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Abstract: Understanding soil production of the trace gas carbonyl sulfide (OCS) is key to its use as
a tracer of ecosystem function. Underlying its application is the observation that vascular plants
consume atmospheric OCS via their stomatal pores in proportion with CO:z photosynthesis and that
soil fluxes of OCS are negligible in comparison. Recent soil-centered studies demonstrate that soils
can produce OCS and contribute as much as a quarter of the atmospheric terrestrial flux. Despite
the potential widespread importance of soil OCS emissions, insufficient data exist to predict
variations in OCS production across ecosystems, and the chemical and biological drivers of OCS
production are virtually unknown. In this study, we address this knowledge gap by investigating
variables controlling OCS soil production including soil physical and chemical properties, microbial
community composition, and sulfur speciation in two independent surveys. We found that soil OCS
production was nearly ubiquitous across the 58 sites, increased exponentially with temperature, and
was insensitive to visible light conditioning. Soil pH, N, and C/N were predictors of OCS soil
production rates in both soil surveys. Patterns in soil S speciation and predicted microbial S-cycling
pathways both pointed to S-containing amino acids such as cysteine and methionine and their
derivatives as potential precursors for OCS production. Elevated sulfate levels were associated with
OCS production in some soils. This study provides new mechanistic insight into OCS production in
soils and presents strategies to represent soil OCS fluxes that facilitate the use of OCS as a tracer for
leaf-level processes related to carbon and water cycling.
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1. Introduction

Soils may be either a source or sink of OCS, or both, and the conditions that dictate this balance
are not well resolved. Maximum soil uptake of OCS is generally observed at intermediate moisture
levels that support both gas diffusion and microbial activity, notably OCS hydrolysis by carbonic
anhydrase (CA) [1]. Until recently, emissions of OCS by soils were thought to be a feature only of
wetland systems (reviewed in [2]), but periods of net soil OCS emission have now been reported in
forest, grassland, and cropland ecosystems [3-7]. Soil incubation studies have further shown that
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both OCS production and consumption are widespread in soils, and the balance of these two gross
fluxes drives the net soil-atmosphere OCS exchange [8-10]. OCS production has also been observed
from plant components (e.g., roots, non-photosynthetic plant tissues) [7,11] and non-vascular plants
(e.g., liverwort, moss) [12,13]. The mechanism for OCS production and its sensitivity to
environmental conditions are poorly understood, which limits efforts to account for OCS soil fluxes
and represents a gap in our understanding of biosphere—atmosphere sulfur cycling. Process-level
representation of soil OCS cycling is needed to reduce uncertainty in the global OCS budget. In
addition, constraining spatial and temporal variability in soil-atmosphere OCS exchange will
improve estimates of large-scale, leaf-level processes (e.g., stomatal conductance and photosynthetic
CO2 uptake) derived from the application of OCS as an atmospheric tracer [14].

OCS production in soils could be driven by biological and/or abiotic processes, and divergent
mechanisms have been proposed. Abiotic thermo- and photo-degradation reactions involving still
unknown chemical and biological components or pathways may be a driver of OCS production
[8,11,13,15]. Soil OCS production rates depend exponentially on temperature [7,8,10], increase with
light [5,11], and persist at similar rates when the same soil sample is moist and dry [10]. Furthermore,
OCS production persists in soils following biological inactivation by autoclaving [11,16]. These
observations suggest an abiotic mechanism for OCS production such as photo-thermal degradation
of sulfur compounds, which may be indirectly coupled to biological production of precursor
compounds by soil microbes and plants. Additionally, some bacterial and fungal isolates emit OCS,
though observations of OCS consumption are more frequent [17,18]. Known microbial metabolisms
directly producing OCS include metabolism of carbon disulfide (CSz) [19], thiocyanate (SCN-) [20-25],
and isothiocyanate [26]. While enzymes associated with these production pathways have been
described in some organisms (e.g., thiocyanate hydrolase [24]), their contributions to OCS soil fluxes
have not been evaluated. New efforts are needed to identify the dominant mechanism(s) driving OCS
production in soils.

Microbes participate in a wide array of S transformations in soil that may include the production
of OCS precursors. Most sulfur in soils is contained in soil organic matter (>95% of total S) including
microbial biomass (~1% S) [27,28]. Microbes mineralize organic S compounds to inorganic sulfate
(SO4%), the bioavailable form for plant assimilation and for microbial assimilatory needs. Conversely,
microbes carry out dissimilatory S redox reactions. For example, sulfate reducing bacteria and sulfur
oxidizing bacteria gain energy through interconversions between sulfate (5042°) and sulfide (HzS),
and their intermediates. As a result of these assimilatory and dissimilatory processes, soil systems
contain a diverse spectrum of S compounds that may serve as OCS precursors. A number of potential
OCS precursors have been evaluated through soil amendments with mixed results. For example,
cystine, cysteine, and thiocyanate amendments were found to stimulate OCS production in one study
[29], while OCS production was only observed in response to thiocyanate addition but not to cysteine,
methionine, sulfate, or elemental S in a second study [30]. Plants have been shown to release OCS as
a result of the degradation of unstable S-containing intermediates such as aromatic isothiocyanates
[31] and thiocarbamates [32]. The most extensive work on precursors to OCS production has been
performed in aquatic systems, where OCS production has been observed from filtered natural water
amended with disulfides (e.g., cystine), sulfides (e.g., methionine), thiols (e.g., cysteine), and
thiocyanates (e.g., isothiocyanate) (Table 1) [33-36]. OCS production from aquatic systems has been
found to depend on light (particularly UV light), oxygen levels, and the presence of dissolved organic
matter, and proposed chemical mechanisms include photochemical degradation of S compounds
[33,36-38] and light-independent reactions of sulfur radicals (thiyls) with carbonyl compounds
[34,39]. A main challenge is to determine whether OCS production in different soils are related to one
or more common microbial S-cycling pathway(s) and related S compound(s).

In this study, we investigate the role of physical, chemical, and microbial processes as drivers of
OCS production in soils. Our aim was to determine whether common abiotic, biotic, or coupled
abiotic-biotic processes dominate OCS production rates in different soils. Our approach was to collect
soils from various locations, biomes, and land use types in two independent soil surveys that were
conducted predominantly in the United States (Survey 1; 20 sites) and Europe (Survey 2; 38 sites).
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Net OCS fluxes were measured on air-dried soils, which reflect predominantly abiotic OCS
production processes given that microbe-mediated OCS consumption ceases under moisture
limitation [10]. To elucidate potential mechanisms, we measured the temperature (Survey 1) and light
(Survey 2) sensitivity of OCS production in soils. Recognizing that many chemical, physical, and
microbial factors operate and are coupled within the soil system, we characterized 75 properties in
Survey 1 including S and sulfate concentrations, S speciation by X-ray absorption near edge structure
(XANES) spectroscopy, and microbial community composition and 12 widely measured properties
in Survey 2 that are useful for predictive models including soil C, N, pH, and redox. In this paper,
we analyze this extensive data set to address the following hypotheses: (1) the dominant production
mechanism for OCS in soils is abiotic photo-thermal degradation of S compounds; (2) direct microbial
OCS production pathways do not significantly contribute to OCS fluxes in soils; and (3) microbial
and plant S cycling indirectly drive OCS production in soils through production of S intermediates.
Our results will provide new mechanistic insight and predictive power for describing the production
of OCS in soils.

Table 1. Previously reported OCS production from S species from aquatic systems (filtered natural

water).
cpe Non-Photochemical Photo-Chemical
Compound Classification Production Production (UV) References
Cysteine (CYS) Thiol, R-SH N Y [33,34,36,37,40]
. Thioether (organic .
Methionine (MET) sulfide) R-S-R’ N uncertain [33,34,37]
Glutathione (GSH) Thiol, R-SH Y Y [33,34]
3-Mercaptopropionic acid .
3-MPA) Thiol, R-SH N Y [34]
Methyl mercaptan (MeSH) Thiol, R-SH N Y [34]
Sulfide Sulfide, HS- - Y [34]
Dimeric disulfide (Na- Organic disulfide, R-S-
GSSG) S-R’ N N (34]
h Ifonic aci
Met A acid Sulfonate, R-0-50: N N [34]

2. Materials and Methods

In this study, two separate surveys were conducted on soils of different origins, using similar
methods that resulted in independent, yet complementary data sets. Survey 1 soils were part of an
experiment designed to investigate the role of temperature in regulating OCS flux, while Survey 2
soils were used for experiments exploring the response of OCS to light. Differences and similarities
between the survey methods are summarized in Table 2 and additional detail regarding the Survey
1 and 2 methods are described in [8,41] and [10,15], respectively.

2.1. Soil Collection and Processing

Soil samples were collected from the uppermost 10 cm (litter excluded) at 20 sites in Survey 1
and 38 sites in Survey 2 (Table 2) covering a range of biomes and land use types (Tables 2 and S1).
Soils were sieved and used to determine field moisture and soil water holding capacity (WHC).
Following sieving, soils were pre-treated in Survey 1 (Table 2) by transferring 80 g DW (soil dry
weight) to sterilized half-pint mason jars, adjusting soil moisture levels with sterile nanopure water
to 30% WHC, and incubating aerobically at 22.5 °C for seven days in the dark. This pre-treatment
was done for comparability to identical soil preparations in a separate, simultaneous study on the
microbial drivers of OCS consumption in moist soils [41]. At 30% WHC, soils are sufficiently moist
to support microbial activity, but not so wet as to impede gas diffusion through the soil matrix [42].
The final treatment for both surveys involved transferring soils from either the 30% WHC incubation
pre-treatment (Survey 1) or the untreated field-moist soils (Survey 2) to aluminum trays to dry by
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evaporation. After air drying, soils were transferred to the gas flux measurement chambers to briefly
acclimatize (Table 2), after which OCS and CO: gas fluxes were measured on the dry soils.

Table 2. Side-by-side comparison of soil collection, processing, and analysis methods for Surveys 1

and 2.
Soil Collection Survey 1 Survey 2
Sites 20 38
Region United States, Cambodia Europe
Biomes Arid, Mediterranean, Boreal, Temperate, ~Arid, Mediterranean, Boreal,
Tropical Temperate
Cropland, Desert, Grassland, Deciduous Cropland, Orchard, Grassland,
Land use Deciduous Forest, Evergreen Forest,
Forest, Evergreen Forest, Peatland
Peatland
Sampling depth 0 to 10 cm (after removing litter) 0 to 10 cm (after removing litter)
Samples 3 within a 1-m sampling radius 3-5 within 5-m radius
Soil Processing Survey 1 Survey 2
Sampling depth Replicates kept separate Replicates homogenized
Sieve mesh size 2 mm (Humboldt Mfg., Elgin, IL, USA) 5 mm

Pre-treatment

Final treatment

Air-dried 3 days, wet to 30% WHC,
incubated 7 days at 22.5 °C in the dark
Air-dried for a median of 45 days

Soils at field moisture untreated

Air-dried for 7-14 days

Flux Measurements

Survey 1

Survey 2

Soil amount

Measurement chamber

Acclimation

Treatments

Inlet air source
Flow rate
Temperature control

Dynamic flow
sequence

Time averaged

80 g dry soil

1-L PFA chambers (100-1000-01,
Savillex, Eden Prairie, MN, USA).
Surface area of 0.0078 m2

24 h dark at 22.5 °C

Temperature ramp (11.5 °C to 37.5 °C;
dark only)

Room air passed through buffer volume
(2 L PFA chamber)

0.3 L min!
Water bath [8]

Inlet (10 min), N2 tank background (10
min), and outlet (40 min)

Last 4 min inlet, 4 min for N2, and 8 min
for outlet measurements.

350-400 g dry soil

0.825 L glass jars with customized
glass lid with stainless steel and PTFE
ports. Surface area of 0.0062 m?

2-3 days under 12 h dark/12 h light
photoperiod at 17 °C

Light conditioning and temperature
artifact (dark at 17 °C; light at 23 °C)
Scrubbed ambient air with COz and
OCS added to approximately 420 ppm
CO2 and 500 ppt OCS.

0.25 L min™

Customized climate-control chamber
(MD1400, Snijders, Tillburg, The
Netherlands)

Each component 2 min

Last 20 s for all measurements.

Soil Characterization

Survey 1

Survey 2

Measured properties
(pre-treatment)

Measured properties
(final treatment)

pH method

Texture method

C and N method

WHC, microbial biomass, microbial
community composition (DNA),
metatranscriptomes (RNA)

OCS and CO: fluxes, BD, C, N, pH,
texture, soil moisture, S, other elements,
S04, XANES

1:2.5 soil-water ratio

Multi-wavelength laser diffraction
particle analyzer (LS 13 320 MW,
Beckman Coulter, Brea, CA, USA)

Elemental analyzer (NA-1500, Carlo-
Erba, Milan, Italy)

WHC, soil moisture

OCS and CO:z fluxes, BD, C, N, pH,
texture, redox potential

1:5 soil-water ratio

Sedimentation method (INRA method
SOL-0302).

Gas chromatography and
catharometer (corrected for CaCOs;
INRA methods NF-ISO-13878, NF-
1SO-10694)
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Microbial biomass Chloroform fumigation-potassium Chloroform fumigation-potassium
method sulfate extraction method [43] sulfate extraction method [44,45].

2.2. Trace Gas Flux Measurements

2.2.1. Trace Gas Flux Procedures and Calculations (Surveys 1 and 2)

Measurement chambers containing air-dried soils were installed on dynamic flow-through
systems for OCS exchange measurements. Soil-air gas exchange was determined from differences in
OCS and CO2 mole fractions measured in chamber outlet and inlet air flowing using quantum cascade
laser spectrometers at 1 Hz (QCLS, Aerodyne Research, Inc., Billerica, MA, USA for both surveys).
The QCLS instrument precision is approximately 2 ppt for OCS at 60 s averaging with an absolute
calibration accuracy of 5% for OCS (Aerodyne Research, Inc., Billerica, MA, USA). The measurement
setups have been previously described in detail for Survey 1 [8] and Survey 2 [15]. Two modifications
were made for Survey 1. Firstly, we modified the experimental setup of [8] to include a buffer volume
(2 L PFA chamber) on the gas inlet line to dampen fluctuations in OCS mole fractions in inlet air from
the laboratory. Secondly, we corrected OCS mole fraction measurements for water vapor dilution
and spectral interferences [8,46] using instrument-specific water vapor dependencies to adjust mole
fractions to a common humidity level of 0.010 mol mol-'. The dependencies to water vapor mixing
ratio [H20] (mol mol) was [OCS] (ppb) = -1.05[H20] + 0.539. Water vapor corrections were 3% (5%)
in the median (95th percentile).

Differences between mole fractions in the flow-through chamber inlet gas and outlet gas were
measured along with zero tanks (N2 tank) or calibration gases according to the dynamic flow
sequenced used for each survey (Table 2). Instrument drift was corrected for using N2 background
measurements. For both surveys, fluxes of OCS were determined from the difference between mole
fractions at the outlet (co) and inlet (ci) measured, respectively, by the chamber and bypass flow. For
example:

u
F = E(Co —c;) 1)
where u (mol s7) is the flow rate of air through the chamber, S is the soil surface area and co and ci are
the OCS mixing ratios inside the chamber and the bypass air, respectively. OCS production rates are
not significantly different in dry and moist soils, and thus, OCS production rates can be determined
from the net fluxes of OCS in air-dried soils in which biological OCS uptake is limited [10]. CO: fluxes
(Fcoz) were simultaneously determined using Equation (1) in both surveys.

2.2.2. Temperature Response Experiment (Survey 1)

Survey 1 fluxes were for each dry soil replicate over a 5 °C- or 10 °C-step temperature ramp
between 10 °C and 40 °C at each temperature for three cycles of the aforementioned 60-min program
(inlet, zero, outlet). Soil chambers were placed in a water bath for temperature control. OCS fluxes in
the dry soils derived using Equation (1) are reported at 20 °C and 40 °C as F20 and Fu, respectively.
We fit measurements of the temperature-dependent emission of OCS from dry soils using a least-
square fit to the exponential model.

Fapiotic = @ exp(BTsoi1) 2)

where Ty, is the soil temperature in °C, @ and 8 represent the OCS flux at 0 °C and the temperature
sensitivity of OCS emissions, respectively [7,8]. For consistency with previous work, results were
reported in the commonly-used Q1 framework [10,47],

Fabiotic = releo(Tsoil—Tref)/lo (3)

where T, is a reference temperature, here taken to be 20 °C, and P,.; represents the OCS flux at
Tyer, and the temperature sensitivity terms are analytically related using the following expression:
Q10 = exp(B x 10) . We accounted for differences between set (10, 15, 20, 25, 30, 35, and 40 °C) and
actual (11.5, 15.5, 20.5, 24.5, 28.5, 33.5, and 37.5 °C) soil temperature during the incubation. The mixing
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ratios inside the chamber were also converted into volumetric concentration using air temperature
measurements in the chamber and assuming an atmospheric pressure of 101.325 kPa. OCS fluxes in
desert samples were negative (indicating net uptake even when dry), but became less negative with
temperature, indicating either less uptake or more production with increasing temperature (Figure
51), and we applied a zero offset before fitting with an exponential temperature response curve to
determine temperature sensitivity parameters (offsets for UT-CR and UT-MO were 1.8 pmol kg
min™ and 0.6 pmol kg min, respectively). We adjusted Survey 1 fluxes from 20.5 °C to 17 °C using
the observed temperature sensitivity for each soil (Equation (2)) to match the conditions of Survey 2
dark fluxes for plotting purposes only (negative fluxes were not adjusted). All other analyses of Fzo
are performed on unadjusted flux measurements at 20.5 °C for Survey 1 and 17 °C for Survey 2.

2.2.3. Light Response Experiment (Survey 2)

Soil OCS production rates (F20) were measured in the dark and under visible light (400-700 nm;
500 mol(photons) m= s1) on dry soils. The dark treatment soil microcosms were covered with
aluminum foil and were thermally-regulated at 17 °C. Those that received light were slightly warmer,
typically around 23 °C because the light treatment caused a heating artifact [13,15]. This temperature
difference was measured during the incubations with stainless temperature probe (three-wire PT100)
that measured the temperature of the soil surface at 2—4 cm depth. Qi0 was not determined in Survey
2 under light or dark conditions, therefore we did not attempt adjust Fzo values (light or dark) to a
common temperature for a comparison of light conditioning effects under constant temperature
conditions.

2.3. Soil Characterization

2.3.1. Soil Physical, Chemical, and Microbial Community Characterization (Surveys 1 and 2)

Soil characterization performed in both surveys included soil moisture, WHC, bulk density (BD),
texture, pH, C, and N following methods detailed in Table 2. Additional information on Survey 1 and
Survey 2 methods can be found in [8,41] and [10,15], respectively. Gravimetric (g H2O g soil) water
holding capacity (WHC) was determined from the mass difference before and after 48 h of 105 °C
drying of soils saturated (20 g soil in 40 mL nanopure water) for 2 h in stoppered filter funnels
(Whatman no. 42, GE Healthcare, Little Chalfont, UK) and then drained for 6 h [48]. Bulk density
(BD) was determined from soil mass (10 g) and volume (measured in 15 mL conical tubes). We report
soil moisture as the gravimetric (GWC; m/m) or volumetric water content (VWC; v/v) from the mass
difference before and after 48 h of 105 °C drying (volume conversion with BD). Soil texture is reported
in as the particle distribution of clay (<2 pm), silt (2 pm to 50 pm), and sand (>50 pm) was determined
by laser diffraction (Survey 1) and sedimentation (Survey 2) methods, and are reported here on the
sedimentation scale for comparability [49]. Soil pH, C, and N were analyzed on dry soils in both
surveys. Survey 2 soils were analyzed for redox potential using the same slurry as for pH. Climatic data
were derived from 30-year averages (1984-2014) of Climate Research Unit (CRU TS v3.25) data [50].

2.3.2. 50il S Speciation (Survey 1)

We characterized soil S speciation in Survey 1 soils. Directly after the dynamic flux
measurement, dry soils were destructively sampled to determine total sulfur, sulfate, and XANES
analyses. Elements, including S, were measured by X-ray diffraction spectrometry (Xepos HE XRF
Spectrometer, Spectro Analytical Instruments GmbH, Kleve, Germany). Sulfate was measured by ion
chromatography (IC) in wet and dry soils (DX-500, Dionex, Thermo Scientific, Waltham, MA, USA)
following potassium phosphate (0.016 M KH2POs) or deionized water extractions (1:5 soil to solution,
2 h shaking, centrifuged, filtered 0.2 um) for total and soluble inorganic sulfate, respectively, thus
revealing adsorbed sulfate by difference.

S K-edge XANES spectroscopy identifies the oxidation state and co-ordination environment of
soil sulfur by comparison against spectral libraries of known reference compounds [51]. We
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performed sulfur K-edge XANES (X-ray absorption near-edge structure) spectroscopy on a few
milligrams of dry soil under He-atmosphere at beamline 4-3, Stanford Synchrotron Radiation
Lightsource (SSRL), using a Si(111) monochromator (energy calibrated by setting the first edge of the
in-line thiosulfate standard to 2472.02 eV) and SiLi Vortex detector. Normalized sample spectra were
fit with linear combination fitting using Athena software (Demeter 0.9.25, using Ifeffit 1.2.12) [52] and
model spectra from the sulfur XANES spectra database
(http://www.esrf.eu/home/UsersAndScience/Experiments/XNP/ID21/php.html) provided by the
ID21 beamline at the European Synchrotron Radiation Facility. Species with <2% contribution to the
fits were disregarded.

2.3.3. Soil Microbial Characterization (Survey 1)

Microbial biomass, community composition, and metatranscriptomes were analyzed in Survey
1 soils. Soil samples were taken at the end of the ‘moist’ pre-treatment (Table 2) and were preserved
for DNA- (flash-frozen in liquid nitrogen) and RNA- (LifeGuard® Soil Preservation Solution, MO BIO
Laboratories, San Diego, CA, USA) based analyses. Soil DNA was later extracted from 0.25 g of each
replicate (PowerSoil® DNA Isolation Kit, MO BIO Laboratories, San Diego, CA, USA) and RNA was
extracted (PowerSoil® RNA Isolation Kit, MO BIO) from 1.0 g of one replicate of ten sites (Table Al).
Phylogenetic amplicon iTag DNA sequencing from DNA extract with 165 rRNA (V4) and fungal ITS2
(ITSO9F/ITS4R) primers and metatranscriptome sequencing from soil RNA were performed by the
Department of Energy Joint Genome Institute (JGI), Walnut Creek, CA, USA. Data sets are available
in the JGI Genome Portal (https://genome.jgi.doe.gov/) under JGI proposal ID 2033. Sequence data
were collected from the moist-soil pre-treatments, and the patterns in microbial community
composition and biomass (and certainly gene expression) may have shifted over the ca. 45-day air
dry treatment in uncharacterized ways.

Soils were sampled following the Survey 1 pretreatment for microbial biomass, which was
determined by chloroform fumigation of 3 g DW for three days in the dark following [43-45].
Specifically, fumigated and non-fumigated soils were extracted with 10 mL 0.5 K2504 through pre-
leached (using 0.5 M K2SOxs) filter paper (Whatman no. 1, GE Healthcare, Little Chalfont, UK) after
one hour of vigorous shaking. Extracts were frozen until dilution (1:3 into DI water) and analysis
made on a total organic carbon analyzer (TOC-L, Shimadzu, Tokyo, Japan). The chloroform-labile
pool of C or N (EC and EN; ug C or ug N g DW™') was estimated from the difference between the
extracted C or N in fumigated and control samples and converted to microbial biomass (C or N) using
microbial C = EC/kec or microbial N = EN/ken, where kec and ken represent the microbial C and N
mineralization efficiency, taken here to be the constants 0.45 and 0.54, respectively [44,53].

2.4. Data Analysis

2.4.1. Predicting Microbial Pathways from Composition and Gene Expression Data

We predicted phenotypes and organism-level functional pathways related to sulfur cycling from
Survey 1 microbial community composition using the BugBase algorithm and online analysis tool
[54] that draws from other software [55-60]. We used the BugBase default threshold-finding feature
on non-rarified OTU tables to predict pathway abundance in each site. Putative thiocyanate
hydrolase (scnC) genes were recovered from Survey 1 soil metatranscriptomes using the IMG/MER
[58] with the following search tools: (1) function search for nitrile hydrolase (pfam02979), which
demonstrates significant homologies with scnC [61]; and (2) BLAST search with Thiobacillus thioparus
DSM 505 scnC amino acid sequence (Joint Genome Institute Integrated Microbial Genomes Gene ID
2515447191) as the query (blastp, 1 x 105 threshold).

2.4.2. Statistical Tests and Multivariate Data Analysis

All analyses were done with R version 3.3.3 (R Core Team 2017). The effect of biome, land use,
and conditioning (i.e., flux measurements taken in the dark or light) on the OCS flux at 20 °C (F20)
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and 40 °C (Fa), and Quo, was evaluated with linear models and ANOVAs. Least squared means (R
package lsmeans) was used to determine the difference in mean of Fz, Fiw, and Quo; significant
differences of means (p < 0.05) were determined using Tukey’s adjustment. Survey 1 flux data was
log transformed to meet the assumptions of normality and equal variance; data were back-
transformed for interpretation.

A series of partial least square regression (PLSR) models were evaluated (R package plsdepot).
PLSR is a type of multivariate analysis that combines features of principal components analysis (PCA)
and multiple regression, and can be used to analyze a set of dependent variables from a large set of
independent variables [62]. The PLSR algorithm extracts orthogonal linear combinations of the
independent variables into components that account for the greatest variation in the response
variable. We determined the properties of soils that were drivers of observed fluxes by assessing the
magnitude of squared weights of all variables within the first two components of each PLSR model
[63]. Squared weights > 0.05 were retained as ‘significant’, and the greater a variable’s weight, the
more it is considered as a driver of the component [63]. Prior to running the PLSR models, sand, silt,
clay, and XANES data were center log ratio transformed (clr; R package compositions). This
transformation is necessary to convert compositional data (e.g., proportions and percentages) into an
open form and analyzed in Euclidean space [64]. Survey 2 sites that had no chemical data except pH
were not included in the analysis (FR_Rou, PT_Mit-mid, and PT_Mit-amb).

Principal component analysis (PCA; R packages FactoMineR and factoextra) was conducted
with site-averaged, clr-transformed, predicted microbial pathway data, and Fzo, Fi, and Q1o data. The
embedded BugBase statistical tests were also used to evaluate pairwise correlations between
microbial pathway predictions and Fzo, Fa, and Q1o (Spearman’s rank correlation).

Finally, raw S XANES spectra (before composition estimation against reference spectra) were
analyzed by dividing the 2470 eV to 2486 eV spectral region into 30 bins to assess correlations
(pairwise Pearson’s product moment) between the site-averaged soil chemical, physical, and
microbial data and XANES absorption within each 0.5 eV bin.

3. Results

3.1. Patterns in OCS Production with Biome and Land Use

OCS production was widespread across a collection of diverse soils. The surveys included soils
with diverse biome, land use, and physicochemical characteristics (Table 3). Net emissions of OCS
(positive flux) were observed in air-dried soils from approximately 90% of sites (51 of 58) from the
two soil surveys in gas exchange rates measured in the dark at approximately 20 °C (20.5 °C for
Survey 1; 17 °C for Survey 2). Under these conditions, OCS fluxes ranged in Survey 1 from —0.7 to
39.5 pmol (OCS) kg DW-! min with a median of 2.3 pmol(OCS) kg DW- min™! and in Survey 2 site-
averaged OCS fluxes ranged from -12.2 to 18.0 pmol(OCS) kg DW-! min! with a median of 0.9
pmol(OCS) kg DW= min. The maximum emissions were observed in Boreal peatland samples for
both surveys (MN-SP, SE-Abi). A minority of soils in both surveys exhibited net OCS uptake,
although only one site with replicates was significantly different from zero (FR-Lou). A similar range
of OCS fluxes was observed in both surveys (Figure 1) when considered under the same conditions
(17 °Cin the dark; Section 2.2.2). The remainder of the results are derived from independent statistical
analyses of Surveys 1 and 2. This prevents differences in methods (Table 2) from affecting data
interpretation and also allows us to determine whether results are consistent across what are
essentially two separate studies.
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Table 3. Survey 1 and 2 site information and selected physicochemical properties sorted by biome and land use.

9 of 27

Survey 1

Soil ID Latitude Longitude Biome Land Use pH C/N Clay (%) Silt(%) Sand (%) MAT (°C) MAP (mm)
UT-CR 38.68 -109.42 Arid Desert 88 88 14 34 52 9.7 295
UT-MO 38.87 -109.81 Arid Desert 94 172 36 58 6 10.9 225
CA-JRB 37.4 -122.23 Mediterranean Grassland 75 12 11 37 52 14.6 618
CA-JRC 37.41 -122.23 Mediterranean Grassland 73 11 11 39 50 14.6 618
CA-JRSN 37.41 -122.23 Mediterranean Grassland 65 11 17 48 35 14.6 618
CA-JRSR 37.41 -122.23 Mediterranean Grassland 74 12 10 43 47 14.6 618
CA-SR1 34.09 -118.66  Mediterranean Evergreen Forest 7.3 21 13 36 51 14.8 450
CA-SR2 34.09 -118.66  Mediterranean Evergreen Forest 7.6 17 8 33 59 14.8 450
CA-CC 37.43 -122.18  Mediterranean Cropland 82 12 13 30 57 14.6 618
CA-BB 37.19 -122.22 Temperate Evergreen Forest 6.4 25 10 36 54 14.6 618
OR-AC 42.18 -122.8 Temperate Evergreen Forest 6.5 32 6 25 69 10.5 676
WA-WR 45.82 -121.95 Temperate Evergreen Forest 53 33 1 4 95 8.4 1850
MA-HF 42.54 -72.17 Temperate Deciduous Forest 4.3 21 4 26 70 8.8 1167
WI-WC 45.81 -90.08 Temperate Deciduous Forest 5.8 15 3 15 82 4.7 812
IL-BV 40.01 -88.29 Temperate Cropland 58 11 7 37 56 11.4 1013
OK-GP 36.61 -97.49 Temperate Cropland 48 10 13 62 25 16.0 972
HI-KP 20.15 -155.83 Tropical Grassland 6.6 10 7 26 67 20.3 2680
CM-DF 11.51 105.01 Tropical Cropland 55 9 28 62 10 28.2 1453
CM-WF 11.51 105.01 Tropical Cropland 46 10 25 59 16 28.2 1453
MN-SP 47.51 -93.45 Boreal Peatland 4 33 n.d. n.d. n.d. 4.1 725

Survey 2

Soil ID Latitude Longitude Biome Land Use pH C/N Clay (%) Silt(%) Sand (%) MAT (°C) MAP (mm)
SP-Amo 36.83 -2.25 Arid Grassland 86 9 15 35 50 18.1 291
SP-Bal 39.94 -2.03 Arid Grassland 84 19 18 28 54 13.8 427
IS-Yat 31.35 35.05 Arid Evergreen Forest 8.1 30 29 49 22 21.0 217
IS-Reh 31.91 34.81 Mediterranean Orchard 78 18 15 7 78 20.3 485
SP-Ube_NOVeg  37.92 -3.23 Mediterranean Orchard 84 42 55 40 5 15.7 422
SP-Ube_Veg 3791 -3.23 Mediterranean Orchard 86 13 23 35 42 15.7 422
FR-Pue 43.74 3.6 Mediterranean Evergreen Forest 6.9 18 42 32 26 13.8 755
PT-Cor 39.14 -8.33 Mediterranean Evergreen Forest 5.7 18 4 16 80 16.7 811
PT-Mit-amb 38.54 -8 Mediterranean Evergreen Forest 5.5 n.d. n.d. n.d. n.d. 16.7 811
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PT-Mit-b9

PT-Mit-mid

SP-Cha
SP-Peg
CH-Cha
CH-Fru
FR-Laql
FR-Laq2
CH-Dav
FR-Gra
FR-LeB
CH-Lag
DE-Hai
DE-Lei
DK-Sor
FR_Rou
FR-Hes
FR-Lou
CH-Oe2
FR_TIsC6

FR_TISLA3

FR-AucB4

FR-AucLHS8

FR-TIsCL
SE-Abi
SE-Hyl
FI-Hyy
FI-Var
SE-Nor

SE-Ros_Cont
SE-Ros_Fert

SE-Sva

38.54
38.54
40.65
40.38
47.21
47.12
45.64
45.64
46.81
44.76
44.72
47.12
51.08
51.33
55.49
45.01
48.67
43.08
47.29
43.54
43.53
43.62
43.64
43.53
68.36
56.1
61.85
67.76
60.09
64.17
64.17
64.17

Mediterranean
Mediterranean
Mediterranean
Mediterranean
Temperate
Temperate
Temperate
Temperate
Temperate
Temperate
Temperate
Temperate
Temperate
Temperate
Temperate
Temperate
Temperate
Temperate
Temperate
Temperate
Temperate
Temperate
Temperate
Temperate
Boreal
Boreal
Boreal
Boreal
Boreal
Boreal
Boreal
Boreal

Evergreen Forest
Evergreen Forest
Evergreen Forest
Evergreen Forest
Grassland
Grassland
Grassland
Grassland
Evergreen Forest
Evergreen Forest
Evergreen Forest
Deciduous Forest
Deciduous Forest
Deciduous Forest
Deciduous Forest
Deciduous Forest
Deciduous Forest
Deciduous Forest
Cropland
Cropland
Cropland
Cropland
Cropland
Cropland
Peatland
Peatland
Evergreen Forest
Evergreen Forest
Evergreen Forest
Evergreen Forest
Evergreen Forest
Evergreen Forest

59
6
5.5
6.2
6.3
4.9
4.6
5.7
4.3
4.6
4.8
6.3
6
52
4.2
6.5
5.4
7.9
7.3
8.6
8.5
8.4
7.8
5.7
44
3.8
4.6
5.3
44
52
4.5
4.7

18

n.d.

19
11
27
10
11
11
25
27
25
13
13
14
19

n.d.

14
23
10
22
15
30

39
26
36
31
31
41
27
47

4

n.d.

13

28
42
18
21
22

42
48
19
15

n.d.

24
14
42
18
28
33
47
33

n.d.

14
14

O B

9

n.d.

20

44
47
59
57
25

43
49
77
23

n.d.

61
38
47
35
45
49
35
42

n.d.

35
32
17
26
15
30
28

87

n.d.

67
88
28
11
23
22
53
91
93
15

62

n.d.

15
48
11
47
27
18
18
25

n.d.

51
54
79
61
81
66
63

16.7
16.7
15.3
16.7
9.5
9.2
8.2
8.2
2.6
13.2
13.2
9.2
8.6
8.6
9.0
12.7
10.3
12.8
9.1
13.9
13.9
13.9
13.9
13.9
-3.1
7.7
3.9
-0.6
59
2.0
2.0
2.0

811
811
490
603
1136
1282
985
985
2135
794
794
1282
672
672
584
830
743
845
1220
660
660
712
712
660
690
849
579
578
576
635
635
635

n.d. not determined.
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Figure 1. Net OCS soil fluxes from two independent soil surveys measured at approximately 17 °C in
the dark in Survey 1 (bold text) and Survey 2 (normal text). Survey 1 fluxes at 17 °C were estimated
from measured fluxes at 20.5 °C using the temperature sensitivity for each soil. Site biome is indicated
by symbol type and land use by color. Error bars represent standard deviation of three soil replicates
measured in Survey 2. Positive OCS fluxes indicate emissions of OCS from soils, while negative fluxes
indicate net OCS uptake.

Biome was a significant predictor variable for OCS fluxes in both surveys, and the patterns with
biome were similar for the two surveys (Table 4) increasing from net OCS uptake (negative values) in
arid soils to net OCS emission (positive) in all other soils in the following order: arid < Mediterranean <
boreal < temperate < tropical soils. Differences were most significant at 40 °C (Table 4), where arid and
Mediterranean soils were both significantly lower than temperate and tropical soils, although
differences in production rates between the latter were not significant. Land use was a significant
predictor variable for Survey 2, but not for Survey 1 in any model (p = 0.31 F; p = 0.19 Fa). Land use
was significant in distinguishing grassland from deciduous and evergreen forests and cropland, but the
orchards did not have significantly different F20 from other land use types (Table 2).
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Table 4. The effect of biome and land use on Survey 1 OCS fluxes at 20 °C and 40 °C (Fzo and Fuo,
respectively) and temperature sensitivity (Qu) and on Survey 2 Fxo. The same within a column letter
means no statistical difference (a = 0.05) between factor levels; factor levels with two letters means no
statistical difference between factor levels with either letter. Survey 1 F20 and Fx were log transformed
for analysis and back-transformed for presentation.

Effect Survey 1 Survey 2
Fxo Fao Qo Fxo
ANOVA p-value
Biome <0.001 <0.001 <0.001 <0.001
Land use 2 2 2 <0.001
Lsmeans (pmol OCS kg™ min™) - (pmol OCS kg! min™)
Arid -0.46 B 0.44C 1.65C -2.93 B
Mediterranean 1.73 A 8.74B 2.66 B 0.38 AB
Boreal 3 3 3 0.59 AB
Temperate 3.44 A 2148 A 283 AB 372 A
Tropical 3.37 A 23.90 A 3.18 A 1
Deciduous Forest 2 2 2 -2.02B
Cropland 2 2 2 -1.62B
Evergreen Forest 2 2 2 0.33B
Orchard 1 1 1 0.84 AB
Grassland 2 2 2 4.64 A
Peatland 3 3 3 1
Desert 2 2 2 1

I not applicable to data set; 2 not significant; * not included in analysis because of lack of variance.

3.2. Temperature Response of OCS Production

Soil OCS emissions increased with temperature (15 to 40 °C) for all Survey 1 soils. Temperature
sensitivity expressed as Qio varied between 1.54 and 3.32 and was on average 2.70 + 0.21 (Figure 2)
(£95% confidence intervals). Desert soils were net sinks of OCS at 20 °C and transitioned to sources
of OCS at higher temperatures. Qo varied with biome (arid < Mediterranean < temperate < tropical)
in the same order as OCS fluxes (see Section 3.1), and biome was a significant predictor variable
distinguishing arid from Mediterranean and tropical soils, though temperate soils were not
distinguishable from either Mediterranean or tropical soils (Table 4). Land use was not a significant
predictor variable for temperature sensitivity (p = 0.81 Quo).
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Figure 2. OCS production temperature sensitivity (Quo) for Survey 1 soils observed over temperature
ramp between 15 °C and 40 °C in the dark. Site biome is indicated by symbol type and land use by
color. Error bars indicate upper and lower 95% confidence intervals on exponential fit.

3.3. Light Response of OCS Production

OCS emissions increased with light in most Survey 2 soils (33 out of 38). Light and dark OCS
emissions were correlated (Pearson correlation; r = 0.89 p < 0.001), and OCS emissions in the light
were 2.34 + 0.06 times higher than in the dark (York fit linear slope [65]). However, the increase in
temperature between light and dark treatments—a 6 °C change (from 17 to 23 °C)—can already
explain a factor of 2 increase in OCS production for a Qi of 3 (i.e., 3°6~2). A linear model with
conditioning (light vs. dark) as a fixed effect determined that conditioning was not a significant
predictor (P = 0.12), and a linear model that used light sensitivity (i.e., light vs. dark conditioning) as
the response variable was also run; neither biome nor land use were significant predictors (P = 0.48
and P = 0.9 respectively).

3.4. Soil Sulfur Speciation

The relative and absolute abundance of soil S species varied across the soils in Survey 1. Soil S
ranged from 0.02 to 0.70% gS g DW-! with a median of 0.04% gS g DW-! (Table 5). Soil S levels were
exceptionally high in peat, which contained significant fractions of dead plant biomass (MN-SP).
Most sulfur was present in the form of organic compounds in our soils. Inorganic sulfate (SOs) was
exceptionally high in tropical CM-WF soils (43.2% g(504) g5™") and ranged from 0.2 and 12.4% g(50x)
g5 in the remaining soil samples, with a median of 0.6%. Adsorbed sulfate was present in six out of
the eight soils with the highest soil sulfate levels, but the majority of soils (17 out of 20) had greater
amounts of sulfate in water soluble than in the adsorbed phase.

We used bulk S K-edge XANES spectroscopy to determine the relative abundance of inorganic
sulfate (504) and organic compounds including organic disulfides (R-5-5-R’), organic sulfides (R-S-
R’), thiols (R-SH), sulfoxides (R-SO-R’), sulfonates (R-O-50z), and organic sulfate (R-O-50s) (Figure
3a). Soil samples differed markedly in their sulfur speciation profiles, the highest proportion of
organic sulfur on average was organic sulfate (31%), followed by organic sulfonate (19%), disulfide
(18%), sulfide (15%), sulfoxide (7%), and thiol (1%). Inorganic sulfate concentrations determined by
XANES and IC did not quantitatively agree (Figure 3a). This can primarily be attributed to
uncertainty in XANES data, which are semi-quantitative for species classifications and may not
reliably distinguish between sulfur species with very similar structure (e.g., organic and inorganic
sulfate) in complex matrices, such as soil. We evaluated ratios of highly reduced organic S (RS) and
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intermediately oxidized organic S (RI) to highly oxidized organic S (RS = (R-S-5-R’ + R-5-R’ + R-SH)/R-
0O-503; RI = (R-SO-R’ + R-O-502)/R-O-S0s) (Figure 3b). RS and RI were largest in peatland (MN-SP)
and smallest in an arid (UT-CR) site, representing extremes in sulfur redox speciation (reduced and
oxidized, respectively). S redox ratios were close to unity in most soils (1.2 for RS and 0.9 for Rl in the
median). Higher S redox ratios were found in some (e.g.,, WA-WR, MA-HF), but not all forests.
Furthermore, S was more oxidized in the well-drained location (CM-DF) of the tropical agricultural

site and more reduced in the water-logged location (CM-WF).

(a) XANES: S Speciation

UT-CR
UT-MO
CA-JRB
CA-JRC

CA-JRSN

CA-JRSR

CA-BB
CA-SR1
CA-SR2

CA-CC

OR-AC

WA-WR
MA-HF
WI-WC
OK-GP
IL-BV
HI-KP
CM-DF
CM-WF
MN-SP

Figure 3. Soil sulfur speciation (Survey 1). For each site, (a) relative proportion of sulfur species (%
total S) as measured by XANES (solid bars) and compared with total sulfate measured by IC (right-
justified outline bars); and (b) S species ratios including (RS) highly reduced to highly oxidized (grey
bars) and (IS) intermediate oxidized to highly oxidized (black bars). Sites ordered as in Table 5.

Table 5. Selected soil S properties and stoichiometric ratios sorted by biome and land use (Survey 1).
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20% 40%
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60%
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Site S(%) C/N C/S N/S P/S SOs4(IC) (mg/kgS)
UT-CR 003 88 81 1 2 0.9
UT-MO 005 172 37 0 2 2.7
CA-JRB  0.02 12 67 6 1 0.3
CA-JRC  0.04 11 61 6 2 0.4
CA-JRSN  0.02 11 64 6 1 0.3
CA-JRSR  0.02 12108 9 1 0.3
CA-BB 004 25 125 5 4 0.2
CA-SR1 004 21 41 2 3 0.2
CA-SR2  0.06 17 63 4 2 0.4
CA-CC 0.04 12 34 3 2 1.8
OR-AC 006 32 105 3 1 0.2
WA-WR 003 33 141 4 3 4.2
MA-HF 012 21 70 3 1 3.5
WI-WC  0.09 15 53 4 1 0.6
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IL-BV 0.03 11 73 7 1 0.5
OK-GP 0.03 10 37 4 0 0.9
HI-KP 0.10 10 50 5 7 1.2
CM-DF 0.05 9 22 3 1 12.4
CM-WF  0.10 10 23 2 0 43.2

MN-SP 066 33 64 2 1 50.2

$ Total IC-derived sulfate listed, except where noted as soluble sulfate only.

3.5. Sulfur Cycling in Soil Microbial Communities

Microbial function predicted from community composition of soils prior to drying may yield
information regarding S compounds relevant to OCS production. We estimated the relative
abundance of microbial S cycling pathways (see Section 2.3.1), including dissimilatory (e.g., sulfate
reduction), assimilatory (e.g., cysteine biosynthesis), degradation (e.g., methionine degradation), and
transport (e.g., sulfate transport) pathways. OCS production was correlated with the predicted
prevalence of biosynthesis of S-containing amino acids such as cysteine (R-SH) and methionine (R-S-
R’). PCA analysis of predicted microbial pathways (Figure 4) associated Fzo, Fa, and Qo with the
biosynthetic pathways for cysteine, methionine, thiamine (vitamin B1 synthesized from cysteine, S-
containing pentane ring), and ethylene (by-product in methionine salvage pathway) along
Dimension 2, which also separated sites by biome. Along Dimension 2, transport of methionine,
glutathione (R-SH; essential S carrier in some organisms), and cystine (R-S-S-R’) and methionine
degradation (to homocysteine, R-SH) also increased with OCS production, while methionine salvage
(as opposed to degradation) decreased. OCS production terms were nearly orthogonal to sulfate
cycling pathways, which were aligned with Dimension 1. This axis separated soils with high
proportions of bacteria and sulfate reduction from those with relatively more eukaryotes and archaea,
organic sulfur degradation, and sulfate transport. Cysteine biosynthesis by the two different
pathways were orthogonal in the PCA, with alignment of bacterial cysteine biosynthesis from serine
along Dimension 2 in contrast to fungal cysteine biosynthesis from homocysteine along Dimension
1. Soils from the Mediterranean biome were more similar in predicted S cycling than those collected
from temperate biomes, which spanned the variance of Dimension 1.

In a complementary analysis, we recovered genes encoding for thiocyanate hydrolase (scnC)
from soil metatranscriptomes from a subset of moist soil replicates from Survey 1 (Section 2.3.3). The
results, including the frequency of assembled scnC genes per million genes in the transcriptomes, are
presented in Appendix A. We did not observe a correlation between thiocyanate hydrolase (scnC)
gene expression in moist soils (Table A1) and OCS production measured in soils following a median
of 45 days of air drying.
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Cystine (serinie)

Fao

Figure 4. Patterns of relatedness of S-cycling pathways and ribosomal phenotypes for each sample
site PCA of predicted microbial sulfur pathways for each site (points; color indicates biome, symbol
indicates land use). Arrows denote the projection of pathways (similar pathways marked by same
color) and OCS fluxes and temperature sensitivity onto Dimension 1 (29%) and Dimension 2 (26.3%).

3.6. Multivariate Analysis of Soil Factors Contributing to OCS Production

3.6.1. PLSR Models of Factors Driving F and Qo

The cumulative amount of variance explained in the PLSR models of Survey 1 data was 0.58 for
F20, 0.63 for Fa, and 0.88 for Quo. In all PLSR models (Table 6), the second component accounted for a
much smaller amount of variance than the first component. In F models, significant weights (w) were
relatively consistent between the first component of each model. The main driver (i.e., greatest
absolute weight) of F in both Survey 1 models was pH, which had a negative association with the
first component of each model. Positively associated drivers included N, SO4, Microbial C, while
other negatively associated drivers included C/N, P, and R-S-R’. BD and C were drivers of the second
component, and S was never a significant driver. Drivers shared between F and Qi had the same
sign and included pH, N, and C/N, but unlike F, Qi was negatively associated with BD (the main
driver) and positively associated with R-SO-R’ in the first component, and to additional S species in
the second component (Table 6). The cumulative amount of variance explained in the PLSR mode of
Survey 2 was 0.34, less than was explained for Survey 1 (Table 6). Drivers were shared between the
two surveys (including the direction of association) for pH, N, and C/N. In Survey 2, C emerged as a
negatively associated driver, and redox (not measured in Survey 1) was a positively associated driver
with the second greatest w (second to N).
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Table 6. PLSR model summaries for Survey 1. OCS flux at 20 °C and 40 °C, and temperature
sensitivity (Qu). Weights were retained as ‘significant’ for squared values > 0.05. The magnitude of
the weight (w) of each predictor variable within each component (C1 and C2) show how much
information is retained; predictors with the highest w can be interpreted as being drivers of the
component. The +/- indicate the correlation relationship the predictor has with the response variable.
Clr-transformed variables are labeled.

Survey 1 Survey 2
Focs20c Focsaoc Q1o Focs,2oc

CIR? C2R? Cl1R? C2R? CIR? C2R2 ClR? C2R?

0.51 0.07 0.55 0.07 0.74 0.15 0.30 0.04

Predictors Clw C2w Clw C2w Clw C2w Clw C2w
BD 2 0.45 2 0.51 -0.24 2 1 1

pH -0.49 2 -0.51 2 -0.39 2 -0.30 -0.29

Clay (clr) 2 2 2 2 2 0.26 2 -0.68
Silt (clr) 2 2 2 2 2 0.22 2 2

Sand (clr) 2 2 2 2 2 -0.25 2 0.45
GWC 2 2 2 2 022 2 1 1
Microbial C 0.22 -0.29 0.22 -0.29 2 -0.27 1 1
Microbial N 2 -0.29 2 -0.30 2 -0.28 1 1
C/N -0.35 2 -0.30 2 -0.43 2 -0.46 2
C/s 2 2 2 2 2 ~0.22 1 1

C (clr) 2 -0.26 2 2 2 -0.42 -0.44 0.23

N (clr) 0.34 2 0.30 -0.23 0.40 2 0.44 -0.23
P (clr) -0.28 2 -0.28 2 2 2 1 1
K (clr) 2 0.35 2 0.30 -0.23 0.21 1 1
ISO4 (mg/kgS) 0.28 0.23 0.37 0.28 2 2 1 1
R-S-S-R’ (clr) 2 0.22 2 2 2 0.26 1 1
R-S-R’ (clr) -0.24 -0.40 -0.27 -0.38 2 -0.30 1 1
R-SO-R’ (clr) 2 2 2 2 0.33 0.21 1 1
R-O-S0s (clr) -0.21 2 2 2 2 0.22 1 1
XS04 (clr) 2 2 2 0.24 2 2 1 1

Redox 1 1 1 1 1 1 0.38 0.28
Fcor 1 1 1 1 1 1 2 2

! not applicable to data set; 2 not significant; 'IC- and XXANES-derived sulfate.

3.6.2. Integrated Analysis of Microbial and Chemical Factors Driving OCS Production

We evaluated correlations of soil properties with S XANES absorption spectra in each of 30 (0.5
eV) bins to assess patterns in S compounds, soil properties, and microbial pathways. This analysis
complements results derived from direct comparison to XANES reference spectra (e.g., PLSR analysis
in Table 6), as the correlation approach allows patterns to emerge through indirect comparison.
Clustering patterns with soil properties and microbial pathways highlighted potentially relevant
processes. Four clusters, characterized by sulfur redox state, emerged from the correlation analysis:
(1) highly oxidized S, (2) broad range intermediate S redox states, (3) highly reduced S, and (4)
intermediate S redox states emphasizing a narrow range in potential.

Reduced S regions of the XANES spectrum were associated with soil S, SO4 (measured by IC),
and sulfate reduction pathways (Cluster 3). These low energy regions may also include pyrite (FeS)
and elemental sulfur, although their presence was not indicated when tested as reference species for
this study. In contrast, highly oxidized XANES regions for inorganic and organic sulfate were
associated with sulfate transport and pathways for sulfate acquisition (e.g., organic sulfate
degradation) (Cluster 1), which were generally anti-correlated with availability of reduced S
compounds such as S amino acids (Cluster 4). Variables associated with microbial diversity and
abundance were most associated with a broad range of intermediate S (Cluster 2). Finally, a more
narrow, intermediate range of S compounds were associated with biosynthetic pathways for cysteine
(serine pathway; bacterial), methionine, ethylene, and thiamine, with F and Quo, and with N/C and
pH (Cluster 4). This narrow energy range (2479.75 to 2480.75 eV) is associated with sulfone reference
compounds such as dibenzyl sulfonate [66].
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4. Discussion

4.1. Ubiquitous OCS Production in Soils

OCS production is ubiquitous in dry soils, though may be masked at low temperatures in arid
and alkaline soils by persistent OCS uptake. OCS production was widespread in our 58-site soil
survey occurring in 84% of sites at temperatures between 17 °C and 20.5 °C in (Figure 1). Conversely,
net OCS uptake was observed in nine dry soils. Three of these soils (SE-Sva, SP-Cha, DK-Sor) were
also net CO2 emitters, suggesting that microbial activity persisted in those soils, including respiration
and potentially CA activity. Soil moisture was not determined after air drying in Survey 2, but the
CO: fluxes may suggest that the soils were not sufficiently dried. In total, net CO2 emissions were
observed in 7 of 38 sites (Fco2 > 0.1 pmol kg2 min') but did not necessarily coincide with net uptake
of OCS. Therefore, while Fco. may be a proxy for microbial activity in some soils, or even influence
OCS fluxes [9], it was not a predictor of trends in dry OCS fluxes, as confirmed by the PLSR analysis
(Table 6). The six other soils that took up OCS in Survey 2 and the two in Survey 1 shared the
following characteristics: arid or temperate biomes, alkaline (pH between 7.9 and 9.4), and Fco2 < 0.
Alkaline and saline soils are known to exhibit net CO: uptake as a result of abiotic CO2 dissolution,
and in some cases leaching, of dissolved inorganic carbon [67], and rates of CA-catalyzed CO:
hydration increase at high pH [47]. While we know that uncatalyzed OCS hydrolysis rates increase
dramatically at high pH [47] and found that pH was the dominant driver for OCS production (Table
6), the pH-dependency of CA-catalyzed OCS uptake is not known. Survey 1 soils that took up OCS
were very dry (e.g., 1.3% and 2.2% GWC for UT-CR and UT-MO, respectively), making it unlikely
that microbial CA were active [10,13]. It is currently difficult to infer mechanisms regarding OCS
uptake in dry soils from our understanding of soil CO: fluxes or soil CA activity. Even so, all Survey
1 soils produced OCS at high temperatures (Figure S1) suggesting that OCS production at low
temperature was masked by OCS consumption. Correspondingly, we found that OCS production
was a variable but ubiquitous process in soil.

4.2. Mechanisms of OCS Production in Soils

4.2.1. OCS Production from Thermal and Photo Degradation

Thermal degradation appears to be a key feature of soil OCS production, and variability in the
degree of temperature sensitivity is related to soil properties. In recent work, the temperature
sensitivity of OCS production determined from two-point temperature measurements in 27 moist
soils (some identical samples to Survey 2) spanned a wide range of Qo values (from 0 to >7) with a
mean and SD of 4.36 +4.45 [10]. Other studies have reported Q1o values between 1.7 and 3.3 [7,8,11,68].
In our soils (Survey 1), Qi ranged from 1.54 to 3.32, and was on average 2.70 + 0.21 (+95% confidence
intervals). Two of the same sites used in Survey 1 were previously shown to have Q1o values of 2.66
in air-dried soils (2.92 in this study) for IL-BV [8] and Q1o values of 2.16 in dry soil (2.75 in this study)
for OK-GP [7], and differences may be related to temporal or spatial variability, or differences in the
range of temperatures use to determine Q1. Soils with high N and RSOR and low pH, C/N, and BD
had the highest Q1 (Table 6), which is consistent with trends observed by PCA analysis (with N, pH,
and BD) [10]. We showed that Q10 may be associated with S compounds such as sulfones (R-O-SO2)
and either disulfides (R-5-S-R’), elemental sulfur, or pyrite (Figure 5). Thus, thermal sensitivity is an
important property of soils to constrain for predicting variability in OCS production across
ecosystems.
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Figure 5. Comparison of site-level trends in XANES absorption spectra with soil physical, chemical,
and microbial parameters. S XANES K-edge absorption spectra averaged in 0.5 eV bins (2470 to 2486
eV region) for (a) samples and (b) reference compounds. (¢) Correlation coefficient heatmap
(Pearson’s product moment) between 0.5 eV bins average XANES absorption (columns) and soil
chemical, physical, or microbial parameter (rows) and across 19 soil sites (MN-SP soils excluded).
Clustering performed using Ward’s D2 method (R package pheatmap). Asterisks denote coefficients
significantly different from zero (p-value < 0.05). The negative of the correlation for pH shown.

Photochemical degradation was a secondary process to thermal degradation under visible light,
though UV-driven photochemical degradation is likely an important OCS production mechanism in
the environment. OCS production from a variety of S compounds in aqueous systems depends on
UV light (Table 1) and OCS production rates increase with decreasing wavelength [36,37]. In soils,
OCS production rates were reported to increase in response to full spectrum light in incubations with
stable temperature conditions (incandescent bulb; PAR 400-600 nm; 380 pmol(photons) m=2 s) [11].
In the present study, soil OCS production rates tended to increase in response to the light treatment
in the visible range (400-700 nm with two weak peaks below 400 nm (UV); 580 pmol(photons) m2
s1), but the response was not significant. The apparent increase in OCS production rates in response
to visible light can be attributed to the temperature artifact induced by the incubation lamps (see
Section 2.2.3 and [13]). That is, the relative ratio of light/dark OCS production was 2.17 + 0.39 (mean
and 95% confidence intervals) can be explained by the expected temperature-induced ratio of 1.81 *
0.08 determined from our Qo results (Survey 1) or 1.7071%8 that was calculated from independent
measurements from some Survey 2 soils [10]. In the environment, solar irradiance drives important
UV-driven photo-degradation reactions [69]. For example, OCS fluxes (emissions) in an alpine
grassland were exponentially related to total incoming solar radiation (305 to 2800 nm), but only
weakly related to modest changes in soil temperature (~10 °C) measured at 5 cm depth [5]. It may be
difficult to attribute OCS production to either thermal or photo degradation reactions in the
environment when solar radiation and temperature are highly correlated. For example, OCS
production rates were exponentially related to air temperature at the OK-GP site (soil and senescing
wheat material), which may also have been related to solar radiation [7]. We hypothesized that the
dominant mechanism for OCS production in soils is abiotic photo-thermal degradation of S
compounds. We confirmed that thermal degradation plays a dominant role in soils, but that
photochemical degradation driven by visible light is insignificant. UV-driven photo-degradation
reactions are likely important in the environment, but the remainder of our discussion focuses on
non-photochemical mechanisms of soil OCS production that are most relevant to our results.

4.2.2. Direct Microbial OCS Production

Direct microbial production of OCS is likely minor compared to indirect production of OCS
through the production of S-containing precursors by microbes. Direct OCS production has been
observed in salt marsh environments, presumably mediated by saline microbial communities, which
are typically less diverse and differ compositionally from soils [70]. Soil isolates, including common
bacteria (e.g., Mycobacteria) and fungi (e.g., Ascomycota) may consume, and in some cases produce,
OCS through unknown pathways [16-18]. Microbial OCS production via thiocyanate hydrolase and
CS2 hydrolase has been documented [71,72]. In this study, we evaluated thiocyanate hydrolase
expressed in soils (see Appendix A) and have recently evaluated carbonic anhydrase gene expression
[41]. Two roadblocks limit the conclusions we can draw from these data. Firstly, thiocyanate
hydrolase and CS2 hydrolase are enzymes that fall within broader enzyme classes (nitrile hydratase
and P-class of CA, respectively). The distribution of OCS production across the significant genetic
diversity within those classes is not known, but is critical for interpretation of genetic data, especially
because 3-CA are primarily known to take up (not produce) OCS. Secondly, RNA-based data
collected from moist soils should not be expected to reflect microbial activity in soils that were
additionally dried for ~45 days. Our metatranscriptome analysis does indicate that soil microbial
communities have the genomic potential for thiocyanate hydrolase and CS:z hydrolase activity, but
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stronger relationships cannot be inferred. In dry soils, microbial activity is limited by low moisture
[42], although extracellular metabolic reactions may proceed with enzymes stabilized by soil particles
[73]. In previous work, OCS production rates did not vary significantly between dry and moist soil
[10], no temperature optimum (characteristic of enzyme activity) was observed (up to 68 °C in [8]),
and OCS production persists following autoclaving [11,16]. Consistent with our expectations, we do
not find evidence that direct microbial OCS production pathways contribute significantly to OCS
fluxes in soils, though our current understanding of the populations and pathways involved in direct
microbial OCS production is far from complete.

4.2.3. Precursors for OCS Production in Soils

Direct mechanisms connecting soil sulfate and OCS production are unclear, though soils high in
sulfate and redox dynamics appear to promote OCS production. When measured by IC, sulfate was
a driver of OCS production (Table 6) and was associated with reduced regions in the XANES sulfur
spectrum associated with the sulfate reduction pathway (Figure 5c). However, the microbial pathway
analysis found that the sulfate reduction pathway was orthogonal to OCS production rates (Figure
4). The role of sulfate was further complicated by inconsistent patterns in between the two analysis
methods, IC and XANES (Figure 3), and by weak relationships between OCS and XANES sulfate
levels. The relationship between sulfate and OCS production was primarily driven by the tropical
soils from Cambodia (CM-WF and CM-DF; Figure 3a), which are seasonally flooded paddy soils
(river water) for rice cultivation and are otherwise grazed. These conditions may induce particular S
redox chemistry that is not linearly related to the other soils. In low sulfate soils, OCS production
does not appear to be directly or mechanistically coupled to soil sulfate cycling, but connections may
become important in soils with high levels of sulfate, potentially depending on redox dynamics.

Biological S assimilation and subsequent production of diverse organic S compounds is the
source of a pool of OCS precursors in soil. We found that OCS production (both F and Qi) was
associated with cysteine, methionine, thiamine, and ethylene biosynthesis and cystine transport
(Figure 4) and potentially a range of reduced and intermediate S compounds (Figure 5). Previous
work has shown that S-containing amino acids cysteine (R-SH), methionine (R-5-R’), and related S
compounds are OCS precursors (Table 1), and cysteine and thiocyanate additions to soil stimulate
OCS production [74]. Approximately 11-31% of organic sulfur in soils is composed of cysteine and
methionine (at about a 2:1 ratio), but these are difficult to independently and accurately measure [75].
S compound interconversions are complex and proceed quickly via biological (e.g., methionine
salvage pathway [76]) and abiotic (e.g., cysteine oxidation to cystine [77]) pathways. The derivatives
of cysteine and methionine span a broad range of S oxidation states that absorb energy from highly
reduced (e.g., cystine (R-S-S-R’), the disulfide derivative of cysteine) to more intermediate (e.g.,
methionine sulfone (R-O-50z), an oxidized form of methionine) XANES spectral regions, consistent
with the range of intermediate S redox states that were associated with OCS production terms (Figure
5c Cluster 4). If assimilated S compounds are precursors for OCS production, OCS precursors must
be steadily produced or stabilized in soil to explain the long-lasting ability of dry soils to emit OCS
(e.g., median 45 days for Survey 1). In aqueous systems, OCS precursor pools were finite, but
relatively long lived as production rates from natural dissolved organic matter under UV light
decreased only slowly over time [33]. Given enough time, OCS precursors may become depleted in
dry or sterilized soils, and OCS emissions could cease until rewetting or recolonization. If this
mechanism were important, it might help explain why arid-land soils exhibited the lowest OCS
production rates (Table 4). Redox fluctuations that drive interconversions between S compounds may
play an important role in fostering OCS precursor pools. Previous work has noted increases in OCS
production at low redox potentials [47,78], consistent the expected low redox potential of CM soils,
although we observed a positive relationship with redox potentials in Survey 2 (Table 6). Considering
our results together with previous data, we propose that OCS emissions from soil arise from the
production of organic S precursors during the biosynthesis of S-containing amino acids or other
central S biomolecules such as thiamine and glutathione. These results are consistent with our
hypothesis that plants and microbes may drive OCS production through indirect means.



Soil Syst. 2018, 2, 37 22 of 27

4.3. Proposed OCS Production Mechanism of Coupled Biotic-Abiotic OCS Production from S-Containing
Amino Acids

The results of our study suggest that a coupled abiotic-biotic mechanism drives OCS production
in soils. Precursors for OCS emissions are produced in the course of microbial biosynthesis of S-
containing amino acids cysteine and methionine and/or other central S biomolecules such as thiamine
and glutathione. Direct precursor molecules may include these specific S compounds or their
derivatives with S oxidation states around +II or lower. These OCS precursors maybe stabilized in
microbial cells or in the soil matrix to facilitate relatively long-lasting OCS production potential from
soils. We posit that direct OCS production from these chemical precursors is abiotic, and increases in
response to temperature, and potentially light (although the UV light response was not evaluated in
this study). This mechanism may be prevalent in both dry and moist soils. Differences in the amount
or the availability of these precursors for degradation likely depends on properties of the soil such as
total N content, C/N, pH, and BD either through direct effects or indirectly by affecting microbial
activity and S cycling.

5. Conclusions

We have evaluated OCS production rates; their temperature and (visible) light sensitivity; and
a wide range of soil chemical, physical, and microbial data for 58 soils collected in two distinct soil
surveys. The evaluation revealed consistent patterns between soil S speciation and microbial S-
cycling pathways, which we used to identify key processes driving OCS production, namely thermal
degradation of chemical precursors produced as a consequence of microbial biosynthetic S pathways.
We identified widespread microbial pathways that may play a role in returning OCS to the
atmosphere from terrestrial ecosystems. This work provides mechanistic insight into the sources of
OCS from soil that helps complete our understanding of a ubiquitous component of terrestrial OCS
and S cycling.

5.1. Future Research Directions

Experimental evaluations of the sensitivity of soil OCS emission to UV light are now needed to
better resolve the potential influence of solar radiation on OCS production mechanisms in various
ecosystems. New efforts are needed to constrain the relationship between OCS production (or
consumption) kinetics in microbial strains and genes encoding potentially related enzymes (e.g.,
thiocyanate and CSz hydrolase), and those efforts could be paired with quantification of production
or consumption rates of those compounds in soils. The importance of plant-derived vs. microbe-
derived OCS precursors to ecosystem OCS emissions is needed. These efforts will help outline the
importance of land management practices use such as fertilizer addition and management of plant
biomass for ecosystem OCS production.

The mechanistic relationships outlined in this paper will be helpful to modelers who aim to
account for the contribution of soil OCS emissions in the OCS budget of the Earth’s atmosphere. OCS
production rates must be constrained to accurately portray the OCS global atmospheric budget and
apply OCS as a tracer for carbon cycling. Building from our results, modelers could predict spatial
patterns of OCS production from microbial community data and predicted biosynthetic pathways.
These data are becoming more prevalent and could be used to estimate activity on large scales [70,79].
Furthermore, maps of estimated OCS production rates and temperature sensitivity coefficients may
be derived from relationships with soil edaphic factors (e.g., pH, N, and C/N) and/or trends with
biome to improve model representations of soil OCS fluxes.

5.2. Outlook

OCS is the most abundant S-containing gas in the atmosphere, and resolving key components
of the atmospheric budget, like soil OCS cycling, is important for understanding the global
biogeochemical S cycle. Our results will provide new mechanistic insight into and predictive
strategies for representing OCS production in soils. We are hopeful that these observations will be
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used to better represent soil OCS fluxes and improve the use of OCS as a tracer for leaf-level processes
related to carbon and water cycling.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: OCS soil air-
gas exchange rates in soils as a function of incubation temperature and exponential fit, Table S1: Site info for soil
samples from Surveys 1 and 2. The full data sets and codes for statistical analyses presented in this manuscript
are registered at the Open Science Framework at https://osf.io/pm3zt/.
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Appendix A

We recovered genes encoding for thiocyanate hydrolase (scnC) from soil metatranscriptomes for
half of the soil samples in Survey 1 and evaluated the frequency of assembled scnC genes per million
genes in the transcriptomes (Table A1). We recovered a median of 58 and 25 genes per million using
a Pfam search function (nitrile hydratase target) and a BLAST protein (10-'® E-value) search,
respectively (methods in Section 2.3.1). No significant trend was observed between OCS production
rates and relative scnC gene abundance. We did not map reads to putative scnC genes for further
investigation given the limited information regarding how widespread OCS production is within the
nitrile hydratase class. CSz hydrolase is a highly specific 3-D-CA, which we found previously to be
predictive in CA activity for OCS in soils at 30% water holding capacity [48]. Homologues to known
CS2 hydrolases were observed in the 3-CA protein tree of genes recovered from that study, but little
is known regarding how widespread OCS production instead of uptake could be in this subclade of
B-CA. Without an understanding of the extent to which function (OCS production) aligns with genes
in these enzyme classes (nitrile hydratase and (-CA), our ability to link levels of thiocyanate
hydrolase and CS2 hydrolase to OCS production is limited.
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Table Al. Soil metatranscriptome size and thiocyanate hydrolase (scnC) recovery statistics using
BLAST and Pfam function search for assembled CA and assembled CA weighted per million total
genes in genome

. Assembled Assembled scnC Million
. JGI Project Genome ~
Site Name D Size (bp) scnC Genes!
BLAST Pfam BLAST Pfam
CA-CC 1106757 681,529,179 44 64 40 28
WI-WC 1106758 671,257,491 4 82 52 3
OK-GP 1106759 587,647,789 21 104 73 15
CA-SR2 1106756 521,748,598 91 82 64 71
CA-BB 1106760 303,323,377 33 38 51 44
CA-JRSN 1106761 245,908,234 1 40 65 21
HI-KP 1106762 244,931,251 10 49 81 17
CM-DF 1106763 146,941,622 11 12 33 30
CA-SR1 1106764 88,712,635 5 16 721 221
IL-BV 1106755 65,589,854 43 1 61 2731

! Genomes < 0.1 Gbp or with few recovered genes subject to spurious ratios.
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