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A B S T R A C T

Tropospheric removal of pollutants initiated by the hydroxyl radical (OH) is a key process in atmospheric
chemistry. In the lower atmosphere, OH production is linked to photolysis of nitrous acid (HONO), and it has
been suggested that soil contributes strongly to the production of atmospheric HONO. However, factors con-
trolling HONO production in soils are poorly known. We report here for the first time that HONO production in
agricultural soil is potentially related to the germination and early development stages of wheat. Nitrite (NO2

−)
released from the germinating seeds increased the HONO production. Given the significant area of agricultural
lands globally, the emission of HONO from initial growth phase of wheat must be considered as a mechanism
contributing to the OH production in the atmosphere.

Nitrous acid (HONO) photolysis contributes up to ∼ 55% of the
daytime hydroxyl radical (OH) production (Elshorbany et al., 2009).
Hydroxyl radicals have a key impact in atmospheric chemistry because
they are involved in the chain reactions balancing the ozone (O3) cycle
(Logan et al., 1981), and oxidation of carbon monoxide (CO) and me-
thane (CH4) (Lelieveld et al., 2004). They are catalyzing also the oxi-
dation of volatile organic compounds (VOCs) into secondary organic
aerosols (SOAs) (Claeys, 2004), precursors of cloud formation (Petters
et al., 2006).

Tropospheric HONO is thought to be formed mainly via hetero-
genous reactions mediated by nitrogen dioxide (NO2) in the atmosphere
(Kleffmann, 2005) and in environments rich in humic substances (like
soil) in the presence of UV light (Stemmler et al., 2006). Nevertheless,
the potential importance of soil nitrogen (N) cycle processes in the
HONO production/emission (Kulmala and Petäjä, 2011; Su et al., 2011)
is uncertain and requires further investigation. Highly reactive nitrite
(NO2

−) via the acid-base equilibrium reaction (Su et al., 2011), mi-
crobial ammonia (NH3) oxidation (Oswald et al., 2013; Scharko et al.,
2015; Ermel et al., 2018), and nitrate (NO3

−) reduction (Wu et al.,
2019) are known to be involved in HONO production/emission from
soils. Growing plants and germinating seeds can release nitrogenous
compounds like amino acids (AAs) and labile carbon (C) (Nguyen,
2003; Schimel and Bennett, 2004; Rahoui et al., 2010). There is in-
crease in production of N2O and NO from soil after addition of labile C

and N which stimulate the microbial process like nitrification and de-
nitrification (Schuster and Conrad, 1992; Wang et al., 2005). It can be
assumed that growing vegetation stimulates HONO production by
fueling soil with fresh C and AAs which intensify nitrification and de-
nitrification. Here, we hypothesize that early development of plants
(starting from germination) can increase the HONO emission from soils.

To address this hypothesis, we measured HONO emission with a
long path absorption photometer (LOPAP) (Kleffmann et al., 2002)
during an 11-day laboratory experiment from two distinct soils
(Table 1) with two vegetation treatments: seeded (vegetated) and un-
seeded controls (bare). We chose wheat (Triticum aestivum L.) as the
cereal because it is the most cultivated cereal in the world after rice
(Roser and Ritchie, 2018). The emissions of NO and N2O were mea-
sured concurrently to know more about the factors/processes behind
the HONO production because both gases are an integral part of the soil
N cycle. We followed the changes in contents of NO2

−, NO3
−, ammo-

nium (NH4
+), and dissolved organic carbon (DOC) during the experi-

ment. Additionally, the sole role of wheat plants without soil was as-
sessed by measuring fluxes of HONO, NO, and N2O, and release of
NO2

− and NO3
− from wheat seeds germinating and growing in the

water on sterile petri dishes. The details of the methods and statistics
are presented in the supplementary text.

In both soils, the maximum HONO flux (HONOorganic =
25.4 ± 8.7 μg N m−2 h−1, HONOmineral = 63.7 ± 11.3 μg N m−2 h−1)
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was detected two days after sowing the wheat seeds (Fig. 1A, E, Table
S1). After the maximum flux, the HONO emission rates decreased with
increasing shoot height (Fig. 1A, E, Fig. 2A, Table S1). The concentra-
tion of NO2

−, the precursor to HONO (Su et al., 2011), was elevated in
the vegetated treatment from the beginning of the experiment whereas
NO2

− concentrations were always below the detection limit in the bare
soil showing negligible HONO emission (Fig. 1D, H, Tables S2 and S3).
Nitrite concentration during the first two days after sowing can be ex-
pected to be similar in bare and vegetated soils because there was yet
no vegetation (Fig. S1) affecting the N cycle processes including NO2

−

production in NH3 oxidation and/or NO3
− reduction (denitrification or

dissimilatory nitrate reduction to ammonia, DNRA). In fact, NH4
+ and

NO3
− contents were similar on the first two days in the bare and ve-

getated soils (Tables S2 and S3) suggesting that microbial oxidation of
NH3 or NO3

− reduction were not responsible for the NO2
− formation.

The release of NO2
− from germinating wheat seeds was a key factor for

the optimum HONO emission as NO2
− concentration increased over

time in milli-Q H2O (Fig. 2B, Table S4). During germination, nitrate
reductase is known to be induced, reducing NO3

− taken up by seeds to
NO2

− (Gupta et al., 1983) which could likely explain the appearance of
NO2

− in soil within 24 h of sowing while NO2
− was not detected in the

bare soil treatment (Fig. 1D, H, Tables S2 and S3).
Comparing the dynamics between HONO, NO, and N2O with plant

growth (Fig. 1) suggest that the developing wheat favored N2O pro-
duction in contrast to NO and HONO when considering the whole ex-
perimental period. The N2O emissions showed no initial peak from the
vegetated soil but increased over time until day 8 (Fig. 1C, G, Table S1).
Root exudates are known to stimulate denitrification activity resulting
in N2O production in the rhizosphere (Klemedtsson et al., 1987;
Mounier et al., 2004; Henry et al., 2008). This likely explains the N2O

Table 1
Basic properties of the soils used. All data are presented as average ± SD of three replicates.

Soils BD g cm−3 GWC μg g−1 OM% C% N% C:N

Organic 0.15 ± 0.01 2.5 ± 0.0 83.5 ± 0.9 43.9 ± 0.7 2.8 ± 0.1 15.7 ± 0.7
Mineral 0.78 ± 0.05 0.23 ± 0.0 5.6 ± 0.2 2.1 ± 0.2 0.3 ± 0.1 8.5 ± 1.7
t −21.43 29.10 150.66 105.51 46.91 6.84
P < 0.001 0.001 < 0.001 < 0.001 < 0.001 0.002

Bulk density (BD), gravimetric water content (GWC), organic matter (OM) content, carbon (C) and nitrogen (N) content, and the ratio of C to N.

Fig. 1. Gas fluxes and NO2− concentration of bare
and vegetated samples of organic and mineral
soils after sowing wheat seeds. Emission rates of
HONO (A, E), NO (B, F), and N2O (C, G) together
with soil NO2

− (D, H) concentration from the bare
(black circle) and vegetated (blue square) surface of
organic (left panel) and mineral (right panel) soil.
The first plots of both panels also include the shoot
height (green triangle) in the y-axis (right). The
NO2

− was detected in both soils in all vegetated re-
plicates except in organic soil on day eight and 11
only in a replicate. Error bars denote the standard
deviation of three replicates. Invisible error bars
(except for NO2

− concentration on day eight and 11
in organic soil) are equal to the size of the corre-
sponding symbols. Statistical tests and significant
differences on the gas fluxes and soil NO2

− con-
centrations are presented in Tables S1, S2, S3, and
S5. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web
version of this article.)
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kinetics here as extracted DOC concentration was higher in the vege-
tated than in the bare soil (Tables S2 and S3), with always negligible
N2O emissions from the bare soil (Fig. 1C, G, Table S1). Anoxia created
by rhizosphere activity (Gregory, 2006) would have been expected to
increase HONO emission from vegetated treatments (Wu et al., 2019).
However, decoupling of HONO and NO emissions rates with increasing
plant height (Fig. 1) suggest that the rhizosphere had a minor role in
HONO and NO production. Emissions of NO from the vegetated treat-
ments, especially from the organic soil (Fig. 1B, Table S1), followed
similar patterns as the HONO emissions suggesting the same origin of
these gases. Both soils used in this study possess low pH (Tables S2 and
S3) and likely reactions between protons (H+) and NO2

− may have
substantially contributed to the emission of HONO and NO (Van
Cleemput and Baert, 1984; Su et al., 2011).

Wheat seeds growing in milli-Q water on sterile pteri plates did not
release any N gases, thus indicating HONO production requires ger-
mination and growth in soil. Similarly, there was likely no light-in-
duced conversion of NO2 to HONO (Stemmler et al., 2006) because
HONO flux was measured in the dark and there is no evidence of HONO
formation on leaf surfaces via NO2 hydrolysis in the dark (Finlayson-
Pitts et al., 2003; Schimang et al., 2006). Numbers of stomata increase
with increasing leaf surface area (Cardoso-Vilhena, 2004). Therefore,
stomatal uptake of HONO (Schimang et al., 2006) could be a reason for
the decrease in HONO emissions with increasing shoot height (Fig. 1A,
E, and Fig. 2A). Additionally, decreasing NO2

− concentration (Fig. 1D,
H, Tables S2 and S3) cannot be ignored to explain the decrease in
HONO emissions with time because HONO emission is affected by
NO2

− concentration (Su et al., 2011). The association between NO2
−

from germinating seeds and HONO emission (Fig. 1) has not previously
been shown. An open question is why soil NO2

− content decreased with
time during vegetation development (Fig. 1D, H, Tables S2 and S3).

We show that HONO emission is increased by germinating wheat,
an important cereal food crop occupying > 700 million hectares of
arable land globally (Roser and Ritchie, 2018). Therefore, we conclude
that the release of HONO during germination and early growth phase of
plants may have a significant impact on the atmospheric chemistry
linked to the HONO and OH radicals.

Acknowledgments

This research was funded by Academy of Finland under the project
“The origin of nitrous acid (HONO) emissions from northern soils and
linkages to nitrogen cycle processes” (grant no. 297735) and the doc-
toral program of the University of Eastern Finland (grant to H. R

Bhattarai). We also acknowledge the Academy of Finland Center of
Excellence program (project no. 307331) for supporting this study. We
thank Emilia Marttila and Jaana Rissanen for laboratory assistance, Pasi
Yli-Pirilä for technical assistance, Jyrki Hytönen, Perttu Virkajärvi, and
Jukka Ruotsalainen for soil samples and wheat seed, and our colleague
Claire Treat for commenting the manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.soilbio.2019.06.014.

References

Cardoso-Vilhena, J., 2004. Mechanisms underlying the amelioration of O3-induced da-
mage by elevated atmospheric concentrations of CO2. Journal of Experimental
Botany 55, 771–781.

Claeys, M., 2004. Formation of secondary organic aerosols through photooxidation of
isoprene. Science 303, 1173–1176.

Elshorbany, Y.F., Kleffmann, J., Kurtenbach, R., Rubio, M., Lissi, E., Villena, G., Gramsch,
E., Rickard, A.R., Pilling, M.J., Wiesen, P., 2009. Summertime photochemical ozone
formation in Santiago, Chile. Atmospheric Environment 43, 6398–6407.

Ermel, M., Behrendt, T., Oswald, R., Derstroff, B., Wu, D., Hohlmann, S., Stönner, C.,
Pommerening-Röser, A., Könneke, M., Williams, J., Meixner, F.X., Andreae, M.O.,
Trebs, I., Sörgel, M., 2018. Hydroxylamine released by nitrifying microorganisms is a
precursor for HONO emission from drying soils. Scientific Reports 8.

Finlayson-Pitts, B.J., Wingen, L.M., Sumner, A.L., Syomin, D., Ramazan, K.A., 2003. The
heterogeneous hydrolysis of NO2 in laboratory systems and in outdoor and indoor
atmospheres: an integrated mechanism. Physical Chemistry Chemical Physics 5,
223–242.

Gregory, P.J., 2006. Roots, rhizosphere and soil: the route to a better understanding of
soil science? European Journal of Soil Science 57, 2–12.

Gupta, A., Disa, S., Saxena, I.M., Sarin, N.B., Guha-Mukherjee, S., Sopory, S.K., 1983. Role
of Nitrate in the induction of nitrite reductase activity during wheat seed germina-
tion. Journal of Experimental Botany 34, 396–404.

Henry, S., Texier, S., Hallet, S., Bru, D., Dambreville, C., Chèneby, D., Bizouard, F.,
Germon, J.C., Philippot, L., 2008. Disentangling the rhizosphere effect on nitrate
reducers and denitrifiers: insight into the role of root exudates. Environmental
Microbiology 10, 3082–3092.

Kleffmann, J., 2005. Daytime formation of nitrous acid: a major source of OH radicals in a
forest. Geophysical Research Letters 32.

Kleffmann, J., Heland, J., Kurtenbach, R., Lörzer, J., Wiesen, P., 2002. A new instrument
(LOPAP) for the detection of nitrous acid (HONO). Environmental Science and
Pollution Research 48–54.

Klemedtsson, L., Svensson, B.H., Rosswall, T., 1987. Dinitrogen and nitrous oxide pro-
duced by denitrification and nitrification in soil with and without barley plants. Plant
and Soil 99.

Kulmala, M., Petäjä, T., 2011. Soil nitrites influence atmospheric chemistry. Science
1586–1587 333.

Lelieveld, J., Dentener, F.J., Peters, W., Krol, M.C., 2004. On the role of hydroxyl radicals
in the self-cleansing capacity of the troposphere. Atmospheric Chemistry and Physics
4, 2337–2344.

Logan, J.A., Prather, M.J., Wofsy, S.C., McElroy, M.B., 1981. Tropospheric chemistry: a
global perspective. Journal of Geophysical Research 86, 7210.

Fig. 2. Relationship between the HONO emis-
sion rates and shoot height (A) and the con-
centration of NO2− and NO3− from germinating
wheat seeds (B). Association between the HONO
emission rates and shoot heights in vegetated sam-
ples of mineral (diamonds) and organic (triangles)
soil was established from day two onwards once the
green tissues were visible and measurable. Emission
rate of HONO and shoot height exhibit a strong
negative correlation in both organic and mineral
soil (r = - 0.90, n = 18, P < 0.01; r = - 0.88,
n = 18, P < 0.001, respectively). Concentrations of
NO2

− (filled triangle) and NO3
− (open triangle) as

N per gram dry seeds was measured from the im-
bibed solution (milli-Q H2O) of growing wheat on
sterile petri dishes. Error bar denotes the standard
deviation of three replicates. Different letters above
the symbols represent the significant difference
(mixed model ANOVA, P < 0.05) between the
measurement days. Absence of letter denotes no
statistical difference. Other details on the statistical
test are presented in Table S4.

H.R. Bhattarai, et al. Soil Biology and Biochemistry 136 (2019) 107518

3

https://doi.org/10.1016/j.soilbio.2019.06.014
https://doi.org/10.1016/j.soilbio.2019.06.014
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref1
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref1
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref1
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref2
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref2
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref3
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref3
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref3
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref4
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref4
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref4
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref4
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref5
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref5
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref5
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref5
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref6
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref6
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref7
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref7
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref7
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref8
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref8
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref8
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref8
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref9
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref9
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref10
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref10
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref10
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref11
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref11
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref11
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref12
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref12
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref13
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref13
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref13
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref14
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref14


Mounier, E., Hallet, S., Cheneby, D., Benizri, E., Gruet, Y., Nguyen, C., Piutti, S., Robin, C.,
Slezack- Deschaumes, S., Martin-Laurent, F., Germon, J.C., Philippot, L., 2004.
Influence of maize mucilage on the diversity and activity of the denitrifying com-
munity. Environmental Microbiology 6, 301–312.

Nguyen, C., 2003. Rhizodeposition of organic C by plants: mechanisms and controls.
Agronomie 23, 375–396.

Oswald, R., Behrendt, T., Ermel, M., Wu, D., Su, H., Cheng, Y., Breuninger, C., Moravek,
A., Mougin, E., Delon, C., Loubet, B., Pommerening-Roser, A., Sorgel, M., Poschl, U.,
Hoffmann, T., Andreae, M.O., Meixner, F.X., Trebs, I., 2013. HONO emissions from
soil bacteria as a major source of atmospheric reactive nitrogen. Science 341,
1233–1235.

Petters, M.D., Prenni, A.J., Kreidenweis, S.M., DeMott, P.J., Matsunaga, A., Lim, Y.B.,
Ziemann, P.J., 2006. Chemical aging and the hydrophobic-to-hydrophilic conversion
of carbonaceous aerosol. Geophysical Research Letters 33.

Rahoui, S., Chaoui, A., El Ferjani, E., 2010. Membrane damage and solute leakage from
germinating pea seed under cadmium stress. Journal of Hazardous Materials 178,
1128–1131.

Roser, M., Ritchie, H., 2018. Yields and Land Use in Agriculture. Published Online at
ourworldindata.Org. Retrieved from. https://ourworldindata.org/yields-and-land-
use-in-agriculture ([Online Resource]).

Scharko, N.K., Schütte, U.M.E., Berke, A.E., Banina, L., Peel, H.R., Donaldson, M.A.,
Hemmerich, C., White, J.R., Raff, J.D., 2015. Combined Flux Chamber and Genomics
Approach Links Nitrous acid emissions to ammonia-oxidizing bacteria and archaea in
urban and agricultural soil. Environmental Science & Technology 49, 13825–13834.

Schimang, R., Folkers, A., Kleffmann, J., Kleist, E., Miebach, M., Wildt, J., 2006. Uptake of

gaseous nitrous acid (HONO) by several plant species. Atmospheric Environment 40,
1324–1335.

Schimel, J.P., Bennett, J., 2004. Nitrogen mineralization: challenges of a changing
paradigm. Ecology 85, 591–602.

Schuster, M., Conrad, R., 1992. Metabolism of nitric oxide and nitrous oxide during ni-
trification and denitrification in soil at different incubation conditions. FEMS
Microbiology Letters 101, 133–143.

Stemmler, K., Ammann, M., Donders, C., Kleffmann, J., George, C., 2006. Photosensitized
reduction of nitrogen dioxide on humic acid as a source of nitrous acid. Nature 440,
195–198.

Su, H., Cheng, Y., Oswald, R., Behrendt, T., Trebs, I., Meixner, F.X., Andreae, M.O.,
Cheng, P., Zhang, Y., Poschl, U., 2011. Soil nitrite as a source of atmospheric HONO
and OH radicals. Science 333, 1616–1618.

Van Cleemput, O., Baert, L., 1984. Nitrite: a key compound in N loss processes under acid
conditions? Plant and Soil 76, 233–241.

Wang, L., Cai, Z., Yang, L., Meng, L., 2005. Effects of disturbance and glucose addition on
nitrous oxide and carbon dioxide emissions from a paddy soil. Soil and Tillage
Research 82, 185–194.

Wu, D., Horn, M.A., Behrendt, T., Müller, S., Li, J., Cole, J.A., Xie, B., Ju, X., Li, G., Ermel,
M., Oswald, R., Fröhlich-Nowoisky, J., Hoor, P., Hu, C., Liu, M., Andreae, M.O.,
Pöschl, U., Cheng, Y., Su, H., Trebs, I., Weber, B., Sörgel, M., 2019. Soil HONO
emissions at high moisture content are driven by microbial nitrate reduction to ni-
trite: tackling the HONO puzzle. The ISME Journal. https://doi.org/10.1038/s41396-
019-0379-y.

H.R. Bhattarai, et al. Soil Biology and Biochemistry 136 (2019) 107518

4

http://refhub.elsevier.com/S0038-0717(19)30173-7/sref15
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref15
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref15
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref15
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref16
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref16
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref17
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref17
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref17
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref17
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref17
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref18
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref18
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref18
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref19
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref19
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref19
https://ourworldindata.org/yields-and-land-use-in-agriculture
https://ourworldindata.org/yields-and-land-use-in-agriculture
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref21
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref21
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref21
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref21
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref22
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref22
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref22
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref23
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref23
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref24
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref24
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref24
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref25
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref25
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref25
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref26
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref26
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref26
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref27
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref27
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref28
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref28
http://refhub.elsevier.com/S0038-0717(19)30173-7/sref28
https://doi.org/10.1038/s41396-019-0379-y
https://doi.org/10.1038/s41396-019-0379-y

	Germinating wheat promotes the emission of atmospherically significant nitrous acid (HONO) gas from soils
	Acknowledgments
	Supplementary data
	References




