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ABSTRACT Nitrification, the aerobic oxidation of ammonia to nitrate via nitrite,
emits nitrogen (N) oxide gases (NO, NO2, and N2O), which are potentially hazardous
compounds that contribute to global warming. To better understand the dynamics
of nitrification-derived N oxide production, we conducted culturing experiments and
used an integrative genome-scale, constraint-based approach to model N oxide gas
sources and sinks during complete nitrification in an aerobic coculture of two model
nitrifying bacteria, the ammonia-oxidizing bacterium Nitrosomonas europaea and the
nitrite-oxidizing bacterium Nitrobacter winogradskyi. The model includes biotic
genome-scale metabolic models (iFC578 and iFC579) for each nitrifier and abiotic N
oxide reactions. Modeling suggested both biotic and abiotic reactions are important
sources and sinks of N oxides, particularly under microaerobic conditions predicted
to occur in coculture. In particular, integrative modeling suggested that previous
models might have underestimated gross NO production during nitrification due to
not taking into account its rapid oxidation in both aqueous and gas phases. The in-
tegrative model may be found at https://github.com/chaplenf/microBiome-v2.1.

IMPORTANCE Modern agriculture is sustained by application of inorganic nitrogen
(N) fertilizer in the form of ammonium (NH4

�). Up to 60% of NH4
�-based fertilizer

can be lost through leaching of nitrifier-derived nitrate (NO3
�), and through the

emission of N oxide gases (i.e., nitric oxide [NO], N dioxide [NO2], and nitrous oxide
[N2O] gases), the latter being a potent greenhouse gas. Our approach to modeling
of nitrification suggests that both biotic and abiotic mechanisms function as impor-
tant sources and sinks of N oxides during microaerobic conditions and that previous
models might have underestimated gross NO production during nitrification.
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Modern industrialized agriculture is sustained by applications of inorganic nitrogen
(N) fertilizer primarily in the form of ammonium (NH4

�) (1). In this practice, up to
60% of NH4

�-based fertilizer can be lost through microbial transformation and leaching
of nitrate (NO3

�) (2) and through the emission of N oxide gases (i.e., nitric oxide [NO],
N dioxide [NO2], and nitrous oxide [N2O] gases) (3, 4). N2O is a potent greenhouse gas
with a 298-fold-stronger atmospheric warming effect than CO2 and contributes to the
depletion of the ozone layer (5). Nitrification is the key process controlling the initial
transformation of NH4

�-N in the environment and the efficiency of inorganic N uptake
by plants (6).
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Nitrification is generally carried out by chemolithotrophic microorganisms in a
two-step process where ammonia (NH3) is oxidized to nitrite (NO2

�) by ammonia-
oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA), and NO2

� is subse-
quently oxidized to NO3

� by nitrite-oxidizing bacteria (NOB) (6–10). In addition, the
complete oxidation of NH3 to NO3

�, comammox, was recently identified in bacteria
previously characterized as NOB of the genus Nitrospira (11, 12). Nitrifying microorgan-
isms have been shown to carry out denitrification under aerobic and microaerobic
conditions producing NO and N2O (4, 13). Some studies have reported production of N2

gas by pure cultures of AOB, but a functional nitrous oxide reductase in AOB has not
been demonstrated (13).

Representatives of the AOB, AOA, and NOB have the capacity to produce NO and
N2O, but the exact mechanisms and overall contributions by each group of organ-
isms are not well characterized (4, 13–17). The magnitude of nitrifier-derived
emissions of N oxides generated by nitrification from soils and engineered envi-
ronments are extremely variable and depend on a variety of environmental condi-
tions such as the rate of nitrification, pH, temperature, and oxygen (O2), among
other factors (4, 13, 18–21). Recent modeling efforts by Perez-Garcia et al. and
others have sought to understand conditions that generate N oxides through single
and multispecies metabolic network models of wastewater treatment systems (17,
22–24). Modeling N oxide production by simplified communities of model nitrifiers
in both single culture and coculture, including abiotic reactions, can expand on
previous work to better explain the mechanisms and conditions that affect N oxide
gas emissions. Indeed, a recent report called for more controlled experiments on
model microbial communities to inform modeling efforts (25). Our contribution to
these efforts is the use of an integrative, genome-scale, constraint-based approach
that considers both abiotic and biotic reactions to model complete nitrification by
two model nitrifying bacteria, Nitrosomonas europaea and Nitrobacter winogradskyi,
representing the AOB and NOB, respectively (26, 27).

Integrative genome-scale modeling provides a useful platform to investigate the
biochemical pathways that function as sources and sinks of N oxide gas production
during nitrification. Genome-scale, constraint-based modeling approaches apply phys-
icochemical, spatiotemporal, and environmental constraints to a reaction network that
captures the materials and energy processing activities of a microorganism (28, 29).
These models assume that the condition of homeostasis or steady-state operation
reached by a microorganism is the result of an optimized physiological response for a
given set of environmental conditions (30, 31). Whereas most microbial growth con-
ditions in soils and other systems are dynamic, constraint-based models require a
pseudo-steady-state assumption for analysis. To account for this, dynamic conditions
can be approximated using integrative modeling with dynamic flux balance analysis
(dFBA), which places the steady-state constraint-based formulism inside a discrete time
step dynamic approximation that uses Michaelis-Menten kinetics to simulate nutrient
uptake (30–33).

In this study, the physiological responses of N. europaea and N. winogradskyi during
experimental batch culturing were modeled under aerobic and microaerobic condi-
tions in closed systems using an integrative genome-scale, constraint-based approach.
To improve the model simulations, we developed an integrated model of both biotic
reactions from the genome-scale model and abiotic reactions, particularly gas phase
and aqueous oxidation of NO in the presence of O2. Experimental data were modeled
to identify potential biotic and abiotic sources and sinks of N oxide gases during
complete nitrification. Modeling of complete nitrification in this system suggests that
AOB, NOB, and abiotic mechanisms function as important sources and sinks of N oxides
during microaerobic conditions due to competition for dissolved O2. The results of our
integrated modeling approach suggest that previous models might have underesti-
mated gross NO production during nitrification.
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RESULTS
Nitrification in a closed system produces NOx and N2O. Both single cultures of

N. europaea and N. winogradskyi and the coculture of both nitrifiers produce NO and
NO2 (collectively NOx) and N2O during aerobic nitrification (Fig. 1B, 2B, and 3B).
N. europaea produced more net NOx and N2O in single culture than N. winogradskyi did,
but the coculture produced more N oxide gases (NOx and N2O) than the sum of the N
oxide gases in the single cultures (Fig. 1 to 3). In single culture, N. europaea actively
produced both NOx and N2O up to 30.2 � 5.7 and 42.1 � 0.9 ppm, respectively, during
active NH3 oxidation (Fig. 1B). However, net production of both N2O and NOx stopped
when NH4

� was exhausted and was followed by NOx concentrations decreasing over
time (Fig. 1A and B). Ammonia oxidation in single cultures of N. europaea acidified the
medium from approximately pH 7.80 to 6.95 (data not shown).

In contrast, N. winogradskyi produced statistically significant amounts of N oxide
(1.5 � 0.12 ppm of NOx and 0.08 � 0.04 ppm of N2O; P � 0.05 for N2O produced in the
first 4 h) that were minute by comparison to N. europaea (Fig. 2B and 1B). Net
accumulation of NOx occurred when NO2

� oxidation was initiated, but net consump-
tion of NOx commenced only after 4 h when 80% of the NO2

� had already been
consumed (Fig. 2A and B). There was no significant change in the pH of single cultures
of N. winogradskyi (data not shown).

The coculture of N. europaea and N. winogradskyi produced approximately 53.7 �

2.2 and 47.8 � 4.1 ppm of NOx and N2O, and the sum of the net N oxide gases was

FIG 1 N fluxes during N. europaea culture. Data points (symbols) represent experimental data, and lines
show model simulations. (A) Liquid NH4

� concentration (in millimolar) and liquid NO2
� concentration (in

millimolar) (y axis) are shown over time (in hours) (x axis). (B) Headspace NOx concentration (in parts per
million [ppm]) (y axis), headspace N2O concentration (ppm) (y axis), and aqueous NH2OH (in micromolar)
(y axis) over time (in hours) (x axis). Symbols indicate experimental values. Experimental values are
means � standard deviations of the means (error bars) (n � 4).
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greater than for the single cultures combined (P � 0.005) (Fig. 3B). Maximum accumu-
lation of N oxide gases peaked after 2 h before NH3 oxidation was completed and when
NO2

� oxidation was initiated (Fig. 3A and B). Net consumption of NOx in the coculture
occurred more rapidly than from single cultures (Fig. 1B, 2B, and 3B). Interestingly, the
coculture appeared to consume the NH4

� more rapidly than the N. europaea culture,
and yet it took 8 h to consume the accumulated NO2

� (Fig. 1A and 3A). The pH of the
cocultures acidified from approximately 7.80 to 7.08 (data not shown).

Model simulations predict N oxide production and hydroxylamine accumula-
tion during aerobic nitrification. The integrative model was calibrated for each single
culture and coculture case to track the experimental data (Fig. 1 to 3). Specifically,
constraints were placed on nitrite reductase (NIR) and nitric oxide reductase (NOR)
activity in the N. europaea genome-scale model and on NIR activity in the N. winograd-
skyi genome-scale model. In addition, uptake rates for NH4

� and NO2
� in the model

were adjusted to match the corresponding experimental measurements shown in Fig. 1
to 3. After genome-scale model calibration, coculture simulations were used to deter-
mine sources and sinks of N oxides during nitrification (abiotic and biotic reactions are
listed in Fig. 4B). Two different candidate simulations for N. europaea were considered:
candidate model 1 calibrated the model to maximize biomass production, and candi-
date model 2 calibrated the model to maximize NO2

� production for the first 2 h of the
experiment and to maximize biomass for the remaining time (see Fig. S1 in the
supplemental material). Both model simulations suggested cycling between enzymatic
and abiotic sources and sinks of N oxides particularly during active NH3 oxidation.

FIG 2 N fluxes during N. winogradskyi culture. Data points (symbols) represent experimental data, and
lines show model simulation. (A) Liquid NO2

� concentration (in millimolar) and liquid NO3
� concentra-

tion (in millimolar) (y axis) measured over time (in hours) (x axis). (B) Headspace NOx concentration (ppm),
headspace N2O concentration (ppm), and headspace NOx in abiotic medium controls over time (h)
(x axis). Symbols indicate experimental values. Experimental values are the means � standard deviations
of the means (error bars) (n � 4).
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However, candidate simulation model 1 predicted transient accumulation of hydrox-
ylamine (NH2OH) in the growth medium, while candidate simulation model 2 did not
(Fig. S1).

A second set of experiments was carried out to refine the model, and these
experiments validated the accumulation of NH2OH in the batch culture system (Fig. 1B
and 3B). Extracellular NH2OH accumulated to approximately 83.5 � 3.1 �M and 54.4 �

7.5 �M after 1-h incubation of N. europaea single culture and coculture, respectively
(Fig. 1B and 3B). After 1 h, net consumption of NH2OH occurred and was followed by
complete consumption at 4 h. The final model simulations presented in Fig. 1 and 3
predict all N oxide fluxes by prioritizing maximum NH3 uptake during the initiation of
the experiment for 15 min before changing to maximizing both biomass and NH3

uptake rate. These changes were based on previous work documenting N. europaea’s
ability to quickly take up and oxidize NH3 during recovery from starvation, such as the
N- and energy-limited steady-state chemostat cells used in this study (34, 35).

Modeling predicted that NIR and hydroxylamine dehydrogenase (HAO) activities
were the sources of NO production in N. europaea and that production began as O2

concentrations decreased after inoculation and initiation of NH3 oxidation for both
coculture models (Fig. 3 and Fig. S2). Most of the NO was produced by N. europaea via
NIR and HAO (Fig. 5). As shown in Fig. 2B, abiotic production of NOx was insignificant,
and the integrative model did not predict a significant contribution to total N oxide flux
by gaseous nitrous acid (HONO). NO and N2O production by N. europaea were con-
current in most cases. Model predictions indicated that the enzymatic source of N2O is

FIG 3 N fluxes during coculture of N. europaea and N. winogradskyi. Data points represent experimental
data, and lines show model simulations. (A) Liquid NH4

� concentration (mM), liquid NO2
� concentration,

and liquid NO3
� concentration (mM) (y axis) measured over time (h) (x axis). (B) Headspace NOx

concentration (ppm) (y axis), headspace N2O concentration (ppm) (y axis), and aqueous NH2OH (�M) (y
axis) over time (h) (x axis). Symbols indicate experimental values. Experimental values are the means �
standard deviations of the means (error bars) (n � 4).
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FIG 4 Conceptual model of N distribution in coculture. (A) The schematic represents key biotic and
abiotic reactions modeled during a coculture of N. europaea and N. winogradskyi. Key abiotic reactions
(red) and key biotic reactions carried out by N. europaea (blue) and N. winogradskyi (green) are shown.
The thickness of the lines represents the relative significance of the reaction. Biotic enzymatic reactions
are labeled as follows: AMO, ammonia monooxygenase; HAO, hydroxylamine dehydrogenase; NXR,
nitrite oxidoreductase; NIR, nitrite reductase; NOR, nitric oxide reductase; p460, cytochrome P460. (B)
Equations describing key schematic biotic and abiotic reactions. Abbreviations: aq, aqueous; Nx, gas
exchange of component x across gas-liquid interface (M s�1); a, interfacial area (m2); klx, liquid side gas
mass transfer coefficient of x (m�2 s�1); kgx, gas side gas mass transfer coefficient of x (m�2 s�1); px, partial
pressure of x (atm); Hx, Henry’s law constant of x (M atm�1); cx, liquid phase concentration of x (M); �max,
maximum growth rate under nonnutrient limitation (s�1); �, growth rate under nutrient limitation (s�1);
Ksx, substrate concentration of x at half-maximum growth rate (M); X, cell mass (gDCW liter�1); ji, molar
flux of chemical species i from organism (mmol liter�1 h�1); neuro, N. europaea; nwino, N. winogradskyi.
Note that growth and species production rates for N. europaea and N. winogradskyi were calculated with
genome-scale models through linear programming with maximization of growth rates at each time step.
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dependent on the O2 status of the culture (Fig. S2). Early in the incubation, the model
predicted that N. europaea NOR was the principal source of N2O with significant
contributions from cytochrome P460 (both represented as NO consumption in Fig. 5).
The model suggests that abiotic N oxide production from NH2OH was not a significant
source (data not shown).

NOx accumulation is a complex function of both biotic and abiotic reactions
and of dissolved O2 depletion in liquid culture. To explain the accumulation of NOx

in the headspace of the liquid cultures, an integrative model encompassing biotic and
abiotic reactions of N oxide species was necessary. The dynamic reaction network,
including biotic and abiotic reactions, is summarized in Fig. 4. In particular, reaction 2
(Fig. 4B), aqueous abiotic oxidation of NO to NO2

�, is essential to explain NOx

accumulation during nitrification. Model simulations suggest that gross production of
NO is much higher than net NOx accumulation measured in the headspace, since both
aqueous phase oxidation of NO to NO2

� and enzymatic reactions consume NO (Fig. 5).
Both experimental data and model simulations suggested that N. europaea is the

predominant producer of both NO and N2O. To overcome abiotic oxidation of NO to
NO2

� in aqueous solution and to account for the peak in NOx observed during single
culture, N. winogradskyi would need to produce NO at a maximum rate of approxi-
mately 130 nmol h�1. On the other hand, according to model simulations, maximum
NO production in the N. europaea peaks at approximately 1 �mol h�1. While the
N. winogradskyi culture produces relatively minute amounts of N2O, the genome-scale
model does not include biotic N2O production by N. winogradskyi due to the lack of a
known gene encoding NOR (27). The majority of NOx production observed in N. euro-
paea pure culture was dependent on NIR activity with consumption being through
abiotic oxidation of NO to NO2

� and biotic consumption via NIR, NOR, and HAO (Fig. 5).
We interpret the higher levels of NOx in the coculture being due to both N. europaea
and N. winogradskyi producing NO under potentially O2 diffusion-limited conditions
caused by the cell densities (Fig. 2B and Fig. S2). NOx consumption from the headspace
can be explained through both biotic and abiotic reactions in coculture (Fig. 5).

DISCUSSION
Integrative modeling with a reaction network containing both abiotic and

biotic reactions provides new insights into nitrification coupling. To date, most
genome-scale and metabolic models of nitrification have focused on biotic reactions
(17, 22, 23, 36). While this approach simplifies the construction of models, it neglects
the importance of abiotic chemistry in the N cycle (13). By integrating a model of biotic
reactions informed by genome-scale models of N. europaea and N. winogradskyi with an
abiotic model of N species reaction kinetics, both production and consumption of N

FIG 5 NO sources and sinks during coculture nitrification by N. europaea and N. winogradskyi. Instan-
taneous NO production or consumption (in micromoles hour�1) (y axis) by N. europaea HAO, N. europaea
NIR, N. europaea NOR/cytochrome P460, N. winogradskyi NIR, and abiotic reactions modeled over time (h)
(x axis). Ne, N. europaea; Nw, N. winogradskyi.
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oxide gases during nitrification could be explained more accurately. In order for NOx to
be detected in the gas phase, our integrative modeling approach predicted that net
production of NO would have to be greater than the abiotic oxidation of NO to NO2

�

in the aqueous phase of the culture. In addition, N oxide production is exacerbated
under O2 transport-limited conditions, but the rate constants for NO oxidation are high
enough that significant inhibition of the oxidation reaction was not observed at the
lowest concentrations of O2 predicted.

Both AOB and NOB contribute to NOx and N2O production through different
enzymatic pathways. AOB, such as N. europaea, are thought to carry out NH3 oxidation
by oxidizing NH3 to NH2OH by ammonia monooxygenase (AMO) and NH2OH to NO2

�

by HAO with a gross yield of four electrons. Recent studies have suggested that the sole
product of HAO oxidation of NH2OH is NO with a yield of three electrons, further
suggesting that oxidation to NO2

� is either abiotic or carried out by an unknown
enzymatic step (37, 38). While this study suggests that abiotic oxidation of NO is a
significant NO sink, a true yield of four electrons resulting from NO oxidation to NO2

�

by an unknown NO oxidase would result in increased biomass production by N. euro-
paea. The genome-scale model presented in this work suggests that NO oxidation to
NO2

� by NIR, as previously demonstrated (39), is unlikely, as it negatively affects the
ATP balance, and further experiments are needed to identify a potential candidate final
enzymatic step.

While production of N oxides by N. europaea has been well studied both through
experimentation and modeling (4, 18, 22, 37, 38), production of N oxides by N. wino-
gradskyi is more cryptic. Early studies reported both production of NO and N2O and
consumption of NO by strains of N. winogradskyi and Nitrobacter vulgaris (40, 41), but
only NO consumption, not production, was shown in one later study on N. winogradskyi
(42). Poughon et al. suggested that production of NO2

� from NO by NIR in the
cytoplasm of N. winogradskyi was thermodynamically feasible under high NO2

� con-
ditions (43). Production of NO from NO2

� in the periplasm is followed by diffusion of
NO into the cytoplasm where NO is converted back to NO2

�, followed by a final
conversion of NO2

� to NO3
� by nitrite oxidoreductase (NXR) (43). This results in a net

translocation of protons from the cytoplasm to the periplasm and has a positive effect
on ATP production (43). The integrated model for N. winogradskyi required a significant
change in the energy model to reflect NO2

� oxidation rates during the batch culture
experiments. At 3 h, a simpler model in which NIR activity was present only in the
periplasm was shifted to the more complex Poughon model, with NIR activity in both
the cytoplasm and periplasm, to reflect experimental data suggesting low initial rates
of NO2

� oxidation (43). The advantage of the Poughon model to the organism is that
the ATP yield increases from 0.667 mmol ATP per mmol NO2

� to 1.53 mmol ATP per
mmol NO2

�. However, maintenance energy also increases (from 8 to 18.5 mmol ATP
gDCW�1 h�1 where gDCW stands for gram [dry cell weight]).

Our current model does not consider acyl-homoserine lactone quorum sensing (QS)
regulation of NO production proposed in recent work by Mellbye et al. due to
insufficient data on the kinetic effects of QS regulation (16). The genome-scale model
also does not consider the minute N2O production observed by N. winogradskyi, since
its genome does not contain any known NOR-encoding gene. Future studies are
needed to determine the regulatory effects of QS on NO fluxes and whether QS effects
need to be incorporated into a future energy model for N. winogradskyi.

Interestingly, during complete nitrification in the coculture, the sum of the N oxide
gases produced by the coculture was greater than the sum produced by the single
cultures despite having the same substrate and cell densities. Model simulations of
dissolved O2 suggest that the O2 demand of NH3 oxidation temporarily creates a
microaerobic environment that is exacerbated by the activity of the NOB (see Fig. S2 in
the supplemental material). On the basis of published data of O2 affinity and coculture
experiments, the O2 competition places higher stress on N. winogradskyi (44, 45). In
addition, the models suggest that the switches in NOx production rates observed for
both organisms are a function of changes in O2 levels (Fig. S2).
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Despite a lower dissolved O2, the NH3 oxidation rate in coculture is actually higher
than the rate of the single culture, and the NO2

� oxidation rate is much lower than the
rate in single culture until NH3 oxidation ceases (Fig. 1 to 3). The observation of
increased NH3 uptake and oxidation rates could be due to increased NO production
under microaerobic conditions by N. europaea as predicted by the integrative model.
In addition, since less NH2OH accumulated in the coculture, the model suggests that a
portion of the accumulated NH2OH may have been converted to N oxides by cyto-
chrome P460. The observation of decreased NO2

� oxidation rates could be due to
increased NO consumption by N. winogradskyi; further experiments are needed to test
these hypotheses. Genome-scale modeling of these data provided further insight into
the nitrification process by indicating which pathways or abiotic reactions cause
accumulation of NOx and N2O.

Our experimental data and model simulations add further support to reports that
increased NH3 oxidation rate causes increased N2O production. NH3 oxidation and
growth rate data generated in previous studies suggests that an increased NH3

oxidation rate leads to uncoupling of NH3 oxidation from growth, forcing N. europaea
to direct electrons to NIR and NOR to regenerate reductant (21, 46–48). In addition, the
integrative model reported here suggests different energy outcomes for the cell based
on abiotic oxidation of NO to NO2

�. These simulations suggest that N. europaea loses
substantial energy during microaerobic NH3 oxidation, as NO is produced by NIR and
either abiotically oxidized to NO2

�, recaptured by HAO, or reduced to N2O by NOR.
Application of biotic and abiotic models to complex systems. The integrative

model developed here is a first step toward modeling of N oxide emissions from more
complex environmental systems, such as soils. Abiotic reactions can have a profound
effect in environmental systems, and modeling efforts in these systems will need to
take these reactions into account. For example, both abiotic and biotic factors are
important for NO and N2O production in drying soils, particularly in the face of a
potentially warming climate (5, 49). Another important factor influencing N2O produc-
tion in environmental systems are gas diffusion constraints (50). Integration of these
abiotic factors will lead to more accurate models of N oxide production from environ-
mental systems.

Finally, genome-scale modeling of other nitrifiers are needed, since AOA can be the
dominant NH3 oxidizer, and NO2

� oxidizers of the genus Nitrospira are often the most
numerous NOB (9, 51). Among AOB, the genus Nitrosospira is usually most numerous
in soils, and genomic data are available for assembly into genome-scale metabolic
models (52–54). Perez-Garcia et al. (17) constructed a stoichiometric metabolic model
of several AOB and NOB based on genomic data and published studies of nitrifying
mixed cultures in wastewater treatment, but specific kinetic information and genome-
scale models of many species are still lacking. Before genome-scale metabolic models
of these microorganisms can be fully completed, growth and energy yield parameters
and nutrient and O2 affinity data are needed. In addition, experimental corroboration
of the energy models that inform the genome-scale models needs to occur. Recent
work with Nitrospira enrichment cultures has begun to provide this important infor-
mation for NOB (55). The integration of a genome-scale constraint-based model and
abiotic reaction model presented in this work is a key step toward making meaningful
predictions in complex systems.

MATERIALS AND METHODS
Bacterial strains and routine culture conditions. Nitrosomonas europaea (ATCC 19718), Nitrobacter

winogradskyi (Nb-255), and a coculture of N. europaea and N. winogradskyi were routinely cultivated at
30°C in batch and chemostat culture as previously described (56). Chemostat cultures were maintained
in steady state at a dilution rate of 0.015 h�1. All cultures were routinely screened for heterotrophic
contamination by plating 200-�l aliquots of culture on Luria-Bertani (LB) agar plates.

Experimental batch culturing. Experimental batch cultures were established by harvesting and
washing cells from steady-state chemostat single cultures of N. europaea and N. winogradskyi and a
steady-state coculture chemostat of N. europaea and N. winogradskyi. Harvested cells were suspended in
5 ml of experimental batch growth medium at the appropriate cell density in 160-ml serum vials.
N. europaea, N. winogradskyi, and coculture experimental cultures were suspended to an optical density
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at 600 nm (OD600) of 0.2, 0.05, and 0.25, respectively. The cell densities were chosen to emulate coculture
cell densities of N. europaea and N. winogradskyi. The relative cell densities of N. europaea and
N. winogradskyi during coculture were previously determined (56). Batch experiments were assayed in a
closed-batch culture system with sufficient O2 in the headspace and CO2 in the medium, supplied as
Na2CO3, for complete N species oxidation and C fixation, respectively. Experimental cultures were capped
with gray butyl stoppers, crimp sealed, and incubated for 10 h at 30°C with shaking at 200 rpm. Two
hundred microliters of vial culture was routinely sampled to measure extracellular ammonium/ammonia
(NH4

�/NH3), hydroxylamine (NH2OH), NO2
�, NO3

�, OD600, and/or pH as outlined below. NO and NO2

(collectively NOx) and N2O concentrations were routinely measured in the headspace as outlined below.
Experimental batch mineral salts medium for N. europaea contained 2.5 mM (NH4)2SO4, 0.75 mM

MgSO4, 0.1 mM CaCl2, 12.5 mM KH2PO4, 1.25 mM NaH2PO4 · H2O, 2.3 mM Na2CO3, and the following trace
elements: 10 �M FeCl3 chelated with EDTA (16.7 �M), 1 �M CuSO4, 0.6 �M Na2MoO4 · 2H2O, 1.59 �M
MnCl2 · 4H2O, 0.6 �M CoCl2 · 6H2O, and 0.96 �M ZnSO4 · 7H2O. The medium for N. winogradskyi was the
same formulation as the N. europaea medium except that it contained 5 mM NaNO2 instead of (NH4)2SO4.
The pH of the experimental batch medium was adjusted to 7.8.

Analytical methods. NH4
�/NH3 and NO2

� concentrations were measured by chemical assays as
previously described (57). NO3

� concentration was determined by high-pressure liquid chromatography
(HPLC) as previously described (56). Extracellular NH2OH concentration was measured by chemical assay
as previously described (58, 59). NO and NO2 (NOx) concentrations in the headspace were measured
using a portable NO2 analyzer/NOx converter (LMA-3D and LNC-3D; Unisearch Associates Ltd., Concord,
Ontario, Canada), and N2O concentration was measured by gas chromatography as previously described
(16, 21).

Model structure. The base modeling framework was provided through dynamic multispecies
metabolic modeling (DyMMM) (33) using dynamic flux balance analysis (dFBA), which provides a
discretized dynamic modeling environment for metabolic models. Monod (Michaelis-Menten)-type
models of substrate uptake and the effects of inhibitory compounds provided the interface between
models of the environment (the medium in the bioreactor) and the microorganism, allowing the
modeling of dynamic cell growth and function systems. The dynamic shell of the integrative models
included differential equations for the biotic and abiotic reaction networks and mass transfer relation-
ships between the gas and liquid phases within the batch bioreactors; these equations both informed
and were informed by genome-scale, metabolic models for N. europaea and N. winogradskyi. A schematic
of the experimental system and summary of the combined reaction network is shown in Fig. 4. The full
reaction network is detailed in the supplemental material (Data Sets S1 to S4).

Metabolic network reconstruction. The genome-scale, stoichiometric models (iFC578, Nitrosomo-
nas europaea; iFC579, Nitrobacter winogradskyi) were based upon the Department of Energy (DOE) Joint
Genome Institute (JGI) sequences for N. europaea and N. winogradskyi with automatic annotation and
model building through the SEED, “a peer-to-peer environment for genome annotation” (60, 61),
followed by hand annotation using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database
(http://www.genome.jp/kegg/) (62). The models were developed as previously described (63). Briefly, the
models were calibrated either to maximize biomass production or energy substrate uptake, and
constraints were applied to uptake rates of ammonia and nitrite based on previously published kinetic
parameters and experimental data generated in this study (42, 64, 65). The Vmax values for ammonia and
nitrite uptake were calculated based on the slopes of the ammonia and nitrite consumption curves for
each experimental time segment; the Km values for uptake were published values (66) or selected such
that the steady-state concentration value for these components matched the final concentrations
measured experimentally for each component. Vmax and Km values are reported in Data Set S3. The
biomass equation for both genome-scale reconstructions was derived from the Escherichia coli biomass
equation reported for iAF 1260 (67) and modified based on lipid composition measurements of
N. europaea and N. winogradskyi (Text S1 and Table S1). For the study of coupled growth dynamics, the
model equations for microbial energetics from previous work were adapted to develop genome-scale
models of N. europaea (iFC578) and N. winogradskyi (iFC579) (7, 8, 43). Schematics of the energetic
pathways for N. europaea and N. winogradskyi under modeled conditions are shown in supplemental
material (Data Sets S1 to S4). The genome-scale models required non-growth-associated maintenance
(NGAM) energy requirements to be calculated based on energy model assumptions and chemostat
experiments. The NGAM for N. europaea was 52.82 mmol ATP gDCW�1 h�1 (where gDCW stands for gram
[dry cell weight]) based on previous chemostat experiments (21) and using the energy model shown in
the supplemental material (Data Set S4). The NGAM for N. winogradskyi was 8 mmol ATP gDCW�1 h�1

for 3 h, followed by 18.52 mmol ATP gDCW�1 h�1 for the rest of the experiment. A change in the energy
model and associated maintenance energy was required 3 h into the culturing experiments to account
for the changes in the experimental nitrite oxidation rate by N. winogradskyi. The advantage of the new
model is that the ATP yield is higher; however, it is not possible to implement at lower NO2

� oxidation
rates because of the increased rate of NGAM maintenance energy required by the organism. Mainte-
nance energies were determined using data from chemostat experiments performed for the current
study and previous work (Data Set S4) (8, 43). The growth-associated maintenance (GAM) energy for both
organisms was determined based on the method of Balagurunathan et al. and found to be 1,060 mmol
ATP gDCW�1 h�1 (68). The genome-scale models were formatted in Systems Biology Markup Language
(SBML) level 3 version 1.0 (sbml.org) and was read into MatLab using SBMLToolbox (version 4.1) (69) and
libSBML (version 5.6.0) (70). The model files in Excel format are available in the supplemental material,
and SBML, GAMS, and MatLab files are available at GitHub (https://github.com/chaplenf/microBiome
-v2.1) (Data Sets S1 to S4).
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Simulations. MatLab version 2014b (MathWorks, Inc.) running the Cobra Toolbox v3.0 (https://arxiv
.org/abs/1710.04038) was used to integrate the set of differential equations describing the distribution
and reaction network of N-containing compounds that results from the dissolution of NaNO2 in water,
including abiotic pH-dependent reactions, as shown in the supplemental material (Text S1 and Data
Set S3). The model pH was fixed at 7.4 to reduce the number of differential equations and simplify the
model, since the pH decreased from approximately 7.8 to 7.0 in the experiments. The equation set was
stiff and used the ode15s function of MatLab. Parameter values are based on previous studies and are
detailed in the supplemental material (Text S1 and Data Set S3). The genome-scale models were called
by MatLab as needed during integration and were written in the General Algebraic Modeling System
(GAMS) (https://www.gams.com/products/introduction/). The integrative model follows much the same
file structure and conceptual model as DyMMM (33). In brief, the run file calls ode15s, which in turn calls
a model file during each ode15s time step; the integrator and not the user selects the time steps except
for system output. The first part of the model file called by ode15s calculates the uptake rates for the
different substrates for the GAMS using Monod-type relationships. Next, the program calls the GAMS
organism files in order to provide the model-predicted organism outputs for inclusion with the abiotic
reactions. A flowchart detailing the model algorithm can be found in the supplemental material (Text S1).
Finally, there are metabolite and nonmetabolite balance reaction calculations for the batch before the
program exits the ode15s model file. The integrative models used mass transfer and Henry’s law
coefficients were determined as described in the supplemental material (Data Set S3).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/

mSystems.00170-17.
TEXT S1, PDF file, 0.2 MB.
FIG S1, TIF file, 0.1 MB.
FIG S2, TIF file, 0.2 MB.
TABLE S1, DOCX file, 0.02 MB.
DATA SET S1, XLS file, 0.9 MB.
DATA SET S2, XLS file, 0.8 MB.
DATA SET S3, XLSX file, 0.5 MB.
DATA SET S4, XLSX file, 0.3 MB.

ACKNOWLEDGMENTS
We thank David Myrold for the use of his gas chromatograph and Steve Perakis for

the use of his NO2 analyzer/NOx converter. We also thank Neeraja Vajrala, Ellie Kurth,
Chris Catricala, Ashley Waggoner, and Anne Taylor for helpful discussions and advice.

This work was supported by Department of Energy (DOE) award ER65192 (co-
principal investigators, L.A.S.-S. and P.J.B.), USDA-NIFA award 2012-67019-3028 (P.J.B.),
USDA-NIFA postdoctoral fellowship award 2016-67012-24691 (B.L.M.), NSF EAGER
award 1239870 (F.W.R.C. and L.A.S.-S.), NSF award IIS-1320943 (F.W.R.C.), and the
Oregon Agricultural Experiment Station (L.A.S.-S.).

The funding agencies had no role in study design, data collection and interpretation,
or the decision to submit the work for publication.

REFERENCES
1. Galloway JN, Townsend AR, Erisman JW, Bekunda M, Cai Z, Freney JR,

Martinelli LA, Seitzinger SP, Sutton MA. 2008. Transformation of the
nitrogen cycle: recent trends, questions, and potential solutions. Science
320:889 – 892. https://doi.org/10.1126/science.1136674.

2. Robertson GP. 1997. Nitrogen use efficiency in row-crop agriculture:
crop nitrogen use and soil nitrogen loss, p 347–365. In Jackson LE (ed),
Ecology in agriculture. Academic Press, San Diego, CA.

3. Wuebbles DJ. 2009. Nitrous oxide: no laughing matter. Science 326:
56 –57. https://doi.org/10.1126/science.1179571.

4. Stein LY. 2011. Heterotrophic nitrification and nitrifier denitrification, p
95–114. In Ward BB, Arp D, Klotz MG (ed), Nitrification. ASM Press,
Washington, DC.

5. Butterbach-Bahl K, Baggs EM, Dannenmann M, Kiese R, Zechmeister-
Boltenstern S. 2013. Nitrous oxide emissions from soils: how well do we
understand the processes and their controls? Philos Trans R Soc Lond B
Biol Sci 368:20130122. https://doi.org/10.1098/rstb.2013.0122.

6. Ward BB. 2011. Nitrification: an introduction and overview of the state of
the field, p 3– 8. In Ward BB, Arp D, Klotz MG (ed), Nitrification. ASM
Press, Washington, DC.

7. Sayavedra-Soto LA, Arp DJ. 2011. Ammonia-oxidizing bacteria: their
biochemistry and molecular biology, p 11–37. In Ward BB, Arp DJ, Klotz
MG (ed), Nitrification. ASM Press, Washington, DC.

8. Starkenburg SR, Spieck E, Bottomley PJ. 2011. Metabolism and genomics
of nitrite-oxidizing bacteria: emphasis on studies of pure cultures and of
Nitrobacter species, p 267–293. In Ward BB, Arp DJ, Klotz MG (ed),
Nitrification. ASM Press, Washington, DC.

9. Daims H, Lucker S, Paslier DL, Wagner M. 2011. Diversity, environmental
genomics, and ecophysiology of nitrite-oxidizing bacteria, p 295–322. In
Ward BB, Arp DJ, Klotz MG (ed), Nitrification. ASM Press, Washington, DC.

10. Hidetoshi U, Martens-Habbena W, Stahl DA. 2011. Physiology and
genomics of ammonia-oxidizing archaea, p 117–155. In Ward BB, Arp DJ,
Klotz MG (ed), Nitrification. ASM Press, Washington, DC.

11. Daims H, Lebedeva EV, Pjevac P, Han P, Herbold C, Albertsen M, Jehmlich
N, Palatinszky M, Vierheilig J, Bulaev A, Kirkegaard RH, von Bergen M,
Rattei T, Bendinger B, Nielsen PH, Wagner M. 2015. Complete nitrifica-
tion by Nitrospira bacteria. Nature 528:504 –509. https://doi.org/10.1038/
nature16461.

12. van Kessel MA, Speth DR, Albertsen M, Nielsen PH, Op den Camp HJ,

Genome-Scale, Constraint-Based Nitrification Modeling

May/June 2018 Volume 3 Issue 3 e00170-17 msystems.asm.org 11

https://arxiv.org/abs/1710.04038
https://arxiv.org/abs/1710.04038
https://www.gams.com/products/introduction/
https://doi.org/10.1128/mSystems.00170-17
https://doi.org/10.1128/mSystems.00170-17
https://doi.org/10.1126/science.1136674
https://doi.org/10.1126/science.1179571
https://doi.org/10.1098/rstb.2013.0122
https://doi.org/10.1038/nature16461
https://doi.org/10.1038/nature16461
msystems.asm.org


Kartal B, Jetten MS, Lücker S. 2015. Complete nitrification by a single
microorganism. Nature 528:555–559. https://doi.org/10.1038/nature
16459.

13. Schreiber F, Wunderlin P, Udert KM, Wells GF. 2012. Nitric oxide and nitrous
oxide turnover in natural and engineered microbial communities: biological
pathways, chemical reactions, and novel technologies. Front Microbiol
3:372. https://doi.org/10.3389/fmicb.2012.00372.

14. Kozlowski JA, Price J, Stein LY. 2014. Revision of N2O-producing path-
ways in the ammonia-oxidizing bacterium Nitrosomonas europaea ATCC
19718. Appl Environ Microbiol 80:4930 – 4935. https://doi.org/10.1128/
AEM.01061-14.

15. Kozlowski JA, Stieglmeier M, Schleper C, Klotz MG, Stein LY. 2016.
Pathways and key intermediates required for obligate aerobic ammonia-
dependent chemolithotrophy in bacteria and Thaumarchaeota. ISME J
10:1836 –1845. https://doi.org/10.1038/ismej.2016.2.

16. Mellbye BL, Giguere AT, Bottomley PJ, Sayavedra-Soto LA. 2016. Quorum
quenching of Nitrobacter winogradskyi suggests that quorum sensing
regulates fluxes of nitrogen oxide(s) during nitrification. mBio 7:e01753
-16. https://doi.org/10.1128/mBio.01753-16.

17. Perez-Garcia O, Chandran K, Villas-Boas SG, Singhal N. 2016. Assessment
of nitric oxide (NO) redox reactions contribution to nitrous oxide (N2O)
formation during nitrification using a multispecies metabolic network
model. Biotechnol Bioeng 113:1124 –1136. https://doi.org/10.1002/bit
.25880.

18. Chandran K, Stein LY, Klotz MG, van Loosdrecht MC. 2011. Nitrous oxide
production by lithotrophic ammonia-oxidizing bacteria and implications
for engineered nitrogen-removal systems. Biochem Soc Trans 39:
1832–1837. https://doi.org/10.1042/BST20110717.

19. Jiang D, Khunjar WO, Wett B, Murthy SN, Chandran K. 2015. Character-
izing the metabolic trade-off in Nitrosomonas europaea in response to
changes in inorganic carbon supply. Environ Sci Technol 49:2523–2531.
https://doi.org/10.1021/es5043222.

20. Paudel SR, Choi O, Khanal SK, Chandran K, Kim S, Lee JW. 2015. Effects
of temperature on nitrous oxide (N2O) emission from intensive aquacul-
ture system. Sci Total Environ 518-519:1–23. https://doi.org/10.1016/j
.scitotenv.2015.02.076.

21. Mellbye BL, Giguere A, Chaplen F, Bottomley PJ, Sayavedra-Soto LA.
2016. Steady-state growth under inorganic carbon limitation conditions
increases energy consumption for maintenance and enhances nitrous
oxide production in Nitrosomonas europaea. Appl Environ Microbiol
82:3310 –3318. https://doi.org/10.1128/AEM.00294-16.

22. Perez-Garcia O, Villas-Boas SG, Swift S, Chandran K, Singhal N. 2014.
Clarifying the regulation of NO/N2O production in Nitrosomonas euro-
paea during anoxic-oxic transition via flux balance analysis of a meta-
bolic network model. Water Res 60:267–277. https://doi.org/10.1016/j
.watres.2014.04.049.

23. Domingo-Félez C, Smets BF. 2016. A consilience model to describe N2O
production during biological N removal. Environ Sci Water Res Technol
2:923–930. https://doi.org/10.1039/C6EW00179C.

24. Yu R, Perez-Garcia O, Lu H, Chandran K. 2018. Nitrosomonas europaea
adaptation to anoxic-oxic cycling: insights from transcription analysis,
proteomics and metabolic network modeling. Sci Total Environ 615:
1566 –1573. https://doi.org/10.1016/j.scitotenv.2017.09.142.

25. Widder S, Allen RJ, Pfeiffer T, Curtis TP, Wiuf C, Sloan WT, Cordero OX,
Brown SP, Momeni B, Shou W, Kettle H, Flint HJ, Haas AF, Laroche B, Kreft
JU, Rainey PB, Freilich S, Schuster S, Milferstedt K, van der Meer JR,
Gro�kopf T, Huisman J, Free A, Picioreanu C, Quince C, Klapper I,
Labarthe S, Smets BF, Wang H, Isaac Newton Institute Fellows, Soyer OS.
2016. Challenges in microbial ecology: building predictive understand-
ing of community function and dynamics. ISME J 10:2557–2568. https://
doi.org/10.1038/ismej.2016.45.

26. Chain P, Lamerdin J, Larimer F, Regala W, Lao V, Land M, Hauser L,
Hooper A, Klotz M, Norton J, Sayavedra-Soto L, Arciero D, Hommes N,
Whittaker M, Arp D. 2003. Complete genome sequence of the ammonia-
oxidizing bacterium and obligate chemolithoautotroph Nitrosomonas
europaea. J Bacteriol 185:2759 –2773. https://doi.org/10.1128/JB.185.21
.6496.2003.

27. Starkenburg SR, Chain PS, Sayavedra-Soto LA, Hauser L, Land ML, La-
rimer FW, Malfatti SA, Klotz MG, Bottomley PJ, Arp DJ, Hickey WJ. 2006.
Genome sequence of the chemolithoautotrophic nitrite-oxidizing bac-
terium Nitrobacter winogradskyi Nb-255. Appl Environ Microbiol 72:
2050 –2063. https://doi.org/10.1128/AEM.72.3.2050-2063.2006.

28. Oberhardt MA, Palsson BØ, Papin JA. 2009. Applications of genome-scale

metabolic reconstructions. Mol Syst Biol 5:320. https://doi.org/10.1038/
msb.2009.77.

29. Simeonidis E, Price ND. 2015. Genome-scale modeling for metabolic
engineering. J Ind Microbiol Biotechnol 42:327–338. https://doi.org/10
.1007/s10295-014-1576-3.

30. Covert MW, Schilling CH, Palsson B. 2001. Regulation of gene expression
in flux balance models of metabolism. J Theor Biol 213:73– 88. https://
doi.org/10.1006/jtbi.2001.2405.

31. Kauffman KJ, Prakash P, Edwards JS. 2003. Advances in flux balance
analysis. Curr Opin Biotechnol 14:491– 496. https://doi.org/10.1016/j
.copbio.2003.08.001.

32. Henson MA, Hanly TJ. 2014. Dynamic flux balance analysis for synthetic
microbial communities. IET Syst Biol 8:214 –229. https://doi.org/10.1049/
iet-syb.2013.0021.

33. Zhuang K, Izallalen M, Mouser P, Richter H, Risso C, Mahadevan R, Lovley
DR. 2011. Genome-scale dynamic modeling of the competition between
Rhodoferax and Geobacter in anoxic subsurface environments. ISME J
5:305–316. https://doi.org/10.1038/ismej.2010.117.

34. Bollmann A, Bär-Gilissen MJ, Laanbroek HJ. 2002. Growth at low ammo-
nium concentrations and starvation response as potential factors in-
volved in niche differentiation among ammonia-oxidizing bacteria. Appl
Environ Microbiol 68:4751– 4757. https://doi.org/10.1128/AEM.68.10
.4751-4757.2002.

35. Geets J, Boon N, Verstraete W. 2006. Strategies of aerobic ammonia-
oxidizing bacteria for coping with nutrient and oxygen fluctuations.
FEMS Microbiol Ecol 58:1–13. https://doi.org/10.1111/j.1574-6941.2006
.00170.x.

36. Mampaey KE, Beuckels B, Kampschreur MJ, Kleerebezem R, van Loos-
drecht MCM, Volcke EIP. 2013. Modelling nitrous and nitric oxide emis-
sions by autotrophic ammonia-oxidizing bacteria. Environ Technol 34:
1555–1566. https://doi.org/10.1080/09593330.2012.758666.

37. Caranto JD, Vilbert AC, Lancaster KM. 2016. Nitrosomonas europaea
cytochrome P460 is a direct link between nitrification and nitrous oxide
emission. Proc Natl Acad Sci U S A 113:14704 –14709. https://doi.org/10
.1073/pnas.1611051113.

38. Caranto JD, Lancaster KM. 2017. Nitric oxide is an obligate bacterial
nitrification intermediate produced by hydroxylamine oxidoreductase.
Proc Natl Acad Sci U S A 114:8217– 8222. https://doi.org/10.1073/pnas
.1704504114.

39. Wijma HJ, Canters GW, de Vries S, Verbeet MP. 2004. Bidirectional
catalysis by copper-containing nitrite reductase. Biochemistry 43:
10467–10474. https://doi.org/10.1021/bi0496687.

40. Freitag A, Rudert M, Bock E. 1987. Growth of Nitrobacter by dissimilatoric
nitrate reduction. FEMS Microbiol Lett 48:105–109. https://doi.org/10
.1111/j.1574-6968.1987.tb02524.x.

41. Freitag A, Bock E. 1990. Energy conservation in Nitrobacter. FEMS
Microbiol Lett 66:157–162. https://doi.org/10.1111/j.1574-6968.1990
.tb03989.x.

42. Starkenburg SR, Arp DJ, Bottomley PJ. 2008. Expression of a putative
nitrite reductase and the reversible inhibition of nitrite-dependent res-
piration by nitric oxide in Nitrobacter winogradskyi Nb-255. Environ
Microbiol 10:3036 –3042. https://doi.org/10.1111/j.1462-2920.2008
.01763.x.

43. Poughon L, Dussap CG, Gros JB. 2001. Energy model and metabolic flux
analysis for autotrophic nitrifiers. Biotechnol Bioeng 72:416 – 433.
https://doi.org/10.1002/1097-0290(20000220)72:4�416::AID-BIT1004�3
.0.CO;2-D.

44. Kester RA, De Boer W, Laanbroek HJ. 1997. Production of NO and N2O by
pure cultures of nitrifying and denitrifying bacteria during changes in
aeration. Appl Environ Microbiol 63:3872–3877.

45. Huang Z, Gedalanga PB, Asvapathanagul P, Olson BH. 2010. Influence of
physicochemical and operational parameters on Nitrobacter and Nitro-
spira communities in an aerobic activated sludge bioreactor. Water Res
44:4351– 4358. https://doi.org/10.1016/j.watres.2010.05.037.

46. Yu R, Kampschreur MJ, van Loosdrecht MC, Chandran K. 2010. Mecha-
nisms and specific directionality of autotrophic nitrous oxide and nitric
oxide generation during transient anoxia. Environ Sci Technol 44:
1313–1319. https://doi.org/10.1021/es902794a.

47. Law Y, Ni BJ, Lant P, Yuan Z. 2012. N2O production rate of an enriched
ammonia-oxidising bacteria culture exponentially correlates to its am-
monia oxidation rate. Water Res 46:3409 –3419. https://doi.org/10.1016/
j.watres.2012.03.043.

48. Ribera-Guardia A, Pijuan M. 2017. Distinctive NO and N2O emission
patterns in ammonia oxidizing bacteria: effect of ammonia oxidation

Mellbye et al.

May/June 2018 Volume 3 Issue 3 e00170-17 msystems.asm.org 12

https://doi.org/10.1038/nature16459
https://doi.org/10.1038/nature16459
https://doi.org/10.3389/fmicb.2012.00372
https://doi.org/10.1128/AEM.01061-14
https://doi.org/10.1128/AEM.01061-14
https://doi.org/10.1038/ismej.2016.2
https://doi.org/10.1128/mBio.01753-16
https://doi.org/10.1002/bit.25880
https://doi.org/10.1002/bit.25880
https://doi.org/10.1042/BST20110717
https://doi.org/10.1021/es5043222
https://doi.org/10.1016/j.scitotenv.2015.02.076
https://doi.org/10.1016/j.scitotenv.2015.02.076
https://doi.org/10.1128/AEM.00294-16
https://doi.org/10.1016/j.watres.2014.04.049
https://doi.org/10.1016/j.watres.2014.04.049
https://doi.org/10.1039/C6EW00179C
https://doi.org/10.1016/j.scitotenv.2017.09.142
https://doi.org/10.1038/ismej.2016.45
https://doi.org/10.1038/ismej.2016.45
https://doi.org/10.1128/JB.185.21.6496.2003
https://doi.org/10.1128/JB.185.21.6496.2003
https://doi.org/10.1128/AEM.72.3.2050-2063.2006
https://doi.org/10.1038/msb.2009.77
https://doi.org/10.1038/msb.2009.77
https://doi.org/10.1007/s10295-014-1576-3
https://doi.org/10.1007/s10295-014-1576-3
https://doi.org/10.1006/jtbi.2001.2405
https://doi.org/10.1006/jtbi.2001.2405
https://doi.org/10.1016/j.copbio.2003.08.001
https://doi.org/10.1016/j.copbio.2003.08.001
https://doi.org/10.1049/iet-syb.2013.0021
https://doi.org/10.1049/iet-syb.2013.0021
https://doi.org/10.1038/ismej.2010.117
https://doi.org/10.1128/AEM.68.10.4751-4757.2002
https://doi.org/10.1128/AEM.68.10.4751-4757.2002
https://doi.org/10.1111/j.1574-6941.2006.00170.x
https://doi.org/10.1111/j.1574-6941.2006.00170.x
https://doi.org/10.1080/09593330.2012.758666
https://doi.org/10.1073/pnas.1611051113
https://doi.org/10.1073/pnas.1611051113
https://doi.org/10.1073/pnas.1704504114
https://doi.org/10.1073/pnas.1704504114
https://doi.org/10.1021/bi0496687
https://doi.org/10.1111/j.1574-6968.1987.tb02524.x
https://doi.org/10.1111/j.1574-6968.1987.tb02524.x
https://doi.org/10.1111/j.1574-6968.1990.tb03989.x
https://doi.org/10.1111/j.1574-6968.1990.tb03989.x
https://doi.org/10.1111/j.1462-2920.2008.01763.x
https://doi.org/10.1111/j.1462-2920.2008.01763.x
https://doi.org/10.1002/1097-0290(20000220)72:4%3C416::AID-BIT1004%3E3.0.CO;2-D
https://doi.org/10.1002/1097-0290(20000220)72:4%3C416::AID-BIT1004%3E3.0.CO;2-D
https://doi.org/10.1016/j.watres.2010.05.037
https://doi.org/10.1021/es902794a
https://doi.org/10.1016/j.watres.2012.03.043
https://doi.org/10.1016/j.watres.2012.03.043
msystems.asm.org


rate, DO and pH. Chem Eng J 321:358 –365. https://doi.org/10.1016/j.cej
.2017.03.122.

49. Homyak PM, Kamiyama M, Sickman JO, Schimel JP. 2017. Acidity and
organic matter promote abiotic nitric oxide production in drying soils.
Glob Chang Biol 23:1735–1747. https://doi.org/10.1111/gcb.13507.

50. van den Heuvel RN, Hefting MM, Tan NC, Jetten MS, Verhoeven JT. 2009.
N2O emission hotspots at different spatial scales and governing factors
for small scale hotspots. Sci Total Environ 407:2325–2332. https://doi
.org/10.1016/j.scitotenv.2008.11.010.

51. Nicol GW, Leininger S, Schleper C. 2011. Distribution and activity of
ammonia-oxidizing archaea in natural environments, p 157–178. In Ward
BB, Arp DJ, Klotz MG (ed), Nitrification. ASM Press, Washington, DC.

52. Norton JM. 2011. Diversity and environmental distribution of ammonia-
oxidizing bacteria, p 39 –55. In Ward BB, Arp DJ, Klotz MG (ed), Nitrifi-
cation. ASM Press, Washington, DC.

53. Norton JM, Klotz MG, Stein LY, Arp DJ, Bottomley PJ, Chain PS, Hauser LJ,
Land ML, Larimer FW, Shin MW, Starkenburg SR. 2008. Complete ge-
nome sequence of Nitrosospira multiformis, an ammonia-oxidizing bac-
terium from the soil environment. Appl Environ Microbiol 74:3559 –3572.
https://doi.org/10.1128/AEM.02722-07.

54. Rice MC, Norton JM, Valois F, Bollmann A, Bottomley PJ, Klotz MG,
Laanbroek HJ, Suwa Y, Stein LY, Sayavedra-Soto L, Woyke T, Shapiro N,
Goodwin LA, Huntemann M, Clum A, Pillay M, Kyrpides N, Varghese N,
Mikhailova N, Markowitz V, Palaniappan K, Ivanova N, Stamatis D, Reddy
TB, Ngan CY, Daum C. 2016. Complete genome of Nitrosospira briensis
C-128, an ammonia-oxidizing bacterium from agricultural soil. Stand
Genomic Sci 11:46. https://doi.org/10.1186/s40793-016-0168-4.

55. Park MR, Park H, Chandran K. 2017. Molecular and kinetic characteriza-
tion of planktonic Nitrospira spp. selectively enriched from activated
sludge. Environ Sci Technol 51:2720 –2728. https://doi.org/10.1021/acs
.est.6b05184.

56. Pérez J, Buchanan A, Mellbye B, Ferrell R, Chang JH, Chaplen F, Bottom-
ley PJ, Arp DJ, Sayavedra-Soto LA. 2015. Interactions of Nitrosomonas
europaea and Nitrobacter winogradskyi grown in co-culture. Arch Micro-
biol 197:79 – 89. https://doi.org/10.1007/s00203-014-1056-1.

57. Hood-Nowotny R, Umana NH, Inselbacher E, Oswald-Lachouani P,
Wanek W. 2010. Alternative methods for measuring inorganic, organic,
and total dissolved nitrogen in soil. Soil Sci Soc Am J 74:1018 –1027.
https://doi.org/10.2136/sssaj2009.0389.

58. Magee WE, Burris RH. 1954. Fixation of N2 by excised nodules. Plant
Physiol 29:199 –200. https://doi.org/10.1104/pp.29.2.199.

59. Verstraete W, Alexander M. 1972. Heterotrophic nitrification in samples
from natural environments. Naturwissenschaften 59:79 – 80. https://doi
.org/10.1007/BF00593473.

60. Overbeek R, Begley T, Butler RM, Choudhuri JV, Chuang HY, Cohoon M,
de Crécy-Lagard V, Diaz N, Disz T, Edwards R, Fonstein M, Frank ED,
Gerdes S, Glass EM, Goesmann A, Hanson A, Iwata-Reuyl D, Jensen R,

Jamshidi N, Krause L, Kubal M, Larsen N, Linke B, McHardy AC, Meyer F,
Neuweger H, Olsen G, Olson R, Osterman A, Portnoy V, Pusch GD,
Rodionov DA, Rückert C, Steiner J, Stevens R, Thiele I, Vassieva O, Ye Y,
Zagnitko O, Vonstein V. 2005. The subsystems approach to genome
annotation and its use in the project to annotate 1000 genomes. Nucleic
Acids Res 33:5691–5702. https://doi.org/10.1093/nar/gki866.

61. Aziz RK, Bartels D, Best AA, DeJongh M, Disz T, Edwards RA, Formsma K,
Gerdes S, Glass EM, Kubal M, Meyer F, Olsen GJ, Olson R, Osterman AL,
Overbeek RA, McNeil LK, Paarmann D, Paczian T, Parrello B, Pusch GD,
Reich C, Stevens R, Vassieva O, Vonstein V, Wilke A, Zagnitko O. 2008.
The RAST Server: rapid annotations using subsystems technology. BMC
Genomics 9:75. https://doi.org/10.1186/1471-2164-9-75.

62. Kanehisa M, Goto S, Sato Y, Kawashima M, Furumichi M, Tanabe M. 2014.
Data, information, knowledge and principle: back to metabolism in
KEGG. Nucleic Acids Res 42:D199 –D205. https://doi.org/10.1093/nar/
gkt1076.

63. Thiele I, Palsson BØ. 2010. A protocol for generating a high-quality
genome-scale metabolic reconstruction. Nat Protoc 5:93–121. https://
doi.org/10.1038/nprot.2009.203.

64. Beaumont HJ, Hommes NG, Sayavedra-Soto LA, Arp DJ, Arciero DM,
Hooper AB, Westerhoff HV, van Spanning RJ. 2002. Nitrite reductase of
Nitrosomonas europaea is not essential for production of gaseous nitro-
gen oxides and confers tolerance to nitrite. J Bacteriol 184:2557–2560.
https://doi.org/10.1128/JB.184.9.2557-2560.2002.

65. Beaumont HJ, Lens SI, Reijnders WN, Westerhoff HV, van Spanning RJ.
2004. Expression of nitrite reductase in Nitrosomonas europaea involves
NsrR, a novel nitrite-sensitive transcription repressor. Mol Microbiol
54:148 –158. https://doi.org/10.1111/j.1365-2958.2004.04248.x.

66. Kantartzi SG, Vaiopoulou E, Kapaviannidis A, Aivasidis A. 2006. Kinetic
characterization of nitrifying pure cultures in chemostate. Glob NEST J
8:43–51.

67. Feist AM, Henry CS, Reed JL, Krummenacker M, Joyce AR, Karp PD,
Broadbelt LJ, Hatzimanikatis V, Palsson BØ. 2007. A genome-scale met-
abolic reconstruction for Escherichia coli K-12 MG1655 that accounts for
1260 ORFs and thermodynamic information. Mol Syst Biol 3:121. https://
doi.org/10.1038/msb4100155.

68. Balagurunathan B, Jonnalagadda S, Tan L, Srinivasan R. 2012. Recon-
struction and analysis of a genome-scale metabolic model for Scheffer-
somyces stipitis. Microb Cell Fact 11:27. https://doi.org/10.1186/1475
-2859-11-27.

69. Keating SM, Bornstein BJ, Finney A, Hucka M. 2006. SBMLToolbox: an
SBML toolbox for MATLAB users. Bioinformatics 22:1275–1277. https://
doi.org/10.1093/bioinformatics/btl111.

70. Bornstein BJ, Keating SM, Jouraku A, Hucka M. 2008. LibSBML: an API
library for SBML. Bioinformatics 24:880 – 881. https://doi.org/10.1093/
bioinformatics/btn051.

Genome-Scale, Constraint-Based Nitrification Modeling

May/June 2018 Volume 3 Issue 3 e00170-17 msystems.asm.org 13

https://doi.org/10.1016/j.cej.2017.03.122
https://doi.org/10.1016/j.cej.2017.03.122
https://doi.org/10.1111/gcb.13507
https://doi.org/10.1016/j.scitotenv.2008.11.010
https://doi.org/10.1016/j.scitotenv.2008.11.010
https://doi.org/10.1128/AEM.02722-07
https://doi.org/10.1186/s40793-016-0168-4
https://doi.org/10.1021/acs.est.6b05184
https://doi.org/10.1021/acs.est.6b05184
https://doi.org/10.1007/s00203-014-1056-1
https://doi.org/10.2136/sssaj2009.0389
https://doi.org/10.1104/pp.29.2.199
https://doi.org/10.1007/BF00593473
https://doi.org/10.1007/BF00593473
https://doi.org/10.1093/nar/gki866
https://doi.org/10.1186/1471-2164-9-75
https://doi.org/10.1093/nar/gkt1076
https://doi.org/10.1093/nar/gkt1076
https://doi.org/10.1038/nprot.2009.203
https://doi.org/10.1038/nprot.2009.203
https://doi.org/10.1128/JB.184.9.2557-2560.2002
https://doi.org/10.1111/j.1365-2958.2004.04248.x
https://doi.org/10.1038/msb4100155
https://doi.org/10.1038/msb4100155
https://doi.org/10.1186/1475-2859-11-27
https://doi.org/10.1186/1475-2859-11-27
https://doi.org/10.1093/bioinformatics/btl111
https://doi.org/10.1093/bioinformatics/btl111
https://doi.org/10.1093/bioinformatics/btn051
https://doi.org/10.1093/bioinformatics/btn051
msystems.asm.org

	RESULTS
	Nitrification in a closed system produces NOx and N2O. 
	Model simulations predict N oxide production and hydroxylamine accumulation during aerobic nitrification. 
	NOx accumulation is a complex function of both biotic and abiotic reactions and of dissolved O2 depletion in liquid culture. 

	DISCUSSION
	Integrative modeling with a reaction network containing both abiotic and biotic reactions provides new insights into nitrification coupling. 
	Both AOB and NOB contribute to NOx and N2O production through different enzymatic pathways. 
	Application of biotic and abiotic models to complex systems. 

	MATERIALS AND METHODS
	Bacterial strains and routine culture conditions. 
	Experimental batch culturing. 
	Analytical methods. 
	Model structure. 
	Metabolic network reconstruction. 
	Simulations. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

