustered with the alkaline wells (Figure 4). Procrustes
analysis also distinguished the DOM pool of WABS55 from those of NSHQ14 and WAB71, WAB
104, and WAB105 (Figure 4).

1625 of the 2483 features in the mass spectrometry data were putatively annotated by
Progenesis Ql, by matching feature mass to compounds in the ChemSpider database. After
removing features that appeared in the extraction blanks, the list of features was reduced to
953, 206 of which could be annotated by Progenesis Ql. In contrast, 119 of these 953 features
were able to be annotated by mummichog, which annotates metabolomic data by using
network analysis and metabolite prediction to resolve ambiguity in metabolite annotation.
Because Progenesis Ql relies on mass matches to the ChemSpider database, which includes
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261  synthetic and theoretical compounds in addition to naturally-occurring metabolites, we

262  primarily relied on the mummichog annotations for our analyses. We cross-referenced

263  metabolic pathways annotated in the representative bins by KEGGDecoder with the features
264  that could be annotated by mummichog to select features in the data on which to further focus
265  our analyses. We then used the MetaCyc database (Caspi et al., 2014) to identify specific

266  reaction pathways involving these metabolites and confirmed the presence of the relevant

267  genes in the annotated MAGs. Pathways of interest and their annotated features in the mass
268  spectrometry data are outlined below.

269
270  Carbohydrates and Organic Acids
271 Putative annotations of mass spectrometry features included glycan sugars (L-fuculose,

272  L-rhamnose, L-rhamnulose) and their degradation products (L-fucono-1,5-lactone and 2-

273  dehydro-3-deoxy-L-rhamnonate), sugar alcohols, polysaccharides, butanoate, and isocitrate
274  (Figure 5). We further confirmed the annotation of isocitrate using MISA.

275 Isocitrate was more abundant in the hyperalkaline wells than in the contact or alkaline
276  wells. Isocitrate is an intermediate of multiple metabolic pathways, most notably the citric acid
277  (TCA) cycle, the reverse TCA (rTCA) carbon fixation pathway, the glyoxylate cycle, and

278  coenzyme B biosynthesis in methanogens. A partial TCA cycle was annotated in nearly every bin
279  generated from the metagenomic data, but the rTCA pathway was not identified in any of the
280  bins (Figure 6). The glyoxylate cycle, which uses five of the eight enzymes of the TCA cycle to
281  synthesize macromolecules from two-carbon compounds (e.g., acetate), was annotated in 25
282 bins, three of which were representative bins of the alkaline wells, three which were

283  representative of the contact well, and one which was representative of the hyperalkaline wells
284  (Figure 6). A complete pathway for coenzyme B biosynthesis was detected in only one bin, a
285  Methanobacterium that was representative of NSHQ14 (Figure 6).

286 Butanoate was also most abundant in the hyperalkaline wells. Butanoate may be

287  produced by the fermentation of pyruvate, but while fermentation pathways were found in 31
288 (23 representative) bins (Figure 6), the complete set of enzymes required for pyruvate

289 fermentation to butanoate were not detected in any of the bins (Supplementary Table 3).

290 A complete pathway for L-fuculose or L-rhamnose degradation was not annotated in
291 any of the bins (Supplementary Table 3). The gene for D-threo-aldose 1-dehydrogenase, which
292  produces L-fucono-1,5-lactone during L-fucose degradation, was only annotated in three bins,
293  but the gene for L-fuconolactonase, which further degrades L-fucono-1,5-lactone to L-fuconate,
294  was annotated in fifteen bins (Supplementary Table 3). Similarly, the gene for the L-

295 rhamnonate dehydratase enzyme that produces 2-dehydro-3-deoxy-L-rhamnonate was only
296 annotated in two bins, but the enzyme that acts on this product, 2-dehydro-3-deoxy-L-

297 rhamnonate dehydrogenase, was annotated in seven bins (Supplementary Table 3).

298 Chitobiose, a disaccharide produced by the hydrolysis of chitin, was also annotated in
299  the mass spectrometry data (Figure 5). MISA further confirmed the annotation of chitobiose;
300 however, we question the validity of the annotation as the peaks eluted very far apart,

301  suggesting that they did not arise from the same parent molecule (Supplementary Figure 1).
302 Genes for chitinase and diacetylchitobiose deacetylase, enzymes that hydrolyze chitin and

303 chitobiose, were identified in eleven and sixteen bins respectively, though only two bins

304 contained both (Figure 6). Beta-N-acetylhexosaminidase, an exoglycosidase that catalyzes the
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305 hydrolysis of chitobiose, was detected in 54 out of 128 total bins, 14 of which were

306 representative bins (6 of the 7 alkaline representative bins, 3 hyperalkaline representative bins,
307 and 5 contact representative bins) (Figure 6). Genes for enzymes involved in the catabolism of
308 other polysaccharides, including alpha-amylase, glucoamylase, beta-glucosidase, D-

309 galacturonate epimerase, D-galacturonate isomerase, oligogalacturonide lyase, and pullulanase
310 were also detected in the metagenomic data, and tended to be associated with bins that

311  displayed the greatest abundance in the hyperalkaline wells (Supplementary Table 3).

312

313  Methanogenesis/Propanoate Degradation

314 Five features were putatively annotated as either cis-homoaconitate, an intermediate in
315 coenzyme B biosynthesis, or cis-2-methylaconitate/2-methyl-trans-aconitate, intermediates in
316  propanoate degradation to pyruvate and succinate via the 2-methylcitrate cycle (Figure 5).

317 These features were more abundant (by up to eight orders of magnitude) in the hyperalkaline
318 wells compared to the contact and alkaline wells. An intermediate of coenzyme M production,
319 (2R)-phosphosulfolactate, was also putatively annotated in the mass spectrometry data and
320 was detected in all of the wells, though it was most abundant in the alkaline wells and was

321 designated a representative feature of the alkaline/contact wells by NMF analysis (Figure 5). A
322 feature putatively annotated as 2-hexaprenyl-6-methoxyphenol, an intermediate in

323  methanogenesis from methoxylated aromatic compounds, was almost exclusively found in

324 NSHQ14 (Figure 5). The enzyme that produces this intermediate has not been characterized.
325 Complete pathways for methanogenesis via CO; and coenzyme M reduction to methane
326  were found in two out of the 128 bins analyzed (Figure 6; Fones et al., 2019). Both of these bins
327  were taxonomically annotated as Euryarchaeaota belonging to the Methanobacteriales; one bin
328 was designated a representative bin for NSHQ14, and was one of the most abundant bins in
329 that well (Figure 6; Fones et al., 2019). Both bins also contained the acetoclastic

330 methanogenesis pathway, as well as a nearly complete pathway for methanogenesis from

331 methoxylated aromatic compounds, except for the gene for the first enzyme in the pathway,
332  mtoB (Figure 6, Supplementary Table 3). The mtoB gene was detected in 51 other bins; 80% of
333 these bins displayed the greatest abundance in the hyperalkaline or contact wells

334  (Supplementary Table 3). A complete 2-methylcitrate cycle for propanoate degradation was
335 detected in four bins, including a representative bin of WAB71 (a member of the

336  Microtrichales) and a representative bin of WAB105 (Acinetobacter junii) (Figure 6).

337

338  Porphyrins, Pigments, and Quinones

339 Fourteen features in the mass spec data were annotated as intermediates of pigment,
340 porphyrin, and quinone biosynthesis pathways (Figure 5). A feature putatively annotated as
341  protoporphyrin IX, a central metabolite in the production of heme and chlorophyll, was

342  detected in all wells and was particularly abundant (3-5 orders of magnitude greater) in

343  NSHQ14 (Figure 5). Another feature, putatively annotated as coproporphyrinogen Ill (a

344  precursor to protoporphyrin IX) was detected in every well but displayed the lowest abundance
345  in NSHQ14, by more than two orders of magnitude (Figure 5). Complete pathways for the

346  biosynthesis of heme from glutamate and/or glutamyl-tRNA were annotated in bins detected in
347  every well; however, bins containing complete or nearly complete (290%) heme pathways were
348 generally more abundant in the hyperalkaline and contact wells (Figure 6).
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349 Three features annotated as intermediates in ubiquinol (4-hydroxybenzoate) and

350 menaquinone synthesis (2-succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylate and
351  (1R,6R)-6-hydroxy-2-succinylcyclohexa-2,4-diene-1-carboxylate, intermediates in the synthesis
352  of menaquinol and phylloquinol from isochorismate) were detected in all of the wells but were
353  most abundant in NSHQ14 (Figure 5). Genes for the enzymes that produce these intermediates
354  were detected in 14, 11, and six bins, respectively; these bins tended to be most abundant in
355 the hyperalkaline or contact wells (Supplementary Table 3). The complete pathway for

356 ubiquinone biosynthesis was detected in thirteen bins, including two representative bins of
357 NSHQ14 (Methanobacterium and Pseudomonas) and two representative bins of WAB104 (a
358 member of the Acidobacteriae, and Pseudomonas alcaliphila) (Figure 6). The complete pathway
359 for menaquinone biosynthesis was detected in eleven bins, including a representative bin of
360 every well except NSHQ14 (although one representative bin of that well, a member of the

361 Moorellia, had 90% of the pathway) (Figure 6). The most commonly found cytochrome genes in
362 the bins encoded for the cytochrome bd complex and NADH-quinone oxidoreductase. 41 of the
363 128 bins contained >90% of the genes encoding one or both of these cytochromes (Figure 6).
364 Features putatively annotated as (2'S)-deoxymyxol 2'-alpha-L-fucoside and glycosyl-4,4'-
365 diaponeurosporenoate, metabolites produced in the biosynthesis of the carotenoids myxol 2'-
366 dimethyl-fucoside and staphyloxanthin, respectively, were also detected in all the wells (Figure
367 5). The biosynthesis of (2'S)-deoxymyxol 2'-alpha-L-fucoside is a multi-step reaction that has not
368 been fully characterized, but we were able to annotate the enzyme that catalyzes the

369 conversion of (2'S)-deoxymyxol 2'-alpha-L-fucoside to myxol 2'-dimethyl-fucoside, beta-

370 carotene hydroxylase, in 18 bins (Figure 6). Genes in the pathway for staphyloxanthin

371 Dbiosynthesis were annotated in nearly every bin, but the complete pathway was only detected
372 inone bin, a member of the Anaerolineales that was most abundant in WAB71 (Figure 6).

373 A feature found exclusively in NSHQ14 and designated as a representative feature of
374  that well was putatively annotated as tetraprenyl-beta-curcumene, an intermediate in the

375  biosynthesis of a susquarterpene found in Bacillus spp. (Figure 5). The gene for tetraprenyl-
376  beta-curcumene synthase was detected in seven bins, two of which were most abundant in
377 WAB71, and the rest of which were most abundant in WAB105 (Figure 6).

378 Two features that were among the most abundant features in the mass spec data were
379 annotated as intermediates of chlorophyll metabolism: magnesium protophorin and 13(1)-

380 hydroxy-magnesium-protoporphyrin IX 13-monomethyl ester (Figure 5). Other putatively

381 annotated features associated with photosynthesis and chlorophyll metabolism include

382  phylloquinone, phytyl disphosphate, and phylloquinol (Figure 5). A feature annotated as either
383  3,4-dihydroxy-L-phenylalanine or N,N-dihydroxy-L-phenylalanine, precursors to

384  pigments/cytochromes in fungi and plants, was also detected in all of the wells and was a

385 representative feature of the alkaline/contact wells (Figure 5). Most of these features were

386 relatively more abundant in the alkaline and contact wells. However, the feature putatively
387 annotated as phylloquinone was exclusively detected in the hyperalkaline wells and was

388  particularly abundant in NSHQ14 (Figure 5). Because the pathway for

389  phylloquinol/phylloquinone synthesis and menoquinol synthesis involve the same/highly

390 homologous enzymes, we could not distinguish between these pathways in the bins.

391 The complete pathway for chlorophyll biosynthesis was not detected in any bin

392  (Supplementary Table 3). However, genes for two enzymes in this pathway, magnesium
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393 chelatase subunit | and anaerobic magnesium-protoporphyrin IX monomethyl ester cyclase,
394  were annotated in 27 bins and 29 bins, respectively (Figure 6). Magnesium chelatase is a three-
395  subunit enzyme responsible for inserting a Mg*? into protoporphyrin IX in the first step of

396 chlorophyll biosynthesis; genes for the other two subunits (H and D) were found in two and five
397 bins, respectively, and none of the bins contained the genes for all three subunits of the

398 enzyme (Supplementary Table 3). Anaerobic magnesium-protoporphyrin IX monomethyl ester
399 cyclase produces 13(1)-hydroxy-magnesium-protoporphyrin IX 13-monomethyl ester in the
400 chlorophyll biosynthesis pathway found in anaerobic photosynthetic bacteria. None of the bins
401 contained the complete suite of genes required for photosynthesis, but two bins (one

402  diagnostic) in the alkaline wells did contain the genes for an anoxygenic type-Il reaction center
403  (Supplementary Table 3). Thirteen bins contained the genes for the RuBisCo enzyme, nine of
404  which also contained the complete Calvin-Benson-Bassham pathway for carbon fixation, but
405 none of which included the anoxygenic type-Il reaction center (Supplementary Table 3).

406 A feature putatively annotated as phytyl diphosphate, an intermediate of geranylgeranyl
407 diphosphate biosynthesis, was also detected in all the wells. Geranylgeranyl diphosphate is a
408  precursor to phylloquinol, chlorophyll, archaeol, and multiple pigments across all domains of
409  life.

410
411  Fatty Acids and Sterols
412 Eighteen features were annotated as fatty acids and intermediates in fatty acid

413  pathways, five of which were designated characteristic features of the alkaline and contact

414  wells by NMF analysis. These included four peaks annotated as dolichyl diphosphate, lipids

415 involved in N-glycan production in archaea, which were detected in all the wells but were most
416  abundantin NHSQ14 and WAB71. We also detected a feature putatively annotated as 12-oxo-
417  9(Z)-dodecenoic acid (an intermediate of alpha-linolenic acid metabolism), a feature putatively
418 annotated as 30-oxolanosterol (an intermediate of sterol biosynthesis in methylotrophs), and
419 three features annotated as dodecanoic acid (Figure 5). There were also three features found in
420 all the wells but particularly abundant in WAB71, which were annotated as prostaglandins by
421  mummichog. MISA further confirmed the annotation of the latter two features as prostaglandin
422  H2 or prostaglandin D2 (Figure 5; Supplementary Figure 1). However, we suspect that this

423  annotation is incorrect and that these features are more likely intermediates or secondary

424  metabolites of arachidonic acid and/or eicosapentanoic acid (see Discussion).

425 Genes for polyunsaturated fatty acid (PUFA) synthases (arachidonate and/or

426  eicosapentaenoate synthase) were annotated in 18 of the bins analyzed in this study; however,
427  acomplete PUFA synthase operon (pfaABCD) was only found in two bins, one taxonomically
428 annotated as belonging to the genus Bellilinea and the other as genus Levilinea, which are in
429  the family Anaerolineaceae (phylum Chloroflexota, class Anaerolineae, order Anaerolineales)
430 (Figure 6; Supplementary Table 3). The pfaE gene that encodes the phosphopantetheinyl

431 transferase required for catalytic activation of acyl carrier protein domains was not present in
432  these bins, but was found in two other bins belonging to phylum Chloroflexota, class

433  Dehalococcoidia (Supplementary Table 3). Genes for fatty acid synthesis initiation and

434  elongation (fabB, fabD, fabF, fabG, fabH, fabl, fabZ) and long chain acyl-CoA biosynthesis (ACSL,
435  fadD), which produce the precursors to arachidonate and eicosapentanoate, were annotated in
436  all but two of the representative bins (Figure 6).
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437
438  Amino Acid and Polyamine Metabolism
439 Thirteen features were putatively annotated as intermediates of amino acid/polyamine

440  biosynthesis or degradation pathways (Figure 5). Most of these features were detected in all of
441  the wells, with a few exceptions. A feature annotated as agmatine, an intermediate of arginine
442  degradation and putrescine/spermidine biosynthesis, was present in every well except

443  NSHQ14, and was designated a representative feature of the alkaline/contact wells by NMF
444  analysis (Figure 5). Complete putrescine biosynthesis pathways were annotated in 12 bins;
445 interestingly, nearly half of these bins displayed the greatest abundance in NSHQ14 (Figure 6).
446  Conversely, a feature annotated as 5'-S-methyl-5'-thioinosine, a metabolite produced by the
447  deamination of 5'-methylthioadenosine (an intermediate of the methionine salvage cycle and
448  spermidine biosynthesis), was detected in all the wells but was particularly abundant in

449  NHSQ14 (Figure 5). The gene for enzyme that performs the deamination reaction, 5-

450 methylthioadenosine/S-adenosylhomocysteine deaminase, was detected in 50 of the 128 bins
451  analyzed in this study, including four representative bins of NSHQ14, one representative bin of
452  WAB71, three representative bins of WAB55, two representative bins of WAB104, and one
453  representative bin of WAB105 (Figure 6). This enzyme has also been implicated in the recycling
454  of 5'-deoxyadenosine and the biosynthesis of aromatic amino acids in methanogens (Miller et
455 al., 2014). The methionine salvage cycle is also linked to the production of putrescine and

456  spermidine. Only four bins contained 290% of the methionine salvage pathway, but 60 bins
457  contained the portion of the pathway that results in 5-methylthioadenosine/spermidine

458  biosynthesis (Figure 6).

459 Two representative features of NSHQ14 were putatively annotated as isethionic acid, a
460 product of sulfoacetaldehyde degradation. These features were found only in NSHQ14 and
461 WABI105, but at 8 orders of magnitude greater abundance in the former versus the latter well
462  (Figure 5). Sulfoacetaldehyde is both a product of taurine degradation and an intermediate of
463 coenzyme M biosynthesis. The gene for NADH-dependent sulfoacetaldehyde reductase, the
464  enzyme that catalyzes the conversion of sulfoacetaldehyde to isethionic acid, was detected in
465 77 bins, including four representative bins from NSHQ14, one from WAB71, five from WAB55,
466  three from WAB104, and two from WAB105 (Figure 6).

467 Two features annotated as either shikimate, 2-isopropylmaleate, or (2S)-2-isopropyl-3-
468  oxosuccinate were detected in all of the wells but were most abundant in the alkaline and

469  contact wells (Figure 5). Shikimate is an intermediate of the shikimate pathway for the

470  production of chorismate, a precursor to aromatic amino acid and menaquinone/ubiquinone
471  biosythesis. 2-Isopropylmaleate and (2S)-2-Isopropyl-3-oxosuccinate are intermediates of

472  leucine biosynthesis. Two other features, annotated as alpha-isopropylmalate/2-

473  isopropylmaleate/3-isopropylmalate, all of which are intermediates in leucine biosynthesis,
474  were also detected in all the wells but most abundant in the alkaline wells (Figure 5). Complete
475  shikimate and leucine biosynthesis pathways were detected in bins in every well (Figure 6).
476  Nine of the 15 representative bins of the contact and alkaline wells contained one or both of
477  these pathways, but only one of the eight representative hyperalkaline bins contained these
478  pathways (Figure 6).

479 Other putatively annotated features related to amino acid metabolism include

480 intermediates of lysine biosynthesis (2,3,4,5-tetrahydrodipicolinate), tryptophan degradation
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481  (3-hydroxyanthranilate and 2-aminomuconate), and phenylalanine metabolism (phenylacetic
482  acid and 3-(3-hydroxyphenyl)propanoic acid) (Figure 5). Lysine biosynthesis pathways were
483  detected in multiple bins (Figure 6). The complete pathway for tryptophan degradation via 3-
484  hydroxyanthranilate to 2-aminomuconate was annotated in only one bin, which was

485  taxonomically annotated as a member of the Bipolaricaulia (Supplementary Table 3). This bin
486  was more abundant in WAB105 than any other well, but had a low relative abundance

487  compared to other bins in that well. The gene amiE, which encodes the amidase enzyme that
488  converts 2-phenylacetamide to phenylacetic acid, was detected in almost every bin; the gene
489  katG, which encodes the catalase-peroxidase enzyme that converts phenylalanine to 2-

490 phenylacetamide was detected in 43 bins (Figure 6). The enzyme in phenylalanine metabolism
491 that produces 3-(3-hydroxyphenyl)propanoic acid has not been characterized, but the gene for
492  3-(3-hydroxy-phenyl)propionate hydroxylase, which converts 3-(3-hydroxy-phenyl)propionate
493  acid to 2,3-dihydroxyphenylpropanoate in the same pathway, was detected in seven bins, only
494  one of which was designated a representative bin of a well (WAB105) (Figure 6).

495

496  Miscellaneous

497 A feature putatively annotated as pimelate, a precursor of biotin, was detected in every
498  well, with a slightly greater relative abundance in the alkaline wells (Figure 5). The complete
499  pathway for biotin synthesis from pimelate was annotated in only one bin, a member of the
500 Thermodesulfovibrionales that displayed the greatest relative abundance in WAB71 (Figure 6).
501 Twenty-one bins possessed four out of the five genes necessary for the pathway but were

502 missing the gene for the enzyme 6-carboxyhexanoate-CoA ligase (bioW), which initiates the
503 pathway by converting pimelate to pimeloyl-CoA (Supplementary Table 3). Two other bins

504  contained this gene but otherwise lacked the complete pathway (Supplementary Table 3). The
505 mechanism for the biosynthesis of pimelate is currently unknown, though it is speculated to
506  begin with malonyl-CoA (Manandhar and Cronan, 2017). This same study found that deletion of
507 the bioW gene results in a biotin auxotrophic phenotype in Bacillus subtilis.

508 Another feature, putatively annotated as 7-carboxy-7-carbaguanine (the precursor to
509 preQO in preQO biosynthesis), was also detected in every well but was most abundant in

510 WAB55 and WAB105 (Figure 5). A total of 36 bins contained the complete pathway for preQ0
511  biosynthesis, including one representative bin for NSHQ14, four representative bins for WAB55,
512  two representative bins for WAB104, and three representative bins for WAB105 (Figure 6).
513

514  Representative and Abundant Bins

515 Bins we identified as representative of alkaline wells belonged to the Bacillales (family
516  Bacillaceae), Rhizobiales (family Rhizobiaceae), Pseudomonadales (Acetinobacter junii and

517  Pseudomonas alcaliphila), Acidobacteriae, Bacteroidota (UBA10030), and Chloroflexota A

518 (Figure 6). The most abundant bins in the alkaline wells also included members of the

519 Thaumarchaeota, Actinobacteriota, Methylomirabilota, and Saccharimonadales (Figure 6).

520 representative hyperalkaline bins included members of the Thermodesulfovibrionales,

521  Bipolaricaulia (formerly candidate phylum OP1), Chloroflexota (Dehalococcoidia), Moorellia,
522  Methanobacteriales, Microtrichales, Gemmatimonadetes, and Pseudomonadales

523  (Pseudomonas aeruginosa) (Figure 6). Members of the Deinocococales, Burkholderiales, and
524  Nitrospirales were also among the most abundant bins in the hyperalkaline wells (Figure 6).
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525  Bins representative of WABS55 (the only contact well sampled in this study) included
526  Nitrospirales, Brocadiales, Chloroflexota (Anaerolineales), Gammaproteobacteria (UBA4486),
527  Firmicutes (CSP1-3), and Poribacteria (Figure 6).

528
529  Discussion
530 Previous studies have demonstrated clear trends correlating microbial diversity and

531 metabolic capability to rock/fluid type in the Samail Ophiolite (Rempfert et al., 2017; Fones et
532  al., 2019; Kraus et al., 2021; Fones et al., 2021). The chemistry of the subsurface fluids reflects
533  both hydrologic context (i.e. the extent of equilibration with the atmosphere or host rock, or
534  potential for mixing with other fluids) and the geology of the host rock (Rempfert et al., 2017;
535 Leongetal., 2021). Multitracer experiments indicate that the higher pH (>9.3) fluids are older
536 than their less alkaline counterparts, and their chemistry reflects a greater extent of

537  serpentinization in the host rock (Paukert Vankeuren et al., 2019). Microbial community

538 composition correlates with fluid geochemistry, with gabbro and alkaline peridotite fluids

539 displaying a greater richness of microorganisms than the low-diversity communities found in
540 hyperalkaline peridotite (Rempfert et al., 2017). Due to the covariance of multiple geochemical
541  parameters, it is difficult to determine which of these parameters drives these correlations
542  (Rempfert et al., 2017).

543 The extracellular mixture of compounds that constitutes the dissolved organic matter
544  pool contains growth factors, substrates, and chemical signals that represent the fundamental
545  relationship between microbes and their environment (Kujawinski, 2011; Douglas, 2020). Most
546  primary metabolites tend to be retained within cells due to their charge at physiological pH
547  values (Bar-Even et al., 2011). These metabolites are usually involved in multiple metabolic
548  pathways and are common across clades of organisms (Peregrin-Alvarez et al., 2009).

549  Secondary metabolites, however, are often more species-specific, and more likely to diffuse
550 into the surrounding environment (Breitling et al., 2013; Covington et al., 2016). Secreted

551 metabolites also act as a chemical language for microorganisms, whose transmission is in

552  constant flux due to evolutionary and environmental pressures (Soldatou et al., 2019; Douglas
553  2020). The secretion of metabolites into the surrounding environment is a clear reflection of
554  microbial activity, as the production of these compounds relies on the functional operation of
555  metabolic pathways (Kell et al., 2005). Exometabolomics, or “metabolomic footprinting” (Kell et
556 al., 2005), thus allows for the direct characterization of the molecular interaction between

557  microbes and their environment (Sogin et al., 2019, Douglas, 2020). Metabolomics techniques,
558 in conjunction with metagenomic data, have previously been used to describe the pool of

559 intracellular and extracellular metabolites produced by microbial communities in the Coast
560 Range Ophiolite Microbial Observatory (CROMO), a series of wells that provide access to a

561 serpenization-influenced aquifer in the Coast Range of northern California (Seyler et al., 2020a).
562  Here, we present a broad snapshot of the DOM pool in the Samail Ophiolite groundwater and
563 identify some of the secondary metabolites produced by the microbial communities found

564  there. The annotation of these features was supported by comparing putative compounds to
565 the genes identified in the metagenomic bins.

566 Given that both microbial community structure and protein-coding gene abundance
567  correlate with rock and fluid type (Rempfert et al., 2017; Fones et al., 2019; Kraus et al., 2021;
568 Fones et al., 2021), we hypothesized that DOM composition would likewise correlate to these
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569 characteristics. Principal components analysis (Figure 1), NMF analysis (Figure 2), and

570 procrustes analysis (Figure 4) comparing mass spec data across five wells lend support to this
571  hypothesis. The DOM pools of NSHQ14, WAB71, and WABS5 are each distinguished from the
572  other wells in these analyses, while the two alkaline wells analyzed (WAB104 and WAB105)
573  contain DOM pools that are very similar to each other. TOC was highest in the hyperalkaline
574  wells, lower in the alkaline wells, and lowest in the contact wells (Table 1). Correlating TOC to
575  cell count resulted in an R? value of 0.503, indicating that TOC is only partially driven by the
576  amount of biomass present.

577 We hypothesize that the relative shortage of electron acceptors in the hyperalkaline
578  wells leads to dissolved organics being degraded and remineralized more slowly in these

579  environments (Fones et al., 2019). The higher TOC values in the hyperalkaline wells also may
580 reflect the abiotic production of formate and/or small molecular weight organic compounds
581 associated with serpentinization (Proskurowski et al., 2008; McCollom, 2013). For example, the
582  features annotated as butanoic acid, which displayed the greatest abundance in the

583  hyperalkaline wells, may be the result of abiotic organic synthesis (McCollom and Seewald,
584  2006), as we did not detect the pathway for butanoic acid production via fermentation in the
585 metagenomic data. Similarly, relatively high abundances of features annotated as

586 intermediates of propanoate degradation in the hyperalkaline wells raise the intriguing

587  possibility that the abiotic production of propanoate could serve as a carbon source for the
588  microbial communities found there (Shock and Schulte, 1998). Recent carbon analysis of

589  serpentinized rocks obtained in the Oman Drilling Project shows that non-carbonate-carbon
590 loadings are approximately 140 ppm to 360 ppm (Ternieten et al., 2021). Thus, there may be
591 multiple primary sources of organic carbon in this system: autotrophic carbon fixation and
592  turnover of biomass, heterotrophic utilization of reduced carbon accumulated in the rock

593  during prior water/rock interaction, or ongoing abiotic organic synthesis.

594 Metagenomic data from the hyperalkaline wells indicates an enrichment of functional
595 genes involved in C1 metabolisms such as CO utilization, methanogenesis, and acetogenesis
596 (Fones et al., 2019; Colman et al., 2022). Our characterization of the DOC pool generally

597  supports these findings. Features annotated as metabolites associated with methanogenesis
598 tended to display greater relative abundance in the hyperalkaline wells, where both methane
599 and methanogens have been detected by previous studies (Rempfert et al., 2017; Fones et al.,
600 2019; Kraus et al., 2020). The features putatively annotated as intermediates of propanoate
601 degradation (mentioned above) were also putatively annotated as cis-homoaconitate (Figure
602  5), an intermediate in the biosynthesis of coenzyme B, which reacts with coenzyme M to

603 release methane during methananogenesis. The detection of isethionic acid in NSHQ14 may be
604 linked to the degradation of sulfoacetaldehyde produced during coenzymeM biosynthesis,
605  while the abundance of dolichyl diphosphate, an intermediate of N-glycan biosynthesis in

606 archaea, may also be a result of the high abundance of methanogenic archaea in NSHQ14

607 (Fones et al., 2019; Fones et al., 2021).

608 The feature annotated as isocitrate was three orders of magnitude more abundant in
609 the hyperalkaline wells than in the alkaline wells, and seven orders of magnitude higher in the
610 hyperalkaline wells than in the contact well (Figure 5). Isocitrate has been implicated as a

611 metabolic intermediate in some methanogens; for example, Methanosarcinales generates CO;
612  and 2-oxoglutarate from isocitrate via a partial oxidative TCA cycle (Anderson et al., 2009). This
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613  activity may serve as a source of CO; for the production of methane by hydrogenotrophic

614  methanogen such as Methanobacterium, which do not contain the pathway for 2-oxoglutarate
615 generation via isocitrate (Anderson et al, 2009), but are abundant and active in NSHQ14

616  (Rempfert et al., 2017; Kraus et al., 2021). A bin annotated as Methanobacterium was the most
617 abundant bin in NSHQ14, and designated as a representative bin of NSHQ14 by NMF analysis
618  (Figure 6). This bin did not contain the gene for the NAD-dependent isocitrate dehydrogenase
619 required for CO; and 2-oxoglutarate generation via isocitrate, but 20 other bins did contain this
620 gene, more than half of which were most abundant in the hyperalkaline wells (including one bin
621 belonging to the Moorellia that was designated a representative bin of NSHQ14, and a likely
622 homoacetogen) (Supplementary Table 3). A syntrophy relationship may exist between

623  hydrogenotrophic methanogens and bacteria containing the partial oxidative TCA cycle,

624  whereby the CO; generated through this pathway fuels methanogenesis. Further studies,

625  perhaps involving tracer/microcosm experiments, will be necessary to confirm if isocitrate

626  generates CO, for methanogenesis in the hyperalkaline wells.

627 Isocitrate is an important central metabolite in many processes, including glyoxylate and
628  dicarboxylate metabolism, 2-oxocarboxylic metabolism, and the biosynthesis of signaling

629 molecules and secondary metabolites. The glyoxylate cycle allows microorganisms to use C2
630 compounds such as acetate to satisfy cellular carbon requirements when simple sugars such as
631  glucose are not available (Kornberg and Madsen, 1957; LaPorte et al., 1984). Microcosm

632 experiments conducted in parallel to this study found that rates of assimilation/oxidation of
633  acetate were higher than those of bicarbonate and carbon monoxide across all sampled wells,
634  suggesting that acetate may be the preferred source of bioavailable carbon (Fones et al., 2019;
635 Colman et al., 2022).

636 Metagenomic data have also shown an enrichment in genes involved in anaerobic

637  metabolisms in hyperalkaline waters, while the alkaline wells were enriched in respiratory and
638 electron transport chain genes (Fones et al., 2019). In contrast to the previously published

639 metagenomic study, we found that features annotated as quinones and their precursors were
640 generally enriched in NSHQ14, and to a lesser extent WAB71, compared to the contact and
641  alkaline wells, with the exception of coproporphyrinogen Ill and phylloquinol (Figure 6). The
642  abundance of these intermediates in the deeper wells may be indicative of slower turnover
643  rates due to the extremophilic nature of this environment, or they may serve as intermediates
644  of a process not yet characterized.

645 The abundance of features associated with plant and fungi pigments, including

646  chlorophyll, in the alkaline and contact wells may reflect the greater influence of meteoric

647  water in these wells (Nothaft et al., 2021). However, while the complete pathways for

648  chlorophyll biosynthesis were not detected in the metagenomic data, the genes for the

649  production of the intermediates we detected in the metabolome were found in multiple bins
650 (Figure 6). In general, features related to the biosynthesis of pigments including carotenoids,
651 quinones, and the chlorophyll intermediates may be linked to oxidative stress. Increased

652  production of carotenoids, for example, has been observed previously in both neutrophilic (Lan
653 etal., 2009) and extremophilic microorganisms (Tian and Hua, 2010; Mendelli et al., 2012)

654  under oxidative stress conditions.

655 Of particular interest is the detection of several features putatively annotated as

656  prostaglandins. These features were detected in all the wells, but were two to six orders of
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657 magnitude more abundant in WAB71 than in the other wells. We immediately questioned the
658  validity of this annotation, as prostaglandins are signaling molecules found in higher

659  eukaryotes. MISA analysis suggested that these features were either prostaglandin H2 or

660 prostaglandin D2, both of which are involved in the human inflammatory response. However,
661  prostaglandin H2 has a half-life of 90-100 seconds at room temperature (Human Metabolome
662  Database), while prostaglandin D2 is found chiefly in brain and mast cells. These factors make it
663  unlikely that these features are the result of contamination of our samples via casual contact.
664  They may be prostaglandins produced by plants, but their abundance in WAB71, one of the
665  most alkaline and least surface-influenced of the wells, makes this likewise unlikely.

666 We propose that these features may instead be secondary metabolites of arachidonic
667  (ARA) or eicosapentaenoic acid (EPA). These polyunsaturated fatty acids serve as precursors to
668  prostaglandins in higher eukaryotes, but are also found in some (mostly marine) bacteria

669  belonging to the Gammaproteobacteria, Bacteroidetes, and Cyanobacteria. Eicosapentaenoic
670 acid was annotated in the mass spec data during analysis with Progenesis Ql, but MISA did not
671  confirm this annotation (data not shown). Bacterial biosynthetic mechanisms of long-chain
672  polyunsaturated fatty acids (LC-PUFAs) are not well understood and the functions of these
673 lipids in bacteria have not been experimentally confirmed (Yoshida et al., 2016). It has been
674  suggested that the primary function of LC-PUFAs is the adjustment of cell membrane fluidity
675 under conditions of low temperature and/or high pressure (Kato and Nogi, 2001). EPA is

676 required for growth at low temperatures and high pressures by some Shewanella species

677 (Wang et al., 2004; Kawamoto et al., 2009; Usui et al., 2012), but a study of an EPA-deficient
678  strain of Photobacterium profundum showed that monounsaturated or branched chain fatty
679  acids could compensate for the loss of EPA (Allen et al., 1999). EPA and other LC-PUFAs have
680 also been implicated in resistance to reactive oxygen species and oxidative stress (Nishida et al.,
681  2006a; 2006b; 2007; 2010; Okuyama et al., 2008; Tilay and Annapure, 2012).

682 Four of the bins analyzed in this study contained >75% of the protein-coding genes

683  required to produce arachidonate synthase and/or eicosapentaenoate synthase (Figure 6).
684  Three of these bins were more abundant in WAB71 than any other well, and included two

685 members of the Chloroflexota, order Anaerolineales (one of which was annotated Bellilinea
686  sp.), and one member of the Desulfobacterota, family Desulfomonilaceae. The other bin was
687 most abundant in WAB105, and was also a member of the Anaerolineales, Livilinea sp. The
688  gene organization, order of genes, and composition of enzymatic domains in pfa gene clusters
689  that produce LC-PUFAs appear to be highly conserved (Okuyama et al., 2007). Pfa gene

690 homologs have also been identified in the genomes of 86 bacterial species belonging to 10
691 phyla, the products of which are largely unknown (Shulse and Allen, 2011). These homologs can
692  be classified into 20 different gene types, which show a significant correlation with the

693  ecological and physiological characteristics of the bacteria possessing the genes, suggesting that
694  characterizing these secondary lipids may provide valuable insight into the ecological

695  adaptation and evolution of microorganisms (Shulse and Allen, 2011). Lipid biomarkers have
696  previously been characterized in rock samples obtained from the Samail Ophiolite; however,
697  this study did not screen for LC-PUFAs (Newman et al., 2020). The pfa genes we detected in
698 these bins may be homologs that produce an as-of-yet uncharacterized fatty acid product

699  (Shulse and Allen, 2011).

700
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701  Conclusions

702 Characterization of the DOM pool in the Samail Ophiolite groundwater reveals the

703  presence of numerous metabolic products and intermediates that may provide clues to the
704  survival strategies of microbial communities in environments associated with serpentinization.
705  We detected multiple metabolites linked to methanogenesis, including intermediates of

706  coenzyme B and coenzyme M, byproducts of the degradation of these intermediates, and

707  possible carbon sources for methane production, which were generally concentrated in the
708 hyperalkaline wells. These results are encouraging, given the wealth of evidence as to the

709 importance of methanogenesis in this environment (e.g., Rempfert et al., 2017; Fones et al.,
710 2019; Kraus et al., 2021; Fones et al., 2021; Nothaft et al., 2021). Intermediates of the

711  degradation of polysaccharides and amino acids were also detected and were particularly

712  abundantin the hyperalkaline wells. We also found numerous features in the metabolomic
713  data that suggest the importance of strategies for dealing with oxidative stress, such as

714  pigments and PUFAs. Among the features we were able to annotate and confirm with

715 metagenomic data, the pigments, porphyrins, fatty acids, sterols, and

716  intermediates/byproducts of pathways associated with methanogenesis (such as coenzyme B
717  and coenzyme M biosynthesis) were the compounds whose abundance was most strongly

718  correlated to fluid type. In particular, pigments are a promising and intriguing biosignature of
719 life in this system, due to both their specificity to particular processes and their longevity in the
720 geological record (Schwieterman et al., 2015).

721 We chose methods for characterization that we hoped would allow us to capture as
722  many DOM features as possible. These methods naturally have limitations. Many of the

723  metabolic pathways of interest in these wells, in particular those involved with C1 metabolisms,
724  consist of intermediate compounds that are involved in multiple overlapping pathways

725  (Peregrin-Alvarez et al., 2009), many of which are too small to be detected using the liquid

726  chromatography methods used in this study. These compounds are also cycled rapidly and

727  retained within the cell (Bar-Even et al., 2011), precluding them from an exometabolome

728  analysis such as this one. Additionally, many of the features we detected could not be

729 annotated using available metabolite databases- a caveat which reflects both the under-

730 characterization of microbial secondary metabolites on the whole, but also the uniqueness of
731  the environment and the microbial communities that inhabit it.

732 Linking DOM composition to environmental characteristics has exciting implications for
733 the search for potential biomarkers for life fueled by serpentinization, in particular because the
734  greatest numbers of unique features were found in wells that are the most heavily influenced
735 by serpentinization. Metabolomics studies of environments of astrobiological significance, such
736  as serpentinizing rock, hold great promise in the search for biomarkers that may be used as
737  evidence of life on other worlds (Seyler et al., 2020b). Further efforts to characterize the unique
738  features detected in hyperalkaline fluids in the Samail Ophiolite may thus provide researchers
739  with the means to detect life in serpentinizing systems elsewhere in our Solar System, such as
740  the subsurface of Mars or the icy moons of Jupiter and Saturn. Such techniques hold the

741  possibility of uncovering biomarkers of processes and relationships that are representative of
742  habitats influenced by serpentinization, aiding the search for life in similar environments on
743 other worlds in our Solar System.

744
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756  Figure 1. Principal component analysis comparing metabolomes of five sampled wells and

757  blanks. The gray area is a cloud of all metabolomic features across all samples.

758

759  Figure 2. Z-scores of metabolomic feature abundance across wells clustered using a Pearson
760  correlation, indicate peaks in the mass spectrometry data are differentially more abundant in
761  some wells than in others. In particular, NSHQ14 had many unique features, most of which
762  could not be identified.

763

764  Figure 3. Z-scores of bin abundance across wells, clustered using a Pearson correlation. Wells
765  clustered according to fluid type: hyperalkaline (NSHQ14 and WAB71), alkaline (WAB104 and
766  WAB105) and contact (WAB55). WAB71 had the greatest number of bins which were more
767  abundant in this well than any other well, while NSHQ14 had the fewest.

768

769  Figure 4. Procrustes analysis in which the metabolomic feature abundance and bin abundance
770  ordinations are optimally superimposed through rotating and rescaling, showing that

771  metabolomic feature abundance and bin abundance are correlated. Hyperalkaline wells and
772  alkaline wells cluster together, while the contact well is distinct from both. Labeled boxes

773  indicate the position of the samples in the first ordination, and arrows point to their positions in
774  the target ordination.

775

776  Figure 5. Features cross-referenced between KEGG results and mummichog annotations.

777  Features are grouped by putative annotation/function. Diagnostic features appear in bold.
778  Feature annotations confirmed by MISA are indicated with an asterisk (*). Feature abundance is
779  expressed as the log of the normalized relative abundance.

780

781  Figure 6. Metabolic genes and pathways of interest, annotated in each bin using KEGGDecoder
782  and HMMER. Percentage completion of each pathway is indicated in shades of green. Z-scores
783  of bin abundance within each well and across all wells are indicated in a blue/red heatmap at
784  the top of the figure (negative z-scores in blue, positive z-scores in red).

785

786  Table 1. Geochemical data of wells sampled for metabolomics.

787


https://doi.org/10.1101/2022.11.09.515806
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.09.515806; this version posted November 9, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

19
pump Cond SPE  TOC of
depth T (uS/ ORP CellCounts TOC Volume sample

site lithology (m) pH (°C) cm) (mV) (perml) (mg/L) (L) (mg)
NSHQ14 peridotite 50 11.1 34.4 493 -415 3.04E+05 1.4470 20 28.94
WAB71 peridotite 50-70 10.6 34.5 1803 -86 2.79E+05 2.5130 7 17.591
WAB55 contact 30 9.2 34.7 1171 110 6.79E+04 0.3560 18 6.408
WAB104 peridotite 70 85 33.4 493 180 2.38E+05 0.6146 20 12.292
WAB105 peridotite 50 8.3 31.6 448 178 1.80E+05 0.5756 4 2.3024

788

789  Supplementary Table 1. All features identified as representative of the three well types
790 (“levels”) determined by non-negative matrix factorization (NMF) analysis. Annotations
791  acquired by mummichog are included where available. Features highlighted in bold were
792  annotated by Progenesis Ql using the ChemSpider Database (Supplemental Table 2).

793

794  Supplementary Table 2. Representative features that could be annotated by Progenesis Ql
795  using the ChemSpider database.

796

797  Supplementary Table 3. KOs for all genes annotated by KEGGDecoder in bins included in this
798  study.

799

800
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213.1128715 469.475 Butanoic acid Fermentation product of polysaccharides
251.0769583 533.946 Dextrin, Maltotriose, Manninotriose Polysaccharides
L-Fucono-1,5-lactone _-fuculose degradation
Cag-;gi?: a;iisdznd ISRORRtR | 998 2-Dehydm-é-deﬂxy-L-rhamnﬂnate _-rhamnose dgégradation
L-Fucono-1,5-lactone _-fuculose degradation
EREiaat || SEgLOd 2-Dehydm-é-deﬂxy-L-rhamnﬂnate _-rhamnose dgégradation
L-Fuculose, L-Rhamnose, L-Rhamnulose Glycan sugars
145.0502616 162.542 2-Dehydropantoate Pantothenate and CoA biosynthesis
(S)-2-Aceto-2-hydroxybutanoate Isoleucine biosynthesis
425.140347  489.908 Chitobiose™® Amino sugar metabolism
cis-Homoaconitate Coenzyme B biosynthesis
b dl s cis-2-Methylaconitate, 2-Methyl-trans-aconitate Proparrﬂate degrab::iatinn
cis-Homoaconitate Coenzyme B biosynthesis
IRilosla [| o002 cis-2-Methylaconitate, 2-Methyl-trans-aconitate Propar?nate degrai::iatinn
cis-Homoaconitate Coenzyme B biosynthesis
Methanogenesis / 168013099 | H0:98/ cis-2-Methylaconitate, 2-Methyl-trans-aconitate Propa:ﬂate degra}t’:iatinn
Propanoate Degradation cis-Homoaconitate Coenzyme B biosynthesis
i ° 1680137904 | 400,924 cis-2-Methylaconitate, 2-Methyl-trans-aconitate Proparroate degra}t’:iatiﬂn
cis-Homoaconitate Coenzyme B biosynthesis
leadiareal | 200010 cis-2-Methylaconitate, 2-Methyl-trans-aconitate Proparroate degra}t’:iatiﬂn
248.945677 463.752 (2R)-Phosphosulfolactate Coenzyme M biosynthesis
265.2063864 462.694 2-Hexaprenyl-6-methoxyphenol Methanogenesis from methoxylated aromatic compounds
280.1222442 54.125 Protoporphyrin IX Heme and chlorophyll biosynthesis
329.1495666 542.312 Coproporphyrinogen lll, Coproporphyrinogen | Precursor to protoporphyrin IX
163.0331047 490.965 2-Succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylate Menaquinone biosynthesis
239.0555698 280.382 (1R,6R)-6-Hydroxy-2-succinylcyclohexa-2,4-diene-1-carboxylate Menaquinone biosynthesis
137.0239831 383.605 4-Hydroxybenzoate Ubiquinol biosysnthesis
356.2346793 564.86 (2'S)-Deoxymyxol 2'-alpha-L-fucoside Carotenoid biosynthesis
Porphyrins, Pigments, 593.3469851 567.504 Glycosyl-4,4'-diaponeurosporenoate Staphyloxanthin (carotenoid) biosynthesis
and Quinones 457.4201912  558.08 Tetraprenyl-beta-curcumene Sesquarterpene found in Bacillus spp.
449.3408343 345.911 Phylloquinone Photosystem | electron transport chain
451.356674  598.854 Phylloguinol Phylloguinone biosynthesis
565.2085338 402.452 Magnesium protoporphyrin Chlorophyll biosynthesis
595.2181431 414.519 13(1)-Hydroxy-magnesium-protoporphyrin IX 13-monomethyl ester  Chlorophyll biosynthesis
196.0613066 306.102 3,4-Dihydroxy-L-phenylalanine, N,N-Dihydroxy-L-phenylalanine Plant/fungi pigments
455.2351908 458.557 Phytyl diphosphate Geranylgeranyl diphosphate biosynthesis
325.0977032 463.752 Dolichyl diphosphate N-Glycan biosynthesis
325.0979834 476.347 Dolichyl diphosphate N-Glycan biosynthesis
325.0978361 500.389 Dolichyl diphosphate N-Glycan biosynthesis
365.091095  507.261 Dolichyl diphosphate N-Glycan biosynthesis
219.174499 939.14 30-oxolanosterol Sterol biosynthesis (methylotrophs)
181.1591554 531.303 Dodecanoic acid Fatty acid biosynthesis
181.159206 424.472 Dodecanoic acid Fatty acid biosynthesis
183.1380953 552.793 Dodecanoic acid Fatty acid biosynthesis
_ 199.1697832 565.918 Dodecanoic acid Fatty acid biosynthesis
Fatty Acids and Sterols _ _ S _
221.1534627 559.045 Dodecanoic acid Fatty acid biosynthesis
259.1908329 543.37 Dodecanoic acid Fatty acid biosynthesis
253.2166859 576.399 (9Z)-Hexadecenoic acid (palmitoleate) Fatty acid biosynthesis
193.123585 544.956 12-Ox0-9(Z)-dodecenoic acid alpha-Linolenic acid metabolism
231.1232484 455.386 9-Oxononanoic acid, 1,2-dibutyrin alpha-Linolenic acid metabolism
183.101987  504.089 Prostaglandin G2 Arachidonic acid metabolism
349.2015361 554.908 Prostaglandin G2 Arachidonic acid metabolism
333.2081752 559.045 Prostaglandin H2*, Prostaglandin D2* Arachidonic acid metabolism
351.2190235 560.631 Prostaglandin H2*, Prostaglandin D2* Arachidonic acid metabolism
259.2374446  543.37 Agmatine Putrescine biosynthesis / Arginine degradation
v 00 rg o 1.0 s, s s s oo s 2 e S bon MOS0 19 403.509  5'-S-Methyl-5'-thioinosine Methionine salvage / Aromatic amino acid biosynthesis
T 1 170.9969508  329.178  Isethionic acid Sulfoacetaldehyde degradation
170.9967908 334.901 Isethionic acid Sulfoacetaldehyde degradation
Shikimate Chorismate biosynthesi
17594pRpa]. | 12201 2-Isopropylmaleate, (2S)-2-Isopropyl-3-oxosuccinate Leucine binsyntl'?esis )
Shikimate Chorismate biosynthesi
Wsiwlesn | 121004 2-Isopropylmaleate, (2S)-2-Isopropyl-3-oxosuccinate _eucine binsyntl'?esis )
Poly‘;‘::li?:eﬁifail(:ism 157.0501747 282.497 alpha-Isopropylmalate, 2-Isopropylmaleate, 3-Isopropylmalate _euc?ne binsynthes?s
157.0501959 239.609 alpha-lsopropylmalate, 2-Isopropylmaleate, 3-Isopropylmalate _eucine biosynthesis
2,3,4,5-Tetrahydrodipicolinate _ysine biosynthesis
192.0349213 | Bi2.299 S:Fiyéi mxyantt?ranilafe lefyptnpha nydeg radation
138.0191247 290.863 2-Aminomuconate Tryptophan degradation
135.0445777 401.923 Phenylacetic acid Phenylalanine metabolism
135.0445681 209.224 Phenylacetic acid Phenylalanine metabolism
165.0552258 240.574 3-(3-Hydroxyphenyl)propanoic acid Phenylalanine metabolism
151.0395899 317.64 3-(3-Hydroxyphenyl)propanoic acid Phenylalanine metabolism
_ 159.0657347 223.313 Pimelate Biotin biosynthesis
Miscellaneous
193.0366249 383.076 7-Carboxy-7-carbaguanine preQO biosynthesis
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Heme biosynthesis, glutamyl-tRNA =>heme

Methanogenesisvia CO2
Methanogenesis via acetate
Coenzyme B biosynthesis
2-methylcitrate cyclel

Coenzyme Mreduction to methane
Coenzyme B/Coenzyme M regeneration
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Menaquinone biosynthesis from chorismate
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Magnesium chelatase subunit |

Anaerobic Mg-protoporphyrin IX monomethyl ester cyclase
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Methane

Pigments,
Porphyrins, and

Arachidonate synthase

Shikimate pathway

Leucine biosynthesis

Lysine biosynthesis, succinyl-DAP pathway
preQ0 biosynthesis

Eicosapentaenoate synthase
Putrescine Biosynthesis I.

Cytochrome bd complex
Beta-carotene hydroxylase

Putrescine Biosynthesis ||

Spermidine biosynthesis
S-methyl-5'-thioadenosine degradation

Staphyloxanthin biosynthesis

Tetraprenyl-beta-curcumene synthase
Dodecanoic acid synthesis

Hexadecenoic acid biosynthesis
Methionine salvage pathway
Sulfoacetaldehyde degradation

NADH-quinone oxidoreductase
Fatty acid biosynthesis, initation
Fatty acid biosynthesis, elongation
Long-chain acyl-CoA biosynthesis
Phenylalanine metabolism, amidase
Biotin biosynthesis from pimelate

Geranylgeranyl diphosphate reductase
Phenylalanine metabolism, catalase-peroxidase

Lysine biosynthesis, acetyl-DAP pathway

Lysine biosynthesis, DAP dehydrogenase pathway
biosynthesis, DAP aminotransferase pathway

3-(3-hydroxy-phenyl)propionate hydroxylase

ysine

L

Quinones
Fatty Acidsand
Sterols
Amino Acid and
Polyamine

Metaboli
Miscellaneous
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