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Abstract

Nitrous acid (HONO) is a precursor of the hydroxyl radical (OH), a key oxidant in the
degradation of most air pollutants. Field measurements indicate a large unknown source of
HONO during daytime. Release of nitrous acid (HONO) from soil has been suggested as a
major source of atmospheric HONO. We hypothesize that nitrite produced by biological
nitrate reduction in oxygen-limited microzones in wet soils is a source of such HONO.
Indeed, we found that various contrasting soil samples emitted HONO at high water holding
capacity (75 - 140%), demonstrating this to be a widespread phenomenon. Supplemental
nitrate stimulated HONO emissions, whereas ethanol (70% v/v) treatment to minimize
microbial activities reduced HONO emissions by 80%, suggesting that nitrate-dependent
biotic processes are sources of HONO. High throughput Illumina sequencing of 16S rRNA as
well as functional gene transcripts associated with nitrate and nitrite reduction indicated that
HONO emissions from soil samples were associated with nitrate reduction activities of
diverse Proteobacteria. Incubation of pure cultures of bacterial nitrate reducers and gene
expression analyses, as well as the analyses of mutant strains deficient in nitrite reductases,
showed positive correlations of HONO emissions with the capability of microbes to reduce
nitrate to nitrite. Thus, we suggest biological nitrate reduction in oxygen-limited microzones
as a hitherto unknown source of atmospheric HONO, affecting biogeochemical nitrogen

cycling, atmospheric chemistry, and global modelling.
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Introduction

The composition of the Earth’s atmosphere is strongly affected by the biogeochemical
cycling of reactive nitrogen species. Nitrous acid (HONO) is a key species due to its effect on
hydroxyl free radical (OH) formation and recycling [1, 2]. HONO can also damage the
respiratory system of asthmatics. It forms mutagenic and carcinogenic nitrosamines [3, 4],
and is thus a health risk and source of indoor air pollution [5].

Atmospheric HONO concentrations range from 5 ppb in cities [6] to about 0.1 ppb in rural
areas [7]. The only known significant gas phase source of HONO is the reaction of NO with
OH. The dominant sink during daytime is HONO photolysis [2, 8], which reforms NO and
OH. From gas phase sources and sinks, a photostationary state is expected to be established,
but measured HONO concentrations almost always exceed those calculated from known gas
phase chemistry. The heterogeneous disproportionation of NO, to HONO and HNO; is a
source of HONO that might be able to explain nighttime values, but is too slow to explain
daytime levels [2, 9]. The reduction of NO, to HONO is accelerated by organics [10], and
chemisorption on mineral particles might take place HONO [11, 12]. Furthermore, as a
daytime source was missing, many light or temperature dependent mechanisms have been
postulated, but information on their relevance under ambient conditions is sparse [13].
Results from field experiments showed that the ground surface significantly contributes to
HONO concentrations in the lower atmosphere [14, 15].

Soils can emit large amounts of HONO to the atmosphere potentially explaining the
missing HONO source [16-19]. Multiple mechanisms and modeling approaches have been
proposed to quantitatively explain the release of HONO from soil. They include chemical
equilibrium with soil nitrite [17], surface acidity [19], reactive uptake and displacement [20],
and release by ammonia-oxidizing bacteria [18, 21, 22]. HONO emissions from soil can also

involve the heterogeneous hydrolysis of NH,OH [23] when the soils dry out. The maximum
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HONO flux was reported to occur at 0 - 40% soil water holding capacity, WHC [18]. Release
of HONO from dried soils has been reported in quantities comparable to NO emissions [17,
18, 24]. At high water holding capacity, the release of HONO from soils is expected to be
low due to low gas diffusion rates and solubility in soil water.

However, denitrification and anaerobic nitrate reduction to ammonia are important
biogenic sources of extracellular nitrite [25, 26] under the oxygen-limited or anoxic
conditions that frequently occur at high soil water content [26, 27]. Thus, we hypothesize a
hitherto undetected source of HONO in soils. To test our hypothesis, we investigated HONO
emissions from various soils at high water content (in the following called “wet peak™) using
a dynamic chamber system [28]. We measured the wet peak for soils from different
ecosystems, and investigated the underlying mechanisms by soil incubations, combined with
functional gene expression as well as transcript diversity analyses, pure bacterial culture

experiments, and knock-out mutant studies.

Materialsand methods
Soil samples

Soil samples were taken from the upper layer of the soils. Detailed information about the
soils can be found in the Supplementary Information. The soil physical and chemical
properties were analyzed according to the following standard procedures: pH, DIN ISO
10390 (in water); ammonium/nitrite/nitrate, DIN ISO/TS 14256-1; total carbon and nitrogen,
DIN ISO 13878; sand/silt/clay content, DIN ISO 11277. Ammonium, nitrite and nitrate were
measured in extracts with 0.0125 M CaCl, for most of the soils. Measurements were
performed in water extracts for growth media of pure culture studies and mutant experiments
as well as soils S5, S8, S9. Due to the near neutral pH and/or high nitrite concentrations (SI

Table S1), a possible underestimation of nitrite as highlighted in a recent publication by
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Homyak et al. (2015) [29] is unlikely. The physical and chemical properties of the soils, the
maximal HONO and NO fluxes and the corresponding WHCs, and ratios of the highest

HONO and NO flux of wet peak to dry peak are summarized in SI Table S1.

Flux measurements

Emissions of HONO and NO from the soils were measured with a dynamic chamber system
(SI Fig. S1) that has been described in detail in elsewhere [18, 28]. Previous studies showed
that our dynamic chamber system can simulate the field fluxes [30-33]. The experiments
were conducted in the dark at 25 °C in a temperature controlled climate chamber. Briefly, 50
g of a homogeneously mixed soil sample was placed in a petri dish (inner diameter = 88 mm)
and wetted with ~ 50 g ultrapure water. The petri dish was placed into a Teflon chamber
(volume 47 L) and flushed with purified dry air (8 L min™), resulting in low concentrations of
HONO inside the chamber and residence times < 6 min. The surface of the petri dishes
divided by the volume of the Teflon chamber was 0.0016. The petri dishes were filled with
the soil material, and the bottom was in direct contact with the chamber. Thus, only a small
surface of the petri dishes was exposed to the gas phase of the chamber, providing a very
small potentially HONO-reactive surface. These measures minimized the probability of a
potential loss of HONO due to heterogeneous reactions in the chamber. Mixing ratios of
HONO, NO, NO,, O3, CO,, and H,O in the headspace were continuously monitored as the
soil dried out. HONO and NO were detected by a LOPAP (QUMA Elektronik & Analytik
GmbH, Germany) and a NOy chemiluminescence analyzer (Model 42i-TL, Thermo Scientific,
USA), respectively. The limit of detection was ~5 ppt for HONO and ~80 ppt for NO.
Mixing ratios of N,O were determined using the University of Mainz Quantum Cascade
Laser (QCL) Absorption spectrometer (UMAQS, [34]), which is based on an Aerodyne QCL

Mini Monitor [35, 36]. Soil water content (normalized as % WHC), fluxes of HONO, NO,
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and N,O, and the corresponding errors were calculated based on water loss during the
experiment, flow rate and mixing ratios of gases, and Gaussian error propagation,
respectively [18, 28]. The WHC was calculated by the mass of water in soil at field capacity
and the mass of dry soil [18]. The Gaussian error propagation represents the uncertainty of

the fluxes (AF), and is calculated as following [18]:

oF OF 0-5
2% Moye” + 2% A -2]
a)(out) " Mot (6Xm) " Min

_[9F 2, aoz 4 (OF 2, anz
AF—[(aQ) AQ? + (57 * AR + (

where F is the flux of HONO, NO, or N,O (ng m? s, in terms of nitrogen, the same as
follow), Q is the purging flow rate (m’ s™), A is the area of soil (m?), and ¥ou and ¥, are the

headspace mixing ratios at the outlet and inlet of the chamber (ppb), respectively.

Ethanol-treated experiments

Soil S1 was used to check the effects of ethanol treatment on HONO and NO flux. Fifty mL
of 70% ethanol (Carl Roth GmbH, Germany) were added to a petri dish, which contained 50
g of soil S1, for ~ 10 hours to reduce numbers of live microbial cells and their activities in the
soil. After the soil was dried, 50 g of ultrapure water was added to the petri dish. Then,

HONO and NO flux were measured by the dynamic chamber system.

Temperature dependence experiments

Soil S1 was used to check the temperature dependence of the dry and wet peaks. The
procedure for the flux measurement was the same as above except that the temperature was
regulated to 5, 15, 20, 25, 30, 35, 40, and 45 °C, respectively, in a temperature controlled

climate chamber.

Soil incubation experiments
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The soil incubation experiments were conducted under flooded conditions. A sample of 500 g
soil S1 was placed in a glass beaker, and ultrapure water was added to reach ~ 160% soil
water holding capacity, which is ~ 100% soil gravimetric water content. Parafilm was used to
cover and seal the beaker, which was pierced with 7 holes to allow gas exchange between the
beaker and the atmosphere. The water loss was negligible during the incubation. The beaker
was placed in a dark and constant 25 °C climate chamber (Vo6tsch Industrietechnik GmbH,
Balingen-Frommern, Germany) for incubation. After incubation for 30, 54 and 200 h, 50-g
soil sub-samples were taken from the beaker, and the fluxes of HONO and NO were
measured at 25 °C as described above. For the experiments with the addition of nitrate, 7.45
mL of potassium nitrate (KNO3) solution with a concentration of 1000 mg L™, which
corresponds to 180 kg N ha™ fertilizer applied in the field, was added to the soil sample, and

then the HONO and NO fluxes were measured.

Strains, culture and media
All model Proteobacteria were facultative aerobes that were capable of anaerobic nitrate
reduction and/or denitrification, hosting a contrasting nitrate reduction and/or denitrification
associate gene equipment. The nitrate reducer was Escherichia coli K-12, and the denitrifiers
were Pseudomonas G-179, Pseudomonas stutzeri JM-300 (DSM 10701), Bradyrhizobium
japonicum (DSM 1755) and Rhodanobacter denitrificans (DSM 23569). These strains were
selected to test the effect of nitrate and nitrite on HONO and NO emissions under anoxic
conditions.

For anoxic cell incubation, E. coli and Bradyrhizobium japonicum were routinely grown in
liquid yeast extract (pH 7.0), which contained 10 g L' mannitol, 0.5 g L' K,HPO4, 0.2 g L™
MgSO4-7H,0, 0.1 g L' NaCl and 0.4 g L' yeast extract. Pseudomonas G-179 and

Pseudomonas stutzeri JM300 were routinely grown in liquid nutrient broth (Sigma-Aldrich
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Co., USA), which contained 3.0 g L™ beef extract and 5.0 g L' peptone with a pH of 7.0.
Rhodanobacter denitrificans was routinely grown in R2A liquid medium (pH 7.2), which
contained 0.5 g L casamino acids, 0.5 g L' yeast extract, 0.5 g L' proteose peptone, 0.5 g
L soluble starch, 0.5 g L' dextrose, 0.3 g L' K,HPO,, 0.05 g L™ MgSO4-7H,0 and 0.3 g L
' sodium pyruvate. In addition to the medium used as described above, each medium
contained 7.5 mM sodium nitrate and 3 mM glucose during anoxic cell incubation. After
inoculation the cultures were incubated in a glove box (Coy lab products, USA). The box is a
vinyl anaerobic airlock chamber, and was filled with 1.5-3.5% of H, with the balance as Nj.
All of the bacteria were grown for 12 - 48 h at 25 °C in the dark. At the stationary phase, 50
mL of the cultures were harvested by centrifugation for 30 min at 3000 rpm and room
temperature. The pellet was re-suspended in 50 mL of cell-free medium. This procedure was
repeated twice to wash out nitrate and nitrite, which might have been present after pre-
culturing. Then 50 mL of the cell culture were transferred into a sterilized petri dish, which
contained 50 g sterilized glass beads (0.25-0.50 mm, Carl Roth GmbH, Germany). Then 1
mL of a 100 mM nitrate or nitrite solution and 0.5 mL of 100 mM glucose solution were
added to the petri dish. Thus the initial concentration was 2 mM for nitrate and nitrite and 1
mM for glucose, respectively. The petri dish containing the cell culture and nutrient solution
was placed in the dynamic chamber, and the fluxes of HONO, NO, and N,O were measured
by flushing with N, gas (99.999%) instead of purified air. During the anaerobic
measurements, the petri dish was covered with a lid at the beginning. The lid had two holes,
one inlet and one outlet, and was flushed with 2 L min' N, gas to exclude potential
contamination from oxygen. The total N, gas flow rate flushed into the chamber was still 8 L
min”'. After 30 min flushing, the lid was removed and the emissions of reactive nitrogen

£ases were measured.
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Mutants

Strains and mutants of Escherichia coli K-12 used in this study have been described in detail
in elsewhere [37]. Briefly, parent strain RK4353 is a derivative of MC4100 (AlacU169
araD139 rpsL gyrA non) [38]. P1 transduction was used to transfer the nirBDC::kan mutation
from strain JCB4081a to RK4353 and the nrfAB::cat mutation from strain JCB4053 to
RK4353. Strains that were defective in two different proteins were constructed by
bacteriophage P1 transduction of a deletion marked with an antibiotic resistance cassette,
followed by the pCP20 mediated removal of the kan or cat cassette. Thus, a isogenic RK4353
mutant, JCB5225 (RK4353 AnirBDC::kan AnrfAB::cat) was available for further
experiments. JCB5225 was resistant to chloramphenicol because the cat cassette inserted into
nrf has not been ‘cured’. Bacteria were grown anaerobically in a liquid yeast extract medium
as described above, supplemented with 7.5 mM sodium nitrate and 3 mM glucose. After
harvesting at the stationary phase, the emissions of HONO, NO, and N,O from different
mutants were measured as described in detail above under anoxic conditions (with N, gas) in

the dynamic chamber.

Extraction of nucleic acids and functional gene and transcript amplification

For nucleic acid analysis, samples were collected at different soil water contents from the
dynamic chamber system. Subsamples from the homogenized soil S1 were measured until the
desired water content was reached, then the measurements were stopped, and six replicate
samples of the soil were immediately stored at -80 °C until use. Total RNA was isolated from
three out of the six replicate soil samplings using the RNA PowerSoil Total RNA Isolation
Kit (MO BIO Laboratories, Inc., USA). Potential DNA contamination of the RNA was
removed by DNA-free DNAse, and PCR amplification of 16S rRNA genes from the isolated

RNA as template failed, indicating DNA-free RNA. The DNA-free purified RNA was
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reversely transcribed with random hexamers and SuperScript III Reverse Transcriptase
(Invitrogen) according to the manufacture’s protocol [39]. Sequences associated with nitrate
reduction (napA and narG) and nitrite reduction (nirK, nirS and nrfA) and 16S rRNA were
amplified from cDNA  using the following primer  pairs: napA Fl
(CTGGACIATGGGYTTIAACCA) / napA Rl (CCTTCYTTYTCIACCCACAT),
narG1960f (TAYGTSGGSCARGARAA) / narG2650r (TTYTCRTACCABGTBGC), FlaCu
(ATCATGGTSCTGCCGCG) / R3Cu (GCCTCGATCAG(A/G)TTGTGGTT), cd3aF
(GTSAACGTSAAGGARACSGG) / R3cd (GASTTCGGRTGSGTCTTGA), nrfA_Faw
(CARTGYCAYGTBGARTA) / nrfA R1 (TWNGGCATRTGRCARTC) and 341F
(CCTACGGGAGGCAGCAG) / 907RM (CCGTCAATTCMTTTGAGTTT), respectively
[40-43]. 100 pL of PCR reactions consisted of 40 uL 2.5 x 5 Prime Master Mix solution (5
Prime GmbH, Hamburg, Germany), 4 uL. MgCl, solution (25 mM), 6 uM of each primers
(Microsynth AG, Balgach, Switzerland), 7 ul of cDNA template and 37 pl of deionized water.
PCR was performed in a SensoQuest Thermo Cycler (SensoQuest GmbH, Géttingen,
Germany) using the following program for 16S rRNA sequence: initial denaturation at 94 °C
for 3 min, then 19 cycles of 94 °C for 30 s, 65 °C for 30 s (touch down PCR, 0.5 °C per
cycle), 72 °C for 90 s, followed by 14 cycles of 94 °C for 30 s, 55 °C for 30 s and 72 °C for
90 s. Final extension was at 72 °C for 3 min. PCR conditions for other amplifications were

summarized in SI Table S2.

Gene expression by quantitative PCR.

Quantitative kinetic real-time PCRs (qPCRs) were performed in an iQTMS5 Real-Time qPCR
cycler (Bio-Rad, Munich, Germany) to enumerate the starting quantities of 16S rRNA, napA,
narG, nirK, nirS, and nrfA transcripts. All reactions were run in technical triplicates with

cDNA as template utilizing SensiMix (Bioline GmbH, Luckenwalde, Germany) chemistry
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and external standards [40]. Transcript abundances were normalized to the abundances (g
dry soil) of 16S rRNA, which yields expression levels less sensitive to varying RNA
extraction efficiencies (that is, RNA extraction bias) than copy numbers per gram dry weight
soil. nirK expression was below the quantification limit of our gPCR method and thus not

shown. Detailed information can be found elsewhere [39, 40].

Sequencing and transcript diversity analyses

Amplicons (i.e., PCR products) were generated from three replicate soil samples per time
point and purified on 1% agarose gels using the MinElute Gel extraction kit (Quiagen, Hilden,
Germany) according to the manufacturer’s instruction. All amplicons per time point and
replicates were pooled on a mass basis to yield 18 amplicon pools in total: 16S rRNA : narG :
napA : nrfA : nirS : nirK =46 : 15 : 21 : 10 : 8. Adaptamers including barcodes were ligated
to amplicon pools for sequencing library generation according to standard protocols prior to
paired-end sequencing on a Illumina MiSeq platform utilizing V2 chemistry (2 x 250 bp).
Only sequences that matched primer sequences were further analyzed. Paired-end merging
for napA, nrfA, nirS and nirK, quality filtering (Q >15), length trimming (Q >15),
dereplication and clustering was done with the usearch pipeline and Jaguc [44, 45]. For 16S
rRNA, narG, napA, nrfA, nirS, and nirK, 43,000 £ 5,000 (16S rRNA), 63,000 = 5,100
(narG), 17,500 + 2,300 (napA), 211,000 + 25,000 (nrfA), 211,000 + 28,000 (nirS), and 9,800
+ 1,700 (nirK), respectively, reads were obtained per replicate and transcript (mean +
standard error). OTUs were called at 15% threshold distance for narG and at 3% for all other
sequences. Classification of 16S rRNA data was done by RDP [46] and BlastN against the
non-redundant nucleotide collection. Classified 16S RNA data at the family level was
generated by grouping OTUs called at 3% and presented. Other sequences were classified by

BlastX against the non-redundant protein data base (https://blast.ncbi.nlm.nih.gov/Blast.cgi).
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Results and discussion

Large HONO emissions at high soil moisture

Agricultural soil samples were collected from a wheat field (soil S1, Mainz-Finthen,
Germany, Fig. 1a) and from 10 other fields (crops, rice, oasis, and grassland, see SI Fig. S2
and Table S1). Two peaks of HONO and NO emission were found for all of these samples,
with a wet peak at 75 - 140% WHC, as well as the previously reported dry peak at 0 - 40% of
the WHC [18]. The HONO and NO peaks were reproducible in three replicates of the soil S1,
with standard errors of the maximum HONO and NO flux within 15% of the average value
(SI Fig. S2). The maximum fluxes of HONO emission at 75 - 140% WHC were in the range
of 5to 190 ng m™ s™' (nitrogen mass-based, see SI Table S1), which is of a similar magnitude
to the dry peak emission fluxes reported by Oswald et al. [18]. Sorgel et al. (2015) [13]
estimated that a surface HONO flux of about 28 - 70 ng N m™ s would be required to
sustain measured boundary layer (boundary layer height about 1000 m) values at a rural site.
Since most of our observed HONO flux values at high WHC were in the range of 15 - 85 ng
N m™ s, this source could explain the boundary layer values at that rural site. Furthermore,
Su et al. (2011) [17] calculated HONO fluxes from about 1 - 3,000 ng N m s for different
soils and gave a range of ~ 1 - 1000 ng N m~ s~ for the missing sources calculated for
boundary layer heights of 100 m and 1000 m. Thus, soil emissions under wet conditions
might well explain all or part of the missing HONO source during day time.

For the soil samples investigated in this study, the magnitude of the wet peak maximum
flux was 10 - 90% of the dry peak maximum flux. Interestingly, the HONO wet peak
occurred at the highest water content (i.e., earliest time point) for the moderately acidic soils
S3, S5, and S9. The HONO flux peaks under high moisture content were not as clearly

defined and lower than in the other soils, suggesting that the low pH constrained the
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microbial community. However, considering that soils S3, S5 and S9 were regularly flooded,
the soil microbial community might be adapted to changing redox potentials and to nitrate
respiration. Thus, the early onset of HONO fluxes might be related to a microbial community

prone to react to low redox potentials/anoxia by nitrate reduction to nitrite.

Nitrate dependent biotic HONO emissions
Soil S1 was treated with 70% ethanol to reduce numbers of live microbial cells and their
activities. HONO and NO fluxes at high and low soil WHC (wet and dry peak, respectively)
were significantly decreased (~ 40 and 10 fold, respectively) relative to non-ethanol treated
soil (SI Fig. S3a), as had been already shown with a different inhibition method for the dry
peak [18], indicating that biotic processes dominated HONO emissions at high soil moisture.
Biotic HONO and NO emission are known to depend on soil temperature [18, 47]. We
found HONO and NO emission increased with temperature increasing from 5 to 45 °C (SI
Fig. S3b and ¢), which is in agreement with a biotic process [48].
After incubation for 54 h at ~ 160% WHC (flooded conditions), HONO and NO fluxes
from soil S1 diminished, but recovered after the addition of nitrate (SI Fig. S4). These data
indicated (1) nitrate dependent HONO and NO emissions and suggested that (2) nitrate

reduction might significantly contribute to HONO and NO emission at high soil moisture.

Microbial nitrate reduction is associated with HONO emissions from soil

We measured concentrations of nitrate and nitrite, levels of mRNA for genes involved in
nitrate reduction and denitrification, and transcript diversity in soil sample S1. The nitrate
concentration decreased concomitantly with an increase in nitrite concentration at the HONO
wet peak, while changes in soil pH were negligible (SI Fig. S5a). Thus, HONO emissions

were linked to increased nitrate-derived nitrite concentrations at ~ 110% WHC. The HONO
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wet peak also correlated with highest levels of expression of napA and narG, both encoding
nitrate reductases, and nitrite reductase genes nirS and nrfA, encoding cytochrome cd;-
dependent denitrifier and DNRA related nitrite reductases, respectively (Fig. 1b and c).
Expression of the nitrate reduction associated gene was higher than that of the nitrite
reductases prior to the wet peak. Expression of nirK (encoding a Cu-dependent denitrifier
nitrite reductase) was below the detection limit. These data suggest ongoing microbial
anaerobic nitrate reduction to ammonia and/or denitrification as a source of HONO emissions

due to a temporal nitrite accumulation.

Proteobacteria as key playersfor HONO emission

By producing high local nitrite concentrations right at the outer side of the cytoplasmic
membrane, which is a low pH environment, HONO formation is suggested to be due to pH-
dependent nitrite loss. Active microbial key players of the nitrate reducers were identified by
16S rRNA and functional gene transcript sequencing. The dominant active microorganisms in
soil S1 during the HONO measurements (Fig. 1a) were related to Telluria mixta (OTU 14),
Senotrophomonas maltophilia (OTU 999), Yersinia kristensenii (OTU 15), Ochrobactrum
anthropi (OTU 39), Rhodanobacter D206a (OTU 314), and Yersinia kristensenii (OTU 2220)
as indicated by 16S rRNA, narG, napA, nirK, nirS, and nrfA transcript diversity analyses,
respectively (SI Fig. S6 and Table S3). Interestingly, only one 16S rRNA based OTU with a
mean relative abundance of 0.39% (range 0.0-0.8%) was affiliated with a potential nitrifier
(i.e., Nitrosospira sp.), suggesting a minor activity/importance of nitrifiers and potentially
nitrifier denitrification during our experiments. The relative abundance of Serratia sp. (OTU
470) and Yersinia kristensenii (OTU 15) related nitrate reductase transcripts (narG and napA)
was increased by ~ 6 and 2%, respectively at the wet peak. The relative abundances of

Achromaobacter sp. (OTU 32), Gammaproteobacteria bacterium SG8 30 (OTU 306), and
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Shigella sonnei (OTU 2226) related nitrite reductase transcripts (nirK, nirS, and nrfA,
respectively) were increased by ~ 19, 14, and 12%, respectively, at the wet peak. Thus,

diverse anaerobic nitrate reducing Proteobacteria were active during HONO emissions.

Model anaer obic nitrate reducing Proteobacteria emit HONO

The gammaproteobacterial model nitrate reducer Escherichia coli reduces nitrate to nitrite
catalysed by the nitrate reductase NarG and NapA. E. coli produced HONO and NO under
anoxic conditions in the presence of initial nitrate or nitrite (Fig. 2, Table 1). HONO and NO
formation was marginal in the absence of E. coli. HONO and NO fluxes of E. coli cultures
were similar for nitrate and nitrite supplemented media, suggesting that nitrate was
completely reduced to nitrite in the nitrate supplemented cultures.

HONO and NO fluxes from denitrifying Proteobacteria differing in their set of
denitrification-associated genes were minimal relative to the nitrate reducer E. coli hosting a
nrfA encoded nitrite reductase (Table 1). This suggests that the NirK and NirS nitrite
reductases of denitrifying bacteria efficiently prevent the accumulation of nitrite because
nitrite reduction rates were similar to nitrate reduction rates. Indeed, N,O peaks with a
maximum flux of ~ 100 and ~ 40000 ng m™~ s were detected for Pseudomonas G-179 and
Pseudomonas stutzeri (P. stutzeri), respectively, in the presence of nitrite (SI Fig. S7). High
rates of N,O emission by P. stutzeri were associated with the depletion of NO,-N from 24.4
mg kg determined for the sterilized control to 0.3 mg kg’ at the end of measurement,
suggesting complete denitrification and loss of nitrogen as N,, N>O, and NO due to high rates
of denitrification by P. stutzeri compared with other denitrifying bacteria [49]. Thus, the data
suggest that (i) nitrate reducers are more prone to accumulate nitrite and emit HONO than

actively denitrifying cultures, and (ii) active nitrite reduction mitigates HONO formation.
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Absence of nitrite reductase genesincrease HONO emissions from E. coli K-12

A double mutant, strain JCB5225, defective in the nirBDC and nrfAB nitrite reductase genes
is unable to reduce nitrite to ammonia. This strain reduces nitrate quantitatively to nitrite,
which accumulates in the growth medium. Compared with the parent strain RK4353, HONO
and NO emissions increased significantly when strain JCB5225 was grown in the presence of
supplemental nitrite or nitrate (Fig. 3). As expected, nitrite concentrations for the strain
without nirBDC and nrfAB genes were much higher than for the wild type strain (SI Table
S4), suggesting that nirBDC and nrfAB encoded nitrite reductases impacted nitrite

concentrations [50] and thus HONO and NO emissions.

Nitratereducer driven HONO emissions

We calculated HONO fluxes based on the acid-base equilibrium in solution and the
volatilization of HONO according to Henry’s law [17] (Fig. 4a, pathway 1). The results were
compared with the measured fluxes from the E. coli wild type and mutant experiments (SI
Table S4). The model was able to account for about 30 to 45% of the HONO flux from the
heat-sterilized background (autoclaved medium with filter-sterilized nitrate or nitrite added
after autoclaving), but less than 5% of the measured HONO flux from experiments with pure
cultures. Except for very dry conditions (< 1% WHC), the calculated HONO fluxes for soil
S1 were also much lower than the measured fluxes (SI Fig. S5b). There are several reasons
why application of Henry’s law might lead to an underestimation of HONO fluxes. A recent
study showed that surface acidity in soil particles rather than bulk pH controls HONO uptake
and release from soil [19] (Fig. 4a, pathway 2). Nitrite and HONO might be highly
concentrated in water and biofilms rather than evenly distributed. Indeed, nitrate reducers
release nitrite generated in their cytoplasm into their surroundings, supporting the view that

nitrate reducers represent such local “hot spots” of high nitrite concentrations. Second, a
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proton motive force is generated during nitrate reduction, resulting in an accumulation of
positive charges at the outside of the bacterial cytoplasmic membrane relative to the
cytoplasm or external environment [51, 52]. Acidification at the outside of the bacterial
cytoplasmic membrane might accelerate HONO emissions as well (Fig. 4a, pathway 3, and
Fig. 4b). Based upon acid-base equilibria alone, a pH of 1.0 to 2.5 units lower than the bulk
fluid would be required to explain the observed rates of HONO efflux. This is within the
range that typically occurs across cytoplasmic membranes [51-54]. HONO might leave the
soil immediately once formed on the surface. Soil is very heterogeneous and even at high soil
moisture, a certain fraction of the soil surface (including internal surfaces connected by pores)
is exposed to the atmosphere. Indeed, soil pore networks are complex, and control gas

transport in soil [55].

In conclusion, soil HONO emissions can account for the missing HONO source during day
time. Temperatures are higher during day than at night time and all dominating processes
with respect to HONO formation and transport correlated with temperature, e.g., HONO
solubility decreases, fluxes from soil (SI Fig. S3) increase, and turbulent transport processes
are more efficient. In accordance with Su et al. (2011) [17], such processes associated with
HONO fluxes from soil can indeed account for the missing source. HONO emissions under
conditions of high soil water content contribute to soil HONO fluxes and can be explained by
nitrite accumulation that is driven by nitrate reducers. This process is an additional significant
source of atmospheric HONO that has previously not been taken into account.

Emissions under “dry conditions” likewise contribute and could be attributed to the activity
of ammonia oxidizers [18, 21] and ammonia oxidizing Archaea [21, 23]. At least some of the
HONO emissions at the dry peak originate from the heterogeneous hydrolysis of NH,OH

[23], which is an intermediate in ammonium oxidation. In contrast, we now showed that the
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wet peak arises from nitrite accumulation during nitrate reduction. Our data suggest that
HONO formation during the wet peak is due to the microbial formation of nitrite by nitrate
reducers under anaerobic conditions in anoxic or oxygen-reduced microsites in soil.
Agricultural soils receive large amounts of nitrogen fertilizer, adding nitrate to the soils. It
is well known that soils host anoxic microsites within aggregates [56] and that N,O emissions
are strongly stimulated by fertilization events [57]. This stimulation is considered to be due to
denitrification releasing nitrite as intermediate [58]. Rain events, irrigation, or fertilization
with manure will increase soil moisture and thus the extent of anoxic microsites in soil. Thus,
our results and conclusions apply to many diverse soils, including agricultural upland soils
(SI Table S1). If we assume 14.2 x 10'? m* of arable land (data from FAO, global arable land
area in 2016), 5 irrigation events per year and 20 precipitation events higher than 2.0 mm hr
per year with substantial regional variations [59], then ~ 112 and 94 Gg yr'1 of HONO-N and
NO-N might be released at high soil water content from global arable land soils [22]. If,
however, only 3.3 x 10'> km? of arable land equipped for irrigation (data from FAO, global
arable land area in 2016) are taken into account, with 5 irrigation events per year and 10
precipitation events higher than 2.0 mm hr”' per year, then only ~ 16 and 13 Gg yr' of
HONO-N and NO-N might be released at high soil water content from global arable land
soils. According to these calculations, the emissions of reactive nitrogen (HONO-N and NO-
N) from global arable land soils at high soil water content may range between 29 - 210 Gg yr’
! corresponding to around 0.8 - 5.6% of NO, emissions from agricultural soil (3.7 Tg yr'")
according to the IPCC report [60]. The impact of HONO emissions from these soils on the
chemistry within the atmospheric boundary layer, nitrogen use efficiency, and climate change
should be further quantified and included in regional and global models of atmospheric

chemistry and air quality.
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Data availability

The sequence data reported in this paper have been deposited in the Genome Sequence Archive of Beijing
Institute of Genomics, Chinese Academy of Sciences (http://bigd.big.ac.cn/gsub/) with accession numbers
CRAO000459. All data needed to evaluate the conclusions in the paper are present in the paper and/or the

Supplementary Information. Additional data related to this paper may be requested from the authors.
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Figurelegends:

Fig. 1 HONO and NO emissions from an agricultural soil sample. a Nitrogen mass-based
emission fluxes of HONO (solid orange line) and NO (solid green line) from soil S1 (wheat
field, Mainz-Finthen, Germany) plotted against measurement time (hours). Soil water content
(percentage of water holding capacity, % WHC) during the measurements is shown in the
right Y axis. b Corresponding expression levels of periplasmic and cytoplasmic nitrate
reductase genes (napA and narG, respectively), and C of nitrite reductase genes (nirS and
nrfA, respectively). Data points and error bars represent mean values and standard errors of
three replicates.

Fig. 2 Maximum anaerobic emissions of HONO and NO from Escherichia coli K-12.
Nitrogen mass-based maximum fluxes of HONO and NO from the nitrate reducer, E. coli K-
12, incubated with nitrate or nitrite and measured under anoxic conditions. Data bars
represent the maximum values, and error bars represent relative errors that were calculated
based on Gaussian error propagation.

Fig. 3 Maximum anaerobic emissions of HONO and NO from mutant strains of Escherichia
coli K-12. Nitrogen mass-based maximum fluxes of HONO and NO incubated with (a) nitrite
or (b) nitrate at an initial concentration of 2 mM. Investigated strains include RK4353 (parent
strain, with both functional nirBDC and nrfAB genes) and JCB5225 (RK4353 AnirBDC::kan
AnrfAB::cat, without both functional nirBDC and nrfAB genes). Data bars represent the
maximum values, and error bars represent relative errors that were calculated based on
Gaussian error propagation.

Fig. 4 Potential pathways of HONO emission from soil (&), and illustration of HONO
production during denitrification and anaerobic nitrate reduction (b). a Pathway 1: acid-base
equilibrium in soil aqueous solution and the volatilization of nitrous acid according to

Henry’s law [17]; Pathway 2: nitrous acid formation and release controlled by soil mineral
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particle surface acidity [19]; Pathway 3: nitrite accumulation at the outside of the cytoplasmic
membrane of nitrate reducing microbes resulting in locally increased nitrite concentrations
and nitrous acid formation enhanced by proton motive force dependent acidification. b Nitrite
is produced by anaerobic nitrate reductases close to the cytoplasmic membrane, either at the
outer or inner side of the membrane. Nitrite produced at the inner side of the membrane is
subsequently transported to the outer side via nitrate-nitrite antiporters (AP). The outer side
of the membrane is positively charged due to accumulation of protons (proton motive force).
Nitrous acid is formed due to the high proton concentrations from nitrite (acid-base
equilibrium) and diffused out of the outer membrane through porin channels to the external
environment. HONO (g) and HNO, (aq) represent molecular nitrous acid in gas and aqueous

phase, respectively.
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Table 1 Net anaerobic HONO and NO emission from different Proteobacteria in the presence of initia nitrite or nitrate. + and -
indicate that the bacteria have or have not the specific denitrification-associated gene, respectively. Nitrogen mass-based maximum
fluxes of HONO and NO were calculated by differences between the maximum flux from pure cell culture and sterilized background
medium, and can be attributed to the direct effect of the bacteria. Vaues are the maximum fluxes + relative errors. Relative errors

were calculated based on 20% of the flux value, which were derived from four replications of sterilized background measurement.

Genes encoding nitrogen oxide reductases converting Maximum flux (ng m? s™)
Proteobacteria Strains
NOs to NO, NO, to NO NO; to NH," NO to N,O N2O to N, Nitrite Nitrate
narG  napA nirk nirS  nirBDC/nrfAB norBC nosZ HONO NO HONO NO
Nitrate reducer Escherichia coli K-12 + + - - + - - 575115 16533  697+139 258452
Denitrifiers Pseudomonas G-179 - + + - - + - 1242 96+19 1142 39+8
Bradyrhizobium japonicum - + + - - + + -31t6 -13+3 14+3 16£3
Rhodanobacter denitrificans + - + - - + + 4+1 5+1 0.1+0 0+0.1
Pseudomonas stutzeri JM-300 + + - + - + + -37+7 -31+6 0.7+0.1 0.6+0.1

* Alternative nitrite reductases, see Fig. 3.
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