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Environmental context. Specific inhibitors of biological reactions in the nitrogen cycle can be used to
determine the origin of reactive nitrogen species; these nitrogen species potentially degrade water quality or
influence climate. However, inhibitors can potentially interfere with methods for the analysis of stable isotope
ratios and concentrations of ammonium, nitrite and nitrate. The effect of this interference on several commonly
used methods was investigated. These findings should help avoid the use of inappropriate analytical methods
and improve data quality in studies of the nitrogen cycle.

Abstract. Characterisation of the reaction steps involved in nitrification can help determine the processes that produce
potentially harmful environmental pollutants such as nitrite, nitrate and nitrous oxide (N,O). The use of nitrification inhibitors
can uncouple the reactions and therefore assist in their mechanistic and isotopic characterisation. However, nitrification
inhibitors can interfere with the methods for determining the concentrations and stable isotope ratios of ammonium, nitrite
and nitrate. The interference of allylthiourea, hydrazine or sodium chlorate in colorimetric methods and stable isotope
measurements were assessed. Ammonium concentrations were measured with the salicylate method. Nitrite and nitrate were
measured with the Griess reaction, with nitrate first being reduced to nitrite with vanadium (IIT) chloride. For the stable isotope
analysis, nitrite was reduced to N,O in a 1: 1 sodium azide and acetic acid buffer solution; preceded, when necessary, by
ammonium oxidation to nitrite by hypobromite or nitrate reduction to nitrite on an activated cadmium column. Sodium
chlorate did not interfere with any of the analyses and none of the inhibitors interfered with the stable isotope ratios
determination of nitrate. Allylthiourea interfered withammonium and nitrate quantification. Both allylthiourea and hydrazine
also clearly interfered in the determination of the nitrogen stable isotope ratio of ammonium, while only allylthiourea
interfered in the determination of nitrogen and oxygen stable isotope ratios of nitrite. Although we suggest methods to
overcome some of these interferences, our study demonstrated that the analytical methods used in combination with
allylthiourea or hydrazine as nitrification inhibitors should be considered with caution when designing experiments.
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During nitrification, potentially environmentally harmful
compounds, such as nitrite (NO, ), nitrate (NO3 ) and
nitrous oxide (N,O), are produced directly and indirectly
(Bothe et al. 2007). Nitrification is the oxidation of ammo-
nium (NH4 ") to NO,~ via the intermediate hydroxylamine
(NH,OH) by ammonia oxidizers, and the subsequent oxida-
tion of NO, ™ to nitrate (NO5 ") by nitrite oxidizers. The N,O
can be produced as a reaction side-product from hydroxyl-
amine oxidation in biotic, abiotic or hybrid processes
(Caranto et al. 2016; Heil et al. 2015; Terada et al. 2017).
Although nitrification consists of sequential oxidative reac-
tions, these all occur simultaneously, with the product of one
step being the substrate of the other. Therefore, inhibition of
the reaction steps is used to uncouple and investigate them
individually.
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Three inhibitors are commonly used to inhibit and investi-
gate the reaction steps involved in nitrification. Allylthiourea
(ATU) chelates the copper in the active site of the ammonia
monooxygenase, ultimately hindering the oxidation of NH," to
NH,OH through a non-competitive process (Bédard and
Knowles 1989). Hydrazine inhibits the specific oxidation of
NH,O0H to NO, ™ driven by the hydroxylamine oxidoreductase
through a competitive process where it acts as an alternative
substrate (Nicholas and Jones 1960). Similarly, chlorate
(Cl057) inhibits the oxidation of nitrite to nitrate through its
competitive reduction to chlorite (C10, ) by nitrite oxidoreduc-
tase (Hynes and Knowles 1983). In contrast to commercial
nitrification inhibitors such as dicyandiamide, nitrapyrin and
pronitradine, which are frequently used in agriculture to limit
nitrogen loss into the environment, allylthiourea, hydrazine and
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sodium chlorate have been widely employed in research to
inhibit, isolate and study the specific reactions involved in
nitrification.

The use of inhibitors in combination with stable isotope
techniques could help decipher the processes regulating the N
cycle in ecosystems. Stable isotope analysis is widely applied to
identify the source of nitrate pollution in groundwater, rivers or
oceans (Xue et al. 2009). Before being reduced through denitri-
fication, NO3~ can originate from direct inputs (synthetic
fertilizers, atmospheric deposition) or from the mineralisation
of organic matter and its subsequent nitrification (Sebilo et al.
2013; Vitoria et al. 2004). In addition to source characterisation,
this approach requires the characterisation of the N isotope
fractionation that accompanies NO3~ production through nitri-
fication and which results from the difference in equilibrium
constant or reaction rate observed between the heavier and
lighter isotopes. The use of inhibitors could help to uncouple
and characterise fractionation during the different reaction steps
involved in nitrification.

However, to date, the combined use of nitrification inhibitors
and stable isotope approaches to analyse nitrogen fractionation
during the different nitrification steps has not been tested. In
addition to specific inhibition issues, allylthiourea was reported
to interfere in the colorimetric quantification of NH, " (Tatari
et al. 2017). Additional interference of inhibitors in other
colorimetric methods and stable isotope techniques may occur
and should thus be tested before these are used together in
environmental studies (Tsikas 2007). The aim of this study was
to: (i) report possible interference of inhibitors in measuring
concentrations and N or O stable isotope ratios of ammonium,
nitrite and nitrate; (ii) assess the ability of colorimetric methods
(i.e. the salicylate method and the vanadium chloride reduction
followed by Griess reaction) to overcome the potential matrix
effect caused by nitrification inhibitors in solution; and (iii)
assess sample preparation methods used in isotope ratio mass
spectrometry (IRMS) analysis.

The issues associated with the use of nitrification inhibitors,
allylthiourea or sodium chlorate, in experimental studies were
assessed for two colorimetric analytical methods. The NH, " and
NO,” (NO,  and NO3 ") concentrations were measured using
the salicylate method and the Griess test respectively with the
automated chemistry analyser Gallery Plus (Thermo Fisher).
Detection and quantification limits were 0.9 and 3 pM respec-
tively for NH, ", 0.1 and 0.3 uM for NO, ", and 3.6 and 10.7 pM
for NO3 ™. Ammonia reacted with hypochlorite ions generated
by the alkaline hydrolysis of sodium dichloroisocyanurate to
form monochloramine. This reacted with salicylate ions in the
presence of sodium nitroprusside at approximately pH 12.6 to
form an indophenol-like blue compound. The absorbance of this
compound formed by the salicylate method was measured
spectrophotometrically at 660 nm.

Nitrate was reduced to nitrite by vanadium (III) chloride at
37°C. Nitrite then formed a pink azo compound through
diazotization with sulfanilamide combined with N-(1-
naphthyl)-ethylenediamine dihydrochloride at acidic pH. The
absorbance of this compound formed by the Griess reagents was
measured spectrophotometrically at 540 nm.

Standard curves were plotted to quantify ammonium con-
centrations ranging from 3.6 to 71.4 and from 35.7 to 714 uM
(low and high [NH,"] respectively); nitrite concentrations
ranging from 1.4 to 35.7 and from 17.9 to 357 uM (low and
high [NO, ] respectively) and nitrate concentrations ranging
from 35.7 to 143 and 71.4 to 1.43 x 10° pM (low and high
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[NO;3 7] respectively). The effect of inhibitors on ammonium,
nitrite and nitrate determination was assessed by pairwise
comparison of standard curves performed with and without
addition (i.e. inhibitor-free) of allylthiourea or sodium chlorate
at 100 or 10000 pM respectively. Each standard curve was
plotted from the relationship between the measured absorbance
and the known concentrations of standards that were prepared.
Regression analysis and calculation of the coefficient of deter-
mination (%) was used to assess the quality of the standard
curves.

The % absolute error (Jerror|) that an inhibitor-free standard
curve would contribute to determining concentrations in a
sample containing an inhibitor was calculated as follows:

[standard], ;.:.or — [estimate]

[standard]

|error| = inhibitor—free % 100

inhibitor

where [standard];pipitor 1S the known concentration of the standard
prepared in the presence of the inhibitor and [estimate];npipitor-free
is an estimate of the concentration determined from the absor-
bance of inhibitor-containing standard used in the standard curve
established from the inhibitor-free standards.

The mass spectrometry analysis of N or O stable isotope
ratios of ammonium, nitrite and nitrate was the second analytical
method assessed in the presence of allylthiourea, hydrazine and
sodium chlorate. The isotope ratios of reference samples without
inhibitor addition were compared with those obtained from
samples with 80, 640 or 8000 pM of allylthiourea, hydrazine
or sodium chlorate respectively. The international standard
TAEA-N2, an environmental sample and a local standard of
potassium nitrate were used as reference samples to determine
the N or O stable isotope ratios of ammonium, nitrite and nitrate
respectively.

Atmospheric N, and Vienna Standard Mean Ocean Water
(VSMOW) were the references used for N and O isotope ratios
respectively, expressed in conventional & notation, in per mil
(%o0). In the method used, the substrate was converted
(ammonium or nitrite or nitrate) into dissolved N,O. Nitrogen
and oxygen stable isotope ratios of nitrate and nitrite were
determined separately following a modified protocol of Mcllvin
and Altabet (Mcllvin and Altabet 2005; Semaoune et al. 2012).
Nitrate was reduced to nitrite by flowing the sample through a
granular cadmium-filled column, after setting at 20 UM NO; ™~ in
40 mL of a buffered solution of imidazole (pH = 8.5). The
nitrogen stable isotope ratio of ammonium was determined
following the protocol of Zhang et al. (2007). Then, 20 mL of
10 pM ammonium was oxidised to nitrite by hypobromite before
arsenite addition to remove excess BrO™. Finally, 15 mL of
1 uM nitrite was reduced to N,O by a 1:1 sodium azide and
acetic acid buffer solution. The 8'°N values of ammonium, and
the 8'°N and 8'%0 values of nitrite and nitrate were then
determined from a standard curve created by a combination of
nitrate or ammonium standards that underwent the same chemi-
cal conversion as the samples (USGS-32, 8'°NO;~ = 180 %o,
8'%0-NO; ™ =25.7 %o; USGS-34,8'°N-NO; ~ = —1.8 %0, 3'°O-
NO;~ = —27.9 %0; USGS-35, 8'°N-NO;~ = 2.7 %o, 5'°0-
NO; ™~ = 57.5 %o; IAEA-N1, 8'"N-NH, " = 0.4 %o; IAEA-305A,
8'°N-NH, " =39.8 %0; USGS-25, 8'°N-NH, " = —30.4 %o). The
quality of the calibration curve was assessed with additional
international standards (IAEA-NO-3, 615N-NO3’ = 4.7 %o,
3'80-NO;™ = 25.6 %o; IAEA-N2, 8'°N-NH," = 20.3 %o).
The precision for 8'°N ranged between + 0.3 and 4 0.8 %o
and between & 0.5 and = 1 %o for 8'%0.
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Fig. 1. Standard curves for determining high (a—c) and low (d—f) concentrations of ammonium, nitrite and nitrate with and without the presence of

allylthiourea (solid and dashed line respectively). The absolute error (in%) obtained when ATU-free standard curves were used to determine the
concentrations in ATU-containing standards are shown adjacent to the standard curves.

The effectiveness of the cadmium-filled column used for
converting nitrate to nitrite was verified in addition to the
conversion of inhibitor-containing samples. The isotope values
were compared among the NO3 ™ standards that passed through
the column before and after processing the inhibitor-containing
samples.

The ammonium and nitrate concentrations were underesti-
mated when determined in the presence of allylthiourea (ATU)
using both the salicylate colorimetric method and the vanadium
(ITT) chloride and Griess reagents (Fig. 1).

The presence of ATU at 100 uM in standard samples led to
large errors in the determination of ammonium and nitrate
concentrations, which ranged from 23 to 37 % for low [NH,"]
and >88 % for low and high [NO;]. These results confirmed
previous findings that interference increased with increased
inhibitor concentration (Tatari et al. 2017). Both the amine
and thiourea functional groups in ATU may interfere in indo-
phenol blue compound formation (Ngo et al. 1982).

Our study suggests, however, that this interference can be
overcome either by using a specific calibration curve established
at given ATU concentrations or by working with high [NH,"].
Similar to the ATU-free standard curves, linear relationships for
the standard curves were obtained in the presence of ATU with
determination coefficients /° > 0.99 (Fig. la, d). Quality con-
trols (QCs) were analysed to assess how the matrix effect was
corrected in the standard curves established in the presence of
ATU. These QCs showed an appropriate correction of the matrix
effect in ammonium measurements with errors <10 %. Finally,
less than 12% error was observed for [NH4t] > 143 pM;
decreasing below 10 % in the middle range of the standard curve
established for high [NH,"].

The quantification of NO3;~ plus NO, ™ using the vanadium
(ITT) chloride and Griess reagents should also be reconsidered in
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the presence of ATU (Fig. lc, f). Taylor et al. (2010) observed a
similar interference of ATU in nitrate quantification, although
the authors used Szechrome reagent as the colorimetric method.
Here, comparison of the interference in the quantification of
NO, and NO;™ revealed that the chemical reduction of nitrate
to nitrite by vanadium (III) chloride in the presence of ATU
presented a major issue that cannot be overcome using a specific
calibration curve. The [NO; ] determined for QCs with stan-
dard curves corrected for ATU effects displayed high variability
(CV > 13%) and accuracy values <95 %.

Finally, when no other analytical method (e.g. ionic chroma-
tography, autoanalyzer, oxygen uptake rate) is available, our
results suggest that NO, ™ should be preferably quantified with
the Griess reaction to study nitrification in the presence of ATU.
This should be carried out either by using a specific calibration
curve established at given ATU concentrations or by working
with nitrite concentrations >35.7 uM (Fig. 1b, e). ATU at
100 uM in standard samples resulted in absolute errors ranging
from 11 % to 26 % for low nitrite concentrations (between 1.4
and 35.7 uM). Similar to ATU-free standard curves, linear
relationships described the standard curves obtained in the
presence of ATU with determination coefficients 7~ > 0.99.
The QCs analysed with this standard curve showed an appro-
priate correction of the matrix effect in determining nitrite con-
centration with errors <10 %. Further, less than 12 % error was
observed for nitrite concentrations ranging from 17.9 to 357 uM
and this decreased to below 5% in the middle range of the
standard curve established for high [NO,™].

Our study revealed additional interference by inhibitors in N
and O isotope ratios analysis (3'°N and 5'%0 respectively) of
ammonium and nitrite (Table 1). Allylthiourea and hydrazine
clearly interfered in the determination of 3'N-NH, ", while no
interference was observed for 8'°N-NH, " determination in the
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Table 1. Nitrogen and oxygen isotope ratios obtained for reference materials free or in the presence of inhibitors (mean = standard deviation for
analytical replicates)
Sample 8"°N-NH, " 3"°N-NO, ™~ 3'%0-NO, ™~ 3!°N-NO; ™~ 3'%0-NO; ™~
Y60
Reference 19.3+0.2 —1.1£0.1 —4.7+0.1 40+0.5 254+0.6
Reference + Allylthiourea 1.7+0.1 —-03+04 —3.6+0.5 3.6+04 251403
Reference + Hydrazine -09+14 —0.8 —4.4 3.6+0.1 254403
Reference + Sodium Chlorate 19.34+0.3 —0.8+0.1 —4.14+0.3 3.7+04 255403

presence of sodium chlorate. Both ATU and hydrazine contain
an amine functional group that may interfere in the chemical
oxidation of NH," to NO,~ with hypobromite. Although this
interference is negligible when working with environmental
samples, up to 30 % of N-containing organic compounds (i.e.
glycine) can be oxidised with this method (Zhang et al. 2007).
However, the yield of ammonium to nitrite conversion in the
presence of ATU or hydrazine never exceeded 100 %, which
makes it unlikely that ammonium from the crystalline inhibitor
stocks was contributing to the observed results. The study of
specific interferences reported here would require additional
investigations. Our results also showed that ATU interferes in
the determination of 8'°N and 8'%0 of NO,, although we
cannot fully explain this interference. Surprisingly, ATU did not
interfere in the determination of 8'°N and 8'30 of NO; . This
may results from the dilution of the sample with the imidazole
buffer solution before passage on the cadmium column. The
reduction of nitrate on the activated Cd column was performed
by using 40 mL samples, while only 15 mL of the sample was
used in the direct determination of nitrite isotopes. This was also
consistent with the negligible difference observed in net isotope
ratio measurements between NO; ~ reference materials prior and
post conversion of inhibitor-containing samples; i.e. mean
difference of —0.3 = 0.2 %o and —0.4 + 0.3 %o for 3'°N and
880 respectively (n = 4). More generally, the dilution step in
NO; ™ sample preparation can explain the lack of interference in
the determination of 8'°N and 8'®0 of NO; ™, regardless of the
inhibitor tested. Hence, the processing of inhibitor-containing
samples did not alter the performance of the cadmium column.

The allylthiourea, hydrazine and sodium chlorate concentra-
tions tested here were consistent with those commonly used in
nitrification studies; i.e. 0.001-0.86 mM, 2-100 mM and 1—
30 mM for ATU, hydrazine and sodium chlorate respectively
(Belser and Mays 1980; Hooper and Terry 1973; Lees and
Simpson 1957; Nicholas and Jones 1960; Santoro and Casciotti
2011). In addition, owing to their inhibiting capacity, these have
also been used as negative controls in nitrification assays (e.g.
Lam et al. 2009; Santoro and Casciotti 2011). Our study
demonstrated that the use of ATU or hydrazine as nitrification
inhibitors with these specific analytical methods should be
considered with caution. No interference between sodium chlo-
rate and the colorimetric methods tested here was observed (data
not shown).

The tests presented here were performed on synthetic, non-
environmental samples. However, the presence of enzymes in
environmental samples may have a mitigating effect. Finally, in
addition, when designing experiments, as well as taking into
account the choice of analytical method in the presence of
inhibitors, the possible interference in analysis and the inhibi-
tion efficacy should also be considered, especially because an
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excess of inhibitors remains a prerequisite for ensuring the
complete inhibition of nitrifying reactions.
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