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Abstract

We present a simplification of the denitrifier method proposed by Christensen and Tiedje [1988. Sub-parts-per-billion nitrate method—

use of an N2O-producing denitrifier to convert NO�3 or (NO�3 )-N-15 to N2O. Applied and Environmental Microbiology 54, 1409–1413]

and Sigman et al. [2001. A bacterial method for the nitrogen isotopic analysis of nitrate in seawater and freshwater. Analytical Chemistry

73, 4145–4153] for d15N analysis of nitrate (NO�3 ) and test the method for 15NO�3 analysis in soil extracts. A denitrifying strain without

N2O reductase (Pseudomonas chlororaphis) was used to quantitatively reduce NO�3 to nitrous oxide (N2O), which was analysed for d15N
on an isotope ratio mass spectrometer (IRMS) with a cryo-concentration unit for N2O. The produced N2O was collected in dry bottles,

thus enabling storage and transportation of N2O for later isotope analysis. We show both theoretically and by measurement that

sampling N2O from the headspace above the denitrifier culture does not result in a significant loss of precision and accuracy when using

bottles with a headspace to culture ratios above 11 (vol/vol). We further tested the effect of P. chlororaphis cell numbers on the

conversion and isotopic composition of NO�3 ; P. chlororaphis from a 6 day culture effectively converted 1–5mg NO�3 within a reasonable

time window, thus making tedious concentration of cells unnecessary. When applying the denitrifier method to NO�3 extracted from soil,

caution must be exercised to avoid N2O conversion to N2 by indigenous denitrifiers. We found this to be a problem in extracts from a soil

with high N2O reductase activity (induced by anaerobic preincubation with N2O as the sole electron acceptor). However, a brief heating

of the soil extracts to 80 1C prior to the addition of P. chlororaphis cells eliminated any indigenous activity from the samples while having

no measurable effect on the isotopic composition of the measured NO�3 . The method has a precision (SD) better than 70.2% for soil

extracts with 1–5mg NO�3 -N sample�1.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Stable isotopes have become an important tool when
studying nitrogen (N) cycling and transformations. Exam-
ples of common applications are pool dilution experiments,
e.g. for assessing N mineralization and nitrification rates
(Davidson et al., 1991; Andersen and Jensen, 2001; Müller
et al., 2003), tracer studies for immobilization and plant
assimilation studies (Powlson and Barraclough, 1993),
source or process studies of climate gas emissions (Poth
e front matter r 2007 Elsevier Ltd. All rights reserved.
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and Focht, 1985; Stevens et al., 1998; Mørkved et al.,
2006), and N removal and source tracing in wetlands or
catchments (Kendall, 1998). These studies are based on
isotopic labelling of one or more pools, or make use of
natural isotopic variations occurring in the course of N-
conversion processes. Nitrate (NO�3 ) is a central N species
in the nitrogen cycle, and for precise and accurate analysis
of its stable isotope composition (d15N), it must be
separated from other N species, and further transformed
to a form that can be analysed by mass spectrometry.
Several preparation methods have been developed for

15N analysis in NO�3 , depending on matrix, concentrations
and experimental conditions. Silva et al. (2000) presented a
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method for freshwater and seawater samples, in which
NO�3 is loaded on an ion exchange resin in the field, and
then eluted, purified and concentrated in the laboratory.
Others have used conversion of NO�3 to Sudan-1
(1-phenylazo-2-naphtol) before purification with reverse
phase chromatography for d15N natural abundance mea-
surements of NO�3 in water samples (Johnston et al., 1999).
A commonly used method for d15N of ammonium (NHþ4 )
and NO�3 in soil extracts is ‘the diffusion method’, in which
NHþ4 is converted to ammonia (NH3) and removed by
increasing the pH to 410 as it then diffuses off (and can be
trapped in acid for 15N analysis). This is followed by
chemical reduction of the remaining NO�3 and nitrite
(NO�2 ) to NH3 which is trapped (as NHþ4 ) in acid and
analysed (e.g. Stark and Hart, 1996; Mulvaney and Khan,
1999). A much used chemical method was developed by
Stevens and Laughlin (1994) for 15N labelling studies which
reduces NO�2 and NO�3 consecutively to nitrous oxide
(N2O). A corresponding method was developed by McIlvin
and Altabet (2005) for natural abundance measurements of
15N and 18O in seawater and freshwater NO�2 and NO�3 .

N2O is a convenient N-species for 15N analysis as
relatively small amounts (1.3 nmoles) can be analysed on-
line by continuous-flow isotope ratio mass spectrometers
(CF-IRMS) equipped with commercial cryo-concentration
units. Christensen and Tiedje (1988) and Sigman et al.
(2001) used denitrifying bacteria lacking N2O reductase to
reduce NO�3 quantitatively to N2O, which was then
quantified and/or analysed for its 15N content (‘the
denitrifier method’). Christensen and Tiedje (1988) pre-
sented the denitrifier method mainly for measuring low
NO�3 concentrations in difficult matrices (such as soil) and
showed that it could also be used for 15N analysis in
enrichment experiments. Sigman et al. (2001) developed the
method further for natural abundance d15N measurements
of NO�3 in freshwater, seawater and sediment pore water.
The denitrifier method can also be used for d18O analysis of
NO�3 , since oxygen (O) in NO�3 is largely retained in N2O
and O originating from water can be corrected for. The
extent of this O exchange with water, however, depends on
the denitrifier strain used for the conversion (Casciotti et
al., 2002; Coplen et al., 2004).

Advantages of the denitrifier method are that it requires
as little as 1 mmol NO�3 , that the method is precise and
accurate enough for natural abundance analysis, that
sample preparation is relatively fast and that there are
few problems with contamination from other N species.
The method does not distinguish between NO�2 and NO�3 ,
although this has been accomplished in labelling studies
using Pseudomonas aeruginosa mutants (with and without
nitrate reductase; Højberg et al., 1994). The denitrifier
method has been used for water samples, groundwater,
unsaturated zone and sediment samples but has not yet
been evaluated for 15N natural abundance analysis of NO�3
in actively denitrifying soils. Unlike the cultured denitrifier
used for the conversion of NO�3 to N2O, most soil
denitrifiers express an active enzyme for N2O reduction
(to N2). Partial reduction of N2O during the conversion,
however, would lead to isotopic enrichment of the
remaining N2O due to large kinetic isotope fractionation
during denitrification and thus disqualify the method for
15NO�3 natural abundance analysis.
Another possible source of isotope fractionation is the

transfer of N2O from the incubation bottle to the IRMS, as
there is isotope fractionation between N2O in the two
phases (water and gas). Sigman et al. (2001) collected the
produced N2O quantitatively offline by freezing it out in a
vacuum line (cryo-concentration), whereas Casciotti et al.
(2002) purged incubation bottles online with a modified
injection system of an autosampler and fitted an additional
water trap (Nafion) to the cryo-concentration unit. The
latter approach also involved stopping the biological
activity in the incubation bottles by adding NaOH and
the addition of an antifoaming agent to reduce the risk of
introducing liquids to the instrument. However, equili-
brium isotope fractionation is small (e ¼ 0.75%) (Inoue
and Mook, 1994) and may possibly be corrected for. Non-
quantitative sampling of N2O would allow simplifying the
above-described N2O transfer considerably.
The objectives of the present study were to test and

adapt the ‘denitrifier method’, originally developed for
preparation of water samples, for soil NO�3 analysis of 15N
and to provide a simplified protocol for sample processing
requiring a minimum of equipment and labour and
allowing N2O samples to be stored or shipped for isotope
analyses. The following questions were addressed specifi-
cally:
�
 Can the sampling, storage and injection of the produced
N2O to the IRMS be simplified without significant
isotopic fractionation of 15N2O?

�
 Can the preparation of the denitrifying culture be

simplified by abandoning concentration of the culture
by centrifugation?

�
 Does the indigenous N2O reduction activity in soil

extracts interfere with the NO�3 conversion to N2O, and
if so, can this interference easily be eliminated?

2. Methods

2.1. Cell culture

Following Christensen and Tiedje (1988) and Sigman et
al. (2001), a strain of Pseudomonas chlororaphis without
N2O reductase (ATCC# 43928) was grown at room
temperature (inoculum: 1 loop from agar plate, �109 cells)
in airtight 2 l bottles with 1 l autoclaved growth medium
(Tryptic soy broth (TSB) 30 g l�1, 10mM KNO3, 2mM
NH4Cl). The culture turns anoxic, reduce all NO�3 (and
NO�2 ), and reach a stationary phase due to depletion of
electron donors after 3–4 days. At this stage, the cell
density (fluorescence microscopical counts) was found to
be 5� 108 cellsml�1, which was approximately 5% of the
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cell density reached in stationary phase in aerobic cultures
with the same medium (results not shown). To ensure
complete depletion of NO�3 and NO�2 in the medium, the
cultures were always incubated for 6 days before being
used. Measured potential denitrification rate per cell in
these late (6 days) stationary phase cultures was approxi-
mately 2� 10�16moles NO�3 cell�1 h�1 (in the presence of
1mM NO�3 , results not shown). A separate experiment was
set up to monitor the decay of the potential denitrification
rate through 5 days after depletion of the nitrate (measured
in subsamples every day). It was found that the potential
denitrification rate followed an exponential decay, with a
35% reduction per day. Thus, substantially higher deni-
trification rates per cell could be obtained if the cultures
were used immediately after reaching stationary phase
(410�15moles NO�3 cell�1 h�1). However, this would
require careful monitoring of the growth and residual
NO�3 and NO�2 , to avoid contamination of the analyses.

2.2. NO3
� conversion and headspace sampling

NO�3 conversion was tested with the culture and with 10
times concentrated culture. The 10 times concentration of
cells was used in the original protocols (Christensen and
Tiedje, 1988; Sigman et al., 2001), apparently to speed up
the conversion and thus minimize the risk of N2O
reduction by contaminant cells introduced with the sample.
The culture was concentrated by centrifuging 40ml batches
(10,000g, 10min, 18 1C) and removing the supernatant
(used medium). This used medium was free of NO�3 , but
contained considerable amounts of dissolved N2O. It was
therefore purged with He while stirred for not less than 3 h
to remove N2O, before pipetting 4ml back into the 40ml
centrifugation bottles with the bacteria pellet. For each
sample to be analysed, 2ml of concentrated culture was
transferred to an autoclaved 120ml serum bottle (called
incubation bottle) with a Teflon magnetic stirrer and
capped with an airtight butyl rubber cap.

The not concentrated culture was grown as above and
then purged with He (3 h, continuous stirring) without any
other treatment. 2–4ml of culture were transferred to
incubation bottles yielding 10% or 20% of cell numbers of
the concentrated culture, respectively.

O2 and any remaining N2O was removed from the
incubation bottles by repeated (5 times) evacuation and
filling with He (o1.5 bar) while stirring. Overpressure after
the last filling was released. Up to 8ml sample (correspond-
ing to 1–5 mg NO�3 -N) was injected by a syringe to the
incubation bottles, yielding a total liquid volume of not
more than 10ml. The bottles were stirred for 2min and
incubated without stirring at room temperature over night
(typically 12–14 h). At the end of the incubation, the bottles
were stirred again for 2min and connected to evacuated
120ml serum bottles (called N2O bottles) by using a double
tipped needle (blood collection needle). The bottles were
connected for 30min to ensure equilibration between the
incubation bottle and the N2O bottle. After disconnection,
He (5.0) was injected (with a syringe) into the N2O bottles
to reach �1 atm pressure to avoid contamination from the
atmosphere during storage.

2.3. Isotopic fractionation during headspace sampling

The N2O sampling method from the incubation bottles
introduces isotopic fractionation, as N2O exists in head-
space and dissolved in water (Section 2.7). The distribution
of N2O in liquid and gaseous phase, and thus the
fractionation, depends on the volume ratio of the phases
in the incubation bottle and the temperature during gas
sampling. This fractionation was quantified by sampling
and analysing N2O equilibrated in bottles with different
amounts of water (0, 4, 10, 20 and 50ml) at two
temperatures (0 and 20 1C). The bottles were kept at 0 or
20 1C and equal amounts of N2O were added (injection of
10ml of a standard gas containing 151 ppm N2O with 0.7%
d15N in He). Equilibration was ensured by stirring
for43 h. N2O was then sampled as described above while
keeping both incubation bottle and N2O bottle at the
respective temperature. The experiment also included an
attempt to achieve a higher recovery by pumping head-
space N2O from the stirred incubation bottle to the
evacuated N2O bottle using a peristaltic pump (leaving
approx. 40mbar in the incubation bottle). As a control, the
standard gas (which was added to all the bottles) was
analysed for d15N without any transfer.

2.4. Kinetics of NO3
� conversion

The kinetics of nitrate reduction to N2O with different
cell numbers of P. chlororaphis were investigated by
measuring N2O headspace concentrations every 2 h during
the incubation. 4.1 mg NO�3 -N was added to the incubation
bottles with 2ml of concentrated and 2 and 4ml of not
concentrated cell suspensions and incubated at 20 1C with
continuous stirring. The experiment also included incuba-
tion bottles with 2M KCl, to see if the denitrification
method could be used to analyse d15NO3 at this KCl
concentration, which is routinely used to extract NHþ4 and
NO�3 from soils. The measured d15N as affected by using
concentrated versus not concentrated cell culture was
tested by preparing and analysing the internationally
recognized isotope standard IAEA-N3 (KNO3) and NO�3
of a heat-treated soil extract (see below).

2.5. Interference by N2O reduction in soil extracts

N2O reduction by soil bacteria was examined by using
soil extracts from soil known to have a high N2O reduction
capacity with 24% org C and pH 7.1 (Dörsch and Bakken,
2004). This soil was chosen as a ‘‘worst case scenario’’ for
the denitrifier method. To enhance the problem with N2O
reduction even further, the soil was incubated anaerobi-
cally to induce N2O reduction (Holtan-Hartwig et al.,
2000). This was done in 15 parallel bottles containing
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10 gww soil, 20ml DI water and 0.48mg NO3-
Ng dw soil�1, with He atmosphere. The bottles were
monitored for N2O accumulation and subsequent deple-
tion. Three bottles contained 10 vol% acetylene (C2H2) to
block N2O reductase, which allows to monitor nitrate
reduction by N2O accumulation. After 6 days, all NO�3 and
N2O were reduced in bottles with and without C2H2,
respectively. The samples with C2H2 were discarded. Three
replicates (no C2H2) were kept anaerobic to measure N2O
reductase activity in the slurry. The remaining 9 bottles
were filtered (20ml autoclaved DI water added, Whatman
GF/A) to simulate NO�3 extraction from soil, and the
filtrates were pooled and then split in portions of 20ml in
120ml serum bottles. Each 3 replicates of following
treatments were prepared: (A) untreated soil slurries, (B)
untreated filtrate, (C) untreated filtrate with 0.1M KCl and
D: heated filtrate (1 h in an 80 oC water bath). To measure
the N2O reduction potential, all treatments received 1mM
glutamic acid (as a carbon source for denitrification) and
151 ppm N2O in He. N2O removal was monitored by gas
chromatography during 50 h anoxic incubation at 20 1C
and continuous stirring.

To investigate if the heat treatment changed the NO�3
significantly, NO�3 was extracted (soil:H2O, 1:4) from the
same soil as above (but without previous anaerobic
incubation) and d15N of NO�3 was compared with and
without heat treatment (1 h in water at 80 1C) of the soil
extract.

2.6. N2O-analyses

N2O stable isotope analysis was performed on an online
cryo-concentration system (Thermo Finnigan Precon,
without modifications) coupled to a Thermo Finnigan
Delta XP plus CF-IRMS. Depending on amount of N2O,
analysis time was 15–30min sample�1. Where nothing else
is stated, correction for nonlinearity was applied.

The rates of N2O production and consumption were
determined by analysing the headspace gas with a Varian
CP-4900 micro GC-TCD connected to a computer con-
trolled injector system which took repeated samples from up
to 26 reaction bottles placed in a thermo-regulated water
bath. A Gilson XL 222 auto sampler controlled the gas-
sampling needle, which was connected to a Gilson minipuls
3 peristaltic pump (equipped with Marprene tube, Watson
marlow, i.d. ¼ 1mm, o.d. ¼ 3mm) and the injection loop of
the GC. After each sampling event, the pump was reversed
so as to restore the 1 atm pressure in the flasks. Contamina-
tion with air during this reverse pumping was avoided by a
He flow at the outlet (waste) of the sampling loop (Sitaula et
al., 1992). Each sampling resulted in a loss of 1.5ml of the
headspace gas (which was replaced by He).

2.7. Calculations

As the transfer of N2O from the incubation bottle to the
N2O bottle is not complete, and involves both a gas and
liquid phase (in equilibrium), isotopic fractionation will
occur. Inoue and Mook (1994) found that the 15N
equilibrium fractionation factor (in per mil) in gaseous
vs. dissolved N2O in a closed system was 15e ¼ �0.75%
(a ¼ (e/1000)+1) a ¼ 0.99925), where a is the fractiona-
tion factor (see Eq. (3)). They reported that this fractiona-
tion factor was stable within a temperature range from 0 to
45 1C.
In the following we are applying the principles of Criss

(1999, p. 104) for a closed system. The mass balance of our
system is

Rsys ¼ X gRg þ X dRd, (1)

where Rsys, Rg and Rd are the 15N/(14N+15N) ratios of
N2O in the complete system, the gaseous N2O and the
dissolved N2O, respectively. Xg and Xd are the mole
fractions of N2O in gaseous and dissolved phase.

X g þ Xd ¼ 1) X d ¼ 1� X g, (2)

since there are no other phases in the system. By definition
the equilibrium fractionation factor a between gaseous and
dissolved N2O is

ag�d ¼ Rg=Rd ) Rd ¼ Rg=a. (3)

By combining Eq. (1)–(3) we get

Rsys ¼ X gRg þ ð1� X gÞRg=a ¼ RgðX g þ 1=a� X g=aÞ,

(4)

i.e. an equation for the isotope ratio of the whole
system (gaseous and dissolved N2O) based on the N
isotope ratio of gaseous N2O (Rg), the isotopic equilibrium
fraction factor (a) and the fraction of N2O in the gaseous
phase (Xg). Since the first two are known we only need the
latter.
The Ostwald coefficient gives the ratio between

mole gas l�1 liquid and mole gas l�1 gas at equilibrium
(Wilhelm et al., 1977) and the dissolved fraction is
calculated by

moled ¼ moleg L V l=V g, (5)

where moled are the moles N2O dissolved and moleg the
moles N2O in gaseous phase, L is the Ostwald coefficient,
Vl is the volume of water and Vg is the volume of the gas
phase (here the headspace). For N2O, the Ostwald
coefficient is 1.283 at 0 1C and 0.6788 at 20 1C. Since
Xg ¼ moleg/(moled+moleg), we can now use Eq. (4) and
(5) to calculate the theoretical difference between the d15N
in headspace N2O (the gaseous phase we measure) and the
d15N of N2O in the whole system at various temperatures
and water contents.
Statistical differences between treatments were tested by

Student’s t-tests and regression analyses were done in JMP
5.0 by SAS Institute Inc.
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3. Results

3.1. Isotopic fractionation during headspace sampling

The theoretical differences in d15N between total N2O in
the incubation bottle and that in the headspace, based on a
fractionation factor of �0.75% are shown in Table 1. The
difference is considerably larger at 0 1C than at 20 1C. At
20 1C and with 10ml water or less in a 120ml bottle, the
headspace d15N of N2O deviates less than 0.05% from that
of the entire system. This error is insignificant compared
with that of CF-IRMS analysis.

Fig. 1 shows the measured d15N of N2O sampled from
the headspace of bottles containing different amounts of
water (0–50ml) to which 10ml 150 ppm N2O in He had
been added. For comparison, the d15N of the standard gas
is shown, as well as the calculated values based on a
fractionation factor of �0.75%. There was good agreement
Table 1

Theoretical difference between d15N of the headspace N2O and that of the

N2O in the whole system (liquid+headspace) as a function of temperature

and ratio between liquid and headspace volume

Liquid/headspace ratio Difference in d15N (%)

0 1C 20 1C

1/29 �0.032 �0.017

1/11 �0.078 �0.044

1/5 �0.153 �0.090

5/7 �0.359 �0.245

The values are based on a fractionation factor of �0.75%.
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Fig. 1. Measured and theoretical d15N in headspace samples as a function of

(filled diamond) is the average d15N (n ¼ 19) of the standard gas (without

(‘‘Pumped’’, crosses, n ¼ 5) or by passive flow to an evacuated sampling bottle (

temperature. Vertical bars show 1 SD and the bars of the standard and the p
between calculated and measured values. All the headspace
measurements were within 1 SD of the calculated values
(Fig. 1), and linear regression slopes (d15N as a function of
water volume) were not different from that of the
theoretical fractionation (P ¼ 0.37).
Student’s t-tests (P ¼ 0.05) showed that only the 50ml

(not pumped, 0 and 20 1C) treatments were significantly
different from the standard (no transfer to N2O bottle) and
the 0ml water treatments (with transfer to N2O bottle).
The alternative headspace sampling by peristaltic pumping
of the headspace into the evacuated bottle (‘‘Pumped’’,
Fig. 1) had no significant effect when compared to not
pumped samples. The pooled d15N SD of non-pumped
samples (0 and 20 1C) with 20ml water or less was 0.12%
(n ¼ 47). Increasing temperature in the range studied did,
as predicted by the calculations, reduce the fractionation,
as there was a significant difference between the regression
slopes (d15N as a function of water volume) of 0 and 20 1C
(P ¼ 0.002).

3.2. Kinetics of NO3
� reduction

NO�3 in standard samples was reduced to N2O within
6–7 h for all cell numbers investigated (Fig. 2). With a
concentrated P. chlororaphis culture (2ml bottle�1), the
reduction of NO�3 to N2O was complete within 1 h;
with not concentrated culture it took 2 and 6–7 h (4 and
2ml culture, respectively) to reach a stable N2O plateau.
The N2O plateaus remained stable for the entire 55 h
incubation (not shown), thus no detectable N2O reduction
took place. The slightly different levels of the N2O plateaus
(Fig. 2) were probably due to variations in the amounts of
30 40 50
n 120 ml bottle

liquid volume (0–50ml water) and temperature (0 and 20 oC). ‘‘Standard’’

transfer). Headspace sampling was either done with peristaltic pumping

all others, n ¼ 5). Theoretical d15N values (dashed lines) are given for each

umped samples were shifted left to distinguish them from other samples.
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Table 2

Effect of P. chlororaphis cell number on measured d15N in N2O from NO�3
in a soil extract and in IAEA-N3 nitrate standard

n d15N concentrated d15N not concentrated

Soil extract 7 2.6570.06 2.6870.05

IAEA-N3 7 4.6670.04 4.7270.06

2ml 10-fold concentrated P. chlororaphis culture was compared with 4ml

not concentrated culture. Average values7SD, n ¼ 7 for all treatments.
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Fig. 3. N2O reduction in soil slurries and extracts and its elimination by heat

soil slurry after anoxic preincubation, and in a filtrate of the same slurry, wit

(diamonds, whole lines); (B) slurry filtrate (filtered, Whatman GF/A, filled trian

(D) heated slurry filtrate (80 1C, 1 h, open triangle, dashed lines).

P.T. Mørkved et al. / Soil Biology & Biochemistry 39 (2007) 1907–19151912
injected NO�3 . There was no difference (P ¼ 0.05) in d15N
of N2O using concentrated and not concentrated cell
culture for reduction of NO�3 , neither for analysis of NO�3
in soil extract nor for analysis of a NO�3 standard (Table 2).
2M KCl was found to inhibit NO�3 reduction severely

(Fig. 2). Only 30–50% of NO�3 was denitrified in 50 h (data
not shown). 0.1M KCl in the incubation bottles had no
inhibitory effect (data not shown).
3.3. Interference by N2O reduction in soil extracts

The soil slurry used for testing the presence of N2O
reductase activity in extracts had an extremely high N2O
reductase activity; all added N2O was removed within 1–2 h
(Fig. 3). In the filtrates of this slurry, the N2O reduction
was low until about 13 h but removed all N2O within 30 h,
regardless of KCl (0.1M) addition. Heat treatment (82 1C,
1 h) of the soil effectively eliminated N2O reduction in the
soil slurry for a period of at least 60 h.
To evaluate a possible effect of heating, other than

eliminating N2O reductase, on the measured d15N in soil
extracts, extracts from fresh soil (not previously incubated)
that were either heated (80 1C, 1 h) or not heated,
were subjected to anaerobic incubation with 2ml concen-
trated P. chlororaphis culture overnight, and sampled for
d15N analysis of N2O. No significant effect of the
heat treatment was observed, the average d15N values for
the two treatments were 2.4470.12% (n ¼ 8) and
2.5170.10% (n ¼ 8) for not heated and heated soil
extracts, respectively.
40 50 60 70
e (h)

A: Anoxic slurry

B: Extract

C: 0.1M KCl Extract

D: Heated extract

treatment. Graphs show the reduction of added N2O to bottles containing

h or without heat treatment and KCl. Treatments are: (A) anoxic slurry

gles, whole lines); (C) slurry filtrate with 0.1M KCl (crosses, whole lines);
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3.4. Precision and accuracy

The precision of the simplified denitrifier method was
evaluated by analyses of 1–5 mg NO�3 -N (IAEA-N3,
d15N ¼ 4.7%). We used data from analyses done in 3
batches (measured along with field samples) over a 6
months period. This yielded a d15N SD of 0.18% (n ¼ 22).
The SD within each batch was 0.15% (n ¼ 8), 0.13%
(n ¼ 7) and 0.22% (n ¼ 7) and we found no significant
variation between the different batches (the same N2O tank
was used as reference and no non-linearity correction was
applied).

To evaluate the accuracy of our method, the d15N of the
internationally recognized NO�3 standards IAEA-N3 and
USGS-32 (defined as 4.7% and 180%, respectively) were
compared, using the proposed method. Processed and
measured in one batch, USGS-32 gave an average d15N of
174.370.1% (n ¼ 7) with IAEA-N3 as a reference
(d15n ¼ 4.770.08%, n ¼ 7). This is very close to the values
of Sigman et al. (2001) who found d15N of USGS to be
174.5–175.3%. We found an average d15N for air N2O
(sampled outdoor in a rural area in two batches) to be
6.52%70.23% (7SD, n ¼ 18, no non-linearity correc-
tion), again with IAEA-N3 as reference. This is not
significantly different (P ¼ 0.05) from the d15N of air
N2O reported by Kaiser et al. (2003) (6.7270.12%).

4. Discussion

4.1. Isotopic fractionation during headspace sampling

Calculations of dissolution equilibriums along with
known isotopic fractionation of 15N in N2O illustrated
that d15N of N2O sampled from the headspace of the
incubation bottles will deviate to some extent from the
‘true’ value. However, this deviation is small when using
high headspace to liquid ratios. A volume ratio of 11 (10ml
water in 120ml serum bottles) at 20 1C yields a calculated
d15N deviation of 0.05% (Table 1) or less between the
measured and the system d15N, which we consider to be
sufficiently accurate to determine the overall 15N value of
N2O for natural abundance experiments without any
further corrections. Alternatively, measured headspace
d15N of N2O can be corrected to standard NO�3 with
known isotopic composition, if processed in the same way
and at equal headspace to liquid ratio. Finally, Eqs. (4) and
(5) can be used to correct measured d15N headspace values
when liquid/headspace ratio varies. The calculations of
system—headspace isotopic deviation in Section 3.1 does
not account for changes in headspace pressure during N2O
sampling. However, by ignoring the larger headspace
volume (and thus lower N2O partial pressure) by connect-
ing the gas sample bottle, we would rather overestimate
than underestimate the isotopic difference between head-
space and dissolved N2O. When comparing the calculated
to the measured d15N values, we found no significant
difference, suggesting that the pressure deviation is not
important in our case. In summary, our measurements and
calculations suggest that quantitative sampling of N2O
from the incubation bottle is not a necessary prerequisite
for the ‘denitrifier method’, but that subsamples collected
in dry bottles can be used for isotope ratio analyses.
This avoids direct injection of N2O from the H2O

saturated headspace of the incubation bottles, which is not
recommendable for the Thermo Finnigan preconcentration
unit unless additional devices for water removal are
installed. Casciotti et al. (2002) modified the Finnigan
Precon by including a Nafion water trap when purging the
incubation bottles online and used a specially constructed
double needle system to purge N2O out of the growth
medium. Our simplified procedure for gas sampling allows
for IRMS analysis with any standard cryo-concentration
unit without modifications. An additional advantage is that
N2O sampling can be done instantaneously after an
overnight incubation of a large batch of samples, thus
circumventing the need to stop the reaction by adding
NaOH. Further, any risk of contamination of the
instrument needle and capillaries with water, foam or
NaOH is avoided. Gas samples can be stored or easily
transported, as they are physically separated from the
growth medium. This allows to perform the denitrifier
method for 15NO�3 preparation in any microbiology lab
equipped with an evacuation device.

4.2. Concentration of cell culture and effect of KCl

Cell numbers of P. chlororaphis had no effect on the
d15N value of N2O, but clearly on the kinetics of NO�3
conversion (Fig. 2). The use of not concentrated culture
required some 5 h of incubation to complete the conver-
sion, which seems acceptable when compared to the
laborious cell concentration procedure described in the
original method. The kinetics with not concentrated culture
(2 and 4ml) also showed that P. chlororaphis was able to
grow in the used medium and that the cell titre is likely to
be high enough to outcompete contaminant bacteria. If
needed the reaction rate can be increased by increasing the
culture volume from 2 to 4ml per bottle.
We found that 2M KCl inhibited the NO�3 conversion

severely, whereas 0.1M KCl did not. Thus, it may be
problematic to use the method with high molar salt
solutions. If such extracts are to be analysed by the
denitrifier method, the samples should be diluted to
p0.1M KCl. Given the fact that most soil extracts contain
NO3 in mM concentrations and the denitrifier method
works in the nM range, such dilution should not be a
problem. Alternatively, one could use e.g. 0.01M CaCl2 to
extract NO�3 from soil.

4.3. Interference by N2O reduction in soil extracts

Heating of soil extract was shown to be a simple but
effective mean to stop any biological activity in the sample
and thus to prevent N2O reduction by soil denitrifiers
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(Fig. 3). Comparing d15N in N2O from heated and not
heated filtrate showed that the heating had no appreciable
effect on the isotope ratios. Heating was shown to be
effective in an actively N2O reducing soil slurry and we are
confident that this should apply to almost all NO�3
extracted from aerobic or anaerobic soils. Heating the
samples is little extra work and it also enhances the
removal of any N2O present in the sample prior to
incubation.

4.4. Precision and accuracy

The SD from all d15NO3
� analysis in Section 3.1–3.3

varied between 0.03% and 0.18%, both NO�3 standards
and soil extracts included. All d15N values were corrected
for non-linearity of the IRMS source to keep the SD as low
as possible, and the SD is as low as can be expected on CF-
IRMS. This increases the significance of the lack of
difference between treatments. The test of the sampling
procedure (Table 1, Fig. 1) showed no significant difference
between the 0ml water treatment (which included a
transfer of N2O to a new evacuated bottle) and the
standard (without transfer to evacuated bottle). If the gas
transfer through the needle to the evacuated bottle induced
fractionation, we would have expected a lower d15N for
transferred gas. The opposite was observed (although the
difference was not significant), underscoring the negligible
fractionation by our simplified sampling procedure.

One source of error with the denitrifier method is N2O
derived from the growth medium or from air. This N2O
blank was difficult to quantify, as it was below detection
level of our GC analysis. Blank peak area measured in the
IRMS were often not detectable and never exceeded 1% of
the average peak area with 5mg NO�3 -N added. This is
similar to the 2.5% reported by Sigman et al. (2001), and
can explain the 5–6% underestimation of d15N of USGS-32
when compared with IAEA-N3 (Section 3.4). d15N analysis
of blanks was not possible, as the amount of N2O was too
low. The most likely sources of N2O in the blank are N2O
remaining in the growth media and N2O dissolved in
extracts (from air). The NO�3 used in the growth media had
a d15N of 1–2%, and air has a d15N of �6.7% (Kaiser et
al., 2003). Thus, both potential sources of contamination
are moderately enriched compared to air N2, and combined
with the fact that their concentrations are extremely low,
this suggests that they are a minor source of error for
analyses of natural abundance samples. Blank correction
may be necessary though, and for this, standards spanning
the d15N range of the samples should be analysed.

As earlier commented the method does not separate
NO�2 and NO�3 , as both N-oxides will be converted to N2O
during denitrification by P. chlororaphis. In that, our
method resembles the commonly used diffusion method
(Mulvaney and Khan, 1999). This may be a problem for
natural abundance studies of 15NO�3 if significant amounts
of NO�2 with distinct d15N are present. Transient accumu-
lation of NO�2 in soils has been reported during periods of
temperature or pH restricted nitrification or denitrification
(Venterea and Rolston, 2000). In principal, NO�2 can be
prepared by using a NO�3 reductase deficient denitrifier
prior to incubation with P. chlororaphis as proposed by
Højberg et al. (1994). For classical 15NH4 pool dilution, the
d15N in NO�2 and NO�3 may be lumped without affecting
the estimated rates of N conversion.
As there is no international isotopic standard of N2O,

the accuracy of the method is difficult to assess. Since the
results from air samples corrected against IAEA-N3 are
not different from published values for air (Kaiser et al.,
2003) we can expect that there is no significant isotopic
fractionation in the preparation and analysis of the samples
(although air N2O can have local variation in d15N). The
consistency between references (against the N2O reference
gas bottle) run in several batches (Section 3.4) shows that
the method yields reproducible results.
Acknowledgements

The work presented in this paper was supported by The
Research Council of Norway.
References

Andersen, M.K., Jensen, L.S., 2001. Low soil temperature effects on

short-term gross N mineralisation–immobilisation turnover after

incorporation of a green manure. Soil Biology & Biochemistry 33,

511–521.

Casciotti, K.L., Sigman, D.M., Hastings, M.G., Bohlke, J.K., Hilkert, A.,

2002. Measurement of the oxygen isotopic composition of nitrate in

seawater and freshwater using the denitrifier method. Analytical

Chemistry 74, 4905–4912.

Christensen, S., Tiedje, J.M., 1988. Sub-parts-per-billion nitrate method—

use of an N2O-producing denitrifier to convert NO�3 or (NO�3 )-N-15 to

N2O. Applied and Environmental Microbiology 54, 1409–1413.

Coplen, T.B., Bohke, J.K., Casciotti, K.L., 2004. Using dual-bacterial

denitrification to improve delta N-15 determinations of nitrates

containing mass-independent 17O. Rapid Communications in Mass

Spectrometry 18, 245–250.

Criss, R.E., 1999. Principles of Stable Isotope Distribution. Oxford

University Press, New York.

Davidson, E.A., Hart, S.C., Shanks, C.A., Firestone, M.K., 1991.

Measuring gross nitrogen mineralization, immobilization, and nitrifi-

cation by N-15 isotopic pool dilution in intact soil cores. Journal of

Soil Science 42, 335–349.
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