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Abstract

Multiply substituted isotopic species of nitrous oxide (N2O), referred to as clumped isotopes, represent a promising new
tool for distinguishing production pathways of this potent greenhouse gas. This work presents the first determination of
enrichment factors of N2O clumped isotopes during bacterial denitrification. Samples of N2O obtained after 1-, 3-, and 7-
day incubations of a pure culture of the denitrifier Pseudomonas aureofaciens at 20 �C and 30 �C were analysed by the recently
developed quantum cascade laser absorption spectroscopy (QCLAS) method. Enrichment factors ep/s of the cumulative pro-
duct (p) relative to the substrate (s) were determined using a Rayleigh model for the seven most abundant isotopically sub-
stituted molecules (isotopocules) of N2O. Values of the enrichment factors ep/s (with uncertainty expressed as expanded
standard uncertainty at the 95% confidence interval) at the two incubation temperatures (20 �C/30 �C) are:

14N15N16O (456): e456 = (�40.3 ± 2.6)‰/(�35.1 ± 0.7)‰
15N14N16O (546): e546 = (�38.1 ± 3.4)‰/(�31.2 ± 0.6)‰
14N14N17O (447): e447 = (21.3 ± 1.2)‰/(24.5 ± 0.5)‰
14N14N18O (448): e448 = (38.8 ± 1.5)‰/(46.4 ± 1.2)‰
14N15N18O (458): e458 = (�8.9 ± 2.0)‰/(�11.7 ± 0.6)‰
15N14N18O (548): e548 = (�3.4 ± 1.1)‰/(�1.8 ± 0.5)‰
15N15N16O (556): e556 = (�85.9 ± 1.5)‰/(�63.9 ± 1.4)‰

Temporal evolutions of the abundances of singly substituted N2O isotopocules during nitrate reduction agree with previously
published experiments: there is normal isotope effect associated with the production of 14N15N16O and 15N14N16O; i.e., inter-
mediates leading to 14N14N16O react faster than intermediates leading to 14N15N16O and 15N14N16O. However, the produc-
tion of 14N14N17O and 14N14N18O is associated with inverse isotope effect; i.e., intermediates leading to 14N14N16O react
slower than intermediates leading to 14N14N17O and 14N14N18O due to preferential cleavage of 16O during nitrate reduction
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to N2O. Isotopic fractionation at the incubation temperature of 30 �C was significantly lower compared to 20 �C. We
observed a large kinetic isotope effect of the 15N site preference (SP) and the 15NA18O site preference (SP18) at the onset
of the reaction. SP18 was found to be closer to 0‰ than SP, which is thought to arise from similar rates of breakage of
the 15NAO and 14NAO bonds in the reaction intermediates. The 15NA18O clumped isotope anomalies in two isotopic isomers
(isotopomers) 14N15N18O and 15N14N18O (D458+548

avg ) follow a temporal trend similar to those of SP and SP18. The 15NA15N
clumped isotope anomalies in 15N15N16O are greater than 0‰ and show no clear temporal trend or influence of incubation
temperature, suggesting no strong combinatorial effects involved during the NAN bond formation. Overall, our data illustrate
that clumped N2O isotopes may be used as independent tracers for reaction mechanisms of N2O conversion and may establish
themselves as a worthwhile tool to study the biogeochemical cycle of N2O.

� 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

In natural ecosystems, the ozone-depleting greenhouse
gas nitrous oxide (N2O) is formed by multiple microbial
and abiotic pathways, but the majority of N2O emissions
is generally attributed to two microbial processes: denitrifi-
cation and nitrification (Butterbach-Bahl et al., 2013). Dis-
tinct pathways yield a particular isotopic composition of
the formed N2O due to different associated kinetic isotopic
fractionations (Toyoda et al., 2017); thus, high-precision
measurements of isotope ratios can discriminate between
processes. To determine the source of N2O, the measure-
ment of the isotope ratio of singly isotopically substituted
molecules (isotopocules) expressed in d values (in‰) is usu-
ally employed:

d ¼ Rsample

Rreference

� 1; ð1Þ

where R is the isotope abundance ratio (15N/14N, 17O/16O,
or 18O/16O) in a sample or an international isotopic refer-
ence material (Air-N2 for N, VSMOW for O). In addition
to variations in bulk isotope composition, there is a ten-
dency for the heavier 15N isotope to be enriched at the cen-
tral (a) N position in the asymmetric N2O molecule,
bN–aN–O, under equilibrium conditions (Wang et al.,
2004). This tendency is defined as the 15N site preference
(SP): SP = d456 � d546. The labels 456 and 546 denote short-
hand notations for isotopic isomers (isotopomers)
14N15N16O and 15N14N16O, respectively. For natural N2O
sources, values of SP differ due to varying isotopic fraction-
ation at active centres of enzymes that are involved in N2O
formation and have shown potential for identifying specific
formation mechanisms (Toyoda et al., 2017).

N2O production by denitrifying microorganisms, e.g.
archaea, fungi, and bacteria, involves stepwise enzymatic
reduction of soil nitrate (NO3

–) or nitrite (NO2
–) through

nitric oxide (NO) to N2O (Zumft, 1997). The crucial steps
with respect to N2O formation and its isotopic composition
are the N–N bond formation between two NO molecules
and the subsequent cleavage of one O atom, catalysed by
the NO reductase (NOR). To the best of our knowledge,
the reaction mechanisms of the NO reduction step in deni-
trification remain inconclusive. Three mechanisms have
been proposed for the bacterial NO reduction by the cNOR
enzyme (Watmough et al., 2009; Hino et al., 2010). The
trans mechanism, which is typically favoured in the litera-
ture, describes parallel binding of two NO molecules to
the heme b3-Fe and non-heme FeB and the subsequent for-
mation of the N–N bond with trans symmetry of the reac-
tion intermediate with respect to the N–N bond (Fig. 1 left).
In the other two proposed reaction mechanisms, the NO
molecules are bound in series: 1) either solely to non-
heme FeB, which is known as the cis FeB mechanism
(Fig. 1 middle) and supported by UV/Vis, EPR, and Möss-
bauer spectroscopy (Timóteo et al., 2011); or 2) solely to
heme b3-Fe, known as the cis heme b3 mechanism (Fig. 1
right) and implicated by density functional theory (DFT)
calculations (Blomberg et al., 2006; Blomberg, 2017). In
both mechanisms, a cis isomeric structure of the reaction
intermediate is predicted, with respect to the N–N bond.
The final reaction step in denitrification is N2O reduction
to dinitrogen (N2), which occurs only if the N2O reductase
(N2OR) is expressed in the respective microbial strain.

The bulk 15N/14N ratio of N2O reflects that of the N
substrate (Sigman et al., 2001), while the 18O/16O signature
is more complex. It can be affected by O-exchange or equi-
libration between reaction intermediates and water (H2O),
as well as isotope effects related to the fate of the oxygen
isotopes at a branching point of the reaction. In the reac-
tion chain, oxygen atoms can be either transferred to the
subsequent nitrogen species or be lost as H2O, an effect
called the ‘‘branching isotope effect” (Casciotti et al.,
2007). The site-specific isotopic composition of the pro-
duced N2O is expected to vary based on the reaction mech-
anism of the NO reduction step (Fehling, 2012). For the
trans mechanism, binding of the two NO molecules to the
Fe and FeB is equivalent, and therefore the isotopomers
456–546 and 458–548 (14N15N18O–15N14N18O) are expected
to be formed with a similar probability, making SP and
SP18 close to 0‰. In the absence of N2O reduction, N2O
originating from bacterial denitrification has been observed
to display SP values around 0‰ or slightly negative (Sutka
et al., 2006). Negative SP values can be caused by a slight
preference for 15N to bind to the Fe atom that binds the
N atom that becomes the future terminal N in the formed
N2O. Another explanation for negative SP is isotopic frac-
tionation during breaking of the O–N bond in the symmet-
ric O–NNO species (He et al., 2020) that is small and
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Fig. 1. An illustration of suggested mechanisms for ON–NO coupling by the cNOR enzyme (based on information in Watmough et al.
(2009)) and expected SP values. The cismechanisms also depict a preference for 15NO as the second NO molecule in the N–N bond formation.

122 K. Kantnerová et al. /Geochimica et Cosmochimica Acta 328 (2022) 120–129
inverse (16O–15N slightly more probable to be broken than
16O–14N), resulting in slightly higher production of 546
than 456 (SP < 0‰). In the cis mechanism, the binding of
the second NO molecule to the first one is expected to be
affected by a positive 15N fractionation effect and to result
in highly positive SP values. This is sometimes compared
to the mechanism of N2O produced by fungal denitrifica-
tion with SP around 37‰, with the P450nor enzyme having
one Fe in the centre (Sutka et al., 2008). In spite of a rela-
tively good understanding of these isotope effects, the use of
bulk and site-specific isotope ratios in singly substituted iso-
topocules to distinguish N2O formed in denitrification from
other N2O sources is limited, because different processes
lead to similar isotopic signatures; e.g. fungal denitrification
and hydroxylamine oxidation (Toyoda et al., 2017), or bac-
terial denitrification and nitrifier-denitrification (Sutka
et al., 2003; Frame and Casciotti, 2010).

‘‘Clumped isotope geochemistry” – the study of varia-
tion in abundance of the very rare molecules containing
more than one of the rare isotopes of one or more elements
– is a promising new tool that is expected to facilitate N2O
source attribution by offering new isotopic dimensions (e.g.
Eiler, 2013). Under equilibrium conditions, the bonding of
two heavier isotopes in a molecule (denoted as clumping) is
thermodynamically favoured, and thus their chemical bond
is more stable (Wang et al., 2004). Also, the extent of
clumping tends to increase with decreasing temperature.
Therefore, for samples that are formed under equilibrium,
the clumped isotope content can be used as a proxy for their
formation temperature (Eiler, 2007). This has been applied
for example in carbonate palaeothermometry to access new
information about Earth’s past climates (e.g. van Dijk et al.
2020), or in studies of low-temperature biogenic and
high-temperature thermogenic sources of methane (e.g.
Stolper et al., 2015; Wang et al., 2015). Likewise, the abun-
dance of 18O2 in polar firn and ice was introduced as a
proxy for past levels of ozone (O3) in the troposphere, as
O3 photochemistry equilibrates the isotopic distribution in
O2 (Yeung et al., 2019b).

Besides equilibration temperature, clumped isotope sig-
natures were found to record a variety of other parameters
related to the generation and history of a compound. Under
the non-equilibrium conditions of biologically mediated
chemical reactions, isotopic distribution in molecules is
mostly governed by kinetic isotope fractionation. In this
case, clumped isotopes can offer insight into reaction mech-
anisms, reaction reversibility and/or substrate identity (e.g.
Wang et al., 2015). For example, biological formation of O2

is a non-equilibrium process, as O2 produced by photosyn-
thesis has lower abundances of the clumped isotopocules
18O2 and

17O18O than those calculated for equilibrium con-
ditions (Yeung et al., 2015). This effect, rooted in the statis-
tics of pairing atoms and referred to as a combinatorial
effect, occurs when two halves of an atom pair are assem-
bled with different isotopic preferences or drawn from dif-
ferent reservoirs (Yeung, 2016). The abundance of 15N2

isotopocules, accompanied by modelling, has been applied
to constrain and quantify biological production of N2

in situ in natural soils (Yeung et al., 2019a), to study nitro-
gen chemistry at planetary scale (Yeung et al., 2017), or to
constrain sources of nitrogen in the Earth’s mantle (Labidi
et al., 2020).

While there is a growing body of literature on the factors
controlling the abundance of the clumped isotope species of
CO2, CH4, N2 and O2, N2O remains an understudied gas.
Theoretical studies show that, as with the singly substituted
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isotopomers 456–546, 458 is favoured over 548 under equi-
librium conditions at any temperature (and 14N15N17O over
15N14N17O) (Wang et al., 2004; Cao and Liu, 2012). The
15N affinity for the central N position results in a complex
relationship between equilibrium clumped isotope signa-
tures and temperature, yielding large signals; e.g. 46‰
enrichment of 458 over 548 at 300 K (Wang et al., 2004).
In parallel to the established SP, the clumped isotope
signature SP18 is used to express this enrichment:
SP18 = d458 – d548. The equilibrium abundance of 556
(15N15N16O) is governed by different temperature beha-
viours of the isotopomers 456 and 546, resulting in only a
small enrichment at 300 K (Wang et al., 2004). The abun-
dances of the clumped species 458, 548, and 556 in N2O
are expressed in D values; e.g., D458 represents the 458/446
ratio relative to the stochastic distribution of 14N, 15N,
16O, 17O, and 18O within the N2O pool. A detailed
description of the D notation used here can be found in
the Methods subsection.

In addition to equilibrium thermodynamics, D458, D548

and D556 record information about the reaction mechanism,
reversibility, transport processes, and mixing. First experi-
mental data on the clumped isotope signatures of N2O pro-
duced by microbial denitrification were published by
Magyar et al. (2016). The authors obtained few data
regarding the site preference of 15N in relation to 18O
(SP18 = � 0.5 ± 3.8‰) or the average content of two
clumped isotopomers 458 and 548 (0.39 ± 0.40‰). Further-
more, D556 was not quantified, probably due to mass inter-
ferences with 12C18O16O during isotope-ratio mass
spectrometry (IRMS) analysis. Generally, the D556 signa-
ture is a product of the difference in 15N abundance between
moieties involved in the N–N bond formation and related
kinetic isotope effects (Yeung, 2016). Based on Yeung
(2016), D556 values are predicted to be depleted up to
0.6‰ due to possible combinatorial effects during the N–
N coupling. Regarding clumped N2O isotopes in denitrifi-
cation, it has been hypothesised that: 1) similar to SP,
SP18 reflects the characteristic signature for the transition
state during the N–N bond formation and the N–O bond
cleavage (distinguishing between the cis or trans structure
of intermediates); 2) D458 and D548 are characteristic signa-
tures for the N substrate, its transformations and equilibra-
tion of denitrification intermediates with H2O (Magyar
et al., 2016); or 3) similar to SP18, D556 captures information
about kinetics, transition state, and combinatorics that are
subject to the N–N bond formation (Yeung, 2016; Toyoda
et al., 2017). A comprehensive understanding of clumped
isotope signatures from kinetically governed reactions is
currently missing due to the complex relationship of effects,
the lack of theoretical models, and, most importantly, the
very limited experimental data available (Kaiser et al.,
2003; Magyar et al., 2016; Kantnerová et al., 2020b;
Kantnerová et al., 2020a).

The aim of this study is to provide clumped isotope sig-
natures D458, D548, and D556 of N2O produced by the deni-
trifying bacteria Pseudomonas aureofaciens. This strain
lacks the N2OR enzyme and, therefore, quantitatively con-
verts NO3

– to N2O without further reduction to N2. We
apply a laser spectroscopic technique with an independent
calibration approach, which extends the current analytical
toolbox over standard IRMS. Results are expected to allow
for evaluation of the use of clumped N2O isotopes as an
independent tool for mechanistic studies on the N2O cycle
once more detailed models become available. The hypothe-
ses presented here are based on currently available esti-
mates of clumped isotope behaviour. In future, a more
detailed model using high-level ab initio methods must be
developed for clumped N2O isotopes, as those methods
provide better absolute accuracy (Raman et al., 2005) com-
pared to, e.g., the quantum chemical approach using con-
tinuum models that was applied by Fehling (2012).

2. METHODS

2.1. Denitrifier incubation

The denitrifier Pseudomonas aureofaciens (ATCC 13985)
was incubated at either 20 �C or 30 �C for 1, 3, or 7 days to
convert the NO3

– in the medium to N2O, following the
method described in Hattori et al. (2016). Tryptic soy broth
(TSB, volume 1 L) was prepared in media bottles with
36 mmol KH2PO4, 10 mmol KNO3, and 7.5 mmol NH4Cl,
and sealed with aluminium-capped butyl septa. The total
volume of the liquid phase was 44 mL for the intermediate
medium and 440 mL for the reaction medium. The medium
bottles were autoclaved at 121 �C for 30 min (intermediate
medium) or 50 min (reaction medium) and allowed to cool
overnight in the autoclave. A strain of denitrifier P. aureo-
faciens was grown for 2 days in the intermediate medium.
The bottles were placed in an incubator shaker (60 rpm)
at 30 �C. The bottles with reaction medium were inoculated
afterwards with 2 mL of the denitrifier solution from the
intermediate medium. They were kept in the incubator sha-
ker at either 20 �C or 30 �C to convert NO3

– to N2O. N2O
was collected after 1, 3, or 7 days to obtain the product
at different stages of the reaction progress. Each experiment
was duplicated under the specified reaction conditions.

2.2. Sampling of N2O

N2O produced during incubations was purged from the
medium with high–purity helium (He, 99.9995%) at a flow
rate of 100 mL/min for 44 min, which is equivalent to ten
times the volume of the medium. The gas was purified using
a pre-concentration line built in-house (Fig. A.1) by being
passed through 300 mL of 1 M NaOH solution in a gas-
washing bottle to remove CO2, then a permeation dryer
(MD-050-72S-2 Perma Pure, Dr. Marino Müller AG,
Switzerland; with counter-flow of dry air at 500 mL/min)
to dehumidify the gas, and an Ascarite (Sigma Aldrich,
Switzerland) trap bracketed by magnesium perchlorate
(Fisher Scientific AG, Switzerland) to remove residual
CO2 and H2O. Sampled N2O was frozen into a stainless-
steel loop immersed in liquid N2. The gas flow was moni-
tored at the outlet of the line by a mass-flow meter (red-y
compact, Vögtlin Instruments GmbH, Switzerland). After
the sampling, He and other trace gases with low
boiling points were removed by evacuation, before the col-
lected N2O was cryogenically transferred into a 50 mL
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stainless-steel cylinder (ARBOR Fluidtec AG, Switzer-
land). Prior to the analysis, the samples were diluted with
N2 (99.9999%) to approx. 1.55% N2O.

2.3. QCLAS analysis

The analytical setup consisted of a spectrometer using
quantum cascade laser absorption spectroscopy (QCLAS)
and an automated gas inlet system (both Aerodyne
Research, Inc., USA). Calibration and sample gases were
introduced separately through the inlet system (approx.
10 mL at standard temperature and pressure, i.e., approx.
6 lmol of N2O in N2 per analysis) into a pre-evacuated
optical cell of the QCLAS instrument. The pressure in the
optical cell was adjusted by filling an intermediate volume
of 50 mL (±20 mL) with a calibration or sample gas to a
pre-set pressure. The gas was then expanded into the pre-
evacuated cell, which was then closed, and an absorption
spectrum was measured. The leak rate of the optical cell
was 40 Pa/h, which is negligible for the duration of the
gas analysis (2.5 min). A measurement cycle (42 min) con-
sisted of the analysis of the sample gas bracketed by analy-
ses of three calibration gases (CG; a sequence of CG1-CG2-
CG3-sample-CG1-CG2-CG3); this cycle was then repeated
three times for every sample. Between the individual analy-
ses, the optical cell and the inlet system were evacuated for
90 s, flushed with N2 (99.9999%), and then evacuated for
another 90 s. A more detailed description of the analytical
technique can be found in Kantnerová et al. (2020a) and
Kantnerová et al. (2020b).

2.4. Data analysis

The N2O yield was determined gravimetrically after
purification by comparing weights of empty 50 mL
stainless-steel cylinders with weights of the same cylinders
filled with the purified N2O. The d and D values for the sam-
ple gases were calculated using the mole-fraction calibra-
tion scheme described in Kantnerová et al. (2020b). The
calibration gases span a concentration range of 1.50 –
1.85% N2O in N2. The gases share the same isotopic com-
position: d456 = (�0.11 ± 0.20)‰, d546 = (0.95 ± 0.21)‰,
d448 = (38.57 ± 0.25)‰, D458 = (�0.06 ± 0.80)‰, D548 =
(0.49 ± 0.46)‰, D556 = (�0.88 ± 1.76)‰. The given uncer-
tainties are expanded uncertainties at the 95% confidence
interval. The d values were determined against reference
gases that are anchored to 15N/14N ratios of Air-N2 and
18O/16O and 17O/16O ratios of VSMOW by Sakae Toyoda,
Tokyo Institute of Technology (Toyoda et al., 1999). The D
values are given relative to the calculated stochastic distri-
bution and were standardised by heating the working
standard in the presence of aluminium oxide at 100 �C
and 200 �C (more details in Magyar et al. (2016) and
Kantnerová et al. (2020b)). The mass-independent beha-
viour of O isotopes was evaluated by calculating D17O,
where D17O = d18O� 0.516 d17O (Werner and Brand, 2001).

Enrichment factors ep/s of the cumulative product (p)
relative to the substrate (s) describe isotope fractionation
effects during a reaction. The enrichment factors were cal-
culated using the Rayleigh model following definitions for
ep/s in Mariotti et al. (1981) and Sutka et al. (2006).
Changes in the isotopic composition during denitrification
(the Rayleigh model) were described following Sutka
et al. (2006) and fitted using [x] vs. d plots:

y ¼ aþ b x½ � ð2Þ
where y is the d value, a and b are coefficients estimated by
fitting using the accumulated product model, and the vari-
able [x] represents the course of the reaction (1: reaction
start, 0: reaction end) (Sutka et al., 2006):

x½ � ¼ �f
ln fð Þ
1� f

ð3Þ

where f is the fraction of the remaining substrate:

f ¼ 1� 2nN2O

nNO3
�;0

ð4Þ

Here, n is the molar amount of accumulated product
N2O and initial substrate NO3

–. The slope b in Eq. (2) cor-
responds to the enrichment factor ep/s (Sutka et al., 2006).
The fractionation factor a, which is defined as a ratio of
the rate constants of the heavy (k2) and the light (k1) iso-
topocules (Haslun et al., 2018), can be calculated using
Eq. (5):

a ¼ ep=s þ 1 ð5Þ
An example of the Rayleigh fractionation plots for d458

can be found in the Supplementary information (Fig. A.2).
Fitting and calculation of confidence intervals was per-
formed using York’s method (York, 1969). The intercept
(a) and slope (b), as well as 95% confidence intervals, were
calculated by including the standard deviation on both [x]
(estimated from the gravimetric determination) and y data
(obtained from the QCLAS analysis).

2.5. Notation for clumped N2O isotopes

The abundance of the clumped isotopocules is usually
referenced to the stochastic distribution of isotopes and
given in D values. The definition of the D values derives
from a set of isotope-exchange equilibrium reactions
between all twelve N2O isotopocules (Wang et al., 2004);
e.g. for D556:

14N14N16O þ 15N15N16O $ 14N15N16O þ 15N14N16O

ð6Þ
This isotope-exchange reaction can be described by the

equilibrium constant K using concentration of the involved
isotopocules (square brackets):

K ¼ 456½ �½546�
446½ �½556� ð7Þ

The value of K is temperature-dependent; in general, a
temperature increase drives the isotopic equilibrium to the
right, leading to a decrease of the abundance of the
clumped species. The D variable is defined in accordance
with e.g. Ono et al. (2014) and Prokhorov et al. (2019);
the full, detailed derivation can be found in Kantnerová
(2020):
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D556 � � ln
K
K�

� �

¼ R556

R556� � 1

� �
� R456

R456� � 1

� �
� R546

R546� � 1

� �
ð8Þ

R556 is the ratio of the abundance of the 556 species to
that of the 446 species in a sample; R556* is the ratio of
the abundance in the same sample but with stochastic iso-
topic distribution (the reference point; similarly for 456
and 546). The D556 values were referenced against a work-
ing standard gas according to Eq. (11) in Kantnerová
et al. (2020b), and in a similar manner for D458 and D548.

3. RESULTS

After 1-, 3-, and 7-day incubations of P. aureofaciens,
the N2O yields were approx. 2%, 65%, and 90% at 20 �C
and 5%, 90%, and 100% at 30 �C, respectively. Due to
the limited amount of N2O, the gas samples from the 1-
day incubations conducted at 20 �C were not analysed.
The gas samples from duplicated 1-day incubations con-
ducted at 30 �C were combined and the QCLAS analysis
was run twice (two triplicate analyses), but on one com-
bined sample only. Other sample gases were analysed in
the standard way, i.e., one triplicate analysis per each dupli-
cated sample.

The enrichment factors ep/s derived from the Rayleigh
model using Eq. (2)–(4) are summarised in Table 1. The iso-
topocules 456, 546, 458, and 556 have negative ep/s values,
indicating normal isotopic fractionation. The isotope effect
for 556, e556, is approximately equal to the sum of e456 and
e546. In contrast, 447 and 448 show an inverse isotope effect
(positive values). Isotope ratios 17O/16O and 18O/16O follow
mass-dependent fractionation as D17O is close to 0‰; D17O
= (0.18 ± 0.27)‰. For the species 548, ep/s is close to 0‰, as
there was no significant change in the d548 values during the
reaction; see Tables A.1 and A.2 for the individual incuba-
tions at 20 �C and 30 �C, respectively. At higher incubation
temperatures, smaller values of ep/s for 456, 546, and 556
were observed (Table 1), while ep/s for 447, 448, and 458
increased (absolute values).
Table 1
Enrichment factors ep/s and intercepts derived from the Rayleigh
model for N2O production by the denitrifier P. aureofaciens at 20 �
C and 30 �C. The uncertainty is expressed as expanded standard
uncertainty at the 95% confidence interval. All values are given in
‰.

20 �C 30 �C

ep/s intercept ep/s intercept

e456 �40.3 ± 2.6 �4.2 ± 1.3 �35.1 ± 0.7 �3.5 ± 0.6
e546 �38.1 ± 3.4 �0.8 ± 1.0 �31.2 ± 0.6 1.6 ± 0.6
e15bulk �39.1 ± 2.3 �2.6 ± 0.9 �33.2 ± 0.6 �0.9 ± 0.6
e447 21.3 ± 1.2 3.6 ± 0.4 24.5 ± 0.5 3.9 ± 0.5
e448 38.8 ± 1.5 7.6 ± 0.7 46.4 ± 1.2 7.6 ± 1.0
e458 �8.9 ± 2.0 4.2 ± 1.1 �11.7 ± 0.6 9.7 ± 0.5
e548 �3.4 ± 1.1 2.2 ± 0.4 �1.8 ± 0.5 11.4 ± 0.2
e556 �85.9 ± 1.5 �1.5 ± 0.6 �63.9 ± 1.4 �1.4 ± 1.3
Fig. 2a shows that there is a small but consistent tempo-
ral trend in SP as the reaction progresses. We also observed
a similar temporal trend in the clumped signatures SP18 and
the average abundance of 458 and 548 represented by
D458+548
avg (Fig. 2b,c). The temporal trends and values for

D458 and D548 were similar, and they were therefore com-
bined into D458+548

avg for interpretation. For all parameters,
the reaction is clearly outside of equilibrium conditions
(Wang et al., 2004; Cao and Liu, 2012), which is indicated
for D458+548

avg by the grey bar in Fig. 2c (theoretical equilib-
rium D458+548

avg values). Temporal changes in N2O isotopic
composition were particularly pronounced for the sampling
after 1-day incubations (Fig. 2a,b,c; the data close to
[x] = 1). Regarding the effect of incubation temperature,
we observed differences in SP and SP18 of around 2‰
(Fig. 2a,b and Table 2) for incubations at 20 �C and 30 �
C. For D458+548

avg , there was no significant effect of incubation
temperature on the isotopic values (Fig. 2c and Table 2).

Finally, Fig. 2d provides D556 values as a function of the
reaction progress. Values are mostly positive, they do not
show a clear trend with respect to incubation temperature
or reaction time, and they indicate variations between the
duplicate incubations. Due to the large scatter in the D556

data, no conclusion on reaction reversibility during the
N–N bond formation can be drawn (indicated by the grey
bar for the reaction under thermal equilibrium).

4. DISCUSSION

The negative enrichment factors ep/s for isotopocules
456, 546, 458, and 556 (Table 1) show that the isotopically
lighter reaction intermediates react faster than the heavier
ones. On the contrary, ep/s for 447 and 448 indicate an
inverse isotope effect, which is in accordance with the liter-
ature (Toyoda et al., 2005). The observed inverse isotope
effect corresponds to preferential cleavage of the 16O iso-
tope in the sequential NO3

� and NO2
� reduction to NO.

The O–exchange between intermediates in the NO3
� reduc-

tion and H2O can also affect d447 and d448 values of the pro-
duced N2O (Casciotti et al., 2002). Smaller values of ep/s for
species 456, 546 and 556 at higher incubation temperature
(Table 1) agree with previous findings for 456 and 546;
e.g. Mariotti et al. (1981) reported smaller e15Nbulk values
(an average for the isotopomers 456 and 546) for soil sam-
ples incubated at 30 �C compared to those at 20 �C. This
effect can be explained by an increase in the NO3

� reduction
rate with incubation temperature. Consequently, substrate
transport (e.g., diffusion) into the enzyme active centre
becomes rate-limiting and, therefore, fractionation associ-
ated with NO3

� reduction is more limited. The temperature
optimum for growth of P. aureofaciens likely lies between
28 �C and 30 �C (Hayn et al., 1956). Therefore, for our
experiments, the reaction rate of NO3

� reduction can be
expected to be higher at 30 �C. This is confirmed by a dis-
tinct difference in the observed N2O yields at both temper-
atures after the same incubation time (e.g., Table 2 – 91.0%
at 20 �C and 100% at 30 �C for 7-day incubations). How-
ever, the magnitude of the resulting isotope effects is a pro-
duct of a complex interplay between reaction rates for
different reduction steps, transport rates into and out of



Fig. 2. Plots for (a) SP, (b) SP18, (c) D458+548
avg , and (d) D556 of N2O produced by P. aureofaciens as a function of the reaction progress expressed

as �(f ln(f))/(1 � f), where f is the fraction of remaining substrate. The reaction progress is from right to left. Dashed lines follow trends that
are discussed in the main body of the text. Grey bars in plots (c) and (d) depict a narrow area of possible isotopic composition for N2O that is
formed under thermal equilibrium (based on theoretical calculations by Wang et al., 2004; Cao and Liu, 2012).

Table 2
N2O isotopic composition at maximum NO3

� conversion by P. aureofaciens at 20 �C and 30 �C, and comparison with results for P. aeruginosa
by Magyar et al. (2016) (at 37 �C; Magyar, 2017). The indicated uncertainties are expressed as the standard error of the mean for the duplicate
incubations (this study) or for the samples from triplicate incubations (Magyar et al., 2016). All isotopic values are given in ‰.

Sample yield/% d15Nbulk d447 d448 SP SP18 D458+548
avg

20 �C 91.0 ± 0.9 �11.8 ± 0.1 8.3 ± 0.1 16.1 ± 0.2 �3.9 ± 0.3 0.8 ± 0.3 �2.7 ± 0.3
30 �C 100 �1.7 ± 0.1 7.7 ± 0.1 15.3 ± 0.2 �5.7 ± 0.2 �1.1 ± 0.3 �2.6 ± 0.2
Magyar et al., 2016 100 �5.4 ± 0.2 25.1 ± 0.1 47.9 ± 0.1 �3.7 ± 0.3 �0.5 ± 3.8 0.4 ± 0.4
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the cell, and exchange between substrate pools, all of which
depend fundamentally on the incubation temperature. A
model describing relationships between incubation temper-
ature and isotopic fractionation has been developed for sul-
phate reduction, but is not trivial (Canfield et al., 2006). To
the best of our knowledge, such a model currently does not
exist for NO3

� reduction.
The temporal trend in SP (Fig. 2a) agrees with the subtle

(statistically insignificant) trend observed by Sutka et al.
(2006); however, Haslun et al. (2018) indicated rather con-
stant SP during the reaction. As previously discussed,
slightly negative SP values can result from differences in
15N/14N fractionation between the two Fe binding atoms
or inverse isotopic fractionation (15N atoms react faster
than 14N) during the N–O bond breaking. In turn, we can
deduce that 15N–16O bond breakage in the
16O–14N–15N–16O intermediate species is kinetically pre-
ferred over that of 14N–16O bond cleavage, which results
in negative SP values ranging from �6‰ to �4‰ (Fig. 2a
and Table 2). Interestingly, for both incubation tempera-
tures, SP18 values are much closer to 0‰ than the SP values
(Fig. 2b and Table 2). Following the argumentation above,
SP18 values close to zero translate into a similar rate of
15N–16O bond breakage in the 18O–14N–15N–16O intermedi-
ate and 14N–16O bond breakage in the 16O–14N–15N–18O
intermediate. For a mechanistic understanding of this
effect, the strengths of the N–O bonds in O–N–N–O inter-
mediates should be investigated theoretically in a future
study.

Comparing D458+548
avg with SP and SP18 (Fig. 2a,b,c), we

found an increasing preference for moieties 15N–16O and
15N–18O as the reaction progresses, probably due to stron-
ger bonding than in moieties with 14N. Temporal changes in
N2O isotopic composition (Fig. 2a,b,c) may be related to
large kinetic fractionation effects and deviation from ther-
modynamic equilibrium at the beginning of the reaction.
This was observed by Haslun et al. (2018), where ep/s values
varied over the course of the experiment. A gradual change
in ep/s can occur in such a multi-step process due to the co-
occurrence of multiple enzymatic steps and limitation by
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product and/or substrate diffusion (Sutka et al., 2008). The
ep/s values may also depend on the extent of reaction
reversibility. Alternatively, dynamics in the isotope beha-
viour might be driven by changes in microbial biomass or
enzyme concentration (Maggi and Riley, 2010).

As mentioned above, SP and SP18 generally depend on
the kinetic fractionation involved in the binding of the
two NO molecules before the N–N bond formation or frac-
tionation during the subsequent N–O bond breaking. Yang
et al. (2014) attributed an increase in SP to normal kinetic
isotope fractionation for the central N position and inverse
fractionation for the terminal N position. Based on statisti-
cal thermodynamics calculations (Wang et al., 2004; Cao
and Liu, 2012), SP and SP18 values around 47‰ and 45‰
are expected at 20 �C and 30 �C, respectively, for a thermo-
dynamically equilibrated system. We assume that SP and
SP18 values lower than that mean that the reaction is less
reversible. Differences in SP and SP18 of around 2‰
(Table 2), which were observed for the incubations at 20 �C
and 30 �C in the present study, can thus be attributed to less
reversible NO reduction (which is more governed by reaction
kinetics) with increasing temperature.

Table 2 shows a comparison of our results with those of
Magyar et al. (2016), where N2O was produced by the den-
itrifying bacteria P. aeruginosa with the same cNOR
enzyme. In that work, little was discussed with regard to
isotopic fractionation over the course of the reaction,
temperature-related information, or possible reaction
mechanisms. Nevertheless, values of SP, SP18, D458+548

avg ,
and d15Nbulk in our study show good agreement with those
by Magyar et al. (2016), while d447 and d448 differ, by
approx. 17‰ and 33‰, respectively. This disagreement
might be due to different reaction conditions or factors,
including O isotopic composition of reaction substrates,
equilibration of reaction substrates and intermediates with
H2O, O-branching effects, or incubation temperature (P.
aeruginosa, as used by Magyar et al. (2016), was incubated
at 37 �C; Magyar, 2017).

The observed fluctuations in D556 (Fig. 2d) might be
partly caused by analytical uncertainties involved in
repeated measurements by QCLAS, which has shown to
be particularly challenging (Kantnerová et al., 2020b).
However, uncertainties contributed by differences in indi-
vidual incubations cannot be excluded. The value of D556

around 0‰ would indicate high reversibility during the
N–N bond formation, as the two NO species 15N–16O
and 15N–O, which ultimately create the isotopocule 556
after cleavage of the O atom, are bound to the active site
independently of each other. Theoretically, the resulting
D556 is also expected to be close to the stochastic value of
0‰. For reactions in thermodynamic equilibrium, Wang
et al. (2004) predicted D556 to be around zero (specifically
�0.7‰ to 0.1‰). In addition, for denitrification-derived
N2O, Magyar (2017) predicted D556 of �0.01‰ using a sim-
plified, statistical mechanical model of the cNOR active
site, which was characterised by vibrational motions of
NO bound to Fe in cNOR (based on the literature on spec-
troscopy of cNOR and similar proteins). The absence of
negative values of D556 may confirm that no strong combi-
natorial effects are involved, as the 15N site preference is
close to zero (Yeung, 2016). Further interpretation of the
D556 dataset presented here is beyond the scope of this
study. The use of D556 values as indicators for specific reac-
tion mechanisms requires further measurements under
more controlled conditions.

5. CONCLUSION

This study reports on the three most abundant clumped
isotope species of N2O (458, 548, and 556) from the bacte-
rial denitrification and discusses for the first time their tem-
poral trends and enrichment factors. Measured isotope
effects and temporal trends for the singly substituted iso-
topocules (456, 546, 447, and 448) show good agreement
with previously published findings. Large kinetic isotope
effects for the initial reaction period are observed in the
temporal trends of the site preferences SP and SP18. When
the reaction is complete, SP18 is found to be close to 0‰,
and the values of SP range between �6‰ and �4‰. Differ-
ences in SP and SP18 are interpreted in terms of the N–O
bond breakage of the reaction intermediate O–N–N–O.
The average abundance of the clumped isotopomers 458
and 548, D458+548

avg , follows a temporal trend similar to the
trends of SP and SP18. In addition, we studied the impact
of incubation temperature on isotope fractionation and
observed smaller isotope effects at higher incubation tem-
perature (30 �C compared to 20 �C). Our dataset, in partic-
ular SP and SP18, and the currently available hypotheses on
the isotope signatures may support the trans reaction mech-
anism of the NO reduction to N2O by the cNOR enzyme.
However, further theoretical modelling and experimental
data will be needed to conclude the ongoing dispute over
the cis and trans reaction mechanisms.

Nevertheless, this work shows that clumped isotopes of
N2O provide new dimensions to the currently widely used
isotope-mapping approaches, which might offer new
insights into the sources and mechanisms of N2O produc-
tion that are not achievable using only singly substituted
isotopocules. The clumped N2O proxies SP18, D556, and
D458 (or D458+548

avg ) might also offer information about NO
bonding to Fe atoms, the structures of transition states
and reversibility of N–N binding reactions (SP18 and
D556) as well as the identification and extent of equilibration
of reaction substrates (D458). To apply these proxies for
N2O source partitioning in natural environments, further
analyses of N2O from other prominent source processes,
e.g., nitrification, fungal denitrification, and abiotic NH2-
OH oxidation, under controlled reaction conditions (tem-
perature, pH, etc.) are required. Key questions to solve in
future research include constraining uncertainties in differ-
ences between SP and SP18 and obtaining additional infor-
mation about 15N–18O abundance in nitrogen substrates
using D458. In parallel, a theoretical framework on the abi-
otic and enzymatic reaction mechanisms, including their
clumped isotope signatures, must be developed to support
the interpretation of experimental data.
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Kantnerová K., Yu L., Zindel D., Zahniser M. S., Nelson D. D.,
Tuzson B., Nakagawa M., Toyoda S., Yoshida N., Emmeneg-
ger L., Bernasconi S. M. and Mohn J. (2020b) First investiga-
tion and absolute calibration of clumped isotopes in N2O by
mid-infrared laser spectroscopy. Rapid Commun. Mass Spec-

trom. 34, e8836.
Labidi J., Barry P. H., Bekaert D. V., Broadley M. W., Marty B.,

Giunta T., Warr O., Sherwood L. B., Fischer T. P., Avice G.,
Caracausi A., Ballentine C. J., Halldórsson S. A., Stefánsson
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