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ABSTRACT: Nitrogen fertilization in agriculture has serious environmental consequences, including production of the greenhouse
gas nitrous oxide (N,0), pollution of groundwater with nitrate (NO;™), and river eutrophication. Nitrogen use efficiency can be
increased by amending fertilizers with inhibitors to slow microbial nitrification processes, which transform ammonia to NO;™.
Unfortunately, commercial inhibitors have failed to perform reliably across various agroecosystems for reasons not well understood.
Using a combination of bacterial studies and soil incubations, we demonstrate here that 4-methyl-1-(prop-2-yn-1-yl)-1H-1,2,3-
triazole (MPT) exhibits superior nitrification inhibitory properties. Unlike the commercial reversible inhibitors, MPT acts as a
mechanistic, irreversible inhibitor of the key enzyme ammonia monooxygenase, enabling effective retention of ammonium (NH,")
and suppression of NO;™ and N,O production over 21 days in several agricultural soils with pH values ranging from 4.7 to 7.5. A
bacterial viability stain and a suite of freshwater and terrestrial ecotoxicity tests did not indicate any acute or chronic toxicity. Real-
time quantitative polymerase chain reaction (QPCR) analysis revealed an enhanced inhibitory effect of MPT on both ammonia-
oxidizing bacteria and archaea. Thus, MPT outperforms currently available nitrification inhibitors and has great potential for broad
application in various agricultural settings.

KEYWORDS: ammonia monooxygenase, bacterial assay, greenhouse gas emissions, inhibition mechanism, nitrification,
nitrification inhibitor, soil incubations

B INTRODUCTION by nitrite oxidase.'®™"? Some strains of Nitrospira (complete
ammonia oxidizers, comammox) can catalyze the complete
oxidation from NH, to NO;~, also initiated by AMO.?* Thus,
inhibition of AMO should increase the residence time of NHj;
(or ammonium, NH,") and reduce N losses from soil through
NO;™ leaching and N,O emissions.

While many NIs are known,'* only three are currently
commercially available: 3,4-dimethyl-1H-pyrazole (DMP),
which is commonly applied as the salt of phosphoric acid
(DMPP or ENTEC, BASF AG)”' or glycolic acid (DMPG or
eNpower, Incitec Pivot Fertilisers), dicyandiamide (DCD,
AlzChem AG), and 2-chloro-6-(trichloromethyl)pyridine
(Nitrapyrin or N-Serve, Dow Chemical Co.) (Figure la).
However, these come with certain limitations and are,
therefore, not generally applied.

Various field studies in neutral soils showed an unreliable
efficacy of DMP in improving crop yields.””~*° In acidic soils
and dry climates, the already only moderate nitrification
inhibitory effect decreased even further with increasin
temperature from 45% (10 °C) to just 23% (25 °C).”*”
Even more concerning are results from field studies in hot-dry

Providing food for the constantly growing population will
require a 70—100% increase in nitrogen (N) fertilizer usage
worldwide by 2050, which is exacerbated by limited aerable
land and deteriorating agricultural conditions, particularly due
to global walrming.l Unfortunately, since several decades, N
use efficiency (NUE) has remained at only around $50%
globally.”™* A large fraction of N fertilizers is lost from
agricultural systems, for example, through volatilization of
ammonia (NH;), a precursor of fine particulate matter
(PM,s), and nitrate (NO;™) leaching, which causes surface
water eutrophication and groundwater pollution.””~” Micro-
bial nitrification and denitrification processes lead to the
formation of the gases nitrous oxide (N,O), nitric oxide (NO),
and nitrogen (N,).” N,O has a 300 times higher global
warming potential than carbon dioxide, and reduction of N
losses has become an important goal to lowering agriculture’s
greenhouse gas footprint.”

One strategy to improve N management in agricultural soils
is by amending N fertilizers with nitrification inhibitors
(NIs).”"” Nitrification is carried out by ammonia-oxidizing
bacteria (AOB) and archaeca (AOA). NIs are intended to z
inhibit the transmembrane enzyme ammonia monooxygenase Received: November 12, 2023 ARGl
(AMO),""~"* which catalyzes the rate-limiting first oxidation Revised:  January 14, 2024 '
step of NH; to hydroxylamine (NH,OH).'*"> NH,OH is Accepted: January 18, 2024
subsequently converted via NO to nitrite (NO,”) mediated by Published: February 1, 2024
hydroxylamine oxidoreductase (HAO), followed by rapid
oxidation to NO;™, the end-product of nitrification catalyzed
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Figure 1. (a) Commercial nitrification inhibitors. (b) Substituted
1,2,3-triazoles studied in this work.

climates of Australia where essentially no inhibitory effect of
DMP was found.”****’ DCD has been shown to be ten times
less effective than DMP,” with its performance depending on
temperature.”’ Furthermore, due to its water-solublity, DCD
can leach into groundwater and has been detected in dairy
products in New Zealand, resulting in its government stopping
the sale of milk products containing DCD.*>** Nitrapyrin is
comparatively volatile and only sparingly water-soluble”* and
has been identified as an air pollutant.”> It has shown
bactericidal properties, considerable acute and chronic aquatic
toxicity, and is currently banned in some countries.”® Thus, in
light of the inconsistent performance of the commercial
NIs,”**7*73% particularly in acidic soils,**™*" it is remarkable
that since the discovery of DMPP more than 20 years ago,”' no
new inhibitor compounds have been developed and brought to
market that offer improved efficiency and effectiveness in
slowing down the nitrification process. A better control of N
availability for crops, increased crop yield, and improved
quality is essential for meeting the growing global demand for
food while minimizing the environmental impact of N
fertilization in agriculture.

Unfortunately, the structure of AMO is not yet known. On
the contrary, the recently crystallized particulate methane
monooxygenase (pMMO), which is evolutionally comparable
with AMO, suggests that a cupredoxin-like unit could be
involved in the oxidation of NH;.*'~* We recently showed
that DMP and DCD are uncompetitive and reversible AMO
inhibitors, suggesting that their unreliable performance might
be, at least to some extent, due their nonmechanistic mode of
inhibition, for example, by chelating metal centers in the active
site. 39~ To effectively increase the NUE of N-fertilization,
we are postulating that “successful” NIs should inhibit AMO
irreversibly (i.e., mechanism-based inhibitors). Recovery of the
activity of nitrifying bacteria would require the de novo
synthesis of the enzyme. Examples for mechanism-based NIs
are acetylene and phenylacetylene,””~*" but their volatility,
high flammability, or environmental toxicity prohibit their use
in agriculture. Thus, irreversible NIs for field applications are at
present not available.

Recently, we have presented substituted 1,2,3-triazoles as a
promising new class of NIs.** 1,2,3-Triazoles are readily
synthetically available with a large substituent variability and
provide an excellent scaffold for terminal alkyne chains,
thereby combining the metal chelating property of the N-
heterocyclic ring with the chemical reactivity of acetylene. We
demonstrate here that 4-methyl-1-(prop-2-yn-1-yl)-1H-1,2,3-
triazole (MPT, Figure 1b) represents a novel mechanistic and
irreversible inhibitor of AMO, as revealed by in vitro bacterial
assays. Soil incubations showed that MPT exhibits outstanding
inhibitory qualities by effectively retaining NH," and
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suppressing NO;~ formation and N,O emissions over a period
of 21 days, particularly in acidic soils, where the current
commerical NIs often fail to perform.

B MATERIALS AND METHODS

Chemicals. DMP (3,4-dimethyl-1H-pyrazole) was supplied by
Incitec Pivot Fertilisers Australia. Nitrosomonas europaea (N. europaea;
ATCC19718) was purchased from the American Type Culture
Collection. Nitrosospira multiformis (N. multiformis) was isolated from
an aquarium kit as described previously.*” 4-Methyl-1-(prop-2-yn-1-
yl)-1H-1,2,3-triazole (MPT; molecular weight: 121.07 g mol™!) and
4-methyl-1-propyl-1H-1,2,3-triazole (H-MPT; molecular weight:
125.10 g mol™") were synthesized according to the procedure
reported by Clark et al.*° 1-(3-Butyn-1-yl)-4-propyl-1H-1,2,3-triazole
(NI-1; molecular weight: 163.22 g mol™"), prop-2-yn-1-yl 2-(4-
propyl-1H-1,2,3-triazol-1-yl)acetate (NI-2; molecular weight: 207.23
g mol™'), and prop-2-yn-1-yl 2-(4-propyl-1H-1,2,3-triazol-1-yl)-
acetamide (NI-3; molecular weight: 206.24 g mol™"') were provided
by Taggert et al. and were synthesized as described.** Synthetic details
and spectroscopic data are provided in the Supporting Information.

Studies with AOB. The growth and harvest of pure bacterial cell
cultures of N. europaea and N. multiformis, the standard activity and
activity recovery assays, the measurements of the O, consumption,
Michaelis—Menten kinetics, and acute toxicity tests were conducted
as previously reported.””***! All bacterial incubations were performed
in sodium phosphate buffer (NaPB) with 1% (v/v) DMSO at pH =
7.5 and 30 °C with different inhibitors and concentrations, as
indicated. This amount of DMSO, which was required to solubilize
the lipophilic inhibitor compounds, is not detrimental to the bacterial
cells.”” Experimental details are provided in the Supporting
Information.

Mineral-N Transformation Studies.*® Soil incubations to
determine the loss of NH," and production of NO;~ over 21 days
after treatment were performed in an Australian soil (soil A; pH = 5.9,
see Table S9 for soil specifications). Treatments were: (1) fertilizer
only ((NH,),S0,), 100 mg N kg™' soil, (2) fertilizer + 0.5 mol %
MPT, (3) fertilizer + 2.5 mol % MPT, (4) fertilizer + S mol % MPT,
and (5) fertilizer + S mol % DMP, with three replicates of each
treatment per time interval. Detailed data are given in the Supporting
Information.

N,O Measurements.>”>* Soil incubations were performed with
four German soils (soils B—E) with varying pH values (soil
specifications are provided in Table S9). Each of the three replicates
consisted of 6 g of sieved soil (2 mm). The soil was air-dried after
collection and preincubated prior to the experiment for 7 days at 50%
water holding capacity (WHC). The soil was transferred to a gas
chromatography vial (22 mL volume, clear glass, Macherey-Nagel,
Germany) and compacted densely to allow 5.5—6.2 cm headspace.
The soil in the vials was incubated for a total of 21 days at a constant
temperature of 21 °C with an open lid to ensure gas circulation. The
control incubations contained “untreated” soil (deionized H,O only)
and “fertilizer only” soil ((NH,),SO,; 50 mg kg™' soil) and
accompanied each measurement. (NH,),SO, was applied as an
aqueous solution (1 g NH,* mL™' H,0) and introduced on the soil
surface to mimic field conditions. Three inhibitor solutions were
prepared from DMP and MPT at concentrations of 0.5 mol %, 2.5
mol %, and S mol % of applied fertilizer-N (see Table S10) and
applied on the soil surface. The soils reached 60% WHC after the
treatments had been applied and were kept at that moisture level by
periodically adding deionized water to compensate for the
evaporation losses.

At the day of measurement (days 1, 3, S, 7, 14, and 21 after
fertilization), the vials were closed gastight with a rubber septum and
aluminum lid and opened again after each measurement. The N,O
emission was analyzed using a gas chromatograph equipped with an
electron capture detector and a flame ionization detector (GC-ECD/
FID; Clarus 580, PerkinElmer). Details of the calculation of the N,O
production rate are provided in the Supporting Information.
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Real-Time Quantitative Polymerase Chain Reaction (qPCR)
Analysis of Bacterial and Archaeal amoA. Soil samples (400 mg)
from the N,O experiments after the 21-day incubation period were
used to extract DNA using a NucleoSpin Soil DNA extraction kit
(Macherey Nagel, Germany) according to the manufacturer’s
instruction. For the extraction, the SL1 buffer and enhancer were
chosen, and DNA was finally eluted in 40 uL of PCR-grade water.
Real-time qPCR of amoA genes was performed for the bacterial and
archaeal community for each treatment with three biological and
three technical replicates. The primers Arch-amoAF and Arch-amoAR
were used for AOA,54 while amoA-1F and amoA-2R were used for
AOB.*® The DNA extracts were diluted 10-fold to avoid inhibitory
effects. Real-time qPCR assays were performed on a Bio-Rad CFX
Connect real-time PCR machine. The quantification was performed
using 5.0 uL of SYBR Green Master Mix (BioRad, USA), 0.4 uL of
the forward and reverse primer (10 pmol uL™"), 3.2 uL of PCR-H,0,
and 1 uL of the 10-fold diluted DNA. The fragments of bacterial and
archaeal amoA genes were amplified using an initial denaturation
phase (2 min), followed by 40 cycles (i) at 95 °C (10 s), (ii)
annealing at 72 °C for bacteria (1 min) and archaea (30 s), and (iii)
elongation for 45 s at §7.4 °C (bacteria) and 60 °C (archaea). The
PCR reaction runs had an efficiency between 97 and 111%. Standard
curves were generated using serial dilutions ranging from 10° to 10°
gene copies per reaction, provided as linearized plasmids that
contained cloned amoA genes of bacteria or archaea (R* > 0.8).
The correct PCR product length was verifed by obtaining a melting
curve in the temperature range 65—95 °C.

Statistical Analysis. Statistical analysis was performed with three
technical (except for the GC studies) and three biological replicates.
For the bacterial cell studies, NO,™ production, Ky (app) Vinax(app)r 20d
kqp values for inhibited and uninhibited cells were determined using
Student’s t test with a significance level of p < 0.05 using GraphPad
Prism version 9.5.0. Statistical analysis for the NH," and NO;~
measurements and the N,O production rates were performed with
GraphPad Prism 9.5.0 via two-way analysis of variance (2-way
ANOVA), assessing the factors day and treatment at each time point
using the Tukey HSD posthoc test with a significance level of p <
0.05. Statistical analyses on gene copy numbers were performed with
GraphPad Prism 9.5.0 (ordinary one-way ANOVA) with GraphPad
Prism 9.5.0 (2-way ANOVA) multiple comparison Tukey HSD. All
results are reported as mean values =+ standard error of the mean.

B RESULTS AND DISCUSSION

Structure—Activity Relationship (SAR) Studies. Figure
1b shows the substituted 1,2,3-triazoles (“inhibitors”) studied
in this work, which were designed to assess the role of the
alkyne moiety and its position relative to the triazole ring on
the inhibitory activity. Bacterial studies were performed using
pure cultures of nitrifying bacteria N. europaea and N.
multiformis. The cultures were incubated with ammonium
sulfate ((NH,),SO,), and the production of NO,™ measured
after 60 min in an assay based on the Griess reaction developed
recently by us (see the Supporting Information for details)."’

Table 1 shows that the activity of both N. europaea and N.
multiformis cells dropped to about 25% upon treatment with
MPT, compared with the uninhibited cells, revealing an
excellent inhibitory activity of this compound. Interestingly, H-
MPT, which has a propyl instead of the propargyl substituent,
had no impact on the activity of both cultures, clearly
demonstrating the importance of the alkyne moiety in MPT
for enzyme inhibition. On the contrary, NI-1, which has a
propyl group at C-4 and a butynyl instead of a propynyl chain,
reduced the activity to an average of about 70% in both
cultures. The alkynyl ester in NI-2 lowered the enzyme activity
to about 50%, whereas the alkynyl amide substituent in NI-3
almost eradicated any inhibitory effect.
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Table 1. Percent Activity of N. europaea and N. multiformis
after Treatment with Various 1,4-Disubstituted 1,2,3-
Triazoles, Determined from the NO,~ Production”

% activity
inhibitor N. europaea N. multiformis
MPT 24 + S 25+ 4
H-MPT 100 100
NI-1 79 £ 2 60 + 1
NI-2 S1+2 S3+2
NI-3 93 +1 100

“Incubations were performed in NaPB (pH = 7.5) with 1% (v/v)
DMSO at 30 °C with [NH,"] = 3 mM and [inhibitor] = 0.3 mM (10
mol % of N-source) at 100 rpm for 60 min in the dark. Standard
errors were determined from three biological replicates (see Tables S1
and S2 for complete data). The percent activity was calculated
according to eq SI-1.*

These SAR data show a strong dependence of the enzyme’s
activity on the substitution pattern, in particular, the position
of the alkyne moiety relative to the triazole ring. Additional
factors, such as size, polarity, or hydrogen-bonding abilities, are
also obviously influencing the inhibitory activity, which will be
explored in more detail in future work by us.

Reversible or Irreversible Inhibition? The three best
performing compounds from the SAR experiments, i.e,, MPT,
NI-1, and NI-2, were subsequently explored for their
reversibility of AMO inhibition. Cells of N. europaea and N.
multiformis were incubated for 30 min with NH," and the
inhibitors MPT, NI-1, and NI-2, and NO,"~ production was
measured (a high inhibitor loading of S0 mol % of the applied
NH,* was chosen to ensure noticeable effects). The cells were
subsequently washed thoroughly with NaPB to remove any
unbound and bound inhibitor compound, followed by
reincubation with NH," for 30 min and measurement of the
NO,™ production. Reversible binding of the NI to AMO would
be expected to result in a recovery of the NO,™ production
activity after washing and reincubation, approximately to the
level of the uninhibited cells, as we have recently found for
DMP, DCD, and a series of 1,4-disubstituted 1,2,3-
triazoles.””>" Control experiments in the absence of inhibitor
confirmed that the washing and reincubation protocol did not
impact (within error) the NO,” production rate of both
bacterial strains.

Before washing, treatment with MPT reduced NO,~
production substantially compared to the uninhibited cells,
irrespective of the AMO orthologue (Table 2), confirming the
findings from the SAR studies shown in Table 1.

Most importantly, after washing the MPT-treated cells and
reincubation with NH,", the activity did not increase
significantly (p > 0.05), clearly showing that MPT irreversibly
inhibits AMO. Recovery of the full NO,™ production rate
requires de novo synthesis of AMO, which has been shown to
take at least several hours, depending on the duration of
exposure to the inhibitor.”*® In contrast, compounds NI-1
and NI-2 are reversible inhibitors, leading to a recovery of
activity after washing and reincubation, which shows that the
presence of an alkyne substituent does not necessarily lead to
irreversible inhibition.

From these experiments, MPT has emerged as both the
best-performing and exclusive irreversible inhibitor. In the
following, the mechanism of inhibition and the inhibitory
performance of MPT in different soils are further explored.

https://doi.org/10.1021/acsagscitech.3c00506
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Table 2. Recovery of NO,™ Production by Pure Cell
Cultures of N. europaea and N. multiformis After Treatment
with Alkynyl-Substituted 1,2,3-Triazoles®

NO,™ production/nmol L™ min™"

AMO source inhibitor before washing after washing
N. europaea 1837 = 512 1458 + 255
N. europaea MPT 379 + S1 317 £ 73
N. multiformis 1314 + 374 1777 + 293
N. multiformis MPT 345 + 77 358 + 39
N. multiformis NI-1 487 + 82 944 + 53
N. multiformis NI-2 796 + 14 1482 + 42

“NO,” production rates were determined in the presence of NIs and
after repeated washing with NaPB and subsequent re-incubation with
NH,". The incubations were performed in NaPB (pH = 7.5) and 1%
(v/v) DMSO with [NH,*] = 3.0 mM and [inhibitor] = 1.5 mM at 30
°C and 100 rpm in the dark. Standard errors were calculated from
three biological replicates, each performed with three technical
replicates.

Identifying the Enzyme Targeted by MPT. As outlined
in the introduction, the first two steps of the oxidation of NH;
to NO,; , ie, NH; - NH,0H — NO,  (via NO) are
catalyzed by the enzymes AMO and HAO, respectively. As our
bacterial assay is based on measuring the production of NO,~,
either of these two enzymes could principally be targeted by
MPT. The finding that MPT reduced the NO,™ production of
cell cultures supplemented with NH,* to about one-quarter
(Table 1) suggests that this inhibitor blocks AMO. To confirm
the selectivity for AMO, a separate experiment was performed
where N. europaea and N. multiformis cultures were treated
with NH,OH as substrate for HAO and the production of
NO,™ measured after 60 min. Interestingly, a reduction of the
activity of both bacterial cell cultures of about 30% was found
(Table S3), which suggests that MPT might inhibit also HAO.
However, AMO and HAO are not independently operating
enzymes but are interconnected through an electron shuttle
mechanism.’” Thus, disruption of the electron transfer chain
due to strong AMO inhibition by MPT should also lead to
(partial) inhibition of HAO, similar to what has been
previously found for the AMO inhibitors DMP and
hydrazine.**>*

Measurement of the Oxygen (O,) Consumption. As
the rate of O, uptake b! AMO is proportional to the oxidation
of NH; to NH,OH,”” exploration of the kinetics of O,
consumption in the presence of MPT enables to obtain insight
into the mechanism of enzyme inhibition. Real-time kinetic
measurements were performed with cell suspensions of N.
europaea at 20 °C using a Clark-type oxygen electrode, where
the decrease of [O,] in the presence of NH," was first
monitored for 5 min. MPT was then added; the system was
equilibrated for 15 s, and the O, decay was subsequently
measured for a further S min. [MPT] was chosen such that the
uptake of the O, by AMO was not completely stopped. In all
measurements, both NH,* and O, were present in excess so
that the O, uptake rate was only dependent on the enzyme
concentration (the total protein concentration was ca. 468 ug
L', determined via a BCA assay kit). Thus, the O,
consumption by uninhibited cells should follow zero order
kinetics. Figure 2 shows the time-dependent [O,] profile
before and after treatment of the cells with 0.6 and 1.2 mM
MPT, respectively.
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Figure 2. Time-dependent O, consumption by N. europaea in the
absence and presence of MPT. The first 240 s show the consumption
of the O, in the absence of MPT. After 255 s, MPT was added
(indicated by the arrow); [MPT] = 0.6 mM (dark blue trace) and 1.2
mM (light blue trace). The cells were treated with [NH,*] = 3.0 mM
in NaPB (pH = 7.5) with 1% (v/v) DMSO at 20 °C under constant
stirring in the dark. The plot shows the mean of three measurements
for each MPT concentration; standard errors have been omitted for
clarity and are reflected by the rate coefficient, k, for the uninhibited
cells.

Addition of MPT considerably slowed the consumption of
O, by N. europaea. While the uninhibited cells showed, as
expected, zero order kinetics with an average rate coefficient of
k =275 + 20 nmol O, L™ s™! (Figure S1 and Table S4), the
decay profile after the addition of MPT changed to follow first
order kinetics, yielding rate coeflicients for the O,
consumption of k = (2.8 + 1.3) X 107° s™' and (4.8 + 1.4)
x 107 s7! for [MPT] = 0.6 mM and 1.2 mM, respectively
(Figure S2 and Table SS).

As the rate of O, consumption in the presence of MPT is a
measure for the rate of enzyme inhibition, the observed rate
increase with increasing [MPT] (doubling [MPT] increased
the rate of inhibition by a factor of about two), is indicative for
a mechanistic inhibition, where the amount of active enzymes
declines over time, similar to what has freviously been
reported for acetylene and phenylacetylene.”*” These data
confirm that MPT inhibits AMO through a chemical reaction,
likely through the formation of covalent bonds, in alignment
with our design rationale outlined in the introduction.

Michaelis—Menten Kinetics. To gain insight into the
binding site of MPT in AMO, Michaelis—Menten kinetics
were studied by measuring the production of NO,” by N.
europaea at various [NH,'] and constant [MPT]. Figure 3
shows the formation of NO,™ by uninhibited cells and cells
treated with 37.5 and 75 uM of MPT, respectively. The
selected concentration of MPT was intentionally kept below
the ICq(,pp) value of about 104 uM (determined with N.
europaea; see Figure S3) to achieve an NO,~ production level
that ranged from 25—44% of that observed in uninhibited cells.
The Michaelis constant, K, is the NH," concentration at
which the reaction rate is 50% of the maximal rate, V.. (see
the Supporting Information).

The Michaelis—Menten plots show saturation kinetics,
where the NO,~ production became independent of [NH,']
beyond 0.5 mmol L™". Furthermore, treatment with MPT did
not lead to an increased NO,™ production even when [NH,*]
was increased by up to 4 orders of magnitude. Determination
of the Michaelis—Menten parameters via hyperbolic analysis
(data are included in Figure 3) revealed that Kin(app) Was
unchanged within experimental error (p > 0.05), whereas
Vinax(app) decreased with increasing [MPT]. Such a behavior is

m
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Figure 3. Effect of MPT on the NO,™ production rate by N. europaea
in dependence of [NH,"] after 60 min and Michaelis—Menten kinetic
parameters Vy,,y(app) in pmol (mg protein min)~' and Kin(app) in #M
(the suffix ‘app’ indicates that these constants were determined from
bacterial cells and not the purified enzyme). The incubations were
performed with [NH,*] = 0.003 0.03, 0.0S, 0.1, 1.5, 3.0, 10, and 15
mM in NaPB (pH = 7.5) with 1% (v/v) DMSO at 30 °C and 100
rpm in the dark. Note the different axis scales to include the data at
higher [NH,*]. Standard errors are errors of the mean calculated from
three biological replicates (details in Table S6).

indicative for a noncompetitive inhibition mode,” ie., MPT is
not competing with NH; for the same binding site in AMO.
This inhibition mechanism is similar to that of phenyl-
acetylene, whereas acetylene acts as a competitive inhibitor,
which becomes less effective with increasing [NH,].** MPT’s
mode of inhibition is also distinct from that of DMP and DCD,
which are both uncompetitive inhibitors who bind to the
AMO-NH; complex.*

Determination of Toxic Effects of MPT. To explore the
potential toxic effects of MPT, a bacterial viability stain with
cells of N. europaea was performed. The cells were incubated at
30 °C with [NH,"] = 3 mM for 12 h with [MPT] = 1.5 mM
(50 mol % of [NH,*]). The control experiment in the absence
of inhibitor was performed with [NH,"] = 3 mM to avoid cell
death caused by starvation. Analysis of ten microscopic images
(the data for the individual images are shown in Table S7)
revealed that the percentage of living cells upon treatment with
MPT was 75 + 8 and that of dead cells was 25 + 8. These data
are within error similar to those obtained for the control

experiment (live = (83 + 10) %; dead = (17 + 10)%),
indicating no acute toxicity of MPT for N. europaea at this
concentration. Furthermore, ecotoxicity testing using a suite of
freshwater and terrestrial indicator species did not reveal any
acute (Ceriodaphnia dubia, Melanotaenia splendida splendida,
Eisenia fetida and Lactuca sativa) or chronic (Raphidocelis
subcapitata) toxicity of MPT (data are provided in Table S8).

Measurement of NH,* and NO;~ Profiles in Soil A. To
determine the nitrification inhibitory effect of MPT in vivo, soil
incubations were performed by measuring concentration—time
profiles for NH," and NO;~ in an acidic Australian soil (soil A,
pH = 5.9 (CaCl,)) over 21 days (Figure 4). MPT was tested at
three different concentrations (0.5 mol %, 2.5 mol % and S mol
% of applied fertilizer-N) and compared with the commercial
inhibitor DMP (S mol % of applied fertilizer-N). The NH,*
and NO;™ concentrations for all replicate runs, including errors
and statistics, are compiled in Table S11.

Loss of NH," occurred rapidly both without NI and with
DMP, with negligible levels of NH," remaining after 21 days of
incubation (Figure 4a) and quantitative conversion to NO;~
(Figure 4b). This result is consistent with the reported poor
inhibitory performance of DMP in acidic soils.””*>*" Also,
while MPT at the lowest application rate noticeably delayed
NH," loss within the first 15 days, it was not sufficiently
effective to retain NH," in the soil beyond 21 days.

In contrast, at the higher application rates of 2.5 and S mol
%, MPT enabled to quantitatively suppress NH," conversion in
the soil with a statistical significance of p < 0.001 over the
entire incubation period when comparing inhibitor treatments
to the control treatment with (NH,),SO, alone and when
comparing to the S mol % DMP treatment. These findings
were also reflected by the lack of NO;~ production over the
duration of the incubation. In fact, the inhibitory performance
of MPT at the 2.5 mol % application rate was only marginally
poorer than with the higher application rate of S mol % (p <
0.01 for day 7 with 2.5 mol % MPT and p < 0.001 for 2.5 and §
mol % MPT on the other days). These data clearly illustrate
MPT’s superior inhibitory performance, particularly compared
to the current ‘gold standard” DMP, which is likely a result of
MPT’s distinct mode of inhibition.

Measurement of N,O Formation in Soils B — E. As
N,O emissions from soils are controlled by biological
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Figure 4. Mineral N-transformations in soil A (pH = 5.9 (CaCl,)). Change in NH," (2) and NO;~ (b) concentrations over an incubation period of
21 days at 25 °C. Detailed soil specifications are listed in Table S9. (NH,),SO, was used at an application rate of 100 mg of N kg™ soil. Inhibitor
treatments were 0.5 mol %, 2.5 mol % and 5 mol % of applied fertilizer-N for MPT, and S mol % for DMP, respectively. Each concentration profile
was obtained from three replicates (for most data points the error bars are too small to be discernible).
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Figure 5. N,O—N production rates over 21 days in soils B — E. (NH,),SO, was applied as 50 mg kg™ soil ‘fertilizer only.” [DMP] and [MPT]
were 0.5 mol %, 2.5 mol % and S mol % of the applied fertilizer-N, respectively. Data were calculated from three biological replicates. Detailed soil
specifications are listed in Table S9. Soil E: note the different axis scale to include higher N,O production rates; no N,O production was detected
beyond day S for DMP at S mol % and all MPT treatments (for many data points the error bars are too small to be discernible).

nitrification-denitrification pathways, retention of NH," in the
soil through the use of MPT should also reduce formation of
N,O.'%! To validate this, incubations were performed with
four different German soils (soils B — E) with varying pH, and
the N,O production rates in the presence of MPT were
compared with those measured using DMP at the same
application rates (i.e., 0.5 mol %, 2.5 mol % and S mol % of
applied fertilizer-N; details are provided in Table S10) as well
as in the absence of NI (Figure 5). The individual data,
including errors and statistics, are listed in Table S12.

In the first week after fertilizer application to soil B (pH =
6.3 (CaCl,)), the N,O—N production rate in the uninhibited
soil was the highest with 0.68 ng g~' soil h™" at day 1 and 0.19
ng g~' soil h™" at day 7, reflecting the initial high N availability,

260

before gradually dropping to 0.05 ng g~ soil h™" at day 21
(Figure Sa). Treatment with DMP slowed down N,O
formation in dependence on the application rate. With 0.5
mol % of DMP the N,O production rate at day 1 was with 0.32
ng g~ soil h™' approximately 50% of that in the uninhibited
soil. At the higher application rates of 2.5 mol % and S mol %
DMP, the N,O production rate dropped by approximately
67% of that in the absence of the inhibitor. On the other hand,
soil treated with MPT produced N,O at a rate of only 0.06 ng
g ' soil h™" at day 1 in the case of the lowest application rate,
otherwise the amount of N,O remained below the detection
limit over the duration of the experiment, clearly demonstrat-
ing that MPT is much more effective in reducing N,O
formation than DMP.
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In the soil with higher acidity, soil C (pH = 5.5 (CaCl,)), a
decrease in the N,O production rate was observed in the
uninhibited soil compared to soil B (see Figure Sb). This
reduction is likely linked to the diminished amount of NHj;
available for oxidation by AMO due to protonation to NH,".
The average rate of N,O production remained largely
unchanged over the entire 21 days, confirming that in acidic
soils NH; can be effectively retained as NH,*.** Soil treated
with 0.5 and 2.5 mol % of DMP did not show a significantly
reduced N,O formation rate in the first 2 weeks (p > 0.05)
compared to the uninhibited soil. Only at the highest
application rate of DMP, a gradual reduction of the N,O
production rate to 0.095 ng g~' soil h™! at day 21 was found. In
comparison, soil treated with 0.5 mol % of MPT produced
about 0.12 ng g™' soil h™' of N,O over the duration of the
incubation, which is just 25% of the amount released from the
uninhibited soil. At the higher MPT application rates, the
production of N,O was nearly completely suppressed.

The most acidic soil (soil D, pH = 4.7 (CaCl,)) produced
the lowest amount of N,O, ranging from 0.08 to 0.14 ng g~'
soil h™" throughout the experiment (Figure Sc). No significant
difference of the N,O production rates between the
uninhibited soil and soil treated with DMP was found at any
time point (p > 0.05). These data align with the NH,"/NO,~
profiles measured in this work (see Figure 3) and
literature.”*>® In contrast, soil treated with MPT at 0.5 mol
% slowed down N,O production by 60%, whereas MPT at the
two higher application rates reduced the N,O production rate
to practically zero from the start of the experiment, indicating
that the inhibitory performance of MPT is essentially pH-
independent at these concentrations.

Soil E (pH = 7.5 (CaCl,)) was collected from an agricultural
recultivation site of a former open-cast brown coal mine.
Recultivation soils are usually low in nutrients, such as N.**~°
This lack of N retention capacity resulted in an unusual N,O
profile in the uninhibited soil, where the N,O production rate
rapidly increased within the first 5 days following fertilizer
application, reaching a maximum of 2.33 ng g~' soil h™" at day
S, before declining again to practically zero at day 14,
indicating a depleted N availability (Figure Sd). This behavior
indicates a very high nitrification/denitrification activity of this
soil, which quickly adapts to N fertilization. Treatment with
DMP and MPT led to a dampening of the N,O production,
with MPT being considerably more effective than DMP in the
first 5 days. Beyond that time point, the rate of N,O
production in the presence of either inhibitor remained
extremely low.

qPCR Measurements in Soils B — E. To assess the effect
of the irreversibly acting inhibitor MPT on the nitrifier
community, a quantitative analysis of the DNA amoA bacterial
and archaeal gene copies was carried out in soils B — E at day
22 of the incubation for untreated soils (H,O added only),
fertilizer-only treated soils ((NH,),SO,), and both MPT and
DMP (as benchmark) treated soils at an application rate of S
mol % of applied fertilizer-N. Figure 6 shows that nitrifying
archaea were the more abundant microorganisms in these four
soils. Thus, the amoA gene copies for AOA were in the range
of 1.2—35 X 107 gene copies g~ wet soil, whereas those for
AOB ranged from 3.3—56 X 10° gene copies g~ wet soil
(detailed data including errors and statistics, are given in Table
S13).

No significant change in the bacterial amoA population was
found in the untreated versus fertilized soils B — D (p > 0.05),
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Figure 6. qPCR analysis of soils B — E. Bacterial (a) and archaeal (b)
amoA gene copy numbers per g of soil determined at day 22 of
incubation in soils B (pH = 6.3), C (pH = 5.5), D (pH = 4.7), and E
(pH = 7.5). ‘Untreated’ soil contained only deionized water as
additive, ‘fertilizer only’ contained (NH,),SO, at an application rate
of 50 mg N kg™" soil, likewise as the NI treated soils. The inhibitors
MPT and DMP were applied at S mol % of applied fertilizer-N. Note
the different axis scales to include the data with higher copy numbers.
Each data point was calculated from three biological replicates.
Circled data sets indicate significant differences of amoA gene
abundances (p < 0.05) between different treatments (see text).

respectively (Figure 6a). Interestingly, in soil E the amoA gene
copies for AOB increased 3-fold from 5.1 X 10° to 1.6 X 10°
gene copies g ' soil upon fertilizer treatment. This bacterial
growth correlated with the enhanced N,O production at the
beginning of the experiment (see Figure Sd). Treatment of
soils B — D with fertilizer and either MPT or DMP did not
lead to a significant change in the bacterial amoA population
compared to the untreated or fertilized soils, respectively (p >
0.05). In the case of soil E treated with fertilizer and DMP or
MPT, respectively, the population dropped to the value of the
unfertilized soil (p < 0.0S), suggesting that both NIs have an
effect on the activity and therewith prevent growth of AOB.
Overall, the impact of DMP and MPT on the AOB community
appears to be similar.

In the case of the archaeal population, a similar response to
fertilization across all soils was found, as no increase of gene
copies in fertilized compared to untreated soils was detected
(Figure 6b). On the other hand, a significant reduction of
amoA gene copies was found in soils B and D after treatment
with MPT compared to the respective untreated soils (p =
0.02). Thus, in soil B the average gene abundance dropped by
40% from 2.4 X 10° gene copies g soil for the untreated soil
to 9.0 X 107 gene copies g~ soil for the MPT treated soil. In
soil D the population dropped by 24% from an average of 3.5
X 10® gene copies g™* soil to 8.5 X 107 gene copies g~" soil. In
contrast, no decrease of archaeal amoA gene copies by DMP
was found in any of the soils, confirming the reported low
efficacy of this inhibitor against archaeal strains.***"%~7°
Interestingly, MPT had an effect on the amoA gene copies only
in particular soils and not throughout all soil types. On the
other hand, from the finding that none of the three DMP
treatments reduced the N,O emission in the most acidic soil D
to a considerable extent, whereas MPT inhibited nitrification
up to 100% for 21 days (Figure Sc), these data indicate an
enhanced inhibitory effect of MPT on archaeal strains. It can
therefore be concluded that the performance of MPT is not
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only independent of soil pH but also independent of the AMO
orthologue. Overall, our study with MPT provides support for
our hypothesis that NIs need to operate through an irreversible
mechanism in order to achieve a consistent excellent
performance across different agroecosystems, which is urgently
required to increase NUE in agriculture.

The distinctive benefit of MPT lies in its ease of synthesis in
the laboratory, achieving high yields through a one-pot
reaction using readily available starting materials.”’ This
characteristic opens up exciting prospects for commercializa-
tion. In the upcoming stage of our inhibitor development, we
intend to scrutinize the technical and economic feasibility of
producing an MPT on a commercial scale. Additional work
involves the development of formulating protocols, evaluating
the longevity of the active ingredient in both the formulation
and the fertilizer, and conducting assessments of phytoxicity
through glasshouse studies, along with agronomy evaluations
in field campaigns.
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AMO ammonia monooxygenase

AOB ammonia oxidizing bacteria

BCA bicinchoninic acid assay

DCD dicyandiamide

DMP 3,4-dimethyl-1H-pyrazole

DMPG 3,4-dimethyl-1H-pyrazole glycolate

DMPP 3,4-dimethyl-1H-pyrazole phosphate

DMSO dimethyl sulfoxide

H-MPT 4-methyl-1-propyl-1H-1,2,3-triazole

ICsp concentration of inhibitor to decrease response
to 50%

K, Michaelis—Menten constant

MPT 4-methyl-1-(prop-2-yn-1yl)-1H-1,2,3-triazole

NaPB sodium phosphate buffer

NI nitrification inhibitor

N. europaea  Nitrosomonas europaea

N. multiformis Nitrosospira multiformis

NUE nitrogen use efficiency

PM, fine particulate matter (particles less than 2.5
um in diameter)

gPCR quantitative polymerase chain reaction

rpm rotations per minute

SAR structure activity relationship

Vinax maximal rate of enzymatic reaction
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