N atu re co m m u n i cati o n S https://doi.org/10.1038/541467-026-76881-x
Article in Press

Microbial superoxide production drives biogenic
nitrogen dioxide formation in soils

Received: 20 March 2026 Megan L. Purchase, Jonathan D. Raff, Deying Wang & Ryan M. Mushinski

Accepted: 10 August 2026

Published online: 17 August 2026 We are providing an unedited version of this manuscript to give early access to its
Cite this article as: Purchase, M.L., findings. Before final publication, the manuscript will undergo further editing. Please
Raff, J.D., Wang, D. et a/. Microbial note there may be errors present which affect the content, and all legal disclaimers
superoxide production drives apply.

biogenic nitrogen dioxide formation
in soils. Nat Commun (2026). https://
doi.org/10.1038/s41467-026-76881-x

If this paper is publishing under a Transparent Peer Review model then Peer
Review reports will publish with the final article.

© The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative
Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


https://doi.org/10.1038/s41467-026-76881-x
https://doi.org/10.1038/s41467-026-76881-x
https://doi.org/10.1038/s41467-026-76881-x
http://creativecommons.org/licenses/by/4.0/

Microbial superoxide production drives biogenic nitrogen dioxide

formation in soils

Authors: Megan L. Purchase?, Jonathan D. Raff®, Deying Wang?, and Ryan M. Mushinski®”

Author affiliations:
aSchool of Life Sciences, University of Warwick, Coventry CV4 7AL, United Kingdom
bPaul H. O'Neill School of Public and Environmental Affairs, Indiana University, Bloomington, IN 47405, USA

*Corresponding author. Email: Ryan.Mushinski@warwick.ac.uk

ABSTRACT

Nitrogen dioxide (NOy) is a critical atmospheric pollutant and ozone precursor, yet biogenic soll
sources remain poorly constrained. Current models assume soil NO; flux is exclusively depositional.
Here we demonstrate that soils can produce NO; through microbial superoxide (O2") production. Using
controlled factorial slurry experiments, native microbial communities produced approximately 10 times
more NO: than sterile controls following nitric oxide (NO) exposure. Stimulating superoxide production
with NADH increased NO- formation 15- to 26-fold, while inhibiting NADH oxidase reduced production
toward baseline levels. Superoxide dismutase decreased NO; production by 50-75%, and O,
concentration explained 60% of variation in NO. production rates. Addition of peroxynitrite to soil
increased headspace NO3, confirming this intermediate as the mechanistic link. These findings reveal a
pathway linking carbon and nitrogen cycling where heterotrophic decomposers facilitate biogenic NO-to-
NO. conversion via superoxide chemistry, potentially explaining discrepancies between satellite

observations and modelled soil NOy emissions.

INTRODUCTION

Soils contribute approximately 15% of the global land-to-atmosphere NOx flux, estimated at 9-10
Tg N yL! Current biogeochemical models treat these emissions as exclusively nitric oxide (NO),
assuming any NO: in the soil-atmosphere exchange results entirely from atmospheric oxidation of
emitted NO or from deposition. However, satellite observations consistently reveal discrepancies with
bottom-up model estimates. Pre-2012 models underestimated observed NO; columns by factors of 2-4
over North America and Africa, and recent studies suggest natural NOx from Amazonian and agricultural
soils may be 10-20 times larger than current model inventories.?* While empirical parameterisation
schemes have improved considerably over recent decades, process-level understanding of soil NOy

speciation, particularly the conditions governing NO, versus NO emission, remains limited. These



persistent discrepancies suggest undefined pathways for gaseous NOy production from soil, potentially

including direct biogenic NO- formation.

Recent advances in understanding microbial reactive oxygen species production offer a potential
mechanism for biogenic NO- formation. Heterotrophic bacteria and fungi express extracellular and cell-
surface NAD(P)H-dependent oxidoreductases, including NADPH oxidase (NOX)-family flavoenzymes,
that reduce O, to superoxide (O2).° In physiological systems, O, reacts rapidly with NO at near diffusion-
limited rates (k > 10° M s1) to form peroxynitrite (ONOO-),® which subsequently decomposes to yield
NO. and other reactive nitrogen species.” We hypothesised that this well-characterised physiological
chemistry could occur in soils where nitrogen-cycling microorganisms produce NO through nitrification

and denitrification while heterotrophic decomposers produce superoxide.

RESULTS

Using controlled factorial slurry experiments with agricultural (sandy loam, pH 6.8, 3.2% organic
matter) and woodland (clay loam, pH 5.9, 8.1% organic matter) soils from Warwickshire, UK, we tested
this mechanism through selective stimulation and inhibition of superoxide-producing pathways. Sterile
soil showed minimal NO, accumulation following NO addition (agricultural: 0.72 + 0.62 ppb h-1; woodland:
0.68 + 0.66 ppb h), representing baseline abiotic conversion. In contrast, native soils with intact
microbial communities produced significantly elevated NO,, roughly 10-fold higher than sterile controls
in both soils (agricultural: 7.46 + 2.31 ppb h, p < 0.001; woodland: 6.84 + 4.54 ppb h, p < 0.05; Fig.
1A). This demonstrates that soil microorganisms actively convert NO to NO under aerobic conditions.
This superoxide-driven pathway is inherently aerobic, as extracellular O2~ production by heterotrophic
NADH oxidases requires molecular oxygen as the terminal electron acceptor. The mechanism is
therefore expected to be most significant in surface and near-surface soil horizons where aerobic

conditions prevail, and biogenic NO, emissions occur.

NADH addition to stimulate extracellular superoxide production via NADH oxidase activity
increased NO; formation, with 15-fold increase relative to sterile controls in agricultural soil (10.71 £ 8.35
ppb h?; p < 0.05) and 26-fold increase in woodland soil (18.07 + 7.35 ppb h?; p < 0.001). When
diphenyleneiodonium (DPI) was co-applied to inhibit flavin-containing NADH oxidases, NO, production
fell sharply relative to NADH-stimulated slurries (NADH vs NADH+DPI, p = 0.001), approaching baseline,
indicating that NADH oxidase activity is necessary for biogenic NO; production. Concurrent
measurement of extracellular superoxide revealed a strong positive correlation with NO, production
across all treatments and soil types (r = 0.78, R? = 0.60, p < 0.001; Fig. 1B), supporting the proposed

mechanism. The conversion efficiency of NO-to-NO, was approximately 64% in biotic treatments (Fig.



1C), and production rates increased strongly with temperature (Fig. 1D), consistent with enzymatic

processes.

To directly test whether superoxide is required for NO, formation rather than simply correlated,
we added superoxide dismutase (SOD) to convert O;™ to hydrogen peroxide (H20;) before it could react
with NO. SOD was applied to a separate vessel prepared from each of the same five biological soil
samples used for the untreated (no-SOD) slurries in Fig. 1A, so that SOD-treated and untreated rates
are paired within biological sample. In woodland soil, active SOD reduced NO, production by 75% in
native treatments (6.84 + 4.54 to 1.98 + 1.70 ppb h!; paired t-test, p < 0.05) and by 50% in NADH
treatments (18.07 + 7.35 to 9.71 + 5.52 ppb h'; p < 0.05; Fig. 2A). Importantly, heat-inactivated SOD
(boiled 10 min) had no significant effect on NO, production (p > 0.05; Fig. 2B), confirming that the

observed reduction is due to enzymatic superoxide scavenging rather than non-specific protein effects.

If the proposed mechanism is correct, that superoxide reacts with NO to form peroxynitrite, which
then decomposes to NOz, then direct addition of peroxynitrite to soil should enhance NO2 emissions.
Addition of synthesised ONOO~ (0.08-0.32 umol g?) to soil microcosms significantly increased NO, +
NO; [NO; = NOy - NOy] fluxes compared to water controls (p < 0.001 for all concentrations vs. baseline;
Fig. 2C). Additional soil validation experiments confirmed that peroxynitrite addition significantly
increased NO, concentrations across agricultural and woodland soils (Fig. 2D). This confirms that
peroxynitrite decomposition in soil produces NO; that can be emitted past the soil-atmosphere interface.
All experimental components combined, as depicted in Fig. 3, the proposed mechanism proceeds
through the reaction, NO + O, — ONOO-, followed by peroxynitrite decomposition to yield NO, and
hydroxyl radical.®

DISCUSSION

The approximately 25-50% residual NO; production following SOD addition likely reflects the
operation of multiple parallel peroxynitrite decomposition pathways that are not intercepted by
superoxide scavenging. While SOD prevents ONOO™ formation by converting O, to H»O, before it can
react with NO, peroxynitrite chemistry in soil is not limited to a single fate. Hydroperoxyl radical, HOe,
the protonated form of O,~ which predominates below pH 4.8 and is poorly scavenged by SOD,° would
represent a minor fraction under our bulk soil conditions, though local pH microenvironments in the soill
matrix cannot be excluded. At our bulk soil pH values of 5.9 and 6.8, peroxynitrous acid (ONOOH; pKa
6.8) predominates or co-exists with the anion in approximately equal proportions (88:12 and 50:50
ONOOH:ONOOT, respectively). Although the major terminal product of ONOOH decomposition is nitrate,
NO- and hydroxyl radical (*OH) are obligate intermediates, with nitrate formed only when NO; and «OH

recombine within the solvent cage.’” In soil, abundant organic matter and bicarbonate function as



competitive *OH scavengers, kinetically hindering cage recombination and increasing the probability that
NO- escapes into the gas phase before reacting with *OH. Additionally, ONOO™ reacts with dissolved
CO; to form the adduct ONOOCO,", which decomposes to yield NO, and carbonate radical anion (COgz*")
in approximately 30-40% yield.1%* Given that soil CO, concentrations substantially exceed those of dilute
agueous systems due to active respiration, this pathway likely operates toward the higher end of this
yield range in soil, representing an additional source of NO; that operates independently of bulk pH
speciation. Additionally, Fe and Mn redox-active minerals abundant in soil have been shown to
decompose peroxynitrite via one-electron oxidation pathways that generate NO,,'2*3 consistent with the
established role of iron minerals in soil reactive nitrogen chemistry.'41> Together, these pathways explain
why NO- production is inhibited but not abolished by SOD addition, and why the mechanism is expected

to remain operative across the range of pH conditions encountered in natural soils.

The solil physicochemical conditions most likely to favour this mechanism can be identified from
first principles. High organic matter content supports the diverse heterotrophic communities responsible
for extracellular superoxide production,® consistent with the high superoxide production potential of the
woodland soil. The similar absolute NO2 production rates observed across the two contrasting soil types
(7.46 = 2.31 and 6.84 + 4.54 ppb h in agricultural and woodland soils respectively) support the co-
dependence of the mechanism on both NO substrate availability and superoxide production capacity.
The higher NO3™ availability in the agricultural soil (Table S1) is consistent with greater nitrification activity
and NO substrate supply, while the higher NH,* and organic matter content of the woodland soil supports
greater heterotrophic superoxide production capacity. That both soils converge on similar NO2 production
rates despite these contrasting properties suggests the mechanism is robust across a range of soil
biogeochemical conditions where the two requirements are met through different combinations of soll
properties. Circumneutral to slightly acidic pH (approximately 5.5-7.5) favours both nitrification'® and
denitrification'’, ensuring the NO substrate supply necessary for the mechanism, while also maintaining
the ONOOH:ONOO~ speciation that enables parallel decomposition pathways described above.
Adequate aeration is a prerequisite given the aerobic nature of the superoxide-producing enzymes
involved. In terms of land-use scenarios, the mechanism is therefore likely to be most significant in three
contexts, fertilised agricultural soils following nitrogen application, where simultaneous stimulation of
nitrifier activity and heterotrophic decomposition of organic amendments creates the necessary co-
occurrence of NO and superoxide production®®; organic-rich forest soils where high heterotrophic
activity is sustained year-round and nitrogen cycling supports background NO productioni®!®; and soils
experiencing wet-dry transition events, where rewetting pulses transiently stimulate both microbial
communities simultaneously.’® Conversely, highly acidic soils (pH < 5), waterlogged anaerobic

conditions, or soils with very low organic matter content would be expected to suppress the mechanism



through inhibition of nitrification, elimination of aerobic superoxide production, or insufficient

heterotrophic biomass respectively.

These findings have important implications for understanding previous measurements of soil NOy
budgets and the persistent discrepancies between satellite observations and bottom-up models. Current
biogeochemical models do not include this pathway, potentially leading to systematic underestimation of
soil NOx emissions. Our results extend previous observations that some forest soils emit NO; rather than
acting exclusively as sinks,'® providing a mechanistic framework explaining why emission versus
deposition depends on soil biogeochemical conditions. Soils with high organic matter, supporting
heterotrophic superoxide production, combined with active nitrogen cycling would favour NO- production
and potential emission. Soil emissions of NO2 have been previously reported; for example, Williams et
al. using chambers in the field estimated that NO; fluxes were 10% those of NO.?° However, the origin
of the emissions was not clear at the time. More recently, Shah et al. confirmed positive NO; fluxes from
agricultural soils under realistic moisture conditions using a validated dynamic chamber system, while
noting that the scarcity of such measurements reflects methodological limitations rather than the absence
of the process?!. Our work also implies that some of the HONO soil emissions reported could stem
from NO,-to-HONO conversion on soil surfaces as previously described.'41% Thus, it is possible that NO,
formation in soil has been underreported due to its rapid conversion into HONO on soil surfaces. Further,
recent updates to NOy dry deposition parameterisations confirm that NO, heterogeneous hydrolysis on
soil and canopy surfaces is substantially underrepresented in current models, with nocturnal deposition
velocities underestimated by approximately 80%.22 Canopy reduction factors of 47-59% calculated for
forest ecosystems suggest that a substantial fraction of soil-emitted NO is intercepted before reaching
above-canopy measurement heights??; biogenic NO, would be intercepted even more efficiently given
its greater surface reactivity. Furthermore, direct measurements of soil pore-space NO concentrations in
fertilised agricultural systems have reported average growing-season values of up to 3,300 ppb following
N fertilisation,?® with surface ambient NO concentrations of 170 ppb recorded over fertilised soils
representing a substantial underestimate of subsurface pore-space concentrations due to diffusion and
dilution,?* demonstrating that soil pore-space NO concentrations under field conditions can substantially
exceed the 45 ppb used in our experiments, making our experimental design conservative rather than

extreme.

These findings, that heterotrophic activity directly influences reactive nitrogen emissions, identify
a link between terrestrial carbon and nitrogen cycling. Current process-based biogeochemical models
that simulate soil NOx emissions, from plot-scale frameworks to the land surface components of Earth
system models including CLM5 and ELM, treat NO production as the exclusive output of nitrification and

denitrification, with NO,:NO ratios at the soil-atmosphere interface determined by assumed atmospheric



chemistry rather than soil biological activity 22526, As a result, modelled NO2:NO ratios are insensitive to
organic matter availability and heterotrophic community activity, meaning that management practices
known to alter decomposer biomass and activity, including tillage, organic matter amendments, and
cover cropping, have no representation in current model frameworks with respect to reactive nitrogen
gas speciation. Incorporating the mechanism described here would require representing extracellular
superoxide production as a function of heterotrophic respiration rate and organic matter availability,
parameters already tracked by most process-based models, making implementation tractable without
the addition of new state variables. Furthermore, because NO; produced in soil is subject to rapid surface
conversion to HONO via iron mineral and phenol chemistry, Earth system models that currently treat soil-
atmosphere HONO exchange as exclusively abiotic may be missing a biologically mediated source term
that scales with organic matter decomposition and would therefore respond to land-use change and soll
management in ways that purely abiotic parameterisations cannot capture. While direct incorporation
into empirically parameterised NOyx inventories will require further field-scale quantification, this
mechanism warrants representation in process-based Earth system models and may account for a

component of the HONO emissions increasingly reported from soil surfaces globally.

METHODS
Soil Collection and Characterisation

Soils were collected in September 2024 from two contrasting land-use types at the University of
Warwick's Stratford Innovation Campus (52.205°N, 1.602°W). The agricultural site was under continuous
winter wheat cultivation (cv. Skyfall) with conventional tillage and fertilisation practices (120 kg N ha! y-
1 as urea). The woodland site was a mature mixed deciduous woodland dominated by Quercus robur
and Fraxinus excelsior with no management intervention for >30 years. At each site, five replicate
sampling points were established along a 30 m transect with 5 m spacing. At each point, surface litter
was removed and soil cores (5 cm diameter x 15 cm depth) were collected using sterile PVC corers.
Cores were immediately placed in sterile polyethylene bags, stored on ice, and transported to the
laboratory within 2 hours of collection. Soils were homogenised by passing through a 2 mm stainless
steel sieve. Sieved soils were stored at 4°C until use. Soil physicochemical properties were determined
using standard methods. Soil texture was analysed using the hydrometer method. Soil pH was measured
ina 1:2 (w/v) soil:deionised water suspension using a calibrated glass electrode (Mettler Toledo). Organic
matter content was determined by loss-on-ignition at 550°C for 4 hours. Total carbon and nitrogen were
quantified by dry combustion (Elementar vario PYRO cube). Gravimetric water content was determined
by oven-drying at 100°C for 24 hours, and water holding capacity (WHC) was measured using the funnel

method with 24-hour drainage. All soil physicochemical data are shown in Supplementary Table S1.

Soil Sterilisation



Sterile controls were prepared by autoclaving following validated protocols.?” Fresh sieved soil
(100 g) was placed in autoclavable polypropylene containers with loosened lids and autoclaved at 121°C
and 103 kPa (15 psi) for 30 minutes. Soils were allowed to cool to room temperature, mixed thoroughly,
and the process repeated twice more at 24-hour intervals to eliminate heat-resistant endospores that
may germinate between cycles. Sterilisation efficacy was verified by absence of CO; evolution over 7
days at 25°C and no colony formation on tryptic soy agar plates inoculated with soil suspensions. Sterile

soils were stored at 4°C and used within 24 hours of the final autoclave cycle.

Slurry Incubation Experiments

Aerobic soil slurries were prepared by combining soil (100 g dry weight equivalent) with sterile
deionised water (60 ml) in 250 ml borosilicate glass bottles (Wheaton) fitted with butyl rubber septa. The
soil:water ratio (1:0.6 w/v) was selected to maintain aerobic conditions while ensuring adequate mixing
and reagent diffusion. Aerobic slurries were selected over homogenised dry soils to ensure
homogeneous distribution of chemical amendments throughout the soil matrix, which we found essential
for the mechanistic inhibition and stimulation experiments central to this study, and to provide a sufficient
aqueous phase for superoxide quantification via the hydroethidine and cytochrome c reduction assays.
We acknowledge that slurry conditions may enhance diffusion of reactive species relative to intact soil,
potentially increasing measured NO; production rates relative to field conditions; however, the primary
purpose of these experiments was mechanistic demonstration rather than quantitative flux estimation,

and the relative differences between treatments are robust to this consideration.

Slurries were pre-incubated at 25°C with orbital shaking (150 rpm) for 24 hours to equilibrate
microbial activity before experimental treatments. Gas diffusion was maintained during pre-incubation
with a 23-gauge needle in the butyl stopper. Four experimental treatments were applied (n = 5 biological
replicates per treatment per soil type): (i) Sterilised soil with no amendments (sterile); (ii) Untreated soil
with intact microbial communities (Native); (iii) Native soil amended with reduced B-nicotinamide adenine
dinucleotide (NADH; 0.3 umol g soil; Sigma-Aldrich, 297% purity); (iv) Native soil amended with NADH
(0.3 umol g) plus diphenyleneiodonium chloride (NADH+DPI; 10 uM final concentration; Sigma-Aldrich,
=298% purity). NADH was dissolved in sterile deionised water immediately before use and added to
slurries via syringe injection through the septum. DPI was dissolved in dimethyl sulfoxide (DMSO; final
DMSO concentration <0.1% v/v) and pre-incubated with slurries for 30 minutes before NADH addition to
allow enzyme inhibition. Control treatments received equivalent volumes of vehicle (water or DMSO).
The NADH concentration (0.3 umol g*) was selected based on preliminary dose-response experiments
showing maximal superoxide stimulation without substrate inhibition. DPI concentration (10 uM) was

chosen to achieve >90% inhibition of flavin-containing NADH oxidases based on published K; values.?®



Nitric Oxide Exposure and Nitrogen Dioxide Quantification

Following treatment application, slurry headspace was flushed with synthetic air (79% N2, 21%
O2; BOC) for 5 minutes to establish baseline conditions. Baseline headspace NO» concentration was
measured, then nitric oxide (45 ppb in N2) was introduced by replacing 50 ml of headspace with calibrated
NO gas mixture via gas-tight syringe. The 45 ppb NO concentration was selected to represent the upper
range of soil pore-space NO concentrations observed in agricultural soils following fertilisation.?® It is
important to note that the synthetic air carrier gas used was free of ozone, which precludes NO-t0-NO>
conversion via NO + Ogs reaction from impacting our results.®® Headspace NO, accumulation was
monitored before NO addition, directly after, and four times over the course of 60 minutes using an AIRY X
ICAD-HONO/NO2-200L analyser (Airyx GmbH, Germany). Measurement vessels were covered in
aluminium foil during the experiment to exclude unintended photolytic effects. NO, production rates were
calculated as the slope of linear regression of headspace concentration versus time, expressed as ppb
h-1. The instrument employs incoherent broadband cavity-enhanced absorption spectroscopy (IBBCEAS)
with iterative spectral fitting, providing direct (absolute) NO2, measurement without chemical conversion
or interference from other nitrogen oxides.3! The optical path length was 2.4 km (effective), achieved
through ~4,800 reflections in a 0.5 m cavity with mirrors of 99.99% reflectivity. Spectra were acquired at
1 Hz and averaged to 10-second intervals for analysis. Baseline headspace NO concentrations were
recorded prior to NO addition and were consistently below 6.5 ppb across all treatments, confirming that
endogenous soil NO production did not contribute measurably to headspace NO;, accumulation under
the sealed slurry conditions used here. Concurrent monitoring of headspace NO throughout the
incubation confirmed that the NO trajectory was consistent with consumption of the introduced spike,
with no evidence of sustained endogenous NO accumulation that would inflate apparent conversion

rates.

Extracellular Superoxide Quantification

Extracellular superoxide (O2") was quantified by hydroethidine (HE) oxidation, with
ferricytochrome c reduction run in parallel as an independent qualitative check. Because superoxide is
short-lived in aqueous buffer at neutral pH, these assays do not recover a preserved standing pool;
rather, they report the SOD-inhibitable superoxide-generating activity of the cell-free soil extract
measured during the assay incubation. The aqueous extraction used here therefore represents a
modification of DMSO-based soil superoxide protocols,3? which target mineral-associated superoxide
preserved under anhydrous conditions. Soil extracts were prepared from the end timepoint samples by
adding 10 ml ice-cold phosphate buffer (50 mM, pH 7.4, containing 100 M
diethylenetriaminepentaacetic acid [DTPA] to chelate transition metals) to 5 g soil. Suspensions were
vortexed for 2 minutes, centrifuged at 5,000 x g for 10 minutes at 4°C, and supernatants filtered through

0.45 um cellulose acetate filters (Whatman). Filtered extracts were held on ice and assayed without



delay, and all superoxide values were derived from the SOD-inhibitable signal to control for non-
superoxide reactions arising during processing and incubation. Per-well values were corrected for the
extraction dilution (5 g soil into 10 ml buffer, 100 uL assayed) and normalised to the dry mass of soil to
give pmol O;~ g* soail. The filtrate represents the soluble, filterable extracellular superoxide-generating
activity. For the hydroethidine assay, soil extract (100 pL) was combined with hydroethidine (10 L of 10
mM stock in DMSO; final concentration 1 mM; ABCR UK LTD, 295% purity) in black 96-well microplates.
Parallel wells received superoxide dismutase (SOD; 500 U ml; Sigma-Aldrich, 295% by biuret). Plates
were incubated for 15 minutes at 25°C in darkness, and fluorescence was measured at Aex = 480 nm,
Aem = 580 nm using a FLUOstar Omega (BMG Labtech) microplate reader.®® Extracts and plates were
protected from light throughout, as hydroethidine is photosensitive. Because bulk hydroethidine
fluorescence at these wavelengths is not fully specific to the superoxide product 2-hydroxyethidium (2-
OH-E"), only the SOD-inhibitable fraction was taken as superoxide-derived, and values are reported and
interpreted on that basis. The SOD-inhibitable signal was converted to superoxide using a calibration
curve generated with the xanthine/xanthine oxidase system described below, run in the same plate
format. For the cytochrome ¢ assay, soil extract (200 uL) was added to ferricytochrome ¢ (50 uM final,
from bovine heart, Sigma-Aldrich, 295% by molecular weight) in clear 96-well plates, and reduction was
monitored at 550 nm over 10 minutes; the SOD-inhibitable fraction was determined from parallel wells
containing 500 U ml* SOD. Superoxide was quantified from the initial linear rate of SOD-inhibitable
reduction against a standard curve prepared in the same plate format using superoxide generated by
xanthine (50 uM) / xanthine oxidase (0.01 U ml?), with the flux of the standard defined by the rate of
cytochrome c reduction using Agsso = 21.1 mM* cmL. Calibrating in-plate avoids reliance on a fixed 1 cm
path length in the microplate geometry. For the hydroethidine assay, superoxide was quantified from the
SOD-inhibitable fluorescence at the 15-minute endpoint and is the quantity reported throughout; for the
cytochrome c assay it was quantified from the initial linear rate of SOD-inhibitable reduction. Both were
expressed on a common basis of pmol O~ g* soil generated over the 15-minute assay window. The
xanthine/xanthine oxidase standard was run over the same 15-minute window, so endpoint fluorescence
was related to a known amount of superoxide generated over that time. Detection limits, defined as 3o
of the assay blank, were 9 pmol g for the hydroethidine assay and 36 pmol g for cytochrome c. Each
sample was assayed in duplicate wells; the assay blank was buffer plus hydroethidine without extract,
and all endpoint values fell within the linear range of the standard curve. As many of the sterile and
NADH+DPI samples fell below the cytochrome c¢ detection limit, superoxide was quantified solely by the

hydroethidine assay. Cytochrome c reduction values qualitatively corroborated the treatment-level trend.

Superoxide Dismutase Scavenging Experiments
To directly test the requirement for superoxide in NO, formation, exogenous superoxide

dismutase (SOD) was added to scavenge O,  before it could react with NO. SOD from bovine



erythrocytes (Sigma-Aldrich, 23,000 U mg* protein) was dissolved in phosphate buffer (50 mM, pH 7.4)
and added to slurries at a final concentration of 500 U mlt. This concentration was selected to achieve
complete superoxide scavenging based on the measured superoxide production rates and SOD kinetics
(rate constant of k = 2 x 10° M s'1). Heat-inactivated SOD controls were prepared by incubating SOD
solution (1,000 U ml?) at 100°C for 10 minutes, which eliminates enzymatic activity. Complete
inactivation was verified by superoxide methods described above. Comparison of active versus heat-
inactivated SOD effects distinguished enzymatic superoxide scavenging from potential non-specific
effects of protein addition (e.g., NO binding, surface interactions). SOD was added to slurries 5 minutes
before NO introduction. NO. production rates were measured as described above, and the SOD-

sensitive fraction was calculated as shown in equation 1,

Rate without SOD—Rate with SOD .
NO2g0p = = . - x 100 (Equation 1)
Rate without SOD

Peroxynitrite Synthesis and Addition Experiments

Peroxynitrite (ONOO~) was synthesised by the reaction of acidified hydrogen peroxide with
sodium nitrite, following established methods.3* Briefly, ice-cold solutions of NaNO, (0.6 M) and H,O,
(0.6 M in 0.7 M HCI) were mixed rapidly using a quenched-flow reactor, and the product immediately
guenched with excess NaOH (1.5 M) to yield alkaline peroxynitrite stock (~180 mM). Concentration was
determined spectrophotometrically at 302 nm. Stocks were stored at -80°C in small aliquots and used
within 2 weeks. Purity was verified by the absence of significant absorbance at 350 nm (indicating
minimal nitrite contamination). For dose-response experiments, sterile soil (200 g) was placed in
fluoropolymer-coated PVC microcosms (~0.6 L) with continuous headspace monitoring. Peroxynitrite
was diluted in ice-cold NaOH (10 mM) immediately before use and applied to the soil surface at
concentrations of 0 (NaOH vehicle), 0.08, 0.16, and 0.32 pmol (per gram soil). Headspace total reactive
nitrogen oxides (NOz = NOy — NOx) were monitored for 60 minutes using a Teledyne T200U-NOy
chemiluminescence analyser. The T200U employs molybdenum catalytic conversion at 325°C for NOy
measurement and direct chemiluminescence for NO. For field-fresh soil validation experiments, soil
slurries (5 g soil in 15 ml deionised water) in 50 ml serum vials were amended with either 0.01 pM ONOO~
or vehicle (NaOH) and incubated at 25°C with orbital shaking (150 rpm) for 8 hours. Headspace was

sampled at 8 hours and analysed for NO, NOz, and NOz by chemiluminescence.

Temperature Response Experiments



To assess the temperature dependence of biogenic NO» production, slurry incubations were
conducted at 5°C, 15°C, and 30°C in temperature-controlled incubators (x0.5°C). Slurries were

equilibrated at the target temperature for 2 hours before NO addition and measurements.

Nitric Oxide Consumption and Conversion Efficiency

To quantify the stoichiometry of NO-to-NO. conversion, headspace NO was monitored
simultaneously with NO,. NO consumption was calculated as the decrease in headspace NO
concentration over the first 60 minutes of the incubation, the interval over which the NO spike was actively

consumed. Conversion efficiency was calculated as shown in equation 2,

NO2 produced)
NO consumed

CEnoonoz = ( x 100 (Equation 2)

The theoretical maximum for the superoxide mechanism is 100% (e.g., 1 NO +1 O, - 1 ONOO™— 1
NO-), though competing reactions reduce observed efficiency. As noted above, NO-to-NO, conversion
is not due to NO oxidation by ozone, since its concentration is negligible under the conditions of our

experiments.

Statistical Analysis

All statistical analyses were performed in R (version 4.3.0), with data visualised using Python
(version 3.12) and Adobe lllustrator (version 28.0). Data were tested for normality (Shapiro-Wilk test) and
homogeneity of variance (Levene's test) before parametric analyses. Treatment effects on NO-:
production rates (Fig. 1A) were assessed by two-sided two-sample t-tests, where each treatment was
compared with the sterile control within each soil, and NADH was compared with NADH+DPI with data
pooled across both soils. The effect of SOD on NO. production (Fig. 2A) was assessed by paired t-test,
pairing each SOD-treated vessel with the untreated (Fig. 1A) vessel prepared from the same biological
soil sample, within each soil and treatment. Active and heat-inactivated SOD were each compared to the
no-SOD control by two-sample t-test (Fig. 2B). Peroxynitrite dose effects were assessed by one-way
ANOVA with Tukey's HSD post-hoc tests against the 0 umol g baseline (Fig. 2C), and +ONOO™ versus
—-ONOO™ headspace concentrations by two-sample t-test (Fig. 2D). The relationship between NO
consumed and NO: produced was assessed by linear regression (Fig. 1C). Correlations between
superoxide concentration and NO; production were assessed using Pearson's product-moment
correlation coefficient. Temperature effects were analysed using two-way ANOVA with temperature and
treatment as factors. Statistical significance was set at a = 0.05. Effect sizes were calculated as Cohen's

d for pairwise comparisons. Uncertainties reported in the text are standard deviations. Error bars in all



figures are S.E.M., and box plots are defined in the corresponding legends. Individual data points are

overlaid on all summary statistics to display the data distribution.
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FIGURE LEGENDS

Fig. 1. Biogenic NO; production from soil microbial activity. (A) NO. production rates across
treatments in agricultural (blue) and woodland (red) soils. Data are presented as mean values + S.E.M.
with individual replicates overlaid. n = 5 biologically independent soil incubations per treatment per sail;
the unit of study is a single incubation vessel derived from one of five biological soil samples per site.
Treatments (sterile, native, NADH, NADH+DPI) are compared against the sterile control. Treatment
means were compared with the sterile control by two-sided two-sample t-test (per soil); NADH was
compared with NADH+DPI by two-sided two-sample t-test with data pooled across both soils. *p < 0.05,
***n < 0.001 vs. sterile; Tp = 0.001, NADH vs. NADH+DPI. Exact P values are given in Source Data.
(B) Correlation between soil superoxide concentration and NO> production rate across all treatments
(Pearson's r = 0.78, R? = 0.60, two-sided p < 0.001; n = 40 biologically independent incubations, 5 per
treatment per soil). The dashed line is the ordinary least-squares fit and the shaded band the 95%
confidence interval. Circles, agricultural; squares, woodland. (C) Relationship between NO consumed
and NO; produced. Points are individual biologically independent incubations (n = 30; sterile, native and
NADH, 5 per treatment per soil). The solid line is the linear fit to the biotic treatments (native + NADH,;
slope = 0.64, indicating 64% conversion efficiency; R>= 0.77, two-sided p < 0.001); the dashed grey line
is the 1:1 relationship. Fits are ordinary least-squares linear regression. (D) Temperature dependence of
NO- production. Data are presented as mean values + S.E.M. with individual replicates overlaid; n = 10
biologically independent incubations per treatment per temperature (5 per soil, pooled across agricultural
and woodland soils), with the incubation vessel as the unit of study. Sterile, native and NADH treatments
are shown; ***p < 0.001 vs. 5 °C (two-way ANOVA with temperature and treatment as factors, two-sided;

exact P values in Source Data).

Fig. 2. Superoxide and peroxynitrite mediate NO; formation. (A) Percent decrease in NO; production
rate with superoxide dismutase (SOD; 500 U ml?) relative to sterile, native and NADH-stimulated slurries
in agricultural (blue) and woodland (red) soils. n = 5 biologically independent soil incubations per
treatment per soil. Positive values indicate SOD-sensitive, superoxide-dependent NO> production. *p <

0.05 for a reduction significantly greater than zero (paired t-test, two-sided; exact P values in Source



Data). (B) NO; production rate in native and NADH-stimulated treatments with no SOD (control), active
SOD, or heat-inactivated SOD (100 °C, 10 min). n = 10 biologically independent incubations per box (5
per soil, pooled across agricultural and woodland soils); the unit of study is a single incubation vessel.
Heat inactivation abolishes enzymatic activity, confirming that the active-SOD effect reflects superoxide
scavenging rather than non-specific protein effects. ***p < 0.001; ns, not significant (active and heat-
inactivated SOD compared to the no-SOD control by two-sample t-test, two-sided; exact P values in
Source Data). (C) NO and NO, + NO; flux in response to peroxynitrite (ONOQO™) applied to sterile soil
microcosms at 0, 0.08, 0.16 and 0.32 umol g*. n = 5 biologically independent microcosms per dose per
gas species; the unit of study is a single microcosm. The negative flux at 0 pumol g* reflects NO,
deposition to sterile soil in the absence of peroxynitrite and serves as the baseline control. ***p < 0.001
vs. the O umol g baseline (one-way ANOVA with Tukey's HSD, two-sided; exact P values in Source
Data). (D) Headspace NO, and NO, concentrations in agricultural and woodland soil slurries following
addition of synthesised peroxynitrite (+ONOQO™) or vehicle (-ONOO?). n = 5 biologically independent
slurries per condition; the unit of study is a single slurry vessel. ***p < 0.001, **p < 0.01 (+ONOO~ vs.
—-ONOO7, unpaired t-test, two-sided; exact P values in Source Data). In all box plots the centre line is
the median, box bounds are the 25th and 75th percentiles, and whiskers extend to the most extreme

points within 1.5 x the interquartile range; all individual data points are overlaid.

Fig. 3. Proposed mechanism for biogenic NO production from soils. Nitrifiers and denitrifiers produce
nitric oxide (NO) via key nitrogen-cycling enzymes (NIR, NOS, HAO, NR). Heterotrophic decomposers
generate extracellular superoxide (O2") through NADH oxidase and oxidoreductases. NO and Oz react
to form peroxynitrite (ONOQO~), which decomposes to NO, and hydroxyl radical (*OH). NO; is emitted
across the soil-atmosphere interface or converted to HONO via surface chemistry involving iron minerals
and soil phenols. Red inhibitors show experimental controls of the superoxide mechanism, where
diphenyleneiodonium (DPI) blocks NADH oxidase; superoxide dismutase (SOD) scavenges O3,
confirming superoxide-dependent NO; formation. A dashed green arrow indicates direct NO emission
from soil to the soil-atmosphere interface, consistent with the well-established role of soils as net NO

sources under most biogeochemical conditions.
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