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a b s t r a c t

The atmospheric concentration of nitrous oxide (N2O), a potent greenhouse gas and ozone-depleting
chemical, continues to increase, due largely to the application of nitrogen (N) fertilizers. While nitrite
(NO2

�) is a central regulator of N2O production in soil, NO2
� and N2O responses to fertilizer addition rates

cannot be readily predicted. Our objective was to determine if quantification of multiple chemical var-
iables and structural genes associated with ammonia (NH3)- (AOB, encoded by amoA) and NO2

�-oxidizing
bacteria (NOB, encoded by nxrA and nxrB) could explain the contrasting responses of eight agricultural
soils to five rates of urea addition in aerobic microcosms. Significant differences in NO2

� accumulation and
N2O production by soil type could not be explained by initial soil properties. Biologically-coherent sta-
tistical models, however, accounted for 70e89% of the total variance in NO2

� and N2O. Free NH3 con-
centration accounted for 50e85% of the variance in NO2

� which, in turn, explained 62e82% of the
variance in N2O. By itself, the time-integrated nxrA:amoA gene ratio explained 78 and 79% of the variance
in cumulative NO2

� and N2O, respectively. In all soils, nxrA abundances declined above critical urea
addition rates, indicating a consistent pattern of suppression of Nitrobacter-associated NOB due to NH3

toxicity. In contrast, Nitrospira-associated nxrB abundances exhibited a broader range of responses, and
showed that long-term management practices (e.g., tillage) can induce a shift in dominant NOB pop-
ulations which subsequently impacts NO2

� accumulation and N2O production. These results highlight the
challenges of predicting NO2

� and N2O responses based solely on static soil properties, and suggest that
models that account for dynamic processes following N addition are ultimately needed. The relationships
found here provide a basis for incorporating the relevant biological and chemical processes into N cycling
and N2O emissions models.

Published by Elsevier Ltd.
1. Introduction

Nitrous oxide (N2O) has two important ecological impacts; it is
the predominate ozone-depleting chemical (Ravishankara et al.,
2009) and a potent greenhouse gas (Forster et al., 2007) that has
increased in atmospheric concentration by more than 20% since
1750, due largely to the application of N fertilizers and manures
(Davidson, 2009; Ciais et al., 2013). It is estimated that 3e5% of
anagement Research Unit, St.

).
anthropogenic nitrogen (N) inputs applied to agricultural ecosys-
tems are eventually emitted to the atmosphere as N2O (Crutzen
et al., 2008). Thus, there is much interest in quantifying the ef-
fects of nitrogen (N) fertilizer inputs on soil-to-atmosphere N2O
emissions. In particular, substantial efforts have been made to
characterize the functional responses (e.g., linear vs. non-linear) of
N2O emissions to N fertilizer addition rates (Shcherbak et al., 2014).
Such responses can be used to parameterize N2O emission models
(Zhou et al., 2015). It is generally understood that an imbalance
between N fertilizer inputs and plant N uptake capacity promote
N2O losses, due in large part to elevated soil inorganic N availability,
which in turn enhances soil microbial processes including
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nitrification and denitrification. Both of these processes can lead to
gaseous emissions of N2O, ammonia (NH3) and nitric oxide (NO),
and also regulate nitrate (NO3

�) leaching to ground and surface
waters (Firestone and Davidson, 1989; Robertson and Vitousek,
2009). While it is well known that soil processes interact with
plant and climatic factors to regulate N2O emissions (Venterea
et al., 2012), few studies have simultaneously quantified multiple
chemical variables and genetic markers of specific soil microbial
processes following N fertilizer addition.

Production of N2O in soil can occur via chemo-denitrification
(Stevenson et al., 1970), bacterial heterotrophic denitrification
(Zumft, 1997) and nitrifier-denitrification (Wrage et al., 2001). In all
of these processes, nitrite (NO2

�) serves as a proximal substrate for
N2O production. Although soil NO2

� concentrations are commonly
low compared to ammonium (NH4

þ) and NO3
�, even low NO2

� con-
centrations can be important due to rapid N2O production kinetics
(Venterea, 2007). Moreover, due to its role as a central substrate in
these multiple N cycling processes, NO2

� concentrations correlate
better with N2O emissions than either NH4

þ or NO3
� concentrations

under field (Venterea and Rolston, 2000; Maharjan and Venterea,
2013) and laboratory (Ma et al., 2015; Cai et al., 2016) conditions.
Accurate determination of soil NO2

� concentrations requires careful
consideration with regard to methods of sampling, storage,
extraction, and analysis (Stevens and Laughlin, 1995; Maharjan and
Venterea, 2013; Homyak et al., 2015).

Nitrite can be produced and consumed both aerobically, via
nitrification, and anaerobically via denitrification (Burns et al.,
1996). In the days to weeks following application of urea, the
accumulation of NO2

� is mainly regulated by nitrification, even in
the presence of NO3

� and over a range of soil water contents (Van
Cleemput and Samater, 1995; Smith et al., 1997; Shen et al.,
2003). Nitrification is generally considered to be a two-step pro-
cess, wherein NH3 is first oxidized to NO2

� by ammonia-oxidizing
bacteria (AOB) and/or archaea (AOA), followed by the oxidation of
NO2

� to NO3
� by nitrite-oxidizing bacteria (NOB) (Heil et al., 2016).

Recently, some NOBwithin the genus Nitrospira have been found to
be capable of oxidizing both NH4

þ and NO2
� (Daims et al., 2015; van

Kessel et al., 2015), although the prevalence of bacteria with this
metabolic capability, referred to as “complete nitrification” or
“comammox,” in agricultural soils is unknown.While the two steps
of nitrification are often tightly coupled, both temporally and
spatially, the presence of free NH3 can promote their decoupling,
wherein NH3 inhibits NOB such that the NO2

� generated by NH3
oxidation cannot be immediately processed and therefore accu-
mulates (Stojanovic and Alexander, 1958; Smith et al., 1997; Park
and Bae, 2009).

Because elevated pH favors NH3 in its equilibrium with NH4
þ,

initial soil pH is often considered an indicator of the soil NO2
�

accumulation potential (Shen et al., 2003). However, Venterea et al.
(2015) observed that soil pH, and other basic soil properties
including texture and carbon content, did not explain highly con-
trasting NO2

� and N2O production in two soils amended with urine
or urea. In that study, greater accumulation of NO2

� was associated
with greater abundances of the amoA gene that encodes for
ammonia monooxygenase in AOB, and lower abundances of the
nxrA gene that encodes for nitrite oxidoreductase in Nitrobacter-
associated NOB, while abundances of amoA that encodes for
ammonia monooxygenase in AOA did not explain any of the vari-
ation. Venterea et al. (2015) also found that reductions in nxrA gene
abundances were associated with increased free NH3 concentra-
tions which accounted for differences in soil NH4

þ sorption capacity
(ASC). Few, if any, studies have examined relationships among AOB-
and NOB- gene copies, NH3, NO2

� and N2O in N-amended soils.
Improved understanding of NOB response to land management has
recently been identified as an important research need (Koch et al.,
2015; Bertagnolli et al., 2016; Daims et al., 2016). Quantification of
the relative responses of Nitrobacter and Nitrospira, the two major
NOB genera considered important in soil, has been facilitated by the
development of polymerase chain reaction (PCR) primers that
target the nxrA genes of Nitrobacter (Wertz et al., 2008) and, more
recently, the nxrB genes of Nitrospira (Pester et al., 2014).

Consistent with Venterea et al. (2015), several recent studies
have found that AOB are the dominant regulators of nitrification
and N2O production in non-acidic soils receiving N inputs equiva-
lent to fertilizer or urine deposition rates (Di et al., 2009; Wertz
et al., 2012; Chen et al., 2013; Banning et al., 2015; Giguere et al.,
2015; Sterngren et al., 2015; Wang et al., 2016). In contrast, AOA
have been found to be more important relative to AOB in acid soils
(Prosser and Nicol, 2012; Shen et al., 2012; Zhang et al., 2012). Some
studies have shown AOA to be important in regulating nitrification
in non-acid soils amended with manure (Schauss et al., 2009),
wastewater biosolids (Kelly et al., 2011), or relatively low concen-
trations (�50 mg N g�1 soil) of inorganic N (Giguere et al., 2017).
Based on the large number of studies, cited above, indicating the
likely importance of AOB in non-acidic soils receiving larger N in-
puts, the current investigation focused on quantifying AOB-
associated amoA, together with NOB-associated nxrA and nxrB, in
several non-acidic, urea-amended agricultural soils.

While the major processes regulating soil NO2
� production are

largely understood, NO2
� dynamics, and associated N2O production,

for any given soil andmanagement regime cannot be predicted. It is
expected that NO2

� and N2O production will increase with
increasing N input, but neither themagnitude nor functional nature
of the responses to N addition rate have been well-characterized
across a variety of soils. Our objective was to determine if simul-
taneous measurement of multiple chemical variables (NH4

þ, NH3,
NO2

�, NO3
�, N2O and pH) and gene copy numbers of amoA, nxrA and

nxrB could be used to elucidate controls over NO2
� and N2O pro-

duction in eight agricultural soils following urea addition in aero-
bically incubated microcosms. We hypothesized that responses
would vary widely across individual soil types and that the varia-
tion in these responses would be explained by a combination of
these chemical and genetic variables, including the nxrA:amoA and
nxrB:amoA gene ratios, which to our knowledge have not been
evaluated previously.
2. Material and methods

2.1. Soil collection and characterization

Eight agricultural soils were collected from the University of
Minnesota Research and Outreach Centers distributed geographi-
cally across the state. These sites included Becker (B), Crookston (C),
Lamberton (L), Rosemount (R), St. Paul (S) and Waseca (W), rep-
resenting a range of soil types used for crop production in the state
(Table 1). Soil samples were collected following crop harvest in fall
2014 from the upper 0.15 m of plots that received no N fertilizer
during the previous growing season. At Rosemount, two soils were
collected from plots that had been under contrasting long-term
tillage management since 1990, either conventional (soil R-CT) or
no tillage (soil R-NT) (Venterea et al., 2006). All other soils were
managed with conventional tillage practices for the region. At St.
Paul, two soils were collected from plots that have been under
contrasting crop management, either continuous corn (soil S-C)
since 1975, or continuous soybean (soil S-S) since at least 1996.
Samples were dried at room temperature for 7e10 d, ground,
sieved (2 mm), homogenized, and stored at 4 �C prior to use in
experiments.



Table 1
Properties of agricultural soils used in microcosm experiments.

Units Soil

B C L W R-CT R-NT S-C S-S

Location Becker
45.38� N
93.88� W

Crookston
47.80� N
96.61� W

Lamberton
44.23� N
95.30� W

Waseca
44.05� N
93.52� W

Rosemount
44.75� N
93.07�W

Rosemount
44.75� N
93.07�W

St. Paul
44.99�

N
93.17�

W

St. Paul
44.99� N
93.17�

W

Cropping systema Corn- Soybean Soybean- Wheat Corn- Soybean Corn- Soybean Corn-
Soybean

Corn-
Soybean

Corn Soybean

Tillage Disk/chisel Moldboard No till Disk/chisel
Soil series/

classification
Hubbard/Entic
Hapludolls

Wheatville/Aeric
Calciaquolls

Normania/Aquic
Hapludolls

Webster/Typic
Endoaquolls

Waukegan/Typic Hapludolls

Texture class Sandy loam Loam Clay loam Clay loam Silt loam Silt loam Silt
loam

Silt
loam

Clay % 11.5 19.1 27.1 29.6 15.5 10.4 14.9 16.9
Silt % 7.7 38.1 30.4 33.2 58.3 55.6 59.6 50.8
Sand % 80.8 42.8 42.5 37.2 26.2 34.0 25.5 32.3
pH 1 M KCl 6.2 7.3 4.8 5.6 5.4 5.3 6.2 6.0
pH H2O 7.4 8.2 6.1 6.6 6.8 6.7 7.1 7.2
Organic matterb % 4.5 3.6 6.5 8.4 5.0 7.0 5.9 3.4
Organic Nc g N kg�1 0.93 1.73 1.67 2.39 1.74 2.29 2.11 1.15
Organic C g C kg�1 12.6 17.3d 17.8 30.2 22.3 28.6 25.1 15.3
CECe meq/

100 g
8.1 44.3 19.6 36.7 20.1 21.2 20.4 16.2

Kf mg N
L�1

207 152 454 169 412 254 311 224

m mg N g�1 642 1344 1960 1645 1743 1020 1269 949
Water contentg g H2O

g�1
0.161 0.246 0.288 0.321 0.288 0.298 0.255 0.238

a For soils in two-year rotated cropping systems, the crop grown in the year of sample collection is shown in italics.
b Determined from loss on ignition at 450 �C for 16 h.
c Organic N and C determined by dry combustion using a VarioMax CN Macro Elemental Analyzer (Elementar, Langenselbold, Germany).
d This soil was acid-fumigated to remove carbonates prior to organic C analysis.
e Cation exchange capacity determined from sum of exchangeable cations using inductively coupled plasma atomic emission spectroscopy.
f Parameters K and m from equation (1).
g Water content used in microcosms, equivalent to 85% of water-holding capacity.
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2.2. Microcosm design and chemical analysis

Microcosm experiments were conducted using all eight soils.
Ten to thirteen-g aliquots of air-dried soil were placed into 165 pre-
sterilized 250-mL glass ‘wide-mouth’ jars. Soil in each jar was
brought to a moisture content representing 85% of water-holding
capacity by adding solutions containing reagent grade urea
[CO(NH2)2] in purified water. For each soil, five treatment levels
were established using initial urea concentrations of 0 (water only),
100, 250, 500, or 1000 mg N g�1 dry soil. These concentrations were
chosen to represent a range of conditions following N fertilizer
applications, including conditions within fertilizer bands and
adjacent to dissolving urea granules (Wetselaar et al., 1972;
Yadvinder-Singh and Beauchamp, 1989; Wang et al., 1998). Solu-
tions were immediately mixed with soil for 20 s using a stainless
steel spatula. The microcosms were designed to maintain aerobic
conditions as previously described (Venterea et al., 2015). The soil
occupied a thin (~3 mm) layer at the bottom of the jars, which were
sealed for the majority of the incubation period. Jars were equili-
brated with room air for 10 min on days 2, 10 and 24. This pro-
cedure minimized evaporative losses while maintaining headspace
O2 levels �18%, as confirmed by gas chromatographic analysis
every 7e10 d.

Microcosms were incubated in the dark at 22 �C for 31 d, with
sacrificial sampling of three replicate jars for each soil and urea
level occurring 11 times at 3- or 4-d intervals (0, 1, 4, 7, 10, 14, 17, 21,
24, 27 and 31 d after urea addition). The incubation period for soil B
was extended beyond 31 d to allow for additional data collection.
On each sampling day, jars were opened for 5 min to allow equil-
ibration of the headspace with lab air and then sealed. Jar
headspace was manually sampled (10 mL) after 0, 30 and 60 min
using a polypropylene syringe inserted through a rubber septum.
Gas samples were transferred to glass vials that were analyzed
within 96 h for N2O using a gas chromatograph (model 5890,
Agilent/Hewlett-Packard) equipped with a Porapak Q column, an
electron capture detector and interfaced to an autosampler (model
7000, Teledyne Tekmar) (Maharjan and Venterea, 2013). The N2O
production rate was calculated from the rate of increase in N2O
concentration, headspace volume and dry soil mass. The jar con-
tents were subsequently split into four subsamples. One (~5 g dry
mass) subsample was immediately mixed with 38 mL 2 M KCl
(pH ¼ 12), shaken for 10 min and filtered for determination of
NO2

� þ NO3
� (sum) and NO2

� (by itself) using the GreisseIlosvay
method with and without Cd reduction, respectively, in the same
extract (Stevens and Laughlin, 1995; Mulvaney, 1996) using flow-
through injection (Lachat, Loveland, CO) within 3e24 h of sam-
pling. Concentrations of NO3

� were calculated by difference. A sec-
ond (~4 g dry mass) subsample was mixed with 38 mL 2 M KCl
(pH ¼ 5.6), shaken for 1 h and filtered for subsequent determina-
tion of total extractable ammonium (tNH4

þ). Extracts for tNH4
þ were

stored at 4 �C and analyzed using the sodium salicylate-
nitroprusside method and flow-through injection (Mulvaney,
1996) within 7 d. A third (~2 g dry mass) subsample was mixed
with 1M KCl for soil pH determination. Soil pHwas converted to Hþ

concentrations (10�pH) to facilitate intuitive data interpretation. A
fourth (~1 g dry mass) subsample was transferred to a plastic vial
and stored at �80 �C for subsequent DNA extraction and analysis
which was performed on samples from nine of the 11 sampling
dates (excluding days 24 and 27).
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2.3. Quantitative polymerase chain reaction

Soil DNA was extracted from 0.25 g of previously frozen soil
using a PowerSoil DNA isolation Kit (MoBio, Carlsbad, CA) in
accordance with manufacturer protocol, except for the final
washing step which was performed twice rather than once.
Extraction yields were in the range of 10e30 ng DNA mL�1 quanti-
fied using a Qubit 2.0 Fluorometer (Thermo Fisher Scientific, Wal-
tham, MA). Prior to the qPCR analyses, dilutions and reaction
conditions were optimized for each gene. Following 10-fold dilu-
tion of extracts, 5 mL-aliquots were used for qPCR analyses using the
7500 Fast Real Time PCR system (Applied Biosystem, USA) and iTaq
Universal SYBR Green Supermix (Bio-Rad, USA). All analyses were
run in triplicate sets in 20-mL reaction mixtures containing 10 mL of
SYBR Green supermix, 0.4 mM of primer and 5 mL of diluted tem-
plate DNA in DNase free H2O. The amoA, nxrA and nxrB genes were
quantified using the primer pairs amoA-1F/amoA-2R (Rotthauwe
et al., 1997), F1norA/R2norA (Wertz et al., 2008), and nxrB169f/
nxrb638r (Pester et al., 2014), respectively. For nxrB, the master mix
was supplemented with 1 mL of bovine serum albumin (20 mg mL�1)
and the annealing temperature was increased to 60 �C to improve
primer specificity. The PCR conditions were as follows: 95 �C for
5 min and 35 cycles of 15 s at 95 �C for all three genes, followed by
(i) for amoA, 30 s at 57 �C and 45 s at 72 �C, (ii) for nxrA, 30 s at 55 �C
and 30 s at 72 �C, and (iii) for nxrB, 80 s at 60 �C, and, for all genes,
followed by a dissociation phase from 60 to 95 �C to verify the
melting curve of all samples. Gene copy numbers were determined
with the standard curve method using gBlocks gene Fragments
(Integrated DNA technology, USA). The R2 values for all standard
curves were �0.99 and primer efficiencies ranged from 80 to 95%.
Gene copy number was expressed per gram of dry soil normalized
to extraction yield of DNA (i.e., gene copies ng�1 DNA g�1 soil). In
addition, the copy numbers of nxrA and nxrB were normalized to
amoA copy numbers and are referred to here as the nxrA:amoA and
nxrB:amoA ratios, respectively.
2.4. Ammonium sorption capacity (ASC) and ammonia
determination

In parallel with the microcosm experiments, ASC was deter-
mined for each soil using batch isotherm methods. Preliminary
trials were performed to determine optimum soil-to-solution ra-
tios, solution concentrations and mixing times. Several solutions
containing NH4

þ-N over the range of 0e500 mg N mL�1 were pre-
pared using NH4Cl in 0.01 M CaCl2. Each solution (20 mL) was
added to triplicate 50-mL polyethylene tubes containing 0.75 g of
soil, which were then equilibrated on a reciprocating shaker at
100 rpm for 18 h followed by filtration and NH4

þ analysis as
described above. Sorbed ammonium (srNH4

þ) was plotted as the
ordinate vs. the equilibrium solution-phase ammonium concen-
tration (slNH4

þ) (Liu et al., 2008; Vogeler et al., 2011). The re-
lationships for all soils were well described by a previously used
ASC model (Venterea et al., 2015) (Supplementary Fig. S1):

srNHþ
4 ¼ m slNHþ

4

K þ slNHþ
4

(1)

The model parameters m and K (Table 1) obtained by regression for
each soil were used together with measured tNH4

þ and pH to
calculate corresponding solution-phase NH3 concentrations in the
microcosm experiment using equations developed by Venterea
et al. (2015).
2.5. Data analysis

The microcosm experiments generated approximately 1000
values for each of 11 variables (Hþ, NO2

�, tNH4
þ, NH3, N2O, NO3

�,
amoA, nxrA, nxrB, nxrA:amoA and nxrB:amoA) producing ~12,000
total values. These variables are referred to as ‘point-in-time’ values
to distinguish them from time-integrated, or ‘cumulative,’ values
which were calculated by trapezoidal integration vs. time for each
individual replicate microcosm (Burton et al., 2008; Venterea et al.,
2015). This resulted in n ¼ 120 for each cumulative variable. Cu-
mulative variables are indicated by the prefix ‘c-.’ All variables,
except c-Hþ, were log10 transformed prior to analysis to meet the
requirements of normality and homogeneity of variance, based on
scatterplots of residuals vs. predicted values (Kutner et al., 2004)
and the UNIVARIATE procedure of SAS (version 9.2, Cary, NC).
Point-in-time and cumulative variables were each subjected to
correlation analyses to determine if NO2

� and N2O were correlated
with other variables, and single and multiple regression analyses
with NO2

� and N2O as dependent variables and all other variables as
independent variables using Statistix (version 9, Tallahassee, FL).
Selected cumulative variables (c-NO2

- , c-N2O, c-NH3, c-amoA, c-
nxrA, c-nxrB) were analyzed by non-linear regression using indi-
vidual replicate (n ¼ 15) values for each soil type. Relationships
between each variable and urea addition rate were evaluated for 10
regression models using the non-linear regression module in Sig-
maPlot (version 12.5, San Jose, CA), and two additional models (i.e.,
linear rise to maximum and linear decay to minimum) using the
NLIN procedure of SAS. Cumulative variables were also analyzed at
P� 0.05 using the MIXED procedure of SAS, with soil type and urea
addition rate considered as fixed effects and replication and in-
teractions with replication considered as random effects. Means
were compared with pairwise t tests using the PDIFF option of the
MIXED procedure of SAS.

3. Results

3.1. Point-in-time data

Point-in-time variables varied widely by soil type, urea addition
rate, and over time (Supplementary Figs. S1 and S2). The time
courses of the chemical variables during the first 10 d of incubation
exhibited increases in pH and tNH4

þ, and thereafter exhibited de-
creases in pH and tNH4

þ, continual increases in NO3
�, and transient

increases in NO2
� and N2O. The time courses of gene abundances

exhibited a variety of temporal patterns, tending to increase
initially over the first 10e20 d, and then decrease, although there
was substantial variation in these patterns by soil and urea addition
rate. Compared to the treatments receiving urea, the control
treatments exhibited little to no change in chemical variables
except for some apparent increases in NO3

�. Several significant
correlations were evident among the point-in-time variables
(Table 2). When accounting only for chemical variables, the stron-
gest correlation was between NO2

� and N2O (r ¼ 0.78), followed by
NO2

� and NH3 (r¼ 0.70). With respect to gene abundances, NO2
� and

N2O were both positively correlated with amoA gene copy number
(r ¼ 0.66 and 0.62, respectively), but were more strongly and
negatively correlated with the nxrA:amoA ratio (r ¼ �0.79
and �0.68, respectively).

Themultiple linear regressionmodel that explained the greatest
amount of variance in NO2

� included NH3, and amoA and nxrA gene
copy number as explanatory variables and accounted for 70% of the
total variance (Fig. 1a). A model of the same structure, which
included NH3 together with the nxrA:amoA ratio as explanatory
variables, also explained 70% of the variance. Substituting tNH4

þ

instead of NH3 in these models resulted in a lower R2 value (0.66).



Table 2
Pearson correlation coefficients (r) for chemical and genetic variables in microcosm experiments.a

Dependent variables Independent variables

Chemical (concentrations) Genetic (gene copy numbers)

Point-in-time (n ¼ 963)
H+ NH4(t) NH3 NO3 NO2 N2O amoA nxrA nxrB nxrA: amoA nxrB: amoA

NO2
� �0.38 0.68 0.70 0.13 e 0.78 0.66 �0.16 nsy �0.79 �0.60

N2O �0.10**b 0.59 0.47 0.29 0.78 e 0.62 ns �0.10** �0.68 �0.60
Time-integrated (n ¼ 120)
c-H+ c-NH4(t) c-NH3 c-NO3 c-NO2 c-N2O c-amoA c-nxrA c-nxrB c-nxrA: c-amoA c-nxrB: c-amoA

c-NO2
- �0.36 0.80 0.92 0.42 e 0.90 0.75 ns ns �0.88 �0.69

c-N2O �0.20* 0.81 0.81 0.46 0.90 e 0.76 ns ns �0.89 �0.74

zns, not significant.
a All variables except c-H+ were log10 transformed prior to analysis.
b Relationships for all r values shown are significant at P < 0.001, except when indicated by * (P < 0.05) or ** (P < 0.01).

Fig. 1. Multiple regression models for (a) NO2
�, (b) N2O, (c) c-NO2

- and (d) c-N2O. All variables were log10 transformed before analysis, and transformed data are shown. All
explanatory variables were significant in models at P < 0.001. In (b), values of N2O < 0.5 ng N g�1 h�1 were excluded from the model based on analysis of residuals (see section 3.1
for details).
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A multiple regression model using a combination of chemical
and genetic explanatory variables including NO2

�, Hþ, and amoA
and nxrA gene copy numbers accounted for 66e72% of the variance
in N2O (Fig. 1b). Analysis of residuals indicated that observed N2O
values � 0.5 ng N g�1 h�1 were consistently over-predicted by this
model. When these low values (n ¼ 74 or 7.6% of the data) were
excluded, residuals were more normally distributed and the R2

increased from 0.66 to 0.72. Separate analysis of the data for which
N2O � 0.5 ng N g�1 h�1 found no significant correlation with any
chemical or genetic variables.
There were some significant (P < 0.001) correlations between

basic soil properties and NO2
�, but the relationships were weak,

including pH (r ¼ 0.25), organic matter (r ¼ �0.19), clay (r ¼ �0.16)
and sand (r ¼ 0.15) content. Silt (r ¼ �0.08) and sand content
(r ¼ 0.08) were weakly correlated with N2O (P < 0.05). Incubated
soil water content was weakly correlated with NO2

� (r ¼ �0.23,
P < 0.001) but not with N2O. Including any of the basic soil prop-
erties with chemical and/or genetic variables did not improve the
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amount of variance explained by the regression models for NO2
� or

N2O.
3.2. Cumulative data

There was a significant (P < 0.001) soil-by-urea rate interaction
for all cumulative variables (means separations in Tables S1eS3).
Fig. 2. Time-integrated (a) NO2
�, (b) N2O, (c) NH3, (d) amoA, (e) nxrA and (f) nxrB at varying ra

are means with standard errors (n ¼ 3) and lines are regression models (Table 3). In (e) and
nxrB values for peak models.
Individual soil responses of c-NO2
- , c-N2O and c-NH3 to urea addi-

tion rate were well described (R2 ¼ 0.89e0.99) by linear, expo-
nential rise tomaximum (ERM), exponential growth, sigmoidal and
Gaussian peak models (Fig. 2, Table 3, Supplementary Table S4). For
all soils except B, the same model type accurately described both
the c-NO2

- and c-N2O responses. For soil B, the ERM model, which
described the c-NO2

- response, also described the c-N2O response
tes of urea addition to eight soils. Vertical axis variables are log10 transformed. Symbols
(f), values in parentheses are critical urea rates (Uc) corresponding to maximum nxrA or



Table 3
Regression models describing time-integrated chemical and genetic variables in soil microcosm experiments as a function of initial urea addition rate.c

Soil Dependent variablea

c-NO2
- c-N2O c-NH3 c-amoA c-nxrA c-nxrB

Model R2 Model R2 Model R2 Model R2 Model R2 Model bR2

B ERM 0.99 GP3 0.92 ERM 0.99 GP3 0.99 GP4 0.95 ED 0.93
C ERM 0.98 ERM 0.95 ERM 0.99 ERM 0.98 GP4 0.95 ED 0.61**
L EG 0.98 EG 0.99 ERM 0.93 ERM 0.98 LP 0.90 LDM 0.87
W EG 0.98 EG 0.92 ERM 0.99 ERM 0.93 WP 0.96 LogP 0.55*
R-CT Lin 0.96 Lin 0.89 ERM 0.98 ERM 0.96 LogP 0.94 GP4 0.66**
R-NT EG 0.98 EG 0.99 ERM 0.99 ERM 0.95 WP 0.98 LRM 0.87
S-C Sig 0.99 Sig 0.98 ERM 0.99 ERM 0.99 GP4 0.92 GP4 0.63**
S-S Lin 0.99 Lin 0.91 ERM 0.99 ERM 0.99 GP4 0.87 ED 0.63**

Model descriptions

Model Equation

ED: Exponential decay y ¼ y0 þ a*exp(-b*x)
EG: Exponential growth y ¼ y0 þ a*exp(b*x)
ERM: Exponential rise to maximum y ¼ y0 þ a*[1 - exp(-b*x)]
GP3: Gaussian peak, 3 parameter y ¼ a*exp[-0.5*[(x-x0)/b]2]
GP4: Gaussian peak, 4 parameter y ¼ y0 þ a*exp{-0.5*[(x-x0)/b]2}
Lin: Linear y ¼ y0 þ a*x for x <
LRM: Linear rise to maximum y ¼ y0 þ a*x, for x < x0; y ¼ b, for x � x0; where a > 0
LDM: Linear decay to minimum y ¼ y0 þ a*x, for x < x0; y ¼ b, for x � x0; where a < 0
LogP: Log-normal peak y ¼ y0 þ (a/x)*exp[-0.5*[ln(x/x0)/b]2]
LP: Lorentzian peak y ¼ y0 þ a/{1þ[(x-x0)/b]2}
Sig: Sigmoidal y ¼ y0 þ a/[1 þ exp(-(x-x0)/b)]
WP: Weibull peak y ¼ a*J(1�c)/c *abs{(x-x0)/bþ (J1/c)c�1}*exp{-abs[(x-x0)/b þ (J1/c)c þ J]}, where J¼(c-1)/c

a All dependent variables were log10 transformed prior to analysis.
b All models are significant at P < 0.001, except when indicated by * (P < 0.05) or ** (P < 0.01).
c Parameter values for all models are reported in Supplemental Table S4.
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(R2 ¼ 0.91, P < 0.001) but only when the highest urea addition rate
(1000 mg N g�1) was excluded. The ERMmodel described c-NH3 for
all soils (R2 � 0.93).

The c-amoA gene abundances were well described by the ERM
model (R2 ¼ 0.93e0.99) (Fig. 2d, Table 3) for all soils. In contrast, c-
nxrA gene copy number was well described (R2 ¼ 0.87e0.98) for all
soils by a ‘peak’ model, with the characteristic that c-nxrA gene
copy number exhibited a maximum at intermediate urea addition
rates (Fig. 2e, Table 3). The ‘critical’ urea addition rate (Uc), corre-
sponding to the rate for which c-nxrA gene copy number was
maximized, ranged from 130 to 550 mg N g�1 among soils (Fig. 2e).

The functional responses of c-nxrB gene abundance to urea
addition were less consistent across soil types, compared to c-nxrA
(Fig. 2f, Table 3). Whereas c-nxrA gene copy number for all soils
were consistent with peak-typemodels, c-nxrB datawere described
by peak models for only three soils (W, R-CT and S-C), while vari-
ances for the remaining soils were more fully accounted for by
exponential decay, linear decrease to minimum, and linear increase
to maximum models. The selected models did not generally fit the
c-nxrB data as well as the c-nxrA data as indicated by R2 values. For
three soils (B, L and S-S), c-nxrB was significantly less in the
100 mg N g�1 treatment compared to the control (0 mg N g�1), while
for four soils (W, R-CT, R-NT and S-C), c-nxrB was significantly
greater in the 100 mg N g�1 treatment compared to the control
(0 mg N g�1) (Table S2).

Correlations among the time-integrated variables were similar
to those observed for point-in-time variables, except that the re-
lationships were stronger. Among the chemical variables, c-NO2

-

was strongly correlated with c-NH3 (r ¼ 0.92) and c-N2O (r ¼ 0.90)
(Table 2). For genetic variables, c-NO2

- and c-N2O were positively
correlated with c-amoA (r ¼ 0.75 and 0.76, respectively), but were
more strongly and negatively correlated with c-nxrA:c-amoA
(r ¼ �0.88 and �0.89, respectively). Considered as an explanatory
variable, the c-nxrA:c-amoA ratio accounted for 78 and 79% of the
variance in c-NO2

- and c-N2O, respectively (Fig. 3).
The multiple regression model that explained the greatest
amount of variation in c-NO2

- (89%) included c-NH3, and the relative
abundances of c-amoA and c-nxrA as explanatory variables (Fig. 1c),
consistent with the results obtained for NO2

�. A model of the same
structure, which included c-NH3 together with the c-nxrA:amoA
ratio instead of c-nxrA and c-amoA gene copy numbers separately,
explained 88% of the variance. Substituting c-tNH4

þ instead of c-NH3
in these models resulted in a lower R2 value (0.79).

The multiple regression model that explained the greatest
amount of variation in c-N2O (87%) included NO2

�, and abundances
of amoA, nxrA and nxrB as explanatory variables (Fig. 1d). The form
of this model was similar to that for N2O (Fig. 1b), with the ex-
ceptions that c-nxrB gene copy number was also a significant
(P < 0.001) explanatory variable and that including c-Hþ did not
explain any additional variance in c-N2O. Unlike the model for N2O,
there were no trends in residuals that varied with observed c-N2O
values.

There were some significant correlations between basic soil
properties and c-NO2

- , but the relationships were weak; e.g., pH
(r ¼ 0.38, P < 0.001), organic matter (r ¼ �0.29, P ¼ 0.0012), clay
(r ¼ �0.22, P ¼ 0.015) and sand (r ¼ 0.21, P ¼ 0.019) content. Sand
(r ¼ 0.22) and silt content (r ¼ �0.19) were weakly correlated with
c-N2O (P < 0.05). Incubated soil water content was weakly corre-
lated with c-NO2

- (r ¼ �0.34, P < 0.001) and c-N2O (r ¼ �0.19,
P ¼ 0.02). Including any of the basic soil properties with chemical
and/or genetic variables did not improve the multiple regression
models for c-NO2

- or c-N2O.

4. Discussion

4.1. Variation in NO2
� responses among soils

The soils examined here exhibited a wide range of NO2
� re-

sponses to urea addition, and thus four different model types were
required to describe them. Some soils showed much larger



Fig. 3. Regression models describing (a) c-NO2
- and (b) c-N2O as a function of the c-

nxrA:amoA ratio (P < 0.001). All variables were log10 transformed prior to analysis and
transformed variables are plotted.

Fig. 4. Processes regulating NO2
� accumulation and associated N2O production

following urea addition to soil. Urea hydrolysis (1) releases NH3 which consumes Hþ in
its equilibrium with NH4

þ (2) while solution-phase NH4
þ equilibrates (3) with

exchangeable NH4
þ. NH3 remaining in solution is oxidized (4) by AOB (amoA) to NO2

�

which also produces Hþ. NO2
� can be oxidized (5) by NOB (nxrA and nxrB) to NO3

�. NH3

can also inhibit (6) NOB resulting in accumulation of NO2
� which promotes reduction

(7) to N2O via nitrifier-denitrification carried out by AOB, and chemo-denitrification (8)
which may be enhanced by Hþ. Also included is the possibility of complete nitrification
from NH3 to NO3

� (9) carried out by some NOB within the genus Nitrospira (Daims et al.,
2015; van Kessel et al., 2015).
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responses at low to moderate urea addition rates. For example,
following addition of 250 mg N g�1 urea, soils B and C exhibited 200-
to 800-fold increases in c-NO2

- compared to when no urea was
added, while soils L, W and R-NT exhibited <10-fold increases in c-
NO2

- . In spite of the wide variation in individual soil responses,
linear models with the same structure were able to describe NO2

�

and c-NO2
- as a function of NH3, and amoA and nxrA gene copy

numbers across all soils and urea addition rates. These models are
consistent with our understanding of the processes that affect NO2

�

accumulation under aerobic conditions, including urea hydrolysis,
pH, and pH buffering capacity, NH3 oxidation and ASC. Urea hy-
drolysis releases NH3, which acts both as the primary substrate for
AOB (amoA) that produce NO2

� (Suzuki et al., 1974) and as an in-
hibitor of NOB (nxrA and nxrB) that utilize NO2

� (Park and Bae,
2009). Thus, positive model coefficients for NH3 and amoA gene
copy number and the negativemodel coefficient for nxrA gene copy
number are consistent with this description of key processes, as
illustrated in Fig. 4.

Differences by soil type were not readily explained by basic soil
properties (jrj < 0.38). This is not surprising given that NO2

� dy-
namics are controlled by rates of both NH3 and NO2

� oxidation, and
given the central role of free NH3 concentrations which are influ-
enced by multiple processes and properties. It is unlikely that all of
these processes would be regulated by, or correlated with, any
single soil property. Moreover, these findings demonstrate how it is
possible for similar NH3 and NO2

� levels to evolve under contrasting
initial soil conditions. This is illustrated by comparing the responses
of soils B and C. Even though these two soils had contrasting pH,
texture, CEC, and ASC (Table 1), they both accumulated greater NH3
than all other soils (Fig. 2c), and had very similar NO2

� responses to
urea addition rate (Fig. 2a). The elevated NH3 response in soil B was
likely due to its low ACS, which was weakest of all soils. Weak ASC
minimizes the removal of NH4

þ from solution and thereby favors
NH3 formation during urea hydrolysis (Venterea et al., 2015).
Whereas the ACS of soil C was approximately twice as strong as soil
B, soil C also had the greatest initial pH and a strong buffering ca-
pacity as evidenced by relatively small changes in pH during in-
cubation. Thus, even though soil C had lower solution-phase NH4

þ

than did soil B due to its greater ASC, the greater pH in soil C
induced a greater fraction of the solution-phase NH4

þ to disassociate
to NH3. Differences in nitrifier activity likely also contributed to the
patterns in NH3 and NO2

� responses; e.g., soil B had greater c-amoA
abundances than all soils except R-CT. These multiple differences
and effects highlight the challenge of predicting NH3, NO2

� and N2O
based on static soil properties in a system driven by several inter-
acting processes. Reports of NH3 in soil N cycling studies are
infrequent, and few studies have addressed its role in N2O pro-
duction. When it is quantified, NH3 is typically determined based
on measurements of tNH4

þ and soil pH, together with the Ka value
(e.g., Smith et al., 1997). While this simpler approach is valid in
aqueous systems, in soils it ignores the role of sorption in regulating
solution-phase NH4

þ and NH3.
4.2. Nitrite-mediated N2O production

Given the oxic conditionsmaintained in themicrocosms and the
relatively weak correlation (r ¼ 0.29e0.46) between NO3

� and N2O,
heterotrophic denitrificationwas likely not an important process in
this system. In contrast, the strong overall correlation
(r ¼ 0.78e0.90) between NO2

� and N2O indicate that nitrifier-
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denitrification, and possibly chemo-denitrification, were the pri-
mary sources of N2O given that these processes can reduce NO2

� to
N2O under ambient as well as sub-ambient O2 (Goreau et al., 1980;
Wrage et al., 2001; Venterea, 2007). The positive coefficients for
NO2

� and amoA copy number, and negative coefficients for nxrB
and/or nxrA copy number, in the regression models (Fig. 1b, d) are
consistent with our understanding of N2O production via nitrifier-
denitrification; i.e., NO2

� is the main substrate for AOB to produce
N2O, and when NOB abundances are reduced (e.g., due to NH3
toxicity), NO2

� becomes more readily available as a substrate for
other reactions, among them the reduction to N2O by AOB (Fig. 4).
Although the amoA gene does not encode for N2O production, its
abundance is likely to be positively correlated with AOB abun-
dances. The current results are also consistent with chemo-
denitrification reactions between NO2

� and soil organic matter that
can produce N2O under slightly acidic conditions (Stevenson et al.,
1970; Thorn andMikita, 2000). This mechanism is supported by the
positive coefficient for Hþ in the model for N2O (Fig. 1b), and by the
finding that rate coefficients determined from the linear slope of
the relationship between c-NO2

- and c-N2O for each soil were
positively correlated (r2 ¼ 0.63, P < 0.001) with soil organic matter,
consistent with Venterea (2007). However, when N2O production
was below 0.5 ng g�1 h�1 (<8% of the data) the regression model
(Fig. 1b) over-predicted observed values, and there were no corre-
lation between N2O production and any measured variable. The
majority of these data occurred in the control, where tNH4

þ was
<5 mg N g�1. It is possible that AOA were important in producing
N2O under these low-substrate conditions, where AOA have been
found to be more competitive than AOB (Prosser and Nicol, 2012).
This hypothesis is consistent with a recent study that implicated
the role of AOA in producing N2O under low substrate conditions
(Giguere et al., 2017).

4.3. Gene abundances

The c-nxrA abundances exhibited a consistent pattern of
increasing and then decreasing below and above critical urea
addition rates, respectively. This pattern is consistent with the
hypothesis that Nitrobacter-associated NOB were inhibited by
increasing levels of NH3 (Figs. 2c and 3b). Under this hypothesis,
soils with lower Uc values accumulate NO2

� at lower urea addition
rates. Indeed, for the majority of soils (six of eight), the contrasting
NO2

� responses shown in Fig. 2a were consistent with, and can be
explained by, the differences in c-nxrA responses and Uc values. For
example, soil S-C showed a steep increase in c-NO2

- when urea was
added at 500 mg N g�1 (Fig. 2a), and this coincided with a decline in
nxrA (Fig. 2e). Also, the two soils (B and C) displaying the steepest
increases in c-NO2

- at urea addition rates� 250 mg N g�1 also had Uc
values � 250 mg N g�1, while the three soils (L, W and R-NT) with
the least pronounced NO2

� responses had Uc values � 340 mg N g�1.
The c-NH3 results are also consistent with these trends; soils B and
C had greater c-NH3 levels while soils L,W, and R-NT tended to have
lower c-NH3 (Fig. 2c). The c-NO2

- results for the two soils (R-CT and
S-S) that exhibited intermediate NO2

� responses were not neces-
sarily consistent with the above trends, which may have been due
to inaccurate estimation of Uc as determined by the regression
model. It is not surprising that nxrA by itself did not fully explain
the NO2

� responses, since NO2
�must first be produced by AOB before

it can accumulate, and it is logical that the abundances of NOB
relative to AOBwould be a better predictor of NO2

� responses. In this
sense, the nxrA:amoA gene copy ratio is actually a NO2

� sink:source
ratio, and as such, NO2

� would be expected to increase as this ratio
decreases. The nxrA:amoA ratio was the single best predictor of
NO2

�, a strong single predictor of N2O and c-N2O, and a significant
predictor of NO2

� and c-NO2
- in the multiple regression models.
The contrasting responses of nxrA and nxrB abundances appear
consistent with the greater affinity of Nitrospira (nxrB) relative to
Nitrobacter (nxrA) for NO2

� (Nowka et al., 2015). The abundances of
nxrB were greater than nxrA in the control (no urea) treatments,
where NO2

� levels remained < 0.5 mg N g�1. This trend is consistent
with Nitrospira acting as a K-strategist wherein high population
densities can be achieved despite substrate limitation. In contrast,
the greater and more consistent increases in nxrA compared with
nxrB abundances following urea addition are consistent with
Nitrobacter being a r-strategist (Daims et al., 2016). These results are
also in agreement with greater responsiveness of Nitrobacter (nxrA)
relative to Nitrospira (nxrB) observed following N additions to soil
(Simonin et al., 2015).

The consistency in the functional responses of nxrA abundances
across soils, and the strong explanatory power of the c-nxrA:c-
amoA ratio, suggest that Nitrobacter exerted greater regulatory
control, in general, over NO2

� and N2O relative to Nitrospira. How-
ever, some differences in nxrB abundances among soils were
observed, and may explain the corresponding differences in NO2

�

and N2O. Most notable were the differences in nxrB gene copy
number for soils R-CT and R-NT, which were sampled from long-
term conventional tillage (CT) and no-till (NT) research plots,
respectively. While the abundance of nxrB in R-CT exhibited a peak-
type response indicative of NH3 toxicity, abundances of this gene in
R-NT showed no signs of suppression and were consistently greater
than in R-CTexcept in the control (Fig. 2f). This finding suggests that
greater activity of Nitrospira in R-NT was responsible for the
significantly smaller NO2

� and N2O responses at intermediate urea
addition rates as compared to R-CT (Fig. 2a and b). Moreover, this
suggests that long-term implementation of NT caused shifts in
dominant NOB populations such that Nitrospira under NT were able
to maintain NO2

� oxidizing activity in spite of similar NH3 concen-
trations (Fig. 2c). It is possible that comammox capability within
these Nitrospira populations resulted in a tighter coupling of the
two steps of nitrification, due in large part to both processes being
carried out by the same organism (Daims et al., 2015; van Kessel
et al., 2015), although direct evidence of comammox occurring in
agricultural soil has not been reported. In contrast to the greater
abundance of nxrB in soil R-NT, a greater abundance of c-amoAwas
found in R-CT, except in the control (Table S2). The potential for
shifts in dominant nitrifying populations due to tillage requires
further investigation, but may be related to differences in soil
organic matter, moisture retention and/or temperature (Venterea
et al., 2006). Such shifts may also provide an explanation for the
importance of long-term adoption of NT for effective N2O mitiga-
tion (van Kessel et al., 2013).

Studies in wastewater found evidence for NH3 inhibition of AOB
(Park and Bae, 2009). Here, only soil B showed evidence of declining
amoA abundances with increasing urea addition, and only at the
highest addition rate (Fig. 2d). This decline in amoA abundances
was consistent with NH3 inhibition in that this treatment (soil
Bþ 1000 mg N g�1) had the greatest accumulation of NH3 of any soil
(Fig. 2c).

4.4. Conclusions and ecological implications

The wide variation in soil responses observed here could not be
explained by basic soil properties. However, coherent models that
incorporated N substrate concentrations and nitrification gene
copy numbers accounted for 70e89% of the total variance in NO2

�

and N2O. The time-integrated nxrA:amoA gene ratio was found to
be a reliable sink:source ratio for NO2

�, and explained 78 and 79% of
the variance in cumulative NO2

� and N2O, respectively. In all soils,
nxrA abundances declined above critical urea addition rates, indi-
cating a consistent pattern of NH3 suppression of Nitrobacter-
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associated NOB. In contrast, Nitrospira-associated nxrB abundances
exhibited a broader range of responses, and suggested that long-
term management practices (e.g., tillage) can induce shifts in
dominant NOB populations with impacts on NO2

� accumulation and
N2O production. These results highlight the challenge of predicting
NO2

� and N2O responses based solely on static soil properties in a
system driven by dynamic and interacting physical, chemical, and
biological processes, and suggest that models that account for the
underlying processes are needed. In the field, a range of additional
processes including fluctuating water content and temperature,
plant N uptake and transport via advection and diffusion would
likely reduce soil chemical concentrations and dampen the re-
sponses observed in these soil microcosms. The relationships found
here provide a basis for incorporating the relevant chemical and
biological processes into N cycling and N2O emissions models that
also account for these field-scale processes.
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