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Zusammenfassung  

Die Nitrifikation ist ein biochemischer Prozess, der im Boden von Nitrifizierern durchgefuehrt 

wird. Waehrend der Nitrifikation wird Ammonium (NH4
+)  zu Nitrit (NO2

-) und dann zu Nitrat 

(NO3
-) oxidiert. Auf einem landwirtschaftlichen Feld, wo die natürlichen Ressourcen aufgrund 

häufiger Ernten erschöpft sind, liefern Böden nicht ausreichend N in einer 

pflanzenverfügbaren Form (Mineral-N, wie Nitrat (NO3
-) und Ammonium (NH4

+)). N ist daher 

ein limitierter Nährstoff und wird in enormen Mengen als N-Dünger in den Boden 

eingefuehrt. Während die Applikatiosnmenge an N-Dünger in 1970 noch bei 31,8 Tg lag, 

werden heute fast 120 Tg N in den Boden eingeführt. Aufgrund der parallel ablaufenden 

Nitrifikation, besteht leider keine direkte Korrelation zwischen der N-Düngungsmenge und 

dem Ernteertrag. Nitrifikation kann zu N-Düngerverlusten von bis zu 80% führen. Per 

Definition handelt es sich bei der Nitrifikation um eine Redox-Kaskade von der höchst 

oxidierten Form von N (NH3) zur höchst reduzierten Form von N (NO3
-). Die in diesem 

Mechanismus freigesetzten acht Elektronen liefern essentielle Energie für Bakterien und 

Archaea, die mit den Enzymen ausgestattet sind, um diese Reaktion durchzuführen. Die 

Landwirtschaft steht seit über 50 Jahren vor der Herausforderung der Überdüngung des 

Bodens, um den Ernteertrag sicherzustellen. Übermäßige N-Düngung ist nicht nur 

wirtschaftlich nicht nachhaltig, sondern führt auch zu verschiedenen Umweltproblemen. Zur 

Einschränkung der Nitrifikation werden synthetische Nitrifikationsinhibitoren (SNIs) über die 

gemeinsame Formulierung von N-Düngemitteln in den Boden eingebracht. SNIs hemmen das 

mikrobielle Enzym, das für die N-Umwandlung verantwortlich ist, Ammoniak-

Monooxygenase (AMO), das in ammoniumoxidierenden Bakterien (AOB) und Archaea (AOA) 

konserviert ist und den initialen und geschwindigkeitsbestimmenden Schritt der Nitrifikation 

durchführt. Obwohl kommerzielle SNIs seit den 1970er Jahren auf dem Markt sind, bleibt die 

Stickstoffnutzungseffizienz weltweit bei 50%, aufgrund ihrer unvorhersehbaren und 

unzuverlässigen Leistung im Boden. Interessanterweise ist der Hemmungsmechanismus 

kommerzieller SNIs noch nicht vollständig verstanden. Im Rahmen dieser Doktorarbeit 

wurden biochemische Parameter von kommerziellen SNIs bestimmt. Darueber hinaus 

wurden neue SNIS synthetisiert und auf Effizienz getestet.  
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Abstract 

Nitrogen (N) is used as a fertiliser for its essential role in building biomolecules, such as amino 

acids, porphyrins and nucleic acids, which directly promote plant growth.1 Better nutrition 

leads to a better crop yield; this has been a central dogma in agricultural science for more 

than 150 years.2 In an agricultural field, where natural resources are depleted due to frequent 

harvests, soils do not provide naturally sufficient N in a plant-available form (mineral-N, such 

as nitrate (NO3
-) and ammonium (NH4

+)). 3 N is, therefore, a limiting nutrient and is added in 

an enormous amount into the soil as N fertilisers. Whilst the application rate of N fertiliser 

was 31.8 Tg back in 1970,4, today, almost 120 Tg of N is introduced into the soil.5 

Unfortunately, there is no direct correlation between N fertilisation rate and crop yield due 

to a competing N uptake mechanism by soil organisms known as nitrification. 6 Nitrification 

can lead to N fertiliser losses of up to 80%.7 By definition, it is a redox cascade from the 

highest reduced form of N (NH3) to the highest oxidised form of N (NO3
-). The eight electrons 

released in the mechanism provide essential energy for bacteria and archaea equipped with 

the enzymes to perform this reaction.8 Agriculture has been facing the challenge of over-

fertilising soil to ensure crop yield for over 50 years now.6 Not only is excessive N fertilisation 

not economically impactful, but N fertilisation also hosts various  environmental problems. 9 

Especially in heavily industrialised and densely populated areas, the high N application rate 

in soils has polluted the atmosphere with ammonia (NH3) and nitrous oxide (N2O), a 

greenhouse gas (GHG) with a warming potential approximately 300 times higher than carbon 

dioxide.6  

To control microbial conversion, synthetic nitrification inhibitors (SNIs) are introduced via co-

formulation of N fertilisers. SNIs inhibit the microbial enzyme responsible for the N 

conversion, namely ammonia monooxygenase (AMO) conserved in ammonia oxidising 

bacteria (AOB) and archaea (AOA) that perform the initial and rate-limiting step of 

nitrification. Whilst commercial SNIs have been on the market since the 1970s, the nitrogen 

use efficiency has remained 50% globally,10 mainly due to their unpredictable and unreliable 

performances in soil. 10 Interestingly, the inhibition mechanism of commercial NIs has not 

been fully understood yet. 11, 12 Moreover, the development of new NIs has been a bottleneck 

in the past.  
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The first research chapter of this thesis investigates into the development of a rapid, 

accessible, and robust nitrification assay to test the efficacy of potential NI within 60 min. 

This essay employs AOB of the strain Nitrosomonas europaea and Nitrosospira multiformis 

and test their nitrification activity in the presence of a SNI. The assay summarises the most-

suitable parameter for cell growth, cell harvest, inhibitor concentration and substrate 

concentration, as these protocols do not exist in literature. The assay was performed on 4,5-

disubstituted 1,2,3-triazoles, a new class of nitrification inhibitors explored in this doctoral 

thesis. 16 derivatives of 4,5-disubstituted 1,2,3-triazoles were synthesised to determine their 

nitrification inhibitory effect in dependence on their structure. With this assay, it was found 

that particularly five derivates of 4,5-disubstituted 1,2,3-triazoles show a significant 

nitrification inhibition in comparison to uninhibited cells indeed. 

 

The second research chapter focuses on determining the mechanism of inhibition of the 

existing SNIs 3,4-dimethyl-1H-pyrazole (DMP) and dicyandiamide (DCD), which have not 

been explored previously. This fundamental research is essential to understand current 

agricultural products and enable the design of novel NIs with more reliable performance. A 

series of biochemical studies were performed with DMP and DCD using Nitrosomonas 

europaea (N. europaea) as a model organism to identify the targeted enzyme in the 

nitrification enzyme cascade, binding affinity, reversibility of binding, Michaelis Menten 

kinetics, and toxicity. It was found that both NI act as reversible, non-mechanistic inhibitors.  

 

Following these findings from the biochemical experiments in the previous chapter, similar 

experiments were performed for five derivatives of 1,4-disubstituted 1,2,3-triazoles to 

directly compare them to the commercial SNI. This class of SNI has recently been tested in 

soil incubation studies by the postdoctoral student Bethany I. Taggert and showed an 

exceptional NI in comparison to the ‘gold standard’ DMP especially observed at elevated 

temperatures. Biochemical parameters for this class of compounds have not been 

determined. Therefore, five candidates 1,4-disubstituted 1,2,3-triazoles with varying 

functional groups substituents in the 1-position were tested. It was found that the 

incorporation of functional groups is detrimental to the inhibitory effect, and with increased 
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lipophilicity, an increased inhibitory effect is observed. All inhibitors acted as non-

competitive and reversible inhibitor.  

With the detailed mechanistic knowledge of existing SNI, the fourth research chapter aims 

to explore the introduction of an irreversible SNI. The irreversible SNI 4-Methyl-1-(prop-2-yn-

1yl)-1H-1,2,3-triazole (MPT) was discovered. MPT contains an alkynyl group that mimics 

acetylene, a known irreversible inhibitor of the AMO. Its efficacy was tested in bacterial 

studies and soil incubation studies with four German and one Australian soil showed that the 

inhibitory effect is practically pH- and soil-type independent.   

Moreover, this chapter explores the effect of MPT on methanotrophic organisms. 

Methanotrophic organisms contain the key enzyme particulate methane monooxygenase 

(pMMO), which is evolutionary and structurally similar to AMO. It was found that MPT does 

not inhibit the methane uptake to the same extent as nitrification. Therefore, it can be 

concluded that MPT is an AMO-selective inhibitor.  
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COVID had a significant impact on this research. As a joint PhD project, the work was designed 

in an interdisciplinary project between three institutions. Therefore, the project could only 

be performed with the scientific input of all disciplines and requires experimental work in all 

institutions. The main scientific objectives of this doctoral project have been redefined 

several times during this period to mitigate the impact of the COVID-19 pandemic, resulting 

in significant shifts in the scientific focus and timeline. As a result, some key experiments that 

would have led to concrete scientific outcomes and high-quality publications were removed 

entirely or re-designed.  

As a joint PhD project between the School of Chemistry of the University and the University 

of Bonn and Forschungszentrum Jülich in Germany, this PhD project is multidisciplinary and 

requires the expertise of the School of Chemistry (Unimelb), School of Biosciences (Unimelb) 

and School of Agriculture (UniBonn). The overall aim is to synthesise nitrification inhibitors 

to mitigate nitrogen fertiliser loss and reduce greenhouse gases in agriculture. At the 

beginning of the project (April 2019-February 2020), a library of 16 compounds were 

successfully synthesised and ready to be tested at the School of BioSciences; however, with 

the pandemic starting, these experiments were postponed as no access to the building was 

permitted. This led to an access prohibition and an experimental delay of 6 months. During 

these 6 months, the design of new nitrification inhibitors did not proceed as the initial results 

aimed to guide further synthesis. In addition, the still uncertain access permits required to 

pivot to an alternative approach that requires less time at the School of BioSciences in the 

case of another lockdown (which frequently happened unannounced). Therefore, the core 

studies shifted from plant studies to pure bacterial culture studies with ammonia-oxidising 

bacteria. The acquirement of microbiology and molecular biology skills was needed to master 

this new discipline of science with no background knowledge of the doctoral candidate. This 

required amendment delayed the outcome of this project for another 6 months. 
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Chapter 1: Introduction 

1.1 Importance and Challenges of Nitrogen Fertilisation 

Whilst plants generate their energy from oxidising glucose to carbon dioxide (CO2) and water 

(H2O) via cellular respiration, nitrogen (N) must be viewed as a central element for the 

production of proteins, nucleic acids, which form the living material.13 N constitutes 

approximately 1.5 ꟷ 5% of a plant’s dry weight, wherein 80-90% is conserved in proteins.13 

Despite the generous abundance of N2 in the atmosphere (78%), plants are only able to take 

up mineral forms of N in soil, i.e., nitrate (NO3
-) or ammonium (NH4

+). 14 Both mineral N forms 

are released from organic matter via a process called mineralisation.15 During mineralisation 

N bound in organic compounds and soil particles is decomposed via physical and 

microbiological processes.15 The degree of mineralisation depends on the type of soil 

microorganisms, the chemical properties of the soil and the climate.10 Once released, plants 

assimilate mineral-N through their root transporters from soil.16 NO3
- is the primary mineral-

N form with an up to 100-1000 times higher abundance than NH4
+ in soil, due to the short 

lifetime of NH4
+ (see section 1.3).13  N uptake rates in plants rely on the genetic predisposition 

and intrinsic activity of root High and Low-affinity Transport Systems (HATS and LATS).16 HATS 

are active in low NO3
- concentrations in soil (< 1 mM) and LATS are active in high 

concentration NO3
- in soil. NH4

+ is the preferred form of mineral N, as NH4
+ can enter into 

amino acid synthesis directly, whereas NO3
- must be first reduced to NH4

+ via the plant 

enzymes nitrate and nitrite reductase.13 A total of eight electrons is required for the 

reduction of NO3
-  to NH4

+, which requires a third of the energy of the oxidation of one glucose 

molecule.  

Due to frequent harvests, plants in agricultural fields are N deprived as the natural N release 

mechanisms in soils are non-sufficient and exploited. 13 As a result of the critical role of N in 

plant growth and the low natural supply, the management of N resources is an extremely 

important aspect in agricultural systems.13 To satisfy the caloric needs of 9 billion people, the 

introduction of N fertiliser in a plant-available form are unavoidable.17 N fertilisation is a 

substantial practice in agriculture, with an application of up to 240 kg/ha for a single harvest 

cycle and a global application rate of 120 Tg.6 In comparison, the natural N pool is just 63 Tg 
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year-1 and provides only a third of the required N in agriculture.10 N fertilisers contain NH4
+ 

or the deprotonated form NH3 as an active compound, which needs to be produced under 

high pressure and high-temperature conditions (Haber-Bosch Process) from gases hydrogen 

(H2) and the non-reactive gas N2. 18, 19 The N demand will undoubtedly continue to increase 

due to population growth, climate change and limited arable land.9 In fact, it is predicted that 

N fertilisation will increase by 70-100% by 2050.20 With introduction of excessive amounts of 

N fertiliser in a plant-available form, the balance of the natural ecosystems is disturbed. 9 

NH4
+, besides being a plant nutrient, is also a highly preferred substrate for microorganisms 

in the soil. 21 The overarching process of microbial NH4
+ uptake is summarised in the ‘N cycle’ 

(see section 1.2),7 which is a form of a microbial redox cascade that generates energy 

essential for the survival of soil microorganisms from mineral N. Therefore, a high fertilisation 

rate rarely results in higher crop yield but leads to the accumulation of environmental 

pollutants that are metabolites of the N cycle.22 

1.2 Terrestrial Nitrogen Conversion – A Cycle? 

The N cycle is a primary regulator of atmospheric and terrestrial fixed N sources. Chemically, 

it can be considered as the redox chemistry of N in soil and is of tremendous importance in 

maintaining the balance of gaseous and solid N.6 The N cycle is not an isolated process, but 

instead, it is strictly linked to other cycles, such as the carbon (C) cycle and the phosphorus 

(P) cycle. 7 Since the beginning of industrialisation in the early 19th century, an enhanced N 

emission due to fossil fuel combustion and the extensive introduction of N fertiliser, in 

particular after the development of the Haber-Bosch process, has led to an imbalance in the 

N cycle.23 Additional secondary factors, such as climate change and excessive CO2 release, 

have had an undeniable impact on the N availability in both soil and the atmosphere.24  

The N cycle consists of two main parts, N uptake and N release, which, as these two processes 

are driven by, are also referred to as nitrification and denitrification ( Figure 1), respectively.22  
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 Figure 1: The terrestrial N cycle is divided into the two steps nitrification and denitrification. 

The metabolites indicated in red are environmental pollutants due to excessive N 

fertilisation. (Created with BioRender) 

 

Nitrification starts with the introduction or release of NH3, which can be either generated 

from mineralisation, microbial N-fixation or anthropogenic N fertilisation.22 The latter is the 

predominant N-source in agricultural systems, with urea ((NH2)2CO; requires hydrolysis to 

release NH4
+ via urease25) ammonium nitrate (AN; NH4NO3), ammonium sulphate (AS; 

(NH4)2SO4) and calcium ammonium nitrate (CAN, 5Ca(NO3)2*NH4NO3*10H2O) being the main 

players. An electron release and uptake cascade are initiated once NH3 (the deprotonated 

form of NH4
+) is present in the soil. N in NH3 has the formal oxidation number of -3, which is 

oxidised to +5 in NO3
-. These eight electrons released during nitrification are essential for the 

survival of ammonia oxidising bacteria (AOB) and ammonia oxidising archaea (AOA), 

equipped with enzymes capable of performing this oxidation in exchange for gaining energy 

to survive. The key-player enzymes are ammonia monooxygenase (AMO) and hydroxylamine 

oxidoreductase (HAO) for the oxidation of NH3→ NO2
- and nitrite oxidoreductase (NXR) for 

the oxidation of NO3
-→ NO2

-. The conversion NH3→ NO2
- is the rate-limiting step of the N 

cycle, as NO2
-- is rarely found to accumulate in the environment. The primary purpose of 

nitrification is the formation of  nicotinamide adenine dinucleotide (NADH+), an important 
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reductant in the generation of adenosine triphosphate (ATP).26 In other words, NH3 is the 

energy-delivering compound; and AOB and AOA  can only survive in its presence.  

Nitrification can positively or negatively affect N retention in a system, depending on the soil 

conditions and pH. Especially in alkaline soils, the deprotonation of NH4
+ leads to the 

formation of a large portion of the volatile NH3, which can be lost to the atmosphere. In this 

case, nitrification enables N retention by oxidising N to less volatile species.27  However, in 

most cases, nitrification competes with plant N uptake. The initial step of nitrification, the 

oxidation of NH3 to NH2OH is catalysed by the copper‒dependent AMO. 28  

AMO is a membrane-bound enzyme with an unknown crystal structure (see section 

1.4) that is abundant in both AOA and AOB.29 NH2OH is immediately converted to NO2
- by the 

heme-type iron-dependent enzyme HAO, which is also abundant in AOB and AOA.8 

Therefore, the oxidation product of NH3→ NH2OH is only a ‘formal’ intermediate and the 

overall oxidation of NH3→ NO2
- is considered as initial and rate-limiting step of nitrification.8 

Lastly, NO2
- is oxidised to nitrate (NO3

-) via the molybdenum-dependent enzyme nitrite 

oxidoreductase (NIR) present in nitrite oxidising bacteria (NOB). Historically, AMO and HAO 

were believed to be abundant in AOB and AOA, respectively, whereas NO2
- oxidation by NXR 

was performed by NOB. However, recently Comammox were discovered that contain both 

AOB and NOB and can carry out the complete oxidation of NH4
+ to NO3

-.30 The abundances 

of these species are soil type, edaphic and climate dependent.27  The product of nitrification 

‘NO3
-‘  is not strictly a N loss, as NO3

- can be assimilated by plant roots (section 1.1).16 

However, as an anionic species NO3
- has a low affinity to bind to the negatively charged soil 

particles and is lost through leaching in aquatic systems 10 causing accumulation and pollution 

in rivers and lakes (eutrophication). 31 Human and animal consumption of NO3
- can lead to 

health risks, and government regulations strictly limit the amount of permitted NO3
- in 

drinking water.27 On the other hand, retained NO3
- in the soil can be either taken up by plants 

or reduced to gaseous N forms, such as N2O, N2 and nitric oxide (NO)32, via microbial 

denitrification processes. Excessive N fertilisation leads to anthropogenic-caused nitrous 

oxide (N2O) formation, and in fact,  agricultural soils account for about 50% of total global 

N2O emissions. 33  
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1.3 Ammonia Oxidising Bacteria  

As mentioned in section 1.2, AOB are chemolithoautotrophic organisms that can be found in 

most aerobic environments where NH3 is available. 27 AOB are ubiquitous in soils, freshwater 

and marine environments.  

Most AOB fall within one taxonomic group of the β- and γ-Proteobacteria and are categorised 

into five main genera Nitrosomonas, Nitrosospira, Nitrosococcus, wherein Nitrosomonas and 

Nitrosospira (Figure 2) are the most predominant genus levels.34  Pure AOB pure cultures are 

typically isolated by extinction via dilution methods, in which non-nitrifying bacteria 

gradually become extinct as the liquid media is tailored for the specific needs of AOB cultures. 

35 The growth media must satisfy several requirements in order to successfully grow AOB, 

such as the absence of organic carbon sources, the presence of inhibitors of heterotrophic 

organisms (such as penicillin) and essential trace elements, for example Cu2+ and other metal 

cations.  AOB are notorious for their slow growth and they form symbiosis with heterotrophic 

organisms. 36 As autotrophs, they rely on the energy that is released from the oxidation of 

NH3 (ΔG°’ = -271 kJ mol -1) and their organic carbon is derived from CO2 assimilation.34  

 

Figure 2: Phylogeny of known autotrophic nitrifiers based on 16S rRNA gene sequencing. AOB 

are shown in dark grey, NOB in black and anaerobic oxidisers are striped.27  
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AOB can adapt to many climatic and edaphic conditions.8 At lower pH, NH3 is protonated to 

NH4
+ (pKa = 9.25), which is not a suitable substrate for AMO. However, some AOB have 

adapted to acidic conditions (pHKCl < 4), such as Nitrosospira AHB1. 27  While AOA are the 

more predominant species in acidic soil, AOB also have mechanisms to cope with low pH. 37, 

38 The reason for the survival of AOB/AOA in acidic soil has not been fully understood yet, as 

AOB cultures could not be grown in a pH = 5.5 in a laboratory setup; however, there must be 

a coping mechanism present in soil potentially in symbiosis with urealytic bacteria.27 N. 

europaea is the most studied AOB due to its ability to be cultured in a laboratory 

environment.39-41 However, it is not representative of the more dominant groups in soil 

Nitrosospira.27 The complete genome sequence (2.8 Mbp) of N. europaea revealed about 

2460 protein-encoding genes, of which the majority codes for enzymes of cellular 

constituents. Only a small fraction is responsible for the catabolism of compounds (such as 

N-oxidation). 34, 42  

 

Figure 3: Membrane bound AMO oxidizes NH3 to NH2OH, which is further oxidized to NO2
- by 

HAO. The four electrons generated during these processes are subsequently transferred to 

cytochrome c554, membrane cytochrome cm552 and ubiquinone-8 (QH2), from where two 

electrons are fed into the electron transport chain (ETC) and two electrons are transferred 

back to the AMO to deliver electrons for the reduction of oxygen. 
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The pathway of bioenergy generation from NH4
+ oxidation is in several cascading steps. The 

AMO-catalysed oxidation of NH3 to NH2OH releases two electrons, which are accepted up by 

O2. As the reduction O2 →  2 O2- requires four electrons, electron deficit is generated in the 

first catalytic step.8, 34 The remaining two electrons are provided by HAO, as the NH2OH 

oxidation supplies a total of four electrons. The remaining two electrons are transferred to 

cytochrome c554, membrane cytochrome cm552 and ubiquinone-8 (QH2).8 HAO is, 

therefore, a crucial enzyme in the nitrification process that fuels the AMO reaction.43 Thus, 

AMO and HAO are in proximity to each other, where AMO is located in the inner membrane 

facing the periplasm and HAO is a periplasmatic enzyme.  

1.4 Insights into the Key Enzyme AMO 

AMO, a copper membrane-associated monooxygenase (CuMO), is structurally very complex. 

Unfortunately, its crystal structure has not yet been successfully resolved due to difficulties 

cultivating CuMO-producing organisms and isolating purified active membrane-bound 

domains.44 The genome of the AOB of N. europaea revealed that AMO most likely consists of 

three subunits, amoA, amoB and amoC, all of which are membrane-bound. Nitrosomonas 

spp. contain two copies of the complete amo operon while Nitrosospira spp. contain three 

copies, which leads to a higher activity of the latter.45 It is believed that the subunit amoA 

contains the putative catalytic centre, as this subunit covalently binds acetylene (C2H2), 

resulting in inhibition of NH3 oxidation. The irreversible binding was detected using isotope 

labelled acetylene (14C2H2), which was found in the membrane-bound protein fraction of 

AOB.45, 46 Michaelis-Menten Kinetics experiments showed that C2H2 is a suicide inhibitor of 

AMO. C2H2 is a competitive inhibitor of AMO, where increasing the NH3 concentration 

decreases the inhibitory effect of C2H2 indicating that both bind on the same site of the 

enzyme.
47

  

The size of amoA is approximately 31.990 Da.44 The gene fragment of amoB predicts a 

polypeptide with a mass of 44.266 Da.44, 48 Interestingly, although it is believed that amoC 

plays no critical role in the catalytic oxidation step of NH3→ NH2OH, it has been shown that 

AOB contains amoC gene copies that are abundant in a higher number in the genome than 

the other subunits.45 Recently, mass spectrometric approaches revealed a new subunit amoD 
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that also contains a copper ion in the binding site. It is believed that this subunit does not 

host the active centre, however, but is of importance for the entire AMO functionality.49  

Although AOB have been discovered before AOA, AMO in archaea have been more widely 

studied than bacterial AMO.50 The closest researchers ever have come to solving the crystal 

structure of AMO are the recent advancements in the crystal structure of the amoB site of 

the AOA strain Caldus yellowstonii.51 An active copper site of the amoB subunit is believed to 

be located in the N-terminal region in the periplasm region with three histidines and the 

terminal amino group of the polypeptide within coordinating distance. 29 Recently, three new 

subunits (amoX, amoY, amoZ) that are only present in AMO of AOA have been discovered.52 

Consequently, the archaeal AMO is predicted to have six subunits instead of the three 

subunits in AOB. While these subunits are not believed to provide catalytic activity, it seems 

plausible that they play an essential role in the structural and functional integrity of the 

archaeal AMO complex.52  

In summary, AMO is a structurally complex enzyme, and understanding underlying 

mechanisms have been challenging in the past.  Ever since the discovery of AMO, researchers 

have grasped information on the active centre. The first and most straightforward approach 

is to test the substrate variety of AMO. The catalytic activity of AOB in the presence of various 

organic compounds, such as aromatic compounds, aliphatic alkanes, cyclic alkanes and 

chlorinated alkanes, was determined. Subsequent GC-MS analysis of the products was 

performed.34, 40, 47, 53 Figure 4 shows various substrates of the AMO, including linear and cyclic 

alkanes, alkenes, aromatic compounds, as well as NH3.40, 54 The main reaction is the insertion 

of an oxygen atom, similar to the NH3 → NH2OH oxidation. 

AMO has a large substrate variety and can oxidise a variety of classes of organic compounds. 

It is to be noted that none of these compounds provide bioenergy for AOB and AOA to 

survive, as the subsequent enzyme HAO can only catalyse the reaction of NH2OH to NO2
-. 

However, this observation indicates that the active centre of the AMO is accessible for a large 

variety of compounds.  
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Figure 4: AMO catalyses the oxidation of a variety of different compounds, for example, 

ammonia, methane, ethylene, cyclohexane and benzene, which releases 2 electrons (2 e-). 

Simultaneously, O2 is reduced, which requires 4 e-. The missing 2 e- are provided from the set 

of electrons released during the subsequent oxidation processes catalyzed by HAO. 46, 54-57  

 

Another strategy to gain information about the catalytic centre of AMO is by 

comparison with similar evolutionary enzymes. The most prominent and well-studied CuMO 

is the particulate methane monooxygenase (pMMO) expressed by methanotrophs, 

representing a unique group of bacteria capable of growing using methane as a carbon 

source.58 pMMO catalyses the oxidation of methane to methanol (CH4→CH3OH). 58 While the 

physiological function of AMO and pMMO differs, however, both enzymes can be considered 

analogues in metabolic importance and mechanistic function.59 Interestingly, NH3 is a 

substrate of pMMO, and CH4 is a substrate of AMO, confirming the structural similarity of the 

active centre in these two enzymes.59, 60 Comparison of the sequence of pMMO and AMO by 

Holmes et al. in 1995 revealed that both enzymes share a sequence of 27 kDa, suggesting 

that the active centre is analogous.59 As methanotrophs and AOB have an enhanced growth 

of up to  5‒15 times proportional to the Cu concentration in the growth media,39 it was 

inferred that the active essential metabolic enzymes contain a Cu centre.39 This presumption 

was confirmed in 2018 by Rosenzweig et al., who solved the crystal structure of pMMO, 
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which is considered a scientific milestone in gaining an understanding of membrane-bound 

metallo-oxygenases (Figure 5).29 

 

 

Figure 5: a) Crystal structure of pMMO: Trimeric structure of pMMO with metal sites A– C 

indicated (Cu ions in yellow, Zn ions in red; periplasmatic subunit pmoA, and membrane 

emerging pmoB and pmoC subunits in magenta, green, and cyan, respectively. The geometry 

of the Cu site A in protomers (b) and (c), involving three histidine residues and the amino-

terminal group. Cu ions are shown as yellow balls, whereas C, N, and O atoms are shown as 

cyan, blue, and red sticks, respectively.29  

 

Structurally, pMMO consists of a heterotrimer of which each individual comprises a single 

pmoA, pmoB and pmoC (similar to amoA, amoB and amoC respectively) gene fragment 

(Figure 5).58 Rosenzweig et al. predicted a dinuclear and a mononuclear copper site in the 

soluble periplasmic parts of the pmoB subunit and a monomeric Zn site in the pmoC subunit 

within the membrane that binds only one Cu atom. The resolution of the crystal structure of 

2.8 Å did not provide information about the location and composition of the pMMO active 
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site. Later, a crystal structure was reported at a slightly improved resolution, not supporting 

the previously suggested dinuclear copper site.61 It also showed Cu ions in the pmoA region, 

modelled as mononuclear in two protomers and dinuclear in one protomer. In addition, it 

showed a Zn2+ ion in the pmoC unit.61 The pmoB unit is believed to play an essential role in 

the catalytic activity and consists of two cupredoxin-like domains connected by two 

transmembrane helices and a long linker region.61  

The importance of Cu in the catalytic process of AMO was further supported by 

experiments involving allyl thiourea (AT), where nitrification inhibition was observed.62 AMO 

was inactivated, although no traces of inhibition via the oxidation of AT were found. 62 With 

a sulfur atom (Figure 7, indicated in blue), AT clearly distinguishes from the substrates shown 

in Figure 4; therefore, it was believed that AT acts as a ligand that coordinates to the Cu 

centre of the AMO (chelator), as shown in the crystal structure of the pMMO for histidine 

and Cu (Figure 5b).62 Overall, it can be concluded that AMO is a membrane-bound enzyme 

with a large variety of substrates suitable for oxidation; Cu plays an essential role in the 

catalytic transformation. Moreover, the evolutionary similarity of the AMO and pMMO can 

be taken as a guideline for designing AMO inhibitors that mimic the histidine residues (Figure 

5) bound to the Cu centres.  

 

1.5  Biological Nitrification Inhibitors (BNIs) 

Although there are uncertainties about the structure of the AMO, biological compounds 

excreted by plants have been detected that inactivate AMO.63, 64 Plants have a mechanism 

that prevents excessive nitrification through the secretion of biological nitrification inhibitors 

(BNIs). The inhibitory effect of BNIs was observed by monitoring the growth of an engineered 

strain of AOB (luminescence recombinants of N. europaea) or measuring metabolites like 

NO2
- in a nitrification assay in vitro.47, 63, 65 BNIs have been isolated from root tissue and root 

exudates66 and show a large structural diversity, such as 4-hydroxycinnamate derivatives (1), 

chlorogenic acid and flavanones (2), lactones (3) and secondary alcohols (4) (Figure 6). 67, 68 

There are many suggestions why these molecules work as nitrification inhibitors.6, 65, 69-71  
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Figure 6: Examples of BNIs extracted from root tissue and exudates: methyl ferulate (1), 

dihydrokaranjin (2), brachialactone (3), and 1,9-decandiol (4).6 

 

The BNIs shown here are hydrophobic, electron-accepting compounds and are therefore 

believed to inhibit both AMO and HAO.57 It has been suggested that molecules with electron-

deficient C=C double bounds, such as the a,b-unsaturated moieties in compounds 1 - 3 accept 

the electrons generated by the oxidation of NH4
+ to NO2

- instead of transferring them to 

cytochromes, 6 as shown in Figure 3. Thus, the inhibition mechanism is a disruption of the 

electron shuttle from HAO to cytochrome 554.6 The fact that BNIs are hydrophobic molecules 

supports the importance of interaction with the membrane lipid double layer, which can be 

accessed more effortlessly by lipophilic compounds than by charged or hydrophilic 

compounds. 72 Another theory is that BNIs mimic substrates of  AMO and HAO. A prominent 

example of substrate inhibition is 1,9-decandiol (4), which lacks electron-accepting 

properties, but two free hydroxyl groups could mimic NH2OH, and the lipophilicity could 

contribute to facilitating the coordination of the binding site in the HAO.70 BNIs are not in the 

scope of this thesis and will not be further discussed. 

 

1.6 Synthetic Nitrification Inhibitors (SNIs) 

To improve N management in agricultural systems, N fertilisers can be amended with 

nitrification inhibitors (NI). As mentioned in section 1.4, the putative active centre in AMO 

contains Cu2+ coordinated to histidine residues; hence, by inhibiting the rate-limiting enzyme 

AMO the residence time of N-fertiliser, specifically NH3, in soil should be increased. 

Therefore, since 1962 companies such as DOW and BASF SE developed synthetic nitrification 
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inhibitors (SNIs) that inhibit AMO,73, 74 which are a substantial additive to N fertilisers ranging 

from application rates of 0.5-5 kg ha-1. 4  73 At the time when SNIs were first developed, only 

a fraction of the now available information on AMO was available, and two classes of 

inhibitors were known: 1) substrates of AMO that cannot be further oxidized by HAO (section 

1.3); 2) chelators like AT (section 1.4) that contain one or more heteroatoms that can 

(reversibly) coordinate to a copper centre residing in the AMO (5, Figure 7).46, 62  

 

Figure 7: Chelators of AMO: allyl thiourea (5) and synthetic nitrification inhibitors: Nitrapyrin 

(6), 3,4-dimethyl pyrazole (DMP, 7) and dicyandiamide (DCD, 8).  

 

The first SNI developed was 2-chloro-6-(trichloromethyl)pyridine (6) marketed as Nitrapyrin® 

by DOW Chemical Company.75 Nitrapyrin is a substituted pyridine, that can bind via its N 

atom to metal centres.76-78, such as Cu2+ (Figure 7 indicated in blue). 20 years later, 

dicyandiamide (DCD) was introduced in Europe but is now mainly used in New Zealand.73 As 

revealed by the crystal structure, DCD can bind to Cu2+ through electron donating imino-N 

coordination (Figure 7 indicated in blue).79 The most prominent SNI is 3,4-dimethyl -1H- 

pyrazole (DMP), commonly applied in agricultural systems as the phosphate salt to reduce 

its volatility and increase binding to soil particles (DMPP or ENTEC®). DMP principally contains 

two electron-donating N atoms, that can coordinate to metal ions. The crystal structure of 

four DMP molecules coordinating to Cu2+ in an octagonal geometry however showed that 

only one  N (Figure 7 indicated in blue) coordinates to Cu2+.80 DMPP has a higher inhibitory 

effect and requires a lower application rate (up to 10x) than DCD and Nitrapyrin (0.5-1.5 kg 

DMPP ha-1).  

 

1.7 Why Are Still New SNI Needed? 

Although SNIs were introduced to the market in the 1960s, the NUE remained notoriously 

poor. Globally, only 50% of the introduced N fertilisers end up in the plant biomass.66 The 
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remainder is lost to the environment via NH3 volatilisation, NO3
- leaching or are lost to the 

atmosphere as N2, N2O and NO (Chapter 1.2).10 Agricultural practises are increasingly 

becoming more expensive, with up to 140 Euro N fertiliser cost for a single corn production 

cycle at an application rate of 240 kg N ha-1.6  

One major factor for low NUEs is that the currently available SNI are ineffective in many 

soil types.31, 81, 82 Soil can be characterised by various parameters, such as composition (sand, 

silt, clay), the content of the elements, such as N, O, P, and pH.83 The composition can 

determine the water holding capacity (WHC), pore size and aeration of the soil, which is 

crucial for microbial processes and activity.23 The content of the elements can give 

information on the natural predisposition and fertility of the soil. The pH can influence the 

NH3 volatilisation rate, as in alkaline soil the volatilisation is enhanced (Chapter 1.2).10 

Moreover, all these factors can also influence the performance of an SNI. For example, DMP 

(or DMPP, respectively), has shown in various field studies unreliable efficacies  in improving 

crop yield in neutral European soil, 84-87 but has poor efficacy in acidic soil in dry climates,73, 

82 where the nitrification inhibitory effect decreased from 45% to 39% and 23% at 10 °C, 15 

°C, and 25 °C, respectively. 88 Even more concerning is the level of unpredictability that DMPP 

has shown in field studies, where no effect in hot-dry climates of Australia was found, clearly 

revealing that new solutions for these types of agricultural systems are needed.82, 89, 90 

Replacing one SNI with another is also not as straightforward as one would assume. DCD has 

shown to be 10 times less effective in the field and bacterial studies, making it less 

economical.91 Moreover, DCD is polar and water-soluble and thus can leach into 

groundwater. Indeed, DCD was detected in dairy products in New Zealand. 92 Nitrapyrin is 

highly volatile and needs to be introduced as a gas, which makes the handling unpractical 

and limits its application to the cooler autumn and winter cropping cycles.74, 75 Moreover, 

Nitrapyrin has shown bactericidal properties, which limits its application rate.74, 93 

All these aspects undoubtedly indicate that new SNIs need to be developed. With the 

currently available knowledge about AMO, it is surprising that the development of new SNIs 

is still a bottleneck. There are several mechanisms by which AMO could be inhibited:  

• Substrates of AMO that cannot be converted by HAO and stop the electron transfer 

cascade between these two enzymes.  
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• Mechanistic inhibitors that can irreversibly inhibit AMO through formation of 

covalent bonds, for example compounds with an alkyne moiety, similar to C2H2, but 

are non-hazardous.  

• Lipophilic compounds that can be readily reduced and inhibit the electron flow 

between AMO and HOA, similar to BNIs.  

• Small organic molecules with chelating properties.  

 

In addition, new SNIs need to be non-toxic to the environment, have a good stability in 

various climate and edaphic conditions, and can be produced cheaply and at scale. Although 

the prediction of a successful SNI candidate is not possible, their value in agriculture will be 

tremendous once identified. Mitigating N losses includes lower fertilisation rates, less 

environmental pollution and preservation of biodiversity.22 
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1.8 Scope of this Thesis  

This thesis will endeavour to address the following question: 

 

“Without structural knowledge of the AMO, can better performing SNIs be developed?” 

 

With the lack of structural information about the rate-limiting enzyme AMO the design of 

novel and more promising SNIs seems like an ambitious and vague aim. As outlined before, 

with a 50-70% fertiliser loss, N-fertilisers are doomed to remain inefficient and the need for 

better SNIs to mitigate N loss is obvious. Current SNIs are unpredictable and soil and climate-

dependent. The more general question is whether improving current solutions without 

synthesising thousands of compounds and testing them in multiple soil incubation studies is 

feasible. To answer this question, a bottom-up approach is employed to assess SNIs more 

efficiently and to design and develop new SNIs based on the knowledge of the flaws in the 

existing compounds.   

 

1.8.1 Chapter 2 Outline: Nitrification Assay Development with the 

AOB N. europaea and N. multiformis with 4,5-Disubstituted 

1,2,3-Triazoles  

Chapter 2 is split into two sections. Firstly, 4,5-disubstituted 1,2,3-triazoles are proposed as 

a new class of accessible SNI. 16 derivatives of 4,5-disubstituted 1,2,3-triazoles were 

synthesised with varying substitution patterns, including aliphatic, aromatic and hetero-

aromatic substituted 1,2,3-triazoles. In the second part, microbiological work is performed, 

in which the nitrification inhibitory effect of these 4,5-disubstituted 1,2,3-triazoles was tested 

with pure bacterial cultures of AOB. Due to the lack of factual information in the literature, 

the isolation, purification and cultivation of AOB is reported in this chapter. 

Moreover, an accessible, rapid and reproducible nitrification assay was developed that 

enables to test multiple compounds in parallel for their nitrification inhibitory properties to 

identify promising SNIs. The assay contains elements that challenge inhibitor-enzyme 



42 
 

binding, such as elevated temperature and increased pH, to mimic field conditions. However, 

the main purpose behind developing of the assay protocol is to keep it simple, fast and 

efficient, and the parameters are chosen to be performed by a non-microbiologist with 

minimal resources.  

 

 

1.8.2 Chapter 3 Outline: Assessing the Efficacy, Acute Toxicity and 

Binding Modes of the Agricultural Nitrification Inhibitors 3,4-

Dimethyl-1H-Pyrazole (DMP) and Dicyandiamide (DCD) With N. 

europaea 

This chapter builds on Chapter 2. As this doctoral project aims to improve the performance 

of existing SNIs, an in-depth study with N. europaea as a representative AOB and the two 

commercial SNIs DMP and DCD was performed to get a deeper understanding of the 

biochemical parameter of existing SNIs. The study included intense microbiological studies 

to identify the targeted enzyme in the AMO and HAO oxidation cascade and the relative 

inhibitory effect of both SNIs. Furthermore, binding studies that include Michaelis-Menten 

Kinetics, reversibility of binding and real-time O2 uptake kinetic studies were performed for 

the first time to get a detailed understanding of the mode of action of the current SNI. 

 

1.8.3  Chapter 4 Outline: Insights into the Inhibitory Effect of 1,4-

Disubstituted 1,2,3-Triazoles: A New Class of Agricultural 

Nitrification Inhibitors 

The microbiological tests from Chapter 3 were performed with 1,4-disubstituted 1,2,3-

triazoles, a new class of SNIs developed by the doctoral student Bethany I. Taggert. 1,4-

disubstituted 1,2,3-triazoles are structurally similar to 4,5-disubstituted 1,2,3-triazoles and 
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have already shown excellent properties in soil. However, their mode of inhibition has never 

been determined with pure bacterial cultures of AOB. Therefore, an in-depth study with AOB 

was performed with a scope of five 1,4-disubstituted 1,2,3-triazoles with five varying 

substitution patterns and functional groups to identify the correlation between functional 

group, lipophilicity and substitution pattern with inhibitory activity. This chapter aims to 

connect SAR studies with the assay to compare soil incubation studies with AOB studies.  

 

1.8.4 Chapter 5 Outline: 4-Methyl-1-(Prop-2-yn-1yl) -1H-1,2,3-

Triazole (MPT): A Novel, Readily Accessible and Highly Efficient 

Nitrification Inhibitor for Agriculture 

In this chapter, the attempt to inhibit the AMO irreversibly is made. Current SNIs act in a 

similar mode by reversibly inhibiting AMO. Therefore, it was explored whether an irreversible 

inhibition could overcome the soil and climate-dependent performance issues of the current 

SNIs entail. The synthesised compound MPT belongs to the class of 1,4-disubstituted 1,2,3-

triazoles. The biochemical parameters of MPT were determined. 

Moreover, MPT is the only inhibitor tested in soil incubation studies in the scope of this 

doctoral thesis, due to its unique mode of inhibition. During a 21-day experiment, the GHG 

N2O production rate was measured to determine the efficacy of MPT to reduce nitrification 

in four German soil with ranging pH from 4.5ꟷ7.8. Moreover, quantitative real-time 

polymerase chain reaction (qPCR) studies were performed to determine the effect of MPT 

on the nitrifier community. In addition, due to the evolutionary similarity between AMO and 

pMMO, the effect of MPT was tested on the latter. Methanotrophic organisms play an 

essential role in scavenging the GHG CH4, and their inhibition would be a negative outcome 

for MPT. To analyse the effect, CH4 uptake data were analysed parallel to the GHG 

experiment in Chapter 5. Moreover, pMMO qPCR was performed to quantify the gene 

abundancies of methanotrophic organisms.  
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Chapter 2: Development of a Bacterial Assay for the 

Rapid Screening of new Nitrification Inhibitors 

(publication based) 

2.1 Introduction   

 

In Chapter 1.2, the main steps of nitrification were discussed. The key and rate-limiting step 

is the oxidation of NH3 → NH2OH, which is performed by AMO.8 The subsequent oxidation of 

NH2OH → NO2
- is carried out by HAO.8 Both enzymes are conserved in AOB. The lifetime of 

NO2
- in soil is short due to the rapid oxidation of NO2

-  to NO3
- catalysed by the enzyme NXR 

present in NOB.27 Thus, loss of the substrate of nitrification (NH4
+) and accumulation of the 

product of nitrification (NO3
-) after fertilisation can give insight into the degree of nitrification 

in soil.94 Conversely, when determining the efficacy of new nitrification inhibitors, both NH4
+ 

and NO3
- are key indicators to measure the nitrification inhibitory rate.  The efficacy of 1,4-

disubstituted 1,2,3-triazoles by Taggert et al. was tested in soil incubation studies over 21-28 

days.94 Mineral-N (NO3
- and NH4

+) was extracted from the soil periodically and quantified via 

Segmented Flow Analysis (SFA).94 Figure 8 shows an exemplary mineral N profile of 

uninhibited soil ((NH4)2SO4 application rate 100 mg N kg-1 soil (fertiliser)) and a DMP-inhibited 

acidic soil (pH 5.9) that contains the fertiliser in addition to the commercial inhibitor at an 

application rate of 5 mol% of applied N. Experimental details can be found in SI-4 (Method 

3.9 Mineral-N Retention in an Australian Soil (Soil A)).  
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Figure 8: Measured NH4
+-N (A) and NO3

–-N (B) concentrations over 21 days in an Australian 

soil (pH = 5.9) incubated at 25 °C. Detailed soil specifications are listed in SI-4 Table 4. 

(NH4)2SO4 was used at an application rate of 100 mg kg-1 soil. DMP application rate was 5 

mol% of applied N. Each concentration profile was obtained from three biological replicates.

  

DMP shows a delayed NH4
+ loss compared to the ‘uninhibited soil’, as the NH4

+ concentration 

is a direct response to the inhibition of AMO in soil microorganisms.94 With this method 

inhibitor treatments can be compared within each other and/or compared to the ‘gold 

standard’ DMP with various soils and at different soil incubation studies to determine 

edaphic-dependent performances.  

On the flip side, the soil incubations are 21-28 days, and the subsequent analysis via SFA is 

both time-consuming and expensive. Moreover, the space required for the microcosm soil 

incubations is also a factor that needs to be considered and becomes limiting when the 

number of tested inhibitors is high and multiple soils are tested at the same time with at least 

three replicates. Soil is a complex matrix and a mixture of various microorganisms,95 which 

can be a disadvantage if one is also interested in gaining insight into the underlying 

biochemical processes, in this case, the mechanism of inhibition.  

Therefore, the first research chapter of this doctoral thesis is dedicated to the development 

of a rapid screening to test the performance of SNIs and to identify the most promising 

compounds that can subsequently be tested in more time-demanding soil incubations. 

Nitrification is instantaneous that starts immediately after the addition of NH3. However, in 
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soil, the rate of nitrification is controlled by the migration of NH4
+/NH3 as well as the SNI, 

which depends on the soil's physical properties.96 Bacterial studies have been used previously 

to assess nitrification rate by AOB. Such setup is convenient as, due to the lack of the complex 

soil matrix, nitrification occurs more rapidly in pure bacterial cultures than in soil,65   

Formation of NO2
- can be readily analysed through the colorimetric "Griess test" that is 

specific for NO2
- and leads to the formation of a pink azo dye (12), which can be quantified 

photometrically at 540 nm (Figure 9) .65, 97 Chemically, the colorimetric reaction is initiated 

by the reaction of the sulfonamide (9) and NO2
- to form the diazonium salt (10). Subsequent 

azo-coupling with N-(1-naphthyl)ethylenediamine (11) gives the azo dye 12, which can be 

quantified through its absorption at 540 nm. The commercially available Griess Reagent is a 

ready-to-use mix that contains both compounds and catalytic amounts of phosphoric acid (5 

v/v%) to perform the reaction by simply adding the reagent to an NO2
- containing liquid.   

 

 

Figure 9: Reaction of Griess Reagent with NO2
- (i.e., formed by AOB upon addition of NH3). 

 

As NO2
- is the product of the AMO/HAO cascade, the concentration of NO2

- of inhibited and 

uninhibited AOB can be directly compared. Due to the lack of NOB in the system, the 

subsequent oxidation from NO2
- to NO3

- is negligible. By testing the performance of potential 

SNI with pure bacterial cultures, the following aspects are beneficial: 

 

✓ Bacterial assays can give a rapid ‘inhibition’ or ‘no inhibition’ signal in a much shorter 

time than soil incubation studies (minutes versus weeks); 

✓ Bacterial assays are cheaper, need less space and can be performed under controlled 

conditions; 

✓ Bacterial assays can give insight into important biochemical parameter, i.e., binding 

mode, mechanism of inhibition as well as toxicity.  
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Although these factors aid in the development and optimisation of new SNIs, soil incubation 

studies are still crucial. Bacterial studies represent more ‘an ideal world’, and soil-dependent 

factors and performances of SNI are neglected.  

 

 Bacterial assays are an ‘ideal world scenario’ and disregard soil-dependent 

performance factors of potential SNIs; 

 Pure bacterial studies are not always translatable to soil; 

 AOA are not commercially available;  

 

Therefore, a pipeline is suggested, in which the AOB assay is the first phase where new 

molecules are screened for their properties as SNI. If they show NI properties, they progress 

to the next phases with increasing complexity, consisting of soil incubation studies, plant 

studies and other agronomical studies. The advantage is that compounds that do not perform 

well in the assay, will not be included in soil incubation studies, and valuable resources can 

be saved. To make the test more representative, two strains of AOB, i.e., N. europaea and N. 

multiformis were employed (see Chapter 1.3). AOA are not included because they are very 

difficult to cultivate and are not commercially available.47  

Surprisingly, no readily available assay protocol was reported that provided detailed 

information about i) cell concentration in the assay; ii) growth condition of AOB; iii) adequate 

inhibitor concentration vs. substrate concentration; and iv) how to screen water-insoluble 

inhibitors that would enable rapid and reproducible performance of the assay. Therefore, 

this publication comprises the optimisation of the cell growth conditions, the establishment 

of optimal concentration ranges for inhibitors and N-source, and the identification of 

compatible co-solvents to enable screening of even lipophilic organic compounds. The assay 

was optimized using the commercial inhibitor DMP and validated for the newly developed 

4,5-disubstituted 1,2,3-triazoles. 

2.1.1 Scope of Tested SNI  

Apart from the commercial NIs, no structures were shown in the publication as they are still 

in the process of potential IP protection by the University of Melbourne. The tested 



48 
 

compounds were 4,5-disubstituted 1,2,3-triazoles, which were designed and synthesized in 

this doctoral work. Structurally, 4,5-disubstituted 1,2,3-triazoles contain one pyrrole-like N 

and two pyridine-like N indicated in green and blue, respectively in Figure 10).98 Pyrrole-like 

N (indicated in green in  

Figure 10) are not basic as its lone electron pair contributes to the aromatic p-system.98 In 

contrast, pyridine-like N (indicated in blue in  

Figure 10) have the lone pair in an sp2 orbital that is orthogonal to the aromatic p-system and 

can therefore act as a weak base (pKa = 5.5).98 In comparison, pyrazoles (like DMP) contain 

one pyrrole-like and one pyridine-like N (indicated in green and blue in DMP, respectively;  

Figure 10). 

 

 

 

 

Figure 10: a) Chemistry of N in the commercial NI DMP (7) in comparison to the suggested 

new NI scaffold 3,4-disubstituted 1,2,3-triazoles (13). Pyrrole-like N are indicated in green. 

Pyridine-like N are indicated in blue. b) side view of the triazole scaffold in 13 of the π orbitals 

in the aromatic five-membered ring (black) and lone electron pair in orthogonal sp2 orbital 

(blue). The orbitals for the pyrrole-like N (green) are not indicated for clarity.   

 

Thus, compared to DMP, the two nucleophile N (pyrrole-like N) in 4,5-disubstituted 1,2,3-

triazoles are expected to increase the probability of binding to metal centres, such as the 

Cu2+ centre in AMO (see Chapter 1.4). Furthermore, disubstituted 1,2,3-triazoles are easier 

synthetically accessible than pyrazoles (synthesis shown in Figure 11).99  
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Figure 11: Retrosynthesis of a) DMP (7) via a 1,3-dicarbonyl (14) substrate and hydrazine (15); 

and b) 4,5-disubstituted 1,2,3-triazoles (13) are accessed via Huisgen Sharpless click 

chemistry involving an alkyne (16) hydrazoic acid (17).  

 

Pyrazoles, such as DMP, are generally synthesised via Knorr-type reactions involving a 1,3-

dicarbonyl (14) and hydrazine (15). The 1,3-dicarbonyl is available through a Claisen ester 

condensation (not shown in Figure 11). Any modification of the substitution pattern at 

positions 3, 4 and 5 of the pyrazole requires synthesis of the respective 1,3-dicarbonyl 

compound. On the other hand, 4,5-disubstituted 1,2,3-triazoles can be synthesised through 

a 1,3-dipolar cycloaddition of a 1,3-dipole (azide, 17) and a dipolephile (alkyne, 16). To afford 

N-unsubstituted 1,2,3-triazoles, hydrazoic acid (HN3) would be required as the dipole. 

Unfortunately, because HN3 is extremely toxic (comparable to hydrocyanic acid), explosive 

and has a low boiling point (39 °C), this high-energy material has not found any practical 

application in triazole synthesis so far.  

An alternative chemical pathway to 4,5-disubstituted 1,2,3-triazoles that avoids HN3  has 

been recently developed by Chai et al. (Scheme 1) 100. The 1,3-dipolar cycloaddition step is 

carried out using a Julia Reagent, an aldehyde and sodium azide. 
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Scheme 1: Three-step synthesis of 4,5-disubstituted 1,2,3-triazoles of type 24.100 Starting 

material is mercaptobenzothiazole (18), which undergoes an SN2 reaction with the α-bromo 

ester (19) to form ethyl 2-(benzothiazol-2-ylthio)acetate (20), followed by oxidation  with 

ammonium molybdate and hydrogen peroxide to form the Julia reagent 21. In step 3 the 

Julia reagent undergoes a Knoevenagel reaction with the desired aldehyde 22, which is 

followed by a 1,3-dipolar cycloaddition involving an azide anion to give the desired 11ethyl-

1,2,3 triazole-4-carboxylate derivative 24.  

 

The first reaction is a traditional SN2 reaction of mercaptobenzothiazole (18) with α-bromo 

ethyl acetate (19) resulting in a quantitative yield of ethyl 2-(benzothiazol-2-ylthio) acetate 

(20). The second step involves oxidation of the thio-S to a sulfonyl-S with hydrogen peroxide 

and ammonium molybdate to give the Julia reagent 21.101 The third step of the synthesis 

consists of a one-pot reaction where first condensation of the Julia reagent (which reacts in 
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its enol form) with the aldehyde (22) occurs, followed by the 1,3-dipolar cycloaddition of the 

Knoevenagel product 23 with the azide anion (N3
-).100, 101 

 

2.1.2 Synthesis of 3,4-Disubstituted 1,2,3-triazoles 

The compounds tested in the publication contained an ester functional group in position 4 of 

the triazole scaffold (ethyl-1,2,3 triazole-4-carboxylate derivatives, see Figure 12) as an ester 

moiety should increase the lipophilicity and interaction with the bio-membrane, similar to 

the BNI brachialactone (3) (Figure 6).6 Moreover, an ester group can be easily chemically 

modified if desired (see Chapter 2.3).  

 

 

Figure 12: Potential binding of proposed 4,5-disubstituted 1,2,3-triazoles (24) inhibitors sites 

in the AMO active site.  

 

Different substituents in position 5  of the ethyl-1,2,3 triazole-4-carboxylate scaffold were 

incorporated following GP1 (see Chapter 7.1.1). The substituents in position 5 can be 

categorised into three classes: 1. aliphatic and alicyclic, 2. aromatic and 3. heteroaromatic. 

The main aim was to screen for substitution patterns showing high nitrification inhibition.  

Therefore, a total of 16 4,5-disubstituted 1,2,3-triazoles were synthesised and tested.  
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 Aliphatic-substituted Ethyl-1,2,3 Triazole-4-Carboxylate 

Derivatives 

 

As aliphatic moieties have been shown to be oxidised to alcohols by AMO (Figure 4), the 

incorporation of an aliphatic substituent could increase the probability of inhibiting 

nitrification. A total of five aliphatic substituted ethyl-1,2,3 triazole-4-carboxylate derivatives 

were synthesised, including ethyl-, iso-propyl-, propyl-, pentyl- and cyclohexyl- substituted 

ethyl-1,2,3 triazole-4-carboxylate (Figure 13).  

 

 

Figure 13: Position 5 aliphatic-substituted ethyl-1,2,3 triazole-4-carboxylate derivatives. 

 

 Aromatic-substituted Ethyl-1,2,3 Triazole-4-Carboxylate 

Derivatives 

Aromatic compounds, such as benzene, have also been shown to be oxidised by AMO (Figure 

4). A selection of 1,2,3-triazoles that contain aromatic substituents in position 5 were 

synthesised (Figure 14). The scope of aromatic substituents included halogen-, cyano-, nitro- 

and methoxy-substituted 1,2,3 triazole 4-carboxylate derivatives.  
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Figure 14: Position 5 aromatic-substituted ethyl-1,2,3 triazole-4-carboxylate derivatives. 

 Heteroaromatic-substituted Ethyl-1,2,3 Triazole-4-Carboxylate 

Derivatives 

Heteroaromatic compounds could potentially inhibit the AMO by coordinating with the metal 

centre to form a bidentate ligand. Heteroaromatic-substituted 1,2,3-triazoles were also of 

interest as the heteroatoms N and S could potentially also bind to the Cu2+ centre of the AMO. 

Three heteroaromatic substituted ethyl-1,2,3 triazole-4-carboxylate derivatives were 

synthesised, two containing a pyridine substituent (39 and 40) and a thiophene moiety in 5 

position of the ethyl-1,2,3 triazole-4-carboxylate scaffold (38) (Figure 15).   

 

Figure 15: Position 5 heteroaromatic-substituted ethyl-1,2,3 triazole-4-carboxylate 

derivatives. 
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ABSTRACT: The microbial conversion of ammonia to nitrite in soils involves three enzymatic steps. Nitrification inhibitors (NIs)
are designed to inhibit ammonia monooxygenase (AMO), the enzyme performing the initial oxidation of ammonia to
hydroxylamine, to mitigate excessive nitrogen fertilizer losses in agricultural systems. Because the efficiency of the current
commercial NIs is highly unreliable, novel, better performing compounds need to be developed. Previously, time-consuming soil
incubation studies were required as the first step to test new potential NIs. We present here a simple and cost-efficient colorimetric
assay that has been developed for the rapid assessment of the efficiency of new synthetic NIs to identify the most promising
compounds for subsequent soil studies. This protocol enables screening of the inhibitor activity of multiple compounds at the same
time with high reproducibility and can be manipulated to determine pH and temperature-dependent effects on NIs.
KEYWORDS: ammonia monooxygenase, ammonia oxidizers, high-throughput assay, nitrification, nitrification inhibitors

1. INTRODUCTION
Society faces a significant challenge in providing food for an
ever-growing population. According to estimates, the annual
crop production needs to increase by almost 40% by 2050 to
meet food needs.1 It is common practice to use nitrogen (N)
fertilizers in agricultural systems to maximize crop yield;2−4

however, since the 1980s, the N use efficiencies (NUEs) have
remained at only around 50% globally.5−8 Ammonia (NH3)
volatilization and leaching of nitrate (NO3

−) are major
pathways for unwanted N losses from the plant/soil system,
causing damaging eutrophication of surface waters and
groundwater pollution. In addition, nitrification−denitrifica-
tion processes can lead to the emission of the very potent
greenhouse gas nitrous oxide (N2O) into the atmosphere.

NUEs can be increased by using fertilizers amended with
nitrification inhibitors (NIs).9,10 These additives inhibit
nitrifying microorganisms in the soil, such as ammonia
oxidizing bacteria (AOB), that are responsible for the
conversion of NH3 to NO3

− via hydroxylamine (NH2OH),
nitric oxide (NO), and nitrite (NO2

−), thereby increasing the
residence time of ammonium (NH4

+) and reducing undesired
N losses.11−14 AOB are ubiquitous, and NIs are designed to
target ammonia monooxygenase (AMO),15,16 the key enzyme
in the nitrification process, which is responsible for the initial
(and rate determining) transformation NH3 → NH2OH.17

Only three NIs are currently commercially used: dicyandia-
mide (DCD, AlzChem AG), 2-chloro-6-(trichloromethyl)-
pyridine (nitrapyrin or N−Serve, Dow Chemical Co.), and 3,4-
dimethyl pyrazole phosphate (DMPP or ENTEC, BASF AG)
(Figure 1).18−22 The active species in DMPP is 3,4-dimethyl
pyrazole (DMP, Figure 1), but to reduce its volatility, DMP is
commonly applied in agricultural systems as the phosphate
salt.

The inhibitory activity of these NIs in soils depends on
several factors, such as edaphic conditions, climate, and
agricultural practices and varies between 4 and 8 weeks.19,23

DMPP is the most promising commercial NI to date; however,
its performance is highly variable for reasons not well
understood, resulting in unreliable fertilization rates and
unwanted nitrogen loss. To reliably increase NUEs in the
future and reduce the adverse environmental impact of N
fertilization, the development of new, more efficient
nitrification inhibitor compounds is required.24−26

Identification of new NIs could be facilitated by performing
enzymatic studies. Unfortunately, as a membrane-bound
enzyme, AMO loses its activity upon isolation so that the
active site’s exact structure remains unknown to date.27,28

However, it is known that copper(II) ions (Cu2+) are present
in the catalytic center, which bind to N atoms in adjacent
histidine residues.29−32

Recently, we have reported substituted 1,2,3-triazoles as a
new class of NIs.33 This framework can be rapidly synthesized
from readily available starting materials,33,34 enabling access to
an extensive array of compounds with different substitution
patterns to allow structure−activity relationship (SAR) studies.
Existing testing methods for NI activity involve time-
consuming soil incubations as the first step, which is not
feasible for screening large libraries of compounds. Alternative
methods, for example, the segmented flow analysis to
determine the NO2

− concentration, are both costly and time-
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2.2 Rapid and Inexpensive Assay for Testing the Efficiency of Potential 

New SNI (publication) 
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consuming,35,36 whereas measurements of oxygen consump-
tion, which have been used to determine oxygenase activity,
require specialized instrumentation and are also not suitable
for high-throughput screening.37,38

There is a pressing need for an assay that allows to rapidly
test the activity of a library of new compounds to speed up the
development of more efficient NIs. The assay should not only
be fast but also robust and easy to set up so that the person
synthesizing the inhibitor compounds (usually a synthetic
organic chemist) could ideally perform the assay without
having to acquire in-depth microbiological skills first. Several
assays are already available that enable monitoring of
nitrification processes. For example, a bioluminescence assay
with Nitrosomonas europaea (N. europaea) has been developed
for the detection of nitrification inhibition in wastewater39 or
to monitor biological nitrification inhibition (BNI).40 How-
ever, this method requires DNA manipulation, which needs
specialized training and equipment. Grundlitz and Dahlham-
mar developed a Nitrosomonas-based assay to determine
nitrification inhibition in wastewater-treatment plants,41

which uses the Berthelot reaction42 to monitor the
consumption of NH3 over several hours. In this work, we
present a fast, robust, and readily accessible colorimetric assay
that uses the Griess reaction43 to determine the amount of
NO2

− formed. Our assay has been developed using N. europaea
and Nitrospira multiformis (N. multiformis) cultures and
requires only minimal instrumentation. This assay is based
on the recently reported assay by O’Sullivan et al., which was
developed to assess BNI activity but requires monitoring of
nitrification over a 9 h time window.44 Our assay enables
screening of nitrification inhibition of an extensive library of
both hydrophilic and lipophilic compounds at the same time
within only 60 min. The assay can be executed at different
temperatures and pH and can be also used to determine the
IC50 values and the mode of inhibition (i.e., reversible or
irreversible), which allows identification of the most promising
inhibitors that could subsequently be further tested in more
elaborate soil incubation, glass house, and field studies.

2. MATERIALS AND METHODS
2.1. Chemicals. The potential NIs explored in this work had a

heteroaromatic framework possessing aliphatic or aromatic sub-
stituents, which were prepared from starting materials obtained from
Sigma-Aldrich. The Griess reagent was obtained from Sigma-Aldrich
and the Gram stain kit from Merck. DMP (3,4-dimethyl-1H-pyrazole)
and DCD were supplied by Incitec Pivot Ltd., Australia. N. multiformis
was isolated from an aquarium kit mixture as described below. N.
europaea (ATCC19718) was purchased from the American Type
Culture Collection.

2.2. Cell Preparation. 2.2.1. Isolating Ammonia Oxidizing
Bacteria (AOB). N. multiformis was isolated from an aquarium kit
mixture (Aquasonic, BIO-NATURE STANDARD) through the
extinction via a dilution method, as reported by Utåker et al.45

Cultures were grown at 26 °C and 120 rpm in 12 tubes
(polycarbonate) in subsequent dilutions of inoculum/media of

1:1000. Purification of AOB was achieved using the highest dilution
level of most probable number tubes in liquid ammonium medium
(German Collection of Microorganisms and Cell Cultures GmbH
(DMSZ), 1583. MEDIUM FOR AMMONIA OXIDIZING BAC-
TERIA), as indicated by acidification (phenol red) and NO2

−

production (determined via the Griess reagent).46 The DMSZ
medium contained (per L of Milli-Q water) NH4Cl (535 mg),
KH2PO4 (54 mg), KCl (74 mg), MgSO4 × 7 H2O (49 mg), CaCl2 ×
2 H2O (147 mg), and NaCl (584 mg), in which 1 mL of trace
element solution and 2 mL of phenol red solution were added. The
trace element solution contained (per 975 mL of Milli-Q water) 1 M
HCl (25 mL), MnSO4 × 4 H2O (45 mg), H3BO3 (49 mg), ZnSO4 ×
7 H2O (43 mg), (NH4)6Mo7O24 × 4 H2O (37 mg), FeSO4 × 7 H2O
(973 mg), and CuSO4 × 5 H2O (25 mg). The stock phenol red
solution contained 50 mg of phenol red in 100 mL of water and was
used over three months. The pH was adjusted to pH 7.8 using a
sterile aqueous NaHCO3 (10%) solution. The cultures were checked
regularly for heterotrophic contamination by inoculation on 100%
strength Luria broth (LB) plates containing 15 g L−1 technical grade
agar (BD Difco Agar, Technical, Fisher Scientific). Further
contamination through air was prevented by reinoculation to sealed
vessels. After several successful subcultures (at least 10), cells were
harvested and analyzed through 16S rRNA sequencing.
2.2.2. Growing AOB. AOB were grown for 3−5 d in amber-colored

Duran glass bottles (1 L volume, base-treated, for example, with
Extran, and autoclaved) containing 600 mL of mineral salt media
(MSM, see below) at 100 rpm and 30 °C in the dark. The slightly
loose cap was sealed with an O2 permeable membrane to ensure
aeration (Breathe-Easy sealing membrane, Sigma-Aldrich). The MSM
media contained the main bulk medium and consisted of K2HPO4
(2.27 g L−1), KH2PO4 (0.95 g L−1), and (NH4)2SO4 (0.67 g L−1).
The pH was adjusted to 7.0 (appropriate for growing AOB47). This
bulk medium is autoclavable and can be stored in the dark at 4 °C for
up to six months. To 1 L of the bulk medium, 2 mL of a filter-
sterilized (0.2 μm millipore filter) solution of metals was added:
Na2EDTA (6.37 g L−1), ZnSO4 × 7 H2O (1.0 g L−1), CaCl2 × 2 H2O
(0.5 g L−1), FeSO4 × 7 H2O (2.5 g L−1), NaMoO4 × 2 H2O (0.1 g
L−1), CuSO4 × 5 H2O (0.1 g L−1), CoCl2 × 6 H2O (0.2 g L−1),
MnSO4 × H2O (0.52 g L−1), and MgSO4 × 7 H2O (60.0 g L−1). The
filter-sterilized metal solution can be kept in the dark for up to one
year. To this media solution, 1 v/v% of aqueous Na2CO3 (50 g L−1)
was added aseptically as a carbon source48,49 at the start of the cell
culturing process. Both N. europaea and N. multiformis grow
successfully in this medium.
2.2.3. Standard Protocol for Harvesting Cells. When showing

turbidity and reaching an OD600 of 0.1, which corresponds to the mid-
exponential growth phase and an NO2

− production of approximately
800 μM (determined by Griess assay), cells were harvested by
filtration (in 200 mL batches) through nucleopore 0.2 μm membrane
filters (Rowe Scientific, mixed cellulose esters (MCE)). The cells were
washed with sodium phosphate buffer (NaPB, 0.1 M, 2 × 100 mL, pH
= 7.5) containing magnesium sulfate (0.2 mM). The filter paper with
the cells was transferred into a sterile 50 mL tube, and the cells were
washed off by resuspending in NaPB (15 mL), followed by 5 s of
vortexing (Ratek, Australia) and 3 s of sonication (Vevor, Australia).
The inoculum had an OD600 of 0.9−1.2, which was diluted to OD600
= 0.03 and stored at 4 °C until used for the assay (cells could be
stored for up to 24 h without losing activity).
2.2.4. Cell Preparation for the Nitrification Assay at pH = 8.0.

Cells were harvested according to Section 2.2.3, except that they were

Figure 1. Commercially available nitrification inhibitors (NIs).
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washed with NaPB with a pH of 8. The membrane filter paper was
then cut aseptically into two equal pieces. One piece was resuspended
in NaPB at pH = 8, and the second half was suspended in the
standard NaPB at pH = 7.5 to allow for running inhibitor tests at pH
= 7.5 simultaneously as a control experiment.
2.2.5. Cell Preparation for the Nitrification Assay at 38 °C. Cells

were harvested according to Section 2.2.3. The membrane filter paper
was then cut aseptically into two equal pieces to allow simultaneous
conduction of inhibitor tests at 38 and at 30 °C as a control
experiment. Cells needed to be equilibrated for 10 min at the
respective temperature to assure homogeneous temperature distribu-
tion during the assay.

2.3. Nitrification Assay and Analysis. 2.3.1. Standard Assay
Protocol. In a deep 96-well plate (2 mL capacity), 980 μL of the
bacterial inoculum (OD600 = 0.03 in NaPB at pH 7.5 was added to the
inhibitor (10 μL, 30 mmol L−1 in DMSO), and the solutions were
mixed thoroughly and preincubated in the dark for 5 min at 100 rpm
and at 30 °C (Ratek, Australia). (NH4)2SO4 (10 μL, 150 mM, from a
prepared sterile solution containing 19.8 g L−1 (NH4)2SO4 in Milli-Q
water) was then added using a multichannel pipette. The plate was
covered with an O2 permeable membrane to ensure aeration
(Breathe-Easy sealing membrane, Sigma-Aldrich) and incubated in
the dark for 60 min at 30 °C and 100 rpm. Nitrification was stopped
by adding an excess of DMP (10 μmol L−1, 30 mM; the final
concentration of DMP in the solution was 0.27 mM, which was 45
times higher than the determined IC50abs value). An aliquot of the
reaction solution (50 μL) was transferred to a 96-well spectrophoto-
metric plate (Greiner Cellstar, polystyrene) to which 50 μL of Griess
reagent was added. The color was allowed to develop for 15 min at
room temperature, and the absorbance was measured at 540 nm
(Clariostar BMG Labtech, Australia) (schematic details are shown in
Figure 2). Each assay was accompanied by control treatments to
determine the 0 and 100% NO2

− signals. The percentage inhibition
was calculated according to eq 1 from the NO2

− production of the
cells in NaPB with 1 v/v% dimethyl sulfoxide (i) without any additive
(“untreated cells”: 0% signal), (ii) with [NH4

+] = 3 mM (“uninhibited
cells”: 100% signal), and (iii) with [NH4

+] = 3 mM and [inhibitor] =
0.3 mM (10 mol % of [NH4

+], ‘inhibited cells’).
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2.3.2. Screening of Organic Cosolvents. Cells were harvested
according to Section 2.2.3. In a deep 96-well plate (2 mL capacity), 10
μL of the respective solvent (i.e., dimethyl sulfoxide (DMSO),
methanol, ethanol, 1-propanol, acetone, acetonitrile, ethyl acetate,
sulfolane and glycolic acids) was mixed thoroughly with 980 μL of the
bacterial inoculum (OD600 = 0.03 in NaPB at pH 7.5) and
preincubated in the dark for 5 min at 100 rpm and 30 °C. The
inhibition assays were performed as described in Section 2.3.1.

2.3.3. Photometric Determination of the Solubility of Inhibitor
Compounds. Two solutions with 30 and 300 mM of inhibitor in
DMSO were prepared. The 1 v/v% mixture consisted of 990 μL of
NaPB buffer (pH 7.5) and 10 μL of the 30 mM inhibitor solution.
The 0.1 v/v% mixture was made from 999 μL of NaPB and 1 μL of
the 300 mM inhibitor solution. UV/vis spectra (in the range of 200−
650 nm) were recorded and corrected by the blank spectra that
contained only NaPB with 1 v/v% DMSO or 0.1 v/v% DMSO,
respectively.

Four concentrations of inhibitor 4 were prepared in DMSO (30,
50, 100, and 300 mM). The 1 v/v% mixture consisted of 990 μL of
NaPB and 10 μL of a 30, 50, 100, and 300 mM inhibitor solution. Full
spectra were measured and deducted by the blank spectra containing
only NaPB in 1 v/v% DMSO.
2.3.4. Determination of IC50 Values. The assay was performed

according to Section 2.3.1 using N. europaea as an AMO source. DMP
was tested at concentrations of 6 mmol L−1, 0.6 mmol L−1, 0.3 mmol
L−1, 0.15 mmol L−1, 75 μmol L−1, 37.5 μmol L−1, 18.8 μmol L−1, 9.4
μmol L−1, 4.7 μmol L−1, 2.3 μmol L−1, and 1.2 μmol L−1; for DCD, 6
mmol L−1, 3.0 mmol L−1, 1.5 mmol L−1, 0.75 mmol L−1, 0.38 mmol
L−1, 0.18 mmol L−1, 94 μmol L−1, 47 μmol L−1, 23 μmol L−1, and 12
μmol L−1; and for Inhibitor 4, 3.0 mmol L−1, 1.5 mmol L−1, 0.6 mmol
L−1, 0.3 mmol L−1, 0.15 mmol L−1, 50 μmol L−1, and 25 μmol L−1.
The inhibitor concentration at which the inhibition was 50% (IC50abs)
was determined by fitting the log10 of the concentration (in μmol L−1)
against the response. IC50abs was obtained by normalizing the response
against cells in NaPB with 1 v/v% DMSO and [NH4

+] = 3 mM
(uninhibited cells; 100% signal) and cells in NaPB with 1 v/v%
DMSO without additives (untreated cells; 0% signal). The curves
were plotted with GraphPad prism (version 9.0) to determine IC50abs
via a variable slope fit (three parameters).

2.4. Statistics. Statistical analysis was performed with the software
package Minitab 1850 using P < 0.05 as the level of statistical
significance. All results were reported as mean ± standard error of the
mean. In addition, significances among three treatments were
compared by the least significant difference P < 0.05 level using
one-way ANOVA.

3. RESULTS AND DISCUSSION
While many protocols for growing and isolating AOB have
been developed, their focus has mainly been on enabling the
identification of substrates for this enzyme and exploring the
mechanism of their transformation.51−54 As all of these
experimental setups require specialized equipment and
extensive training in microbiology, these assays are essentially
inaccessible for other scientists who aim to develop more
efficient NIs and require a rapid screening tool to identify
potential new inhibitors from large libraries of compounds.

Figure 2. Schematic overview of the nitrification assay protocol developed in this work. Bacteria in 600 mL of growth media were grown in a 1 L
Duran glass bottle. The assay was performed in a 96-well plate at the desired pH and temperature for 60 min. An aliquot of 50 μL was transferred to
a 96-well spectrophotometric plate, 50 μL of Griess reagent was added, and the absorbance at 540 nm was measured. NaPB = sodium phosphate
buffer (Figure made with BioRender).
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One overarching assay requirement was that its setup and
data analysis should be simple, robust, and fast. Because of the
ubiquitousness of AOB, the inhibitory activity of the various
new compounds needs to be assessed with different AOBs. We
have used N. europaea, which was purchased as a pure bacterial
culture, and N. multiformis, which was cultured and isolated
from an aquarium starter kit. The inhibitory activity was
determined from the production of NO2

− through the
colorimetric reaction with the Griess reagent, which leads to
the formation of a pink-colored azo dye with an absorption
maximum at λ = 540 nm. Figure 2 shows the assay protocol
developed in this work.

In the following, we will first describe the cultivation and
growth of AOB and the development of the assay, followed by
the optimization and validation of the assay using commercial
NIs and an evaluation of the performance of a selection of
potential new NIs.

3.1. Cultivating and Growing AOB. 3.1.1. Isolating N.
multiformis Bacterial Cells from an Aquarium Starter Kit. N.
multiformis was isolated from an aquarium kit mixture
(Aquasonic, BIO-NATURE STANDARD) through the
extinction via a dilution method, as reported by Utåker et
al.45 As AOB can form partnerships with other microbes,
which challenges their isolation,55 the cultures were checked
regularly for heterotrophic contamination by inoculating an
aliquot of bacterial solution on solid heterotrophic media
(details are given in Section 2.2.1). Further contamination
through air was prevented by reinoculation to sealed vessels.
Unfortunately, a Gram-positive contaminant was persistent,
which was eliminated by inoculating the growth medium
containing the mixed culture with penicillin (5000 U, 1000×
diluted), which specifically targets Gram-positive bacteria.
After repeated subculturing (five times), the complete
elimination of the contaminant was confirmed by light
microscopy using the Gram-staining procedure following the
manufacturer’s guidelines. After at least 10 successful
subculturing cycles, cells were harvested and analyzed by
comparing the partial sequence of the 16S rRNA gene against
the NCBI 16S database.
3.1.2. Growing AOB. Growing AOB can be challenging as

these bacteria are not only prone to microbial contamination
but also sensitive to temperature changes and light exposure.56

Frozen stock cultures were prepared from 10% glycerol

solutions (stock solutions with a higher glycerol content
could not be revived). The cells were regularly monitored for
contaminants by inoculating on heterotrophic media, such as
full-strength Luria broth (LB) agar on which the autotrophic
AOB cannot grow. Thus, any growth indicates the presence of
heterotrophic impurities, and the solution needs to be
discarded (this point was generally reached after the 20th
subculture).

The bacterial growth was monitored daily by measuring
[NO2

−] through the Griess reaction. Subculturing was initiated
when the solution became turbid and reached an optical
density of OD600 = 0.1 ± 0.005, corresponding to [NO2

−] of
800 ± 50 μM, which is in the mid-exponential growth phase
(after three to five days). The subcultures containing 10 mL of
inoculum were transferred to 600 mL of a freshly prepared
MSM growth medium. The assay cell concentrations were
determined via their optical density at 600 nm (OD600), which
is proportional to the protein concentration and reproducible
when the cells were harvested after 3 d as described in Section
2.2.3. (see Section 2, Table S2, and Figures S3 and S4 in the
SI).

3.2. Assay Development. 3.2.1. Optimizing the Con-
ditions. The assay depends on three interrelated variables,
which required optimization to ensure reproducible perform-
ance: (i) AOB cell concentration, (ii) NH4

+ concentration, and
(iii) inhibitor concentration. The cell concentration needed to
be sufficiently high to observe the formation of NO2

−, whereas
a too high concentration of active cells could mask the
inhibitory effect. Likewise, [NH4

+] needed to be in a range that
ensured a detectable production of NO2

−. Finally, the inhibitor
concentration had to be at a level that clearly enabled
differentiation of the inhibitory activity of different (potential)
NIs without completely inhibiting nitrification. These three
concentration variables were optimized such that the
colorimetric [NO2

−] determination could be performed
directly without diluting the sample, as this would require
additional time. It should be noted that the linear absorbance/
concentration section of the Griess reagent can vary depending
on the supplier and can be determined via a standard curve.

All initial screening experiments were performed with N.
europaea. To assess the NO2

− production as a function of cell
concentration, the concentrated inoculum obtained from the
cell harvesting process was diluted to create samples with

Figure 3. (a) Effect of the N. europaea cell concentration (represented as OD600) on the NO2
− production after 60 min of inoculation. (b)

Nitrification inhibition of N. europaea by DMP and DCD at two different concentrations after 60 min of inoculation (OD600 = 0.03). The
inoculations were performed with [NH4

+] = 3 mM in NaPB (pH = 7.5) at 30 °C and 100 rpm in the dark. [DMP] and [DCD] in panel (b) were
0.03 mM and 0.3 mM (1 and 10 mol % of [NH4

+]), respectively. Standard errors were calculated from three biological replicates and three
technical replicates.
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different cell concentrations, as characterized by OD600 values
of 0.3, 0.05, and 0.03. Each of these samples was pipetted in
triplicates into a 96-well plate. (NH4)2SO4 (from a stock
solution containing 150 mM in NaPB at pH 7.5) was added in
1 v/v% to each sample using a multichannel pipette to ensure
simultaneous addition in each well, as the nitrification process
commences immediately after NH4

+ is supplied. The final
[NH4

+] in each well was 3 mM, which was close to [NH4
+] in

the MSM and close to the enzyme saturation point (Table S3).
The well plate was covered with a breathable membrane and
incubated in the dark for 60 min at 30 °C and 100 rpm.
Nitrification was stopped by adding an excess of DMP, after
which an aliquot was transferred to a 96-well spectrophoto-
metric plate, and the Griess reagent was added. The color was
allowed to develop for 15 min at room temperature, and the
respective absorbance was measured at 540 nm.

Figure 3a shows that, under these conditions, the NO2
−

production was linearly proportional to OD600 and, therefore,
the cell concentration. Thus, for the sample with OD600 = 0.3,
[NO2

−] was 392.3 ± 7.7 μmol L−1. For the 6-fold diluted
sample with OD600 = 0.05, [NO2

−] was with 70.1 ± 1.0 μmol
L−1, about one-sixth, whereas the 10-fold diluted sample with
OD600 = 0.03 showed only one about a tenth of NO2

−

production (42.9 ± 1.8 μmol L−1).
It should be noted that the most concentrated sample

(OD600 = 0.3) needed to be diluted before the reaction with
the Griess reagent, as otherwise the amount of NO2

− produced
in the undiluted sample was outside the linear absorbance/
concentration behavior. Pleasingly, with a cell concentration of
OD600 = 0.03, not only a distinct and reproducible amount of
NO2

− was produced after 60 min but the same cell
concentration could also be used for assays with N. multiformis,
which is more reactive than N. europaea.38 Indeed, under
otherwise identical conditions, N. multiformis at OD600 = 0.03
produced 62.5 ± 0.2 μmol L−1, 50% more of NO2

− than N.
europaea (Table S4), clearly confirming the sensitivity of the
assay setup.

The commercial NIs DMP and DCD were used to identify
the optimum inhibitor concentration that was sufficiently
sensitive to reveal the known different inhibitory performance
of DMP and DCD without completely inhibiting nitrification,
and which could subsequently be used to assess new NI
compounds. Figure 3b shows the results of an assay performed
with N. europaea and [DMP] or [DCD] = 0.03 mM (1 mol %
of NH4

+). The % inhibition was calculated according to eq 1.
Under these conditions, nitrification inhibition by DMP was
81.4 ± 2.9%, which is very high, whereas that by DCD was
considerably lower (16.9 ± 1.3%) (P < 0.005 for both
compounds). Using a 10-fold higher inhibitor concentration
(0.3 mM, 10 mol % of [NH4

+]), the % inhibition by DMP
increased slightly by about 10% to 88 ± 0.8%, suggesting that
enzyme saturation with DMP was nearly reached. The
inhibition by DCD increased by a factor of about 3.5 to 59.3
± 5.0%, which not only confirms that higher application rates
of DCD are required to achieve considerable nitrification
inhibition44,57,58 but also demonstrates the sensitivity of our
assay.
3.2.2. Optimizing the Assay for Water-Insoluble NIs. Both

DCD and DMP are water-soluble NIs, which is advantageous
for the aqueous assay conditions. However, a high water-
solubility is not necessarily beneficial for agricultural
applications since the NI could leach into the groundwater,
as is the case with DCD.59 Increasing the lipophilicity of the

inhibitor compounds to some extent could potentially increase
their retention in soils. However, the reproducibility of the
assays was significantly hampered by a low solubility of some of
the newly synthesized compounds in the aqueous buffer, and
we therefore explored whether the solubility could be increased
by adding a small amount of an organic cosolvent without
negatively impacting on the AMO activity.

Analysis of the UV/vis absorbance revealed that the new
inhibitor compounds could be completely dissolved in NaPB
with 1 v/v% of dimethyl sulfoxide (DMSO), methanol,
ethanol, 2-propanol, and 1-butanol, acetone, acetonitrile,
ethyl acetate, and sulfolane and glycolic acids (details are
provided in “Optimizing the Assay for Water-Insoluble NIs” in
the SI).

As hydrophobic organic solvents can accumulate in cell
membranes leading to their disruption,60 the toxicity of the
organic cosolvents for the bacterial cells was assessed by
determining the amount of NO2

− produced using N. europaea
in NaPB containing 1 v/v% of the cosolvent relative to that
produced by the bacteria in pure NaPB. The data in Figure 4

reveal that 1 v/v% of DMSO was the only cosolvent that kept
the cells almost fully functioning, as revealed by the NO2

−

production, which decreased by only 16% in comparison to the
aqueous solution. All other cosolvents led to a dramatic
reduction of the NO2

− production, indicating that, at a
concentration of 1 v/v%, these solvents are detrimental to the
functioning of the bacteria. The nearly complete inhibition of
N. europaea in the case of methanol as a cosolvent could be
rationalized by the fact that methanol is a known substrate for
AMO, which undergoes oxidation to formaldehyde.61

3.3. Screening of Inhibitors. The optimized assay
conditions were used to screen the performance of 16
potential NIs, all of which possessed a heterocyclic framework
with different substituents (aromatic and aliphatic motifs), as
shown in Table 1. It should be noted that the intention of
these experiments was not to identify the best inhibitor
compounds from this pool but to demonstrate the sensitivity of
the assay to tease out the impact of structural variations on the
inhibitory activity.
3.3.1. Standard Conditions. The assay was performed with

N. europaea at pH = 7.5 and 30 °C with the inhibitors being
applied at 0.3 mM (10 mol % of [NH4

+]). The percentage

Figure 4. Effect of various organic solvents (1 v/v%) on the NO2
−

production, determined from a pure culture of N. europaea in NaPB at
pH = 7.5 ([NH4

+] = 3 mM, 30 °C, 100 rpm in the dark). The fraction
of activity was determined from the NO2

− production in NaPB with 1
v/v% cosolvent relative to that in the absence of the cosolvent.
Standard errors were calculated from three replicates.
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inhibition was calculated according to eq 1. Detailed data are
provided in Table S5.

Figure 5 reveals that, of the set of compounds tested, those
possessing aromatic substituents exhibit the highest inhibitory

effect overall, with more than half showing a % inhibition
above 30%.

In comparison, all compounds with heteroaromatic sub-
stituents inhibit nitrification with less than 50% efficiency.
Likewise, apart from inhibitor 4, compounds possessing
aliphatic substituents are generally less-efficient nitrification
inhibitors.

The best performing NIs from this screening experiment
were subsequently used to compare the % inhibition in
dependence of the AMO source. The data are shown in Figure
6, confirming that N. europaea responds to NIs with a higher
sensitivity than N. multiformis.44,54 For example, the %
inhibition by inhibitor 8 dropped from (67 ± 6)% with N.
europaea to (50 ± 16)% with N. multiformis (Table S6).

Inhibitor 4 shows a very high inhibition (92%) when N.
europaea is used as an AMO source, whereas N. multiformis
suggests a lower inhibitory effect of this compound than of
inhibitor 8. We point out that it is not the aim of this work to
explore why the inhibitory efficacy is not uniformly “scaled
down” in going from N. europaea to N. multiformis, but it is
obvious from our data that the assay provides a tool to detect
such behavior, which could trigger further research into the
mechanism of nitrification inhibition by these two AMOs.
3.3.2. Variation of the Assay Temperature. As soil

conditions vary considerably, we have explored whether the

assay could also be performed at pH = 8 or at 38 °C. Under
the assumption that the conversion of NH3 to NO2

− follows
Arrhenius behavior, an increase of the temperature by 8°
should increase the nitrification rate by about 1.6 times.
Indeed, we observed that the NO2

− production by N. europaea
increased by 27 ± 6% at the higher temperature (Figure S5).
Regarding enzyme inhibition by NIs, the higher turnover of the
enzyme may provide some insight into the mode of inhibition,
as reversible inhibition is affected by the enzymatic turnover,
whereas irreversible inhibition is not.37 The assay revealed that
the efficacy of inhibitors 4, 11, and 12 dropped to 30−50% at
38 °C compared with 30 °C (Table 2), suggesting reversible

inhibition. On the other hand, the % inhibition by inhibitor 8,
which is substituted with aromatic rings, was within error
similar at both temperatures, which may indicate a more
complex mode of inhibition.62,63

3.3.3. Variation of Assay pH. It has been shown that NH3
oxidation by AMO is favored at a higher pH, mainly due to the
higher NH3 availability due to deprotonation of NH4

+ (which
cannot be oxidized by AMO). In addition, the enzyme activity
of AMO is higher at pH = 7.8 than at neutral pH.64−66 To
explore whether the assay can also be used to evaluate the
production of NO2

− and its inhibition at a slightly alkaline pH,
we conducted an experiment where N. europaea was inoculated
at pH = 8.0 under otherwise identical conditions (see Section
2). Compared to the assay performed at pH = 7.5, at pH = 8,
the NO2

− production was increased by 26 ± 5% (Figure S5). It
should be noted that, at pH = 6.5, no NO2

− was produced
(about 6 μM, which is the same as that without N-source),
which can be rationalized by a too low [NH3] under these
conditions. Furthermore, similar to the experiments at the

Table 1. Overview of the NI Structures Tested in the Assay

inhibitor ID structure

inhibitors 1−5 1,2,3-triazoles with linear, branched and cyclic alkyl
(C2−C6) substituents

inhibitors
6−13

1,2,3-triazoles substituted with aromatic rings

inhibitors
14−16

1,2,3-triazoles substituted with heteroaromatic rings

Figure 5. Effect of the potential NI structure on the nitrification
inhibition, determined using N. europaea. The incubations in NaPB
with 1 v/v% DMSO were performed at pH = 7.5 and 30 °C with
[NH4

+] = 3 mM and [inhibitor] = 0.3 mM (10 mol % of [NH4
+]) at

100 rpm for 60 min in the dark. Standard errors were determined
from three biological and three technical replicates.

Figure 6. % Inhibition determined for inhibitors 4, 8, 11, and 12 with
N. europaea and N. multiformis. Incubation in NaPB with 1 v/v%
DMSO was performed at pH = 7 and 30 °C with [NH4

+] = 3 mM
and [inhibitor] = 0.3 mM (10 mol % of [NH4

+]) at 100 rpm for 60
min in the dark. Standard errors were determined from three
biological and three technical replicates.

Table 2. Inhibition (in %) of N. europaea by Inhibitors 4, 8,
11, and 12 at Different Temperatures and pHa

conditions inhibitor 4 inhibitor 8 inhibitor 11 inhibitor 12

standard protocolb 93 ± 6 68 ± 6 89 ± 9 80 ± 5
T = 38 °Cc 30 ± 4 58 ± 2 45 ± 5 26 ± 6
pH = 8d 33 ± 4 60 ± 5 50 ± 3 30 ± 2
a[NH4

+] = 3 mM and [inhibitor] = 0.3 mM (10 mol % of [NH4
+]);

incubation in NaPB with 1 v/v% DMSO performed at 100 rpm for 60
min in the dark; standard errors were determined from three
biological and three technical replicates. b30 °C, pH = 7.5. cpH = 7.5.
d30 °C.
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higher temperature, the NO2
− production dropped in the

presence of inhibitors 4, 11, and 12 to 30−50% at pH = 8,
whereas no significant decrease (within error) was found for
inhibitor 8, supporting a different mode of inhibition as
suggested above. These data clearly confirm the assay’s high
sensitivity that enables teasing out differences in the NO2

−

production by various inhibitor compounds under different
conditions.
3.3.4. Determination of the Absolute IC50 (IC50abs) Values.

The absolute half-maximal inhibitory concentration, IC50abs, is
the NI concentration that reduces the total NO2

− formation by
AMO to 50%. While determination of NO2

− production over
60 min gives a broader indication of the efficacy of NIs over
that time window, IC50abs values describe the inhibitor’s
efficacy at different concentrations. It should be noted that
IC50 values are very system-sensitive, and the values reported
in the literature can vary considerably, depending on the
number of cells, substrate concentrations, and assay con-
ditions.44,57 The standard assay protocol developed in this
work provides a unique opportunity to produce IC50 data that
allow comparison of the performance of a large number of
different inhibitor compounds.

The IC50abs values were determined for inhibitor 8, DCD,
and DMP (we did not explore DMPP, as the acidic anion
could potentially impact on the inhibition by decreasing the
pH and lowering the ammonia availability).57 N. europaea was
used as an AMO source, which was inoculated at different
inhibitor concentrations, and the production of NO2

− was
measured according to Section 2.3.1. The data are shown in
Figure 7, which reveal IC50abs values for inhibitor 8, DCD, and
DMP of 147.5, 106.8, and 6.6 μM, respectively.

Compared to the % inhibition determined at 10 mol % for
inhibitor 8, DCD, and DMP of 68%, 59%, and 88%,
respectively (see Figure 3b and Table 2), only for DMP, the
IC50abs and % inhibition values correlate in that DMP is the
best performing NI in this set. On the other hand, the IC50abs
values suggest a better performance of DCD than inhibitor 8,
which contradicts the data from the % inhibition studies at 10
mol % of [NH4

+]. As Figure 7 reveals, in contrast to both DCD
and DMP, the efficiency of inhibitor 8 decreases significantly at
lower concentrations, which leads to a higher IC50abs value.
Thus, the determination of IC50abs values provides a useful tool
to obtain information about the most useful application rate of
NIs with regard to inhibitory activity.

To conclude, designing new NIs can be a vague target as
AMO’s crystal structure is unknown. We have developed an
accessible, cheap, and fast screening assay using two different

sources of AMO, which can be readily performed by people
with rudimentary microbiology skills. Our assay can be used to
rapidly test the inhibitory activity of multiple compounds
(both hydrophilic and lipophilic) at the same time, which
could significantly accelerate the development of new NIs, as
molecular frameworks with promising inhibitory behavior can
be identified in just one hour. These candidates can
subsequently be evaluated in more time-demanding (and
expensive) soil incubation and field studies and further
improved through chemical modifications in an iterative
process.
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■ ABBREVIATIONS USED
AMO − ammonia monooxygenase
ANOVA − analysis of variance
AOB − ammonia oxidizing bacteria
ATCC − American Type Culture Collection
DCD − dicyandiamide
DMP − 3,4-dimethyl[1H]pyrazole
DMPP − 3,4-dimethyl pyrazole phosphate
DMSO − dimethyl sulfoxide
DMSZ − Deutsche Sammlung von Mikroorganismen und
Zellkulturen
IC50abs − concentration of inhibitor to decrease response to
50%
LB − Luria broth
MSM − mineral salt media
NaPB − sodium phosphate buffer
NI − nitrification inhibitor
N. europaea − Nitrosomonas europaea
N. multiformis − Nitrospira multiformis
NUE − nitrogen use efficiency
OD − optical density
OD600 − optical density at 600 nm
rpm − rotations per minute
SAR − structure−activity relationship
SI −supporting information
UV/vis − ultraviolet−visible region
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2.3 Modifications on Ethyl-1,2,3 Triazole-4-Carboxylate Derivatives 

2.3.1 Introduction  

In the publication, only the position 5 of the ethyl-1,2,3 triazole-4-carboxylate scaffold (24) 

was alternated in order to enable direct comparison of the performance in dependence of 

this substituent. Not included in the publication were triazoles with a 'fixed' substituent in 

position 5 but with varying substituents in position 4. The ester moiety in position 4 can be 

readily modified to obtain a carboxylic acid (41), alcohol (42), allyl ester (43) and nitrile (44), 

and keeping position 5 as a phenyl group, as aromatic substituted ethyl-1,2,3 triazole-4-

carboxylate derivatives showed the highest inhibitory effect (Chapter 2.2, Figure 5). The 

compounds 41-44 were tested with N. europaea as model organism following the 

‘nitrification assay’ procedure as reported in Chapter 2.2 (section 2.3). Synthetic details of 

ester hydrolysis (compound 41), ester reduction (compound 42), the esterification (43 can 

be found in Chapter 7.2. Compound 44 was synthesised with an alternative one-pot reaction 

that is described in Chapter 7.1.2 via GP-2. 

 

2.3.2 Results and discussion  

Inhibitor 6 (compound 30), which is the ester derivative of the 5-phenyl 1,2,3-triazoles listed 

in Table 1, showed a percent inhibition of 42 ± 10% with N. europaea (Chapter 2.2, Figure 5). 

When replacing the ester in 30 by a carboxylic acid to give 41, the inhibitory effect dropped 

to approximately half, whereas conversion to the alcohol 42 reduced the percent inhibition 

to 27 ± 4. The allyl ester 43 had only about one third of the inhibitory activity of 30 (Table 1). 

These data clearly show that the ester has a functional advantage in comaprison to carboxylic 

acids, alcohols and allyl esters. Interstingly, when the ester group was replaced by a nitrile 

(44), a quantitative inhibition of nitrification was observed. As the nitrile group is also present 

in DCD, which is considered to act as a metal chelator, the increased inhibitory effect is not 

unexpected.  
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Table 1:  Inhibition (in %) of N. multiformis after treatment with differently substituted 4,5-

disubstituted 1,2,3-triazoles, determined from the NO2
- production.a  

 

Compound 
% Inhibition  

N. europaea 

41 19 ± 3 

42 27 ± 4 

43 10 ± 5 

44 100 ± 6 

aIncubations were performed following ‘nitrification assay’ Chapter 2.2, section 2.3’ in NaPB 

with 1v/v% DMSO at pH = 7.5 and 30°C with [inhibitor] = 0.3 mM (10 mol% of N-source), 

[NH4
+] = 3 mM at 100 rpm for 60 min in the dark. Standard errors were determined from 

three biological and three technical replicates, n=3). 
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2.3.3 Conclusion  

This chapter summarises two components that are essential to answer the scientific 

question. In the first section, a rapid, accessible and robust nitrification assay was developed 

with pure cultures of N. europaea and N. multiformis; and secondly, 4,5-disubstituted 1,2,3-

triazoles are introduced as a new class of SNI. The assay was designed to facilitate bacterial 

cell growth and harvest, enable the use of co-solvents to increase solubility of less hydrophilic 

compounds and the assay protocol itself, as literature procedures were not suitable for 

testing large libraries of SNI by a non-skilled person of the art.  

 

The assay was used to test 16 different ethyl-1,2,3 triazole-4-carboxylate derivatives. Ethyl-

1,2,3 triazole-4-carboxylate derivatives with aromatic rings at position 5 showed a higher 

nitrification inhibition than aliphatic-substituted ethyl-1,2,3 triazole-4-carboxylate derivates. 

A heterocyclic-substituted ethyl-1,2,3 triazole-4-carboxylate derivatives did not show 

increased inhibitory effect. Furthermore, the ester group in ethyl 5-phenyl-1,2,3-triazole-4-

carboxylate was modified to a carboxylic acid (41), alcohol (42), an allyl ester (43) and a nitrile 

(44) group to determine the binding affinity of the ester group. Only the latter showed an 

increased percent inhibition with quantitative inhibition at 10 mol% application rate and was 

amongst the best performing 4,5-disubstituted 1,2,3-triazoles. 

 

In conclusion, 4,5-disubstituted 1,2,3-triazoles show nitrification inhibitory properties in vivo. 

The compounds that showed promising results and will be excessively tested in soil 

incubation studies to determine their effect on mineral-N transformations. Planned future 

experiments will include pH-dependent soil incubation studies, plant studies and 

ecotoxicology studies to determine nitrification inhibition in varying soils overall, their ability 

to increase crop yield, stability in soil and toxicity. As large-scale agronomy studies for 4,5-

disubstituted 1,2,3-triazoles are out of the scope of this doctoral project, they will be 

performed by the ARC Hub for Smart Fertilisers in cooperation with the commercial partner 

Incitec Pivot Australia.  
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Chapter 3: Assessing the Efficacy, Acute Toxicity and 

Binding Modes of the Agricultural Nitrification 

Inhibitors 3,4-Dimethyl-1H-Pyrazole (DMP) and 

Dicyandiamide (DCD) With N. europaea (publication-

based) 

3.1 Introduction  

In Chapter 2, a robust 60-min nitrification assay was presented to test the efficacy of new SNI 

with AOB. 4,5-disubstituted 1,2,3-triazoles were explored as a class of small organic 

molecules with chelating properties, such as the commercial inhibitors DMP and DCD. Both 

commercial SNI have been on the market for more than 20 years and have shown in various 

field studies to reduce nitrification to some extent. 73, 102 As shown in the results in Chapter 

2.2, Inhibitor 4 (compound 28), inhibitor 8 (32), inhibitor 11 (35) and inhibitor 12 (36) showed 

a higher percentage inhibition than DCD. However, inhibitor 8 (32), inhibitor 11 (35) and 

inhibitor 12 (36) showed up to 60% reduced percentage inhibition when the system was 

challenged with higher temperatures or a higher pH. Eventually, only inhibitor 4 (28) showed 

the highest binding affinity as its efficacy remained constant when the system was 

challenged. Whilst inhibitor 4 (28) is to be tested in soil incubation studies, it became 

increasingly clear that the protocol of testing the inhibitors at an increased temperature, 

higher pH, and IC50(app) add dimensions to elucidate the binding behavior/strength of SNI. In 

other words, the standard assay is a one-dimensional approach limited to simply ‘screening’ 

SNI. A high %inhibition is not always sufficient, as for instance, DMP showed the highest 

%inhibition and IC50(app) but still remains unable to solve the global N crisis. To predict the 

performance of SNI, (Chapter 2.2, section 2.3), it became increasingly clear that there was a 

lack of fundamental knowledge of the current SNI DMP and DCD. Controversially, pure 

bacterial studies to determine biochemical inhibitory parameters with DMP and DCD have 

never been performed. 
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Therefore, the experiments in this Chapter are aimed at obtaining understanding of the 

biochemical parameter of DMP and DCD. In a series of bacterial experiments with the model 

organism N. europaea, firstly, the targeted enzyme of the AMO and HAO cascade (see 

Chapter 1.3) was determined. Secondly, the reversibility of the binding was determined by 

following Chapter 3.2 (section 2.3.3) to determine the mode of inhibition. Thirdly, the binding 

mode was determined via Michaelis-Menten kinetics experiments, in which the effect of the 

inhibitor was challenged against ascending NH3 concentration (Chapter 3.2, section 2.3.4). 

Fourthly, for the first time, real-time oxygen respiration of AOB in the presence of DMP and 

DCD was measured via an oxygen-selective electrode (Clark-type electrode) to analyse real-

time kinetic data (Chapter 3.2, section 2.3.2). And lastly, their relative toxicity was quantified 

via a bacterial viability stain (Chapter 3.2, section 2.3.5). The aim of this fundamental Chapter 

was to generate a baseline for future SNIs and potentially to identify aspects in which current 

SNI underperform.  
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ABSTRACT: Nitrification inhibitors have been coformulated with nitrogen fertilizers since the 1970s to modulate the
microbiological conversion of nitrogen in agricultural soils. 3,4-Dimethyl-1H-pyrazole (DMP) and dicyandiamide (DCD) are
currently the most used commercial nitrification inhibitors, but their mode of action is not well understood. This work seeks to fill
this void by assessing for the first time in detail their mechanism of inhibition, efficacy, and acute toxicity with pure cell cultures of
Nitrosomonas europaea. Bacterial assays based on the quantification of the nitrite (NO2−) production showed that both inhibitors
reversibly target ammonia monooxygenase (AMO), which catalyzes the first step of the nitrification process. Michaelis−Menten
kinetics suggest that both DMP and DCD act as uncompetitive inhibitors. Real-time measurements of the oxygen (O2) consumption
confirmed the nonmechanistic mode of inhibition and showed that DMP reduced the O2 uptake rate by AMO much more at
considerably lower concentrations than DCD, in line with the lower inhibitory efficiency of the latter. Acute toxicity tests revealed
that DCD has a 10% higher toxicity than DMP when comparing treatments at the same inhibition efficacy (i.e., DMP at 10 ppm,
DCD at 100 ppm), indicating that the inhibition of the nitrification process cannot simply be achieved by increasing the inhibitor
concentration. The methods presented in this study could assist the development of more reliable nitrification inhibitors in the
future.
KEYWORDS: ammonia monooxygenase, bacterial assay, dicyandiamide, 3,4-dimethyl-1H-pyrazole, inhibition mechanism,
nitrification inhibitor

1. INTRODUCTION
To meet the food demand of an ever-growing population, the
Food and Agriculture Organization of the United Nations
(FAO) has predicted that, from 2016 to 2022, a 5% increase in
nitrogen (N) fertilization from 106 to 112 Tg is required.1

However, since the 1980s, the N use efficiencies (NUEs) have
remained at only around 50% globally.2,3 The remaining 50%
are lost from the soil through abiotic and biotic pathways,
including volatilization of ammonia (NH3), which is a
precursor of particulate matter (PM2.5), and nitrate (NO3−)
leaching that causes damaging surface water eutrophication
and groundwater pollution.4−6 In addition, microbiological
denitrification reduces NO3− to nitrous oxide (N2O) and nitric
oxide (NO).7 N2O has a 300 times higher global warming
potential than CO2, and mitigation of N losses in agriculture
has become an important target for reducing the greenhouse
gas (GHG) footprint.6

One strategy to improve N management in agricultural soils
is to amend N fertilizers with nitrification inhibitors (NIs).8,9

Nitrification is caused by ammonia-oxidizing bacteria (AOB)
and ammonia-oxidizing archaea (AOA). NIs are small
synthetic molecules that are designed to inhibit ammonia
monooxygenase (AMO), a multimeric transmembrane en-
zyme, which is conserved in both AOB and AOA10−12 and
catalyzes the rate-limiting first oxidation step NH3 →
hydroxylamine (NH2OH).

13,14 Subsequently, NH2OH is
converted to nitrite (NO2−) by the enzyme hydroxylamine

oxidoreductase (HAO),15 followed by the rapid oxidation to
NO3−, the end-product of the nitrification process, which is
catalyzed by nitrite oxidase (NXR) present in, for example in
species from the genus Nitrobacter and Nitrospira. In fact, some
species of Nitrospira are capable of catalyzing the oxidation
from NH3 to NO3− (complete ammonia oxidizers, comam-
mox).16 Furthermore, recent studies have revealed that
nitrification can also directly lead to the formation of NO
and N2O.

17−21 Thus, by inhibiting AMO, the residence time of
NH3 in soils should be increased, which in turn should reduce
N losses through NO3− leaching and emission of gaseous N
compounds produced through both nitrification and deni-
trification processes. While the crystal structure of AMO
remains to be resolved, the evolutionally similar and recently
crystallized methane monooxygenase (MMO) has provided
some information on the active center in AMO, suggesting that
a cupredoxin-like unit could be involved in the oxidation
steps.10,22−24
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3.2 Assessing the Efficacy, Acute Toxicity, and Binding Modes of the 

commercial SNIs DMP and DCD (publication) 
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Generally, NIs can be categorized into mechanism-based
and non-mechanism-based enzyme inhibitors, such as
chelators that coordinate to a metal center in the enzyme’s
active site without inducing a chemical change.13 In contrast,
mechanism-based inhibitors are converted in the active site to
products that inactivate the enzyme, for example, through the
formation of covalent bonds. Consequently, the recovery of the
activity of nitrifying bacteria requires de novo synthesis of
AMO. One prominent example for a mechanism-based NI is
the gas acetylene (C2H4),

25,26 but the high flammability and
reactivity prohibit its use in agriculture.
Currently commercially available NIs are 3,4-dimethyl-1H-

pyrazole (DMP), which is commonly applied in agricultural
systems as the phosphate salt to reduce its volatility (DMPP or
ENTEC, BASF AG), dicyandiamide (DCD, AlzChem AG),
and 2-chloro-6-(trichloromethyl)-pyridine (nitrapyrin or N−
Serve, Dow Chemical Co.) (Figure 1).
Various in vitro studies have demonstrated that DMPP

reduces nitrification rates; however, field studies revealed that
its efficacy strongly depends on the agroecosystem.27−33 DCD,
which is widely applied in New Zealand, has been shown to
reduce N2O emissions but is prone to leaching and has been
detected in dairy products.34−36 Nitrapyrin is highly volatile
and is the most intensively studied NI regarding its mode of
action.37,38 It has been classified as a metal chelator,39 although
product analyses indicate that nitrapyrin could also act as a
mechanism-based enzyme inhibitor.37

Despite their widespread use, only very few detailed
mechanistic studies are available for DMP (or DMPP,
respectively) and DCD. Recently, the crystal structure of six
DMP molecules coordinating to a Cu2+ center was solved,
demonstrating the ligand-binding ability of DMP.40 However,
a recent study with DMPP suggests that its inhibitory capacity
is not linked to chelation with Cu2+.41 DCD has also been
categorized as a metal chelator12,42−44 and been proposed to
act as a competitive inhibitor for AMO.21 However, because of
the many remaining unknowns of the detailed mode of action
of these two NIs, in this work, we have performed a
comparative study of DMP (as the active component in
DMPP) and DCD using assays with pure bacterial cultures of
Nitrosomonas europaea to determine for the first time
important biochemical parameter in the absence of the
complex matrix of soil experiments. This study provides
crucial insight into the binding mode, efficacy, and acute
toxicity of these two commercial NIs, which could help to
understand their variable performance in the field and support
the development of guidelines to aid the design of next-
generation NIs with improved and more consistent perform-
ance.

2. MATERIALS AND METHODS
2.1. Chemicals. DMP (3,4-dimethyl-1H-pyrazole) was supplied

by Incitec Pivot Ltd., Australia. DCD (dicyandiamide) and Griess
reagent (modified) were purchased from Sigma-Aldrich. Sodium

dithionite (Na2S2O4) was obtained from ChemSupply Australia. All
aqueous solutions were prepared in Milli-Q water. N. europaea
(ATCC19718) was purchased from the American Type Culture
Collection.
2.2. Cell Preparation. 2.2.1. Growing N. europaea Protocol.

AOB were grown for 3−5 d in Duran glass bottles containing 600 mL
of mineral salt media (MSM, see below) at 100 rpm and 30 °C in the
dark. The slightly loose cap was sealed with an O2 permeable
membrane to ensure aeration (Breathe-Easy sealing membrane,
Sigma-Aldrich). The MSM constituted the main bulk medium and
consisted of dipotassium hydrogen phosphate (K2HPO4; 2.27 g L−1),
potassium dihydrogen phosphate (KH2PO4; 0.95 g L−1), and
ammonium sulfate ((NH4)2SO4; 0.67 g L−1). The pH was adjusted
to 7.0. To 1 L of the bulk medium, 2 mL of a filter-sterilized (0.2 μm
millipore filter) solution of metals was added: disodium ethylenedi-
amine tetraacetate (Na2EDTA; 6.37 g L−1), zinc sulfate heptahydrate
(ZnSO4 × 7 H2O; 1.0 g L−1), calcium chloride dihydrate (CaCl2 × 2
H2O; 0.5 g L−1), iron(II) sulfate heptahydrate (FeSO4 × 7 H2O; 2.5 g
L−1), sodium molybdate dihydrate (NaMoO4 × 2 H2O; 0.1 g L−1),
copper(II) sulfate pentahydrate (CuSO4 × 5 H2O; 0.1 g L−1),
cobalt(II) chloride hexahydrate (CoCl2 × 6 H2O; 0.2 g L−1),
manganese(II) sulfate monohydrate (MnSO4 × H2O; 0.52 g L−1),
and magnesium sulfate heptahydrate (MgSO4 × 7 H2O; 60.0 g L−1).
To this media solution, 1v/v% of aqueous sodium carbonate
(Na2CO3; 50 g L−1) was added aseptically as a carbon source.
2.2.2. Harvesting Cell Protocol. After 3−5 d of incubation, the

turbid cultures were harvested at an OD600 of approximately 0.1,
which represented the mid-exponential growth phase and an NO2−
production of approximately 800 μM (determined by Griess assay),
cells were harvested by filtration onto 0.2 μm membrane filters (Rowe
Scientific, mixed cellulose esters (MCEs)). The cells were washed
with sodium phosphate buffer (NaPB, pH = 7.5, 0.1 M, 2 × 100 mL)
containing MgSO4 (0.2 mM). The filter paper with the cells was
transferred into a sterile 50 mL tube, and the cells were washed off by
resuspending in NaPB (15 mL), followed by 5 s of vortexing (Ratek,
Australia) and 3 s of sonication (Vevor, Australia). The initial
inoculum OD600, which was between 0.9 and 1.2, was adjusted to a
final OD600 of 0.03 and stored at 4 °C until used for the assay. Cells
could be stored for up to 24 h without losing activity.
2.3. Nitrification Assay and Analysis. 2.3.1. Standard Assay

Protocol. In a deep 96-well plate (2 mL capacity), 980 μL of the
bacterial inoculum (OD600 = 0.03 in NaPB at pH 7.5) was added to
the inhibitor (10 μL of a 30 or 3 mmol L−1 stock solution,
respectively), and the solutions were mixed thoroughly and
preincubated in the dark for 5 min at 30 °C and 100 rpm (Ratek,
Australia). (NH4)2SO4 (10 μL, 150 mM, from a sterile solution
containing 19.8 g L−1 of (NH4)2SO4 in Milli-Q water) was then
added. In experiments in which the NH2OH-dependent activity was
measured, (NH4)2SO4 was replaced by equimolar amounts of
NH2OH. The plate was covered with an O2 permeable membrane
to ensure aeration (Breathe-Easy sealing membrane, Sigma-Aldrich)
and incubated in the dark for 30, 60, or 90 min at 30 °C and 100 rpm.
The nitrification process was stopped by adding an excess of DMP
(10 μmol L−1, 30 mM; the final concentration of DMP in the solution
was 0.27 mM, which was considerably higher than the IC50abs value of
6.6 μM determined previously).45 An aliquot of the reaction solution
(50 μL) was transferred to a 96-well spectrophotometric plate
(Greiner Cellstar, polystyrene) to which 50 μL of Griess reagent was
added. The color was allowed to develop for 15 min at room
temperature, and the absorbance was measured at 540 nm (Clariostar

Figure 1. Commercially Available Nitrification Inhibitors (NIs).
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BMG Labtech, Australia). Each assay was accompanied by control
treatments to determine the 0 and 100% NO2− signals. The
percentage inhibition was calculated according to eq 1 from the
NO2− production of the cells in NaPB (i) without additives
(“untreated cells”; 0% signal), (ii) with [NH4+] = 3 mM (“uninhibited
cells”; 100% signal), and (iii) with [NH4+] = 3 mM and [inhibitor] =
0.3 mM (10 mol % of [NH4+]; “inhibited cells”).
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2.3.2. O2 Consumption Measurements. O2 consumption rates of
cell suspensions of N. europaea were measured using a Clark-type
oxygen electrode (Rank Brothers, Cambridge, U.K.) mounted in a
water-jacketed electrode chamber (3 mL capacity) that was connected
to a recirculating cooler (Lauda, Austria). The data were recorded
using a Data-trax (World Precision Instruments, UK) sensor data
collection system. All measurements were taken at 20 °C and 1 mL
final reaction solution volume (the lower temperature, compared to
the other experiments in this study that were performed at 30 °C, was
required here to increase signal stability). The polarizing voltage was
set to 0.6 V. To calibrate the oxygen signal, an excess (approximately
50 mg) of Na2S2O4 was added to 1 mL of Milli-Q water to chemically
remove dissolved O2. Additional O2 flux was prevented by applying a
stopper, and the residual voltage was referred to as “0% O2”. The
voltage at saturated O2 concentration (“100% O2”) was determined
by measuring the voltage of the equilibrated aerated reaction system
consisting of 1 mL of Milli-Q water. Sample measurements were taken
as follows: The 1 mL reaction mixture, composed of 980 μL of N.
europaea cell solution in NaPB (OD600 = 0.8; corresponding to
approximately 468 μg L−1 protein) was equilibrated for 5 min in the
chamber until the voltage reading was stable. The reaction was then
initiated by the addition of (NH4)2SO4 (10 μL of an aqueous 150
mM stock solution, the final concentration in the reaction solution
was 3 mM), and the chamber was immediately sealed with a stopper.
After 5 min of oxygen consumption (a linear rate coefficient of
approximately 186 ± 63 nmol O2 L−1 s−1 was determined), 10 μL of
the inhibitor stock solution of DMP (0.012, 0.12, 0.6, 1.2 mM) or
DCD (1.2, 2.0, 5.0, 10.0 mM) was added via a 10 μL Eppendorf
pipette through a capillary opening, ensuring the emergence of the
pipette tip in the solution. The voltage was recorded over a period of
5 min in intervals of 5 s. The trace describing the O2 concentration
after the addition of (NH4)2SO4 against the time (initial 15−300 s)
was used as the baseline O2 consumption for the uninhibited cells,
whereas the trace describing the consumption in the presence of the
inhibitor (300−590 s time window) was used to determine the rate of
O2 consumption in the presence of the inhibitor. All experiments were
conducted in triplicate at 20 °C under constant stirring. The voltage
was converted to [O2] according to eq 2

46
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voltage (sample) voltage (0% O )

voltage (100% O ) voltage (0% O )
280 Mt

t
2

2

2 2
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2.3.3. Activity Recovery Assay. Cells were harvested according to
the description in the Harvesting Cell Protocol section. The bacterial
solution was adjusted to OD600 = 0.8 (∼468 μg L−1 protein), and 980
μL aliquots were transferred to 1.5 mL centrifuge tubes (Eppendorf,
polypropylene). The inhibitor (10 μL of a stock solution of 150 mM
in Milli-Q water) was added, and after equilibrating for 5 min,
(NH4)2SO4 (10 μL of a stock solution of 150 mM in Milli-Q water)
was added using a multichannel pipette to ensure simultaneous
addition in each tube. The tubes were incubated in a temperature-
regulated rotary incubator (Ratek, Australia) for 30 min at 30 °C and
100 rpm in the dark. A 50 μL aliquot was then transferred to a 96-well
plate (Greiner Cellstar, polystyrene) to which 50 μL of Griess reagent
was added, and the mixture was incubated for 15 min. The
absorbance was measured at 540 nm (Clariostar BMG Labtech,
Australia). The remaining cells were subsequently washed (3×) by
alternating centrifuging (Boeco, Germany; 10,000 rpm, 10 min) and

resuspending the cell pellet in NaPB (1 mL). After the final
centrifuging step, the pellet was resuspended in NaPB (990 μL) and
reincubated with (NH4)2SO4 (10 μL of an aqueous 150 mM stock
solution, see above), and the NO2− concentration was measured
under the previously described conditions. Each assay was
accompanied by control treatments to determine the 0 and 100%
NO2− signals. The % activity was determined according to eq 3, where
untreated cells (0% signal) denotes the NO2− production of the cells
without additive, uninhibited cells (100% signal) denotes the NO2−
production of cells treated with [NH4+] = 3 mM, and inhibited cells
denotes the NO2− production of cells treated with [NH4+] = 3 mM
and [inhibitor] = 1.5 mM. All experiments were performed in
triplicate.

% activity
NO NO

NO NO
1002 inhibited cells 2 untreated cells

2 uninhibited cells 2 untreated cells
=

[ ] [ ]
[ ] [ ]

×

(3)

2.3.4. Michaelis−Menten Kinetics. In a deep 96-well plate (2 mL
capacity), 980 μL of the bacterial inoculum (OD600 = 0.03, ∼18 μg
L−1 protein in NaPB at pH 7.5) was added to DMP (10 μL from 0.75
mM and 1.5 mM stock solutions, respectively) or DCD (10 μL from
15 and 30 mM stock solutions, respectively). The solutions were
mixed thoroughly and preincubated in the dark for 5 min at 100 rpm
and at 30 °C (Ratek, Australia). Then, 10 μL of the respective
(NH4)2SO4 stock solution (150, 75, 5, 2.5, 1.5, 0.15 mM) was added
to each well (final [NH4+] in well: 3.0, 1.5, 0.1, 0.05, 0.03, 0.003 mM).
The plate was covered with an O2 permeable membrane to ensure
aeration (Breathe-Easy sealing membrane, Sigma-Aldrich) and
incubated in the dark for 60 min at 30 °C and 100 rpm. Termination
of the nitrification process and determination of the NO2− production
was performed as described in the Standard Assay Protocol section.
Data analysis was performed with GraphPad Prism software, using
nonlinear regression (curve fit) for Michaelis−Menten Kinetics.47
The results used the best fit values with 95% likelihood.
2.3.5. Acute Toxicity Test. Cells were harvested according to the

description in the Harvesting Cell Protocol section. The bacterial
solution was adjusted to OD600 = 0.8 (∼468 μg L−1 protein) and
divided into 1 mL aliquots. To each well of a 24-well tissue culture
plate (Greiner Cellstar, polystyrene Tissue Culture treated) was
added 980 μL of bacterial solution, 10 μL of a 150 mM aqueous
(NH4)2SO4 solution, and 10 μL of either a DMP or a DCD solution
with a final concentration in the well of 10 ppm (0.015 mM), 100
ppm (0.15 mM), and 1000 ppm (1.5 mM), respectively. The well
plate was sealed with an O2 permeable membrane to ensure aeration
(Breathe-Easy sealing membrane, Sigma-Aldrich) and incubated in
the dark for 4 h at 30 °C and 100 rpm. Cells were then transferred
into a centrifuge tube and sedimented at 10,000 rpm for 10 min. The
supernatant was separated, and the cells were resuspended in NaPB
(pH = 7.5, 1 mL). A 5 μL aliquot was transferred into a 96-well plate,
and the bacterial stain (LIVE/DEAD BacLight Bacterial Viability Kit
for microscopy, Thermo Fisher Scientific) was added following the
manufacturer’s instructions. Then, 10 μL of the solution was
transferred onto a microscopic slide (Fisher Scientific, Australia, 7.6
cm × 2.5 cm (L × W), thickness 1−1.2 mm). Seven images were
taken per treatment with a fluorescence microscope (Leica DM6000,
Germany) using the red channel to detect dead cells (excitation: 575/
30 nm (dichromatic) DC: 600; emission: 635/40 nm) and the green
channel to detect live cells (excitation: 500/20 nm DC: 515;
emission: 535/30 nm). The percentage of live and dead cells was
calculated using eqs 4 and 5

% live
live cell count

total cell count
100= ×

(4)

% dead
dead cell count
total cell count

100= ×
(5)

Prior to the microscopic imaging, 50 μL of supernatant was reacted
with a 50 μL Griess reagent to determine [NO2−] following the
Standard Assay Protocol section.
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2.4. Statistics. Statistical analysis was performed with GraphPad
Prism software47 using Student’s t-test P < 0.05 as the level of
statistical significance. All results are reported as the mean ± standard
error of the mean. In addition, significances among three treatments
were compared by the least significant differences P < 0.05 level using
one-way ANOVA.

3. RESULTS AND DISCUSSION
We first identified the enzyme targeted by DMP and DCD and
their mode of binding using N. europaea as model AOB. The
analysis was performed by measuring the amount of NO2−
produced in the absence and presence of the NI, which was
determined using a recently developed assay based on the
Griess reaction.45 We then explored the mode of inhibition by
measuring the Michaelis−Menten kinetics and the inhibitory
efficacy by establishing the rate of NH3 oxidation by N.
europaea, which was obtained from O2 consumption measure-
ments. Analysis of the acute toxicity of both inhibitors was
performed to investigate whether the lower production of
NO2− in the presence of DMP and DCD could be due to a
potential toxicity of the inhibitors for the bacteria.
3.1. Identification of the Enzyme Targeted by DMP

and DCD. As outlined in the Introduction section, oxidation
of NH3 to NO3− occurs in several steps, where AOB are
responsible for the first two steps, i.e., NH3 → NH2OH →
NO2−, which are catalyzed by the enzymes AMO and HAO,
respectively. To explore which of these two enzymes is
inhibited by DMP and DCD, we performed assays where pure
cell cultures of N. europaea were treated in sodium phosphate
buffer (NaPB) at pH 7.5 and 30 °C separately with either
NH4+ (as substrate for AMO) or NH2OH (as substrate for
HAO) and measured the cumulative NO2− production over 90
min in the presence and absence of the NI. Inhibition of the
enzyme should result in a lower NO2− production, compared
to the noninhibited cell culture. The concentration of the N
source (provided as (NH4)2SO4 or NH2OH, respectively) was
3 mM, and the inhibitors were supplied at two different
concentrations (i.e., 1 and 10 mol % of applied N). Figure 2
shows the production of NO2− over 90 min under the different
conditions. Control experiments, which were performed with
cells in NaPB without a N source and inhibitor, did not reveal
a notable production of NO2−, confirming that NO2− resulted
from the oxidation of NH4+ or NH2OH, respectively. The
detailed data are provided in Tables S1 and S2 in the
Supporting Information (SI).

In the incubations targeting AMO (Figure 2a), uninhibited
cells generated a total [NO2−] of 17.7 μM after 30 min,
corresponding to an NO2− production rate of about 0.5 μM
min−1. Over the next 60 min, the activity of AMO increased to
an average NO2− production rate of 1.3 μM min−1. Treatment
with both DMP and DCD reduced the NO2− production when
compared to the uninhibited cells; however, the inhibiting
effect was generally more pronounced with DMP than with
DCD at the same concentration, in agreement with literature
data.48,49 Thus, in the first 30 min, cells exposed to 0.03 and
0.3 mM of DMP produced [NO2−] of 4.9 and 2.9 μM,
respectively. Compared to the uninhibited cells, the %
inhibition (calculated according to eq 1) was 83% for 0.03
mM DMP and 93% for the 10-fold higher concentration. Over
the following 60 min, the % inhibition with [DMP] = 0.03 mM
decreased to 74%, whereas with [DMP] = 0.3 mM, the %
inhibition remained unchanged at 94%. In contrast, the
inhibitory performance of DCD depended much stronger on
its concentration. After 90 min, the % inhibition with [DCD] =
0.03 mM was only 11%, whereas with [DCD] = 0.3 mM, the %
inhibition was 61%.
Providing NH2OH to the cell culture enabled to study the

HAO-catalyzed transformation, i.e., NH2OH → NO2−, under
exclusion of AMO. Figure 2b shows that uninhibited cells
produced around the same amount of NO2− after 90 min as
those treated with NH4+. Treatment of the cells with DMP at
the lower concentration and with DCD at both concentrations
had practically no impact on the NO2− production. Only when
the cells were exposed to 0.3 mM of DMP, a noticeable
reduction of [NO2−] occurred, which amounted to a %
inhibition of about 27% after 90 min. However, we do not
believe that the lower NO2− production at higher [DMP]
indicates HOA inhibition but is likely an indirect effect of the
strong AMO inhibition. As AMO accepts two electrons from
HOA that are produced during the oxidation of NH2OH,
AMO inhibition could disrupt the electron transfer chain
between these two enzymes, thereby reducing HOA activity.
Our finding that DMP targets AMO is in agreement with a
recent study.41
With regards to the “fate” of both NIs in AMO, it is unlikely

that they undergo conversion in the enzyme to produce a more
active form, as no increase in % inhibition over time was
observed. This finding suggests that both DMP and DCD are
chelators (i.e., non-mechanism-based enzyme inhibitors) that

Figure 2. (a) Effect of DMP and DCD at different concentrations on the cumulative NO2− production after 30 min, 60 min, and 90 min of
inoculation with (a) [NH4+] = 3 mM and (b) [NH2OH] = 3 mM as N source, respectively. The inoculations were performed in NaPB (pH = 7.5)
at 30 °C and 100 rpm in the dark. Standard errors were calculated from three biological replicates, each performed with three technical replicates.
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could coordinate to the Cu2+ centers in AMO through their N
atoms via a vacant electron pair, as has been found in crystal
structures of the DMP-Cu2+ and the DCD-Cu2+ com-
plexes.44,50 However, it cannot be excluded that the inhibitory
effect of DMP and DCD could, at least in part, be due to a
potential toxicity for AMO. We will explore this factor below.
3.2. Determining the Inhibition Mechanism. To gain

mechanistic insight how DMP and DCD are inhibiting AMO,
we studied the Michaelis−Menten kinetics by measuring the
production of NO2− at different [NH4+] and constant [NI].
The Michaelis constant, Km, is the substrate concentration, [S],
at which the reaction rate, v, is 50% of the maximal rate, Vmax,
and can be regarded as an inverse measure of the enzyme−
substrate affinity (see eq 6).

v
V

K
S

S
max

m
= [ ]

+ [ ] (6)

Thus, noncompetitive inhibition is characterized by a decrease
of Vmax that is independent of [S], as substrates and inhibitors
are not competing for the same site in the enzyme (Km
unchanged). In contrast to this, uncompetitive inhibition
shows both a decreased Km and Vmax, whereas competitive
inhibition shows an increased Km and an unchanged Vmax.

51

[DMP] and [DCD] were chosen close to their IC50abs values
(DMP: 6.6 μM and DCD: 0.1 mM)45 to achieve partial
inhibition (50−80%) of the NO2− production. Figure 3 shows

that the formation of NO2− followed Michaelis−Menten-type
saturation kinetics for both inhibitors, clearly revealing that not
only less NO2− was produced in the presence of the inhibitor
but that increasing [NH4+] beyond 1.5 mmol L−1 also did not
have any impact on [NO2−].
Apparent half-saturation constants for (Km(app)) and

maximum velocities (Vmax(app)) in the presence/absence of
DMP and DCD were calculated using the hyperbolic
regression analysis (see Section 2.3.4). Note that the prefix
“app” (apparent) was used as these studies were performed
with bacterial cells and not with the pure enzyme. The data are
shown in Table 1.
Compared to uninhibited cells, DMP and DCD reduce

Vmax(app) by about 50−85%. Furthermore, Km(app) for both
inhibitors is significantly lower (P < 0.05) than that for the
uninhibited cells. These findings suggest that both DMP and
DCD inhibit pure bacterial cultures of N. europaea through
uncompetitive inhibition.
Although the crystal structure of AMO, particularly its active

site, is unknown, simulations of bacterial AMO revealed that
the enzyme contains multiple Cu2+-containing subunits.12,52

DMP and DCD could principally bind to any of these sites,
depending on accessibility. However, as uncompetitive
inhibitors bind to the enzyme−substrate complex to show an
inhibitory effect, it is highly likely that the inhibitor binding site
is near the substrate binding site.
3.3. Exploring the Reversibility of the Inhibition. Next,

we explored whether the inhibition of AMO by DMP or DCD
is reversible or irreversible. For these experiments, N. europaea
cells were incubated for 30 min with 3 mM of NH4+ and a high
concentration of DMP and DCD, respectively ([NI] = 1.5
mM), to ensure considerable inhibition, and the NO2−

production was measured (inhibited cells). The cells were
then washed several times with NaPB with the intention to
remove both unbound and enzyme-bound inhibitors. After the
final washing cycle, NH4+ was added to the cells, and the NO2−
production was measured again after 30 min of incubation.
The % activity was determined according to eq 3 (details are
provided in Section 2.3.3). The data are shown in Table 2.
In the first step of the experiment, cells exposed to DMP

showed an activity of about 4% (nearly quantitative inhibition
due to the high [DMP] used), whereas in the case of DCD, the
nitrification activity of the cells was reduced to about one-third,
reconfirming that DMP is a more efficient inhibitor than DCD.
After washing the cells and reincubating with NH4+, the
activity increased to 67% for the cells previously treated with
DMP and to 55% for the DCD-treated cells. The considerable
recovery of enzyme activity after washing the cells, particularly
in the case of DMP, suggests reversible inhibition, whereas
irreversible inhibitors form covalent bonds with the enzyme,

Figure 3. Effect of DMP and DCD on the NO2− production in the
dependence of [NH4+] after 60 min. The inoculations were
performed with [NH4+] = 0.003, 0.03, 0.05, 0.1, 1.5, and 3.0 mM
in NaPB (pH = 7.5) at 30 °C and 100 rpm in the dark. Note different
axis scale to include the data at higher [NH4+]. Standard errors were
calculated from three biological replicates.

Table 1. Michaelis−Menten Kinetics Parameter of the [NH4
+]-Dependent Production of NO2

− by N. europaea in the Absence
and Presence of DMP and DCD, Respectively, at Different Concentrationsa

inhibitor concentration/mM Vmax(app)/μmol (mg protein min)−1 Km(app)/μM
none 43.2 ± 1.2 25.4 ± 1.8
DMP 0.0075 21.6 ± 0.2 20.5 ± 0.2

0.015 9.7 ± 0.3 15.1 ± 1.9
DCD 0.15 13.4 ± 0.3 14.4 ± 0.7

0.3 8.0 ± 0.3 14.4 ± 4.7

a[NI] was selected to achieve partial inhibition of the NO2− production and amended according to their efficacy (see text). Standard errors were
calculated from three biological replicates, each performed with three technical replicates.
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requiring de novo synthesis of AMO to regain activity. For
example, nitrifying cells exposed to the irreversible inhibitors
acetylene and 1-octyne recovered their activity only after four
hours.53 Binding studies performed with nitapyrin showed that
the release of the inhibitor required washing of the cells with
buffer containing Cu2+ to “force” decomplexation of the NI
from AMO.38 In the case of DMP and DCD, however, washing
the cells with buffer solution alone was sufficient to remove the
inhibitors from the enzyme, suggesting that their coordination
to the relevant Cu center(s) in AMO is not very strong, which
could provide a rationale for the variable performance of these
NIs in the field. The finding that no full recovery of activity was
observed is not surprising, given the high inhibitor
concentration used in this experiment, which could lead to
the partial loss of cells (see below).
3.4. Determination of the Rate of NH3 Oxidation by

AMO. The rate of the NH3 oxidation by AMO and whether
NIs directly target this process can be determined through O2
respiration measurements. As NH3 oxidation requires equi-
molar O2, the O2 consumption (or O2 uptake by the enzyme)
is directly proportional to the NH3 oxidation rate.54 We
measured the O2 consumption by cell suspensions of N.
europaea at 20 °C using a Clark-type oxygen electrode by first
monitoring the decrease of [O2] in the presence of NH4+ (3
mM) for 5 min. The inhibitor was then added at different
concentrations, the system was allowed to equilibrate for 15 s,
and the O2 decay was subsequently monitored for a further 5
min. In all measurements, NH4+ and O2 were both present in
excess so that the rate was only determined by the enzyme
concentration (the total protein concentration was ∼ 468 μg
L−1, determined via a BCA assay kit). Under these conditions,

the O2 consumption should follow zero-order kinetics, and the
rate coefficient, k, can be determined from the slope of the plot
of [O2] over time. In the presence of inhibitors, NH3 oxidation
should slow down, resulting in a slower rate of O2
consumption. It should be noted that the inhibitor
concentrations were chosen such that the O2 consumption
was not completely stopped. Thus, to compensate for the
lower efficacy of DCD, the latter required higher concen-
trations than DMP.
Figure 4a shows the O2 consumption of cells treated with

DMP, and Figure 4b shows that for DCD-treated cells.
In the initial stage of the experiment in the absence of

inhibitors, the measured linear dependence of the O2
consumption over time confirmed zero-order kinetics,
revealing a rate coefficient of 186 ± 63 nmol L−1 s−1 (see
Table S3 and Figure S1). The rate of O2 consumption slowed
down after the addition of the inhibitors, as would be expected
for a reduced enzyme activity, but remained zero order (see
Figures S2 and S3). Table 3 compiles the rate coefficients for
the O2 consumption in the absence and presence of the NIs.
The data for each replicate measurement are compiled in
Table S4.

The zero-order behavior in the presence of DMP and DCD
supports our findings from the previous sections that both NIs

Table 2. Determination of the Activity of Inhibited AMO,
Using Pure Cell Cultures of N. europaea after the Removal
of the NI through Repeated Washing with NaPB.a

% activity

inhibitor inhibited cells after washing

DMP 4.2 ± 2.6 66.6 ± 3.3
DCD 32.6 ± 7.3 54.6 ± 13.0

aThe inoculations were performed with [NH4+] = 3.0 mM and
[DMP] or [DCD] = 1.5 mM in NaPB (pH = 7.5) at 30 °C and 100
rpm in the dark. Standard errors were calculated from three biological
replicates, each performed with three technical replicates.

Figure 4.Measurements of the O2 consumption by N. europaea in the absence and presence of (a) DMP and (b) DCD at different concentrations.
The first 300 s is the rate in the absence of inhibitors. At the 300 s timepoint, the inhibitor was added (indicated with an arrow). The cells were
treated with [NH4+] = 3.0 mM at pH = 7.5 at 20 °C under constant stirring in the dark. The plot shows the mean of three measurements for each
concentration; standard errors are omitted for clarity.

Table 3. Rate Coefficient, k, for the O2 Consumption by N.
europaea in the Absence and Presence of DMP and DCD,
Respectively, and the % Inhibition at the Different [NI]a

inhibitor concentration/mM k/nmol L−1 s−1 % Inhibition

none 186 ± 63
DMP 0.012 199 ± 117 no inhibition

0.12 31 ± 13 75 ± 6
0.6 64 ± 9 65 ± 5
1.2 56 ± 1 70 ± 1

DCD 1.2 118 ± 20 28 ± 6
2.0 112 ± 9 40 ± 7
5.0 68 ± 9 63 ± 5
10.0 39 ± 9 79 ± 5

aCells were treated with [NH4+] = 3.0 mM in NaPB (pH = 7.5) at 20
°C under constant stirring in the dark. All errors are standard errors
calculated from three measurements of biological replicates. %
Inhibition was determined according to the following formula: 100
− [rate (with inhibitor)/rate (without inhibitor) × 100].

ACS Agricultural Science & Technology pubs.acs.org/acsagscitech Article

https://doi.org/10.1021/acsagscitech.2c00303
ACS Agric. Sci. Technol. 2023, 3, 222−231

227

74

https://pubs.acs.org/doi/suppl/10.1021/acsagscitech.2c00303/suppl_file/as2c00303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsagscitech.2c00303/suppl_file/as2c00303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsagscitech.2c00303/suppl_file/as2c00303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsagscitech.2c00303/suppl_file/as2c00303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsagscitech.2c00303/suppl_file/as2c00303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsagscitech.2c00303/suppl_file/as2c00303_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.2c00303?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.2c00303?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.2c00303?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.2c00303?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.2c00303?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.2c00303?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.2c00303?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsagscitech.2c00303?fig=fig4&ref=pdf
pubs.acs.org/acsagscitech?ref=pdf
pubs.acs.org/acsagscitech?ref=pdf
https://doi.org/10.1021/acsagscitech.2c00303?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsagscitech.2c00303?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


are chelating agents that reversibly bind to the enzyme. In
contrast, mechanism-based inhibitors, such as acetylene and
phenylacetylene, bind irreversibly to the enzyme, which
reduces the enzyme’s “active” concentration over time and
results in a first-order consumption of O2 by the enzyme.

55,56

Overall, cells treated with DCD consumed more O2 than
cells treated with DMP, although [DCD] was considerably
higher than [DMP], clearly confirming that both inhibitors,
although with different efficiency, directly impact on the ability
of AMO to promote NH3 oxidation. The % inhibition at the
different [NI] could be obtained from the ratio of the rate
coefficients in the presence and absence of the inhibitor, which
are included in Table 3. Thus, the % inhibition by DMP was
relatively constant in the concentration range 0.12−1.2 mM,
averaging to 70 ± 4%. In contrast, the % inhibition by DCD
was considerably more concentration-dependent, dropping
from 79% for 10 mM to just 28% for 1.2 mM.
3.5. Determination of Short-Term Toxic Effects of

DMP and DCD. A bacterial viability stain can provide insights
of toxic effects of chemical compounds for N. europaea. While
this method has been previously used to explore the toxicity of
silver nanoparticles for N. europaea,57 no such evaluation has
been done for NIs.
To assess the acute toxicity of DMP and DCD for N.

europaea, cells were incubated at 30 °C in NaPB (pH = 7.5)
with [NH4+] = 3 mM for 12 h with three different
concentrations of DMP and DCD (10, 100, and 1000 ppm).
Figure 5 shows two exemplary microscopic images for N.
europaea bacterial cells without inhibitor and with [DMP] = 10
ppm. It should be noted that the incubations in the absence of
inhibitor were also performed with [NH4+] = 3 mM to avoid
cell death caused by starvation. Standard errors were
determined from seven microscopic images. The numbers of
live/dead cells for each image are provided in Table S5.
Table 4 shows the percentage of live and dead cells

(calculated using eqs 5 and 6) at the different concentrations
of the NI.
At the lowest concentration (10 ppm), cell death caused by

both NIs was nonsignificant compared to the control
treatment. However, both inhibitors decreased the % live
cells when their concentration was increased to 100 ppm, i.e.,
70% for DMP and 77% for DCD. With [inhibitor] = 1000
ppm, 74% of cells treated with DCD remained alive, whereas
the toxicity of DMP was higher, with just 65% of the cells still
alive. Parallel to the viability stain, the NO2− production was

also measured, which showed that the higher cell death rate
with increasing [DMP] correlated with a reduction of [NO2−].
In contrast, in the case of DCD, the NO2− production
remained largely unchanged at all three concentrations (even
in comparison with the control treatment), which further
confirms the much lower inhibitory activity of this inhibitor.
However, when assessing inhibitor efficiency and toxicity, it

needs to be considered that an at least 10 times higher
application rate of DCD would be required to achieve a
nitrification inhibition comparable with DMP (see Figure 1).
For example, while no significant cell death occurs [DMP] =
10 ppm, the cell death is much higher for [DCD] = 100 ppm.
Therefore, increasing the application rate of DCD is not a
useful approach to increase nitrification inhibition, as it would
lead to increased cell death.
In conclusion, using pure cell cultures of N. europaea, we

have shown that DMP and DCD target the first step of
nitrification by inhibiting AMO. Although at higher concen-
trations of DMP, the NO2− production through NH2OH
oxidation mediated by HOA decreased too; we suggest that
this reduction is an indirect effect of the strong AMO
inhibition. Both inhibitors can be removed from the enzyme by
washing with buffer, indicating that they act as chelating
agents, which reversibly bind to the enzyme. These findings
were confirmed by measuring the kinetics of the O2
consumption by N. europaea in the presence of DMP and

Figure 5. Microscopic images of N. europaea in the (a) absence of DMP and (b) presence of 10 ppm DMP. The cells were visualized with the
BacLight viability stain. Channels were overlayed to show “alive” cells (green) and “dead” cells (red) in a single image. Note that the dead cells
(which are in the minority) appear orange in these images, which have been circled for clarity.

Table 4. Acute Toxicity of DMP and DCD at Different
Concentrations for Cells of N. europaea Determined with a
Bacterial Viability Stain and Determination of the NO2

−

Productiona

inhibitor concentration/ppm % live % dead [NO2−]/μM
none 96 ± 3 5 ± 3 454
DMP 10 87 ± 9 7 ± 7 338

100b 70 ± 8 29 ± 5 112
1000b 67 ± 5 34 ± 5 46

DCD 10 89 ± 4 10 ± 4 430
100b 77 ± 15 22 ± 15 444
1000b 74 ± 11 25 ± 11 445

aThe incubations were performed in NaPB at pH = 7.5 and 30 °C
with [NH4+] = 3 mM and [inhibitor] = 10 ppm (0.015 mM), 100
ppm (0.15 mM), and 1000 ppm (1.5 mM) at 100 rpm for 12 h in the
dark. Standard errors were determined from seven microscopic
images. bIndicates significant difference in comparison to uninhibited
cells (P < 0.05).
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DCD, respectively. DMP reduced the O2 uptake rate
considerably more at much lower concentrations than DCD,
in line with the lower inhibitory efficiency of the latter.
However, the binding between enzymes and NIs is not very
strong, which may, at least to some extent, explain the highly
variable performance of both NIs in different soils27−33 and
could provide a potential pathway to develop more efficient
and consistent NIs in the future. Furthermore, Michalis−
Menten kinetics revealed that both DMP and DCD act as
uncompetitive inhibitors, whereas studies of the acute toxicity
suggest that increasing the application rate of the poorer-
performing DCD to increase the inhibition of AMO cannot be
recommended as it is associated with increased cell death. On
a final note, it has been shown that temperature is also a crucial
factor affecting inhibitory efficiency, as more rapid degradation
of the nitrification inhibitors could occur in soils at higher
temperatures.21,58,59 In future work, we will therefore apply the
bacterial assay used here to explore in detail the role of
temperature on the inhibitory activity through kinetic studies.
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ppm - parts per million
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Chapter 4: Insights into the Efficacy and Binding Mode 

of 1,4-Disubstituted 1,2,3-Triazoles (includes 

submitted manuscript) 

 

3.3 Introduction  

This chapter explores the biochemical parameter of 1,4-disubstituted 1,2,3-triazoles, which 

have previously been described and tested in three Australian soils by Taggert et al. to 

determine soil-dependent inhibitory effect on soil via mineral-N analysis (see Chapter 2.1).94 

These experiments were aimed to provide a complete overview of fundamental knowledge 

of recently developed SNI  and compare them with  the existing SNIs DMP and DCD.. 

3.4 Insights into the Efficacy and Binding Mode of 1,4-Disubstituted 

1,2,3-Triazoles - A New Class of Agricultural Nitrification Inhibitors 

(submitted manuscript) 

Abstract 

Recently, 1,4-disubstituted 1,2,3-triazoles have been reported as a new class of nitrification 

inhibitors. In this work, a bacterial assay based on the measurement of nitrite (NO2
-) 

production by pure cell cultures of Nitrosomonas europaea and Nitrosospira multiformis was 

used to explore the mechanism of inhibition of five differently 1,4-disubstituted 1,2,3-

triazoles. While polar functional groups, such as amines, esters and alkoxy residues, were 

detrimental to inhibiting production of NO2
-, triazoles carrying only aliphatic substituents 

showed the highest inhibition of up to 98%. The observed correlation between lipophilicity 

and inhibitory activity suggests that more lipophilic compounds could easier access the 

membrane-bound ammonia monooxygenase (AMO), which catalyzes the first step of the 

nitrification process. Measurement of the Michaelis-Menten kinetics suggests that the 

disubstituted 1,2,3-triazoles studied in this work act as reversible, non-competitive inhibitors. 
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Real-time measurements of the oxygen (O2) consumption showed that the O2 uptake rate by 

AMO following zero order kinetics in the presence of the triazoles, confirming the non-

mechanistic mode of inhibition.   

Keywords  

Ammonia monooxygenase, bacterial assay, 1,4-disubstituted 1,2,3-triazoles, dicyandiamide, 

3,4-dimethyl-1H-pyrazole; inhibition mechanism; nitrification inhibitor.  

1. Introduction 

Estimates show that the use of nitrogen (N) fertilizers will be required to increase by 70-100% 

worldwide by 2050 to provide food for the constantly growing population. 1 Unfortunately, 

for several decades N use efficiencies (NUEs), which measure the ratio of N taken up by crops 

to the total applied N fertilizer, 2 have remained at only around 50% globally. 3 The remaining 

50% are lost from the soil to the environment through abiotic and biotic processes. The main 

loss pathways are volatilization of ammonia (NH3), which is a precursor of particulate matter 

(PM2.5), and leaching of nitrate (NO3
-), which causes water eutrophication and groundwater 

pollution. 4-5,6 Furthermore, denitrifying bacteria in soil can reduce NO3
- to nitrogen gas (N2), 

nitric oxide (NO) and nitrous oxide (N2O). 7 N2O is particularly problematic for the 

environment as it has a 300 times higher global warming potential than carbon dioxide (CO2). 

Thus, the reduction of unwanted N losses from agricultural systems, particularly with regards 

to the greenhouse gas footprint, has become an important goal. 2,8,9 

One strategy to improve NUEs is to amend N fertilizers with nitrification inhibitors (NIs). 10 

Urea, which is the most commonly applied N fertilizer worldwide, undergoes hydrolysis in 

the soil to ammonium (NH4
+). NH4

+ is the major N nutrient for crops but is also consumed by 

microbial nitrification, which is the stepwise oxidation of NH3 to NO3
- by ammonia-oxidizing 

bacteria (AOB) and ammonia-oxidizing archaea (AOA). NIs are intended to inhibit ammonia 

monooxygenase (AMO), which catalyzes the rate-limiting first oxidation of NH3 to 

hydroxylamine (NH2OH). 11,12 The enzyme hydroxylamine oxidoreductase (HAO) 

subsequently converts NH2OH to nitrite (NO2
-), which is followed by the rapid oxidation to 

NO3
- catalyzed by nitrite oxidase (NXR) present in Nitrobacter spp. Thus, inhibition of AMO 

should increase the residence time of NH4
+ in soil, thereby reducing N losses through NO3

- 

leaching and denitrification. 10 Unfortunately, the catalytically active site of AMO is not 
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known, as isolation of this transmembrane enzyme, which is conserved in both AOB and AOA, 

13-15 leads to loss of structure and function. However, comparison with the evolutionally 

similar and recently crystallized particulate methane monooxygenase (pMMO) suggests that 

a cupredoxin-like unit could mediate this oxidation process. 13,16-18 

Figure 1 presents the currently commercially available nitrification inhibitors 4-dimethyl-1H-

pyrazole (DMP, which is commonly applied as the phosphate salt DMPP, ENTEC®, BASF AG), 

2-chloro-6-(trichloromethyl)-pyridine (Nitrapyrin or N-Serve®, Dow Chemical Co.) and 

dicyandiamide (DCD, AlzChem AG). These NIs are commonly formulated with a mineral N 

fertilizer10 and contain at least one N atom that could in principle coordinate to the Cu-centre 

in the active site of AMO to lower the enzyme's activity. 15,19 

 

 

Figure 1. The commercial NIs Nitrapyrin, DCD and DMP and 1,4-disubstituted 1,2,3-triazoles 

1-8 studied in this work.  

 

Bacterial studies with AOB have demonstrated that DMP reduces nitrification rates; 

however, field studies revealed that its efficacy strongly depends on the agroecosystem for 

reasons not well understood. 20-26 DCD is widely applied in New Zealand, where it has been 

shown to reduce N2O emissions. Unfortunately, DCD is also prone to leaching and has been 

detected in dairy products. 27-29 Our recently studies with pure cells of Nitrosomonas 

europaea (N. europaea) have demonstrated that DMP and DCD both inhibit AMO reversibly 

through an uncompetitive mechanism. 30  

In our effort to address the challenges associated with the commercially available inhibitors, 

we have recently presented 1,4-disubstituted 1,2,3-triazoles as a novel class of NIs. 31 
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Incubations in alkaline and neutral Australian soils performed over four weeks showed that 

these compounds can outperform DMP, particularly at increased temperatures. 31 Our 

reasoning behind the promising inhibitory potential of these compounds is based on the 

presence of three adjacent N atoms in the planar triazole ring, which should enhance the 

probability of successful binding to the Cu centres in the enzyme's active site. Furthermore, 

1,2,3-triazoles are readily accessible with a large variety of substituents through Cu mediated 

alkyne azide click chemistry or through a metal and azide-free protocol involving a primary 

amine and the hydrazone of an α-ketoacetal, 32,33 which presents opportunities to perform 

structure-activity relationship (SAR) studies and design NIs tailored to specific soil conditions.   

Soil incubations do not allow for the investigation of the mechanism of inhibition, which 

could offer insight for the further development of NIs. Therefore, in this study we present a 

comparative analysis of the 1,4-disubstituted 1,2,3-triazoles 1-5 (Figure 1) 31 by measuring 

biochemical parameters, such as %inhibition of the NO2
- production, binding mode, oxygen 

(O2) uptake and acute toxicity, using assays with pure bacterial cultures of N. europaea and 

Nitrosospira multiformis (N. multiformis) in the absence of the complex soil matrix. 

Furthermore, an evaluation of the impact of lipophilicity on inhibitory efficacy was also 

conducted.  

 

2. Materials and Methods 

2.1 Chemicals 

The 1,4-disubstituted 1,2,3-triazoles 1-8 were prepared according to literature. 31 Griess 

reagent (listed as modified) was purchased from Sigma Aldrich. All aqueous solutions were 

prepared in Milli-Q water. N. europaea (ATCC19718) was purchased from the American Type 

Culture Collection. N. multiformis was isolated from an aquarium kit, as described previously. 

34 

2.2 Studies with AOB  

The bacterial assay, including growth and harvest of the cells, measurements of the O2 

consumption and the Michael-Menten kinetics, as well as the activity recovery assay, were 

conducted as previously reported. 30 All bacterial incubations were performed in sodium 

phosphate buffer (NaPB) with 1v/v% DMSO at pH = 7.5 and 30°C with different inhibitors and 
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concentrations, as indicated. Experimental details are provided in the Supporting Information 

(SI).  

2.3 Statistics   

Statistical analysis was performed from three technical and three biological replicates. 

Significant difference between the two treatments was determined from the NO2
- 

concentration (i.e., absorbance at 540 nm) using Student’s t-test with a significance level of 

P < 0.05, for the assessment of the factors ‘treatment’ and ‘enzyme source’ a two-way 

analysis of variation (ANOVA) was performed using Šidák’s multiple comparison test with a 

significance level of P < 0.05. The calculated Km and Vmax values for inhibited and uninhibited 

cells were used to determine the mode of inhibition using the Student’s t-test between 

inhibited and uninhibited cells with a significance level of P < 0.05. All results are reported as 

mean ± standard error of the mean.  

3. Results and Discussion 

 3.1 Identification of the Targeted Enzyme  

As outlined in the Introduction, the oxidation of NH3 to NO2
- occurs in two steps, where AOB 

carry out both steps, i.e., NH3 → NH2OH → NO2
-, which are catalyzed by the enzymes AMO 

and HAO, respectively. The performance of compounds 1-5, which had alkyl, amine, ester, 

ether and alkene substituents, has previously been assessed in in vitro incubations in alkaline 

and neutral Australian soils. 31 To explore which of these two enzymes is targeted by 

inhibitors 1-5, pure cell cultures of the two AOBs N. europaea and N. multiformis were 

separately treated in sodium phosphate buffer (NaPB) with 1v/v% dimethylsulfoxide (DMSO) 

at pH 7.5 and 30°C with either NH4
+ (as the substrate for AMO) or NH2OH (as the substrate 

for HAO). The NO2
- production was determined after 60 min in the presence and absence of 

compounds 1-5 using a recently developed assay based on the Griess reaction. 34 Enzyme 

inhibition should reduce the NO2
- production compared to the non-inhibited cell culture.  

Figure 2 shows the percentage inhibition of NO2
- production after 60 min, determined 

according to equation SI-1 (see Tables S1-S5 for the data for each replicate). Control 

experiments performed with cells in the absence of both N source and inhibitor compound 

did not reveal a notable production of NO2
- (data not shown). 
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Figure 2. Identification of the enzyme targeted by inhibitors 1-5 by measuring the percentage 

inhibition of the NO2
- production after 60 min of inoculation with N. europaea (NE) and N. 

multiformis (NM) using different N-sources. NE: (a) [NH4
+] = 3 mM; (b) [NH2OH] = 3 mM. NM: 

(c) [NH4
+] = 3 mM; (d) [NH2OH] = 3 mM. The inoculations were performed in NaPB (pH = 7.5) 

and 1v/v% DMSO at 30°C and 100 rpm in the dark. Standard errors were calculated from 

three biological replicates, each performed with three technical replicates. 

 

a) Incubations targeting AMO: A nearly quantitative inhibition (98%) of the NO2
- production 

by N. europaea was found for compound 1 (Figure 2a). Compounds 2, 4 and 5 showed an 

inhibition of 67%, 78% and 65%, respectively, whereas compound 3 performed poorest with 

an inhibition of only 11%. Because of the higher abundance of active AMOs in N. multiformis 

compared to N. europaea, 35 N. multiformis is less sensitive to nitrification inhibitors applied 

at the same concentration, as has previously been shown with both DCD and the known NI 

allyl thiourea. 36,37 The data in Figure 2c confirm this behavior for all compounds tested here. 

In particular, the inhibitory activity of compound 3 vanished completely with N. multiformis. 

From these SAR studies, it can be concluded that the primary amine substituent in 3 appears 

to be particularly detrimental to the inhibitory activity. The generally poorer inhibitory 

performance of 1,2,3-triazoles with polar substituents in the assay, compared to non-polar 

alkyl groups, agrees with the results from the in vitro soil incubations with the same 

compounds, confirming the potential of the bacterial assay as a predictive tool for the 

performance of nitrification inhibitors in soil. 31  
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b) Incubations targeting HAO: In the case of N. europaea, a drastically lower or even absent 

inhibitory effect was found for inhibitors 1, 2, 4 and 5 (Figure 2b), suggesting that AMO is the 

predominantly inhibited enzyme (compound 3 was not tested here, as it did not inhibit 

AMO). However, the observed inhibition by compounds 1, 2 and 4 of 37%, 11% and 12%, 

respectively, is likely a consequence of the inhibition of AMO, as AMO and HAO are not 

independently acting enzymes but are interconnected through an electron transfer chain. 

Thus, inhibition of AMO disrupts this electron shuttle and, therefore, also prevents to some 

extent the oxidation NH2OH → NO2
-, as has previously been reported for DMP. 30, 38 In the 

case of N. multiformis, a small to moderate percentage inhibition of NO2
- production was also 

found (Figure 2d), which is, again, likely a consequence of AMO inhibition. One notable 

exception is compound 1, where the inhibition was lower in the experiment targeting AMO 

than in the one targeting HOA (21% and 46 %, respectively; Figure 2c vs. 2d). It is not clear 

whether the N-source NH2OH was an additional ‘stressor’ for HOA in the presence of 

compound 1, leading to a reduced NO2
- production. Thus, for compound 1, the inhibitory 

effect for AMO and HOA of N. multiformis is not significantly different (P > 0.05).   

 

3.2 Determining the Role of Lipophilicity on Inhibitory Activity 

Compound 1, which showed the highest percentage inhibition amongst the tested 1,4-

disubstituted triazoles, should be quite lipophilic as both substituents are non-polar alkyl 

groups. The lipophilicity can be expressed by the partition coefficient P between octanol and 

water, according to equation 1: 39  
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To evaluate the importance of lipophilicity on inhibitory activity, we extended our pool of 

1,4-disubstituted 1,2,3-triazoles to include compounds 6 - 8. Compounds 6 and 7 have only 

alkyl substituents with shorter chain lengths than compound 1, which should reduce their 

lipophilicity. Compound 8 is an analogue to the ester-containing triazole 2 but with an n-

propyl instead of an n-butyl substituent. The predicted log Poct/wat values are included in 

Figure 3. 40  

Figure 3. Correlation between log Poct/wat of 1,4-disubstituted 1,2,3-triazoles (predicted 

according to ref. [40]) and the percentage inhibition of NO2
- production, determined with N. 

europaea. The inoculations were performed with [NH4
+] = 3.0 mM and [NI] = 0.3 mM in NaPB 

(pH = 7.5) and 1v/v% DMSO at 30°C and 100 rpm in the dark. Standard errors were calculated 

from three biological replicates, each performed with three technical replicates. 

 

The bacterial assay (performed with N. europaea) revealed for compounds 6 and 7 that 

shortening the alkyl chain length significantly decreased the inhibition (P < 0.05), dropping 

from 60% for compound 7, which has n-butyl and n-propyl substituents, to just 9 % for the 

dimethyl substituted compound 6. A similar trend was observed for inhibitors 2 and 8, which 

have the same polar ester substituent but alkyl groups with different chain lengths. Thus, the 

inhibition decreases from 67% to 8% upon shortening the alkyl chain from n-butyl (2) to n-

propyl (8). These data show that lipophilicity plays an important role for the inhibitory effect 

of 1,4-disubstituted triazoles, suggesting that a higher lipophilicity facilitates migration 



87 
 

through the bacterial lipid-bilayer and reaching of the binding site in the membrane-bound 

AMO. 41, 42 

 

It should be noted that, interestingly, our previous incubation studies in a neutral soil (pH = 

7.3) revealed an opposite trend, where the less lipophilic compound 7 showed a higher 

inhibitory effect than the more lipophilic compound 1. 31 In the bacterial assays geophysical 

parameter of soils that can impact on the mobility of an NI, such as soil organic content and 

pH, are absent. 43-45 Therefore, from a biochemical perspective, it seems that triazoles with 

higher lipophilicity are more effective as nitrification inhibitors as they can better access the 

AMO. However, their lipophilic nature may become a disadvantage in soil, as they could be 

adsorbed on soil constituents, thereby reducing their mobility and potentially also promoting 

their degradation. 43-45 We will explore these aspects in more detail in future work.  

 

3.3 Exploring the Reversibility of the Inhibition 

To explore whether compounds 1, 2, 4 and 5 inhibit AMO in a reversible or irreversible 

fashion, cells of N. europaea were incubated for 30 min with NH4
+ and 50 mol% of the 

respective NI to ensure considerable inhibition, and the NO2
- production was measured 

("inhibited cells"). The cells were then thoroughly washed with NaPB to remove both 

unbound and enzyme-bound inhibitor. After the final washing cycle, fresh NH4
+ was added 

to the cells, and NO2
- production was measured again after 30 min of incubation. Control 

experiments were performed, where cells were incubated without NI ("uninhibited cells", 

activity = 100 %) and without both NH4
+ and NI ("untreated cells", activity = 0 %). The 
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percentage activity of the inhibited cells with regards to the NO2
- production was determined 

according to equation SI-2. The data are shown in Figure 4.  

 

Figure 4. Determination of the activity of inhibited AMO, using pure cell cultures of N. 

europaea, and after removal of the NI through repeated washing with NaPB, followed by re-

incubation with fresh NH4
+. The inoculations were performed with [NH4

+] = 3.0 mM (before 

and after washing) and [NI] = 1.5 mM in NaPB (pH = 7.5) and 1v/v% DMSO at 30°C and 100 

rpm in the dark. Standard errors were calculated from three biological replicates, each 

performed with three technical replicates. 

 

The inhibition of cells exposed to compound 1 was nearly quantitative (3% activity), whereas 

the activity of cells treated with compounds 2, 4, and 5 was 31%, 10% and 43%, respectively. 

After washing the cells and re-incubation with NH4
+, the activity increased to about 80% 

regardless of the inhibitor's efficacy. The recovery of enzyme activity indicates that the 

inhibition is likely to be reversible, similar to previous findings for DMP and DCD. 30 The 

observation that complete recovery of activity did not occur is not unexpected, considering 

the high [NI] used in this experiment, which could cause some degree of cell loss (see Table 

S9 exemplary for compound 1).  
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3.4 Determination of the Acute Toxicity of Compound 1  

To verify that the observed inhibition of NO2
- production inhibition in the previous 

experiments was not caused by a potential toxicity of these triazoles for the bacterial cells, a 

viability staining experiment was conducted, exemplary for compound 1, to evaluate its acute 

toxicity for N. europaea. This inhibitor was chosen as it had the most significant impact on 

nitrification amongst those tested here (see Figure 2). Cells of N. europaea were incubated 

for 12 hours with NH4
+ without (control) and with NI at two different concentrations (100 

ppm and 1000 ppm). Table 2 shows the percentage of live and dead cells from each set of 

incubations, which were calculated according to equations SI-3 and SI-4. Standard errors 

were determined from seven microscopic images. The data for the individual microscopic 

images are provided in Table S10. 

 

Table 2. Acute toxicity of compound 1 at two different concentrations for cells of N. europaea 

determined with a bacterial viability stain and determination of the NO2
- production.a 

Inhibitor Concentration / ppm  % Live  % Dead 

none -- 84 ± 5 16 ± 5 

1 
100 79 ± 10 21 ± 10 

1000 78 ± 5 22 ± 5 

aThe incubations were performed in NaPB and 1v/v% DMSO at pH = 7.5 and 30°C with [NH4
+] 

= 3 mM, [1] = 100 ppm (0.15 mM, 5 mol% of applied fertilizer-N) and 1000 ppm (1.5 mM, 50 

mol% of applied fertilizer-N) at 100 rpm for 12 h in the dark. Standard errors were 

determined from seven microscopic images.  

The results indicate that, even at the high concentration of 1000 ppm, compound 1 did not 

cause significantly greater cell death than the control treatment (P > 0.05). Therefore, it is 

evident that the inhibitory effect of inhibitor 1 (as a representative for the triazoles studied 

here) can be attributed to its reversible coordination with AMO rather than enzyme 

inactivation due to toxicity.   
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3.5 Determination of IC50(app) Values 

While NO2
- production measurements give an indication of the performance of NIs at one 

concentration, determination of the half-maximal inhibitory concentration, IC50(app), provides 

a quantitative measure of the amount of NI needed to reduce the total NO2
- production by 

AMO to 50% (note that the prefix 'app' (apparent) was used as the studies were performed 

with bacterial cells and not with the pure enzyme). Therefore, IC50(app) values were 

determined at 30°C with N. europaea, which was inoculated with inhibitors 1, 2, 4 and 5 at 

seven different concentrations, and the production of NO2
- was measured (Table 3; the 

sigmoidal plot is shown in Figure S1). 

 

Table 3. IC50(app) values for compounds 1, 2, 4 and 5 determined with N. europaea.a 

Inhibitor  IC50(app) / µmol L-1 

1 77.2 ± 7.6  

2 112.4 ± 5.2  

4 82.9 ± 7.8  

5 98.4 ± 4.1  

DMPb  6.6 ± 0.6  

DCDb 106.8 ± 2.0  

aCells were treated with [NH4
+] = 3.0 mM in NaPB (pH = 7.5) and 1 v/v% DMSO at 30°C under 

constant stirring in the dark. All errors are standard errors calculated from three 

measurements of biological replicates. bData taken from ref. 34 

 

Of these four triazole-based NIs, compound 1 has the lowest IC50(app) value (77.2 µmol L-1), 

whereas compound 2 has the highest (112.4 µmol L-1). Compared to DCD, whose IC50(app) has 

been determined previously (106.6 µmol L-1; included in the table), 30, 34 compounds 1, 4 and 

5 are more efficient NIs in the bacterial assay. On the other hand, all triazoles have a lower 

binding affinity to AMO than DMP (IC50(app) = 6.6 µmol L-1).31 However, since our previous in 

vivo soil incubations showed that 1,4-disubstituted 1,2,3-triazoles can outperform DMP,31,34 

it seems not appropriate to rely on the IC50(app) value determined in the absence of the soil 

matrix as a measure for inhibitor performance in soil. On the other hand, the IC50(app) values 
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could serve as a valuable reference for determining the appropriate ratio of inhibitor to 

fertilizer in fertilizer formulations. 

3.6 Determining the Mechanism of Inhibition  

Michaelis-Menten kinetics were performed using N. europaea to gain additional insight into 

the mechanism by which the triazoles 1, 2, 4 and 5 inhibit AMO. The Michaelis constant, 

Km(app), is the concentration of NH3 at which the reaction rate, v, is 50% of the maximal rate 

Vmax(app) (equation 2).  

 

  

 

Non-competitive inhibition of AMO would show an unchanged Km(app) and a decrease of 

Vmax(app) that is independent of [NI], as NH3 and NI are not competing for the same site in the 

enzyme. Uncompetitive inhibition would show both a decreased Km(app) and Vmax(app), whereas 

an increased Km(app) and an unchanged Vmax(app) would indicate competitive inhibition. 46  

The production of NO2
- was measured for two different [NI] (0. 15 mM and 0.3 mM) by 

varying [NH4
+]. The inhibitor concentrations were chosen to partially inhibit the NO2

- 

production (see IC50(app) values in Table 3). Figure 5 shows that the formation of NO2
- followed 

Michaelis-Menten-type saturation kinetics for all compounds, clearly revealing that not only 

was less NO2
- produced in the presence of the inhibitors but that increasing [NH4

+] beyond 

0.2 mmol L-1 did not inflate the NO2
- production (the different NO2

- production in the absence 

of NIs in Figure 5a and 5b is due to the varying activity of biological replicates).  
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Figure 5. Effect of inhibitors 1, 2, 4 and 5 on the NO2
- production in dependence of [NH4

+] 

after 60 min; a) [NI] 0.15 mM and b) NI 0.3 mM. The inoculations were performed with [NH4
+] 

= 0.003 mM, 0.03 mM, 0.05 mM, 0.1 mM, 1.5 mM, 3.0 mM, 10 mM, 15 mM, and 30 mM in 

NaPB (pH = 7.5) and 1 v/v% DMSO at 30°C and 100 rpm in the dark. Note the different axes 

scales to include data at higher [NH4
+]. Standard errors were calculated from three biological 

replicates.  

Hyperbolic regression analysis provided the values for Km(app) and Vmax(app), which are shown 

in Table 4. 

Table 4. Michaelis-Menten kinetics parameter of the [NH4
+] dependent production of NO2

- 

by N. europaea in the absence and presence of inhibitors 1, 2, 4 and 5 at two different 

concentrations.a  

Inhibitor Concentration / mM Vmax(app) / µmol (mg protein min) -1 Km(app) / µM 

noneb   41.4 ± 4.2 24.6 ± 7.6 

nonec  50.5 ± 6.5 30.2 ± 11.2 

1 

0.15 25.0 ± 5.6 20.6 ± 8.1 

0.3 26.6 ± 6.5 24.7 ± 5.5 

2 

0.15 23.5 ± 2.7 22.5 ± 6.0 

0.3 26.0 ± 2.2 25.7 ± 3.5 
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4 

0.15 28.3 ± 10.4 14.5 ± 4.9 

0.3 28.7 ± 5.1 22.9 ± 3.8 

5 

0.15 29.4 ± 7.1 21.3 ± 8.1 

0.3 30.2 ± 0.5 24.1 ± 7.7 

a[NI] were chosen to achieve partial inhibition of the NO2
- production (see text). Standard 

errors were calculated from three biological replicates, each performed with three technical 

replicates. bDetermined from [Inhibitor] = 0.15 mM experiment. cDetermined from [Inhibitor] 

= 0.3 mM experiment. 

 

Compared to the uninhibited cells, compounds 1, 2, 4 and 5 reduced Vmax(app) by about 30 - 

50% without having an effect on Km(app) (P > 0.05). This result indicates that these triazoles 

inhibit AMO in N. europaea through a non-competitive mechanism, i.e., the inhibitor reduces 

the activity of AMO irrespective of whether or not NH3 is bound to the enzyme. 47 Simulations 

of the structure of bacterial AMO revealed that the enzyme contains multiple Cu+/Cu2+-

containing subunits. 15, 48 Our finding that the inhibitory activity of these triazole-based NIs 

correlates with their lipophilicity (see section 3.2), although they are acting through the same 

mechanism, suggests that the metal sites could be more accessible for more lipophilic 

inhibitors. It is worth noting that the commercial NIs DMP and DCD are also reversible 

inhibitors, but they act through an uncompetitive mechanism and need to bind to the 

enzyme-substrate complex to show an inhibitory effect.32  

 

3.7 Determination of the Order of NH3 Oxidation by AMO 

To verify that the triazole-based NIs studied here act as ‘coordinating/chelating’ compounds 

and not as mechanistic inhibitors, the rate of the NH3 oxidation by AMO was determined 

exemplary for compounds 1, 4 and 5 by measuring the O2 consumption (or uptake, 

respectively) by the enzyme using a Clark-type oxygen electrode. As the oxidation NH3 → 

NH2OH requires equimolar amounts of O2, the O2 consumption is directly proportional to the 

NH3 oxidation rate. 38 The inhibitor concentration was identical to that used in the 

reversibility test (0.15 mmol, section 3.3). Figure 6 shows the O2 consumption by N. 

europaea, where the decay in the first 300 seconds (s) results from O2 uptake by the enzyme 
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in the absence of inhibitor. At the 300 s timepoint, the inhibitor was added (indicated by an 

arrow), the system was allowed to equilibrate for 15 s, and the O2 decay was subsequently 

monitored for another 5 min. The O2 concentration was determined according to equation 

SI-5. 

 

Figure 6. Measurements of the O2 consumption by N. europaea in the absence and presence 

of compounds 1, 4 and 5 (at 0.15 mM). The first 300 seconds (s) is the rate in the absence of 

inhibitor. At the 300 s timepoint (arrow) the inhibitor was added. The cells were treated with 

[NH4
+] = 3.0 mM at pH = 7.5 at 20°C under constant stirring in the dark. The plot shows the 

mean of three measurements for each inhibitor concentration; standard errors are omitted 

for clarity but can be obtained from the rate coefficients in Table 5. 

 

In all experiments, both NH4
+ and O2 were present in excess so that the rate was only 

dependent on the enzyme concentration (the total protein concentration was about 468 µg 

L-1, as determined with a BCA assay kit). In the absence of NI, the O2 consumption should 

follow zero-order kinetics and the rate coefficient, kobs, can be determined from the slope of 

the plot of [O2] vs time. In the presence of an inhibitor the rate of NH3 oxidation and, 

therefore, of the O2 consumption should slow down.  

Indeed, without inhibitor the measured linear dependence of the O2 consumption over time 

confirmed zero-order kinetics, revealing an average rate coefficient of 240 nmol L-1 s-1 (see 

Table S7 for the data of the individual measurements of this section). After addition of the 

inhibitors the rate of O2 consumption slowed down. The rate coefficients, kobs, for the O2 
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consumption and the percentage inhibition for the three NIs, which was obtained from the 

ratio of the rate coefficients in the presence and absence of the inhibitor, are given in Table 

5. 

 

Table 5. Rate coefficients, kobs, for the O2 consumption by N. europaea in the presence of the 

NIs 1, 4 and 5 and the calculated percentage inhibition.a,b 

Inhibitor kobs / nmol L-1 s-1 %Inhibition 

nonec 240 ± 96 -- 

1 30 ± 6 77 ± 3 

4 199 ± 51 32 ± 7 

5 194 ± 13 45 ± 2 

aCells were treated with [NH4
+] = 3.0 mM and [NI] = 1.5 mM (50 mol% of applied N) in NaPB 

(pH = 7.5) and 1 v/v% DMSO at 20°C under constant stirring in the dark. All errors are standard 

errors calculated from three biological replicates. b %Inhibition determined according to: (1 - 

(kwith inhibitor / kwithout inhibitor)) x 100, using the rate data obtained for each individual experiment 

(provided in Table S7). cAverage value from nine measurements.  

 

The strongest reduction of the O2 uptake rate by the enzyme was found for compound 1, 

where kobs dropped to just 30 nmol L-1 s-1, which accounts for an inhibition of 77%. 

Compounds 4 and 5 were less effective with kobs -values of about 200 nmol L-1 s-1, resulting 

in 32% and 45% inhibition, respectively. However, for all NIs, the reaction remained zero 

order with an R2 value > 0.9. Such kinetic behaviour supports our findings from the previous 

sections that the triazole-based NIs explored here reversibly bind to the enzyme, likely as 

chelating or coordinating agents. In contrast, mechanism-based inhibitors, such as acetylene 

or phenylacetylene, which bind irreversibly to the enzyme, reduce the enzyme's 'active' 

concentration over time resulting in a first-order consumption of O2.49,50  

 

To conclude, we have explored the mechanism of inhibition of the 1,4-disubstituted 1,2,3-

triazoles 1-5, which have recently been presented as a novel class of nitrification inhibitors. 

31 Using pure cell cultures of N. europaea and N. multiformis and measuring the amount of 

NO2
- formed revealed that the alkyl-substituted compound 1 shows the highest inhibitory 

effect, whereas incorporation of polar substituents is detrimental for inhibitory activity, most 



96 
 

notably the primary amine group in compound 3, confirming findings from previous in vitro 

soil incubations. 31 Compounds 1, 2, 4 and 5 act as reversible, non-competitive inhibitors, 

which target AMO but do not lead to significant cell death. Our data suggest that lipophilicity 

is beneficial for nitrification inhibitory effects in vivo, whereas in the complex soil matrix a 

higher lipophilicity could be detrimental as adsorption processes could potentially reduce 

their mobility. O2 respiration measurements exemplary performed with inhibitors 1, 4 and 5 

confirmed their non-mechanistic inhibition, which is similar to the mode of action of DMP 

and DCD. 30 Determination of the IC50(app) values revealed that 1,4-disubstituted 1,2,3-

triazoles generally have a higher binding affinity to AMO than the commercial inhibitor DCD 

but not DMP. Given that some of these triazole-based inhibitors outperform DMP in soil 

incubations, the IC50(app) values should not be taken as an indicator for the inhibitory 

performance in soil but could provide useful guidelines to optimize inhibitor-fertilizer 

formulations 

Supporting Information  

Protocols for the bacterial studies. Supplementary Table S1. Inhibition of AMO NO2
- 

formation after inoculating N. europaea with inhibitor compounds 1-5; Table S2. Inhibition 

of HAO NO2
- formation after inoculating N. europaea with inhibitor compounds 1-5; Table S3. 

Inhibition of AMO NO2
- formation after inoculating N. europaea with inhibitor compounds 1-

5; Table S4. Inhibition of HAO NO2
- formation after inoculating N. europaea with inhibitor 

compounds 1-5; Table S5. Calculated log Poct/wat values of substituted 1,2,3-triazoles; Table 

S6. %Inhibition in dependence of log Poct/wat of AMO NO2
- formation after inoculating N. 

europaea with inhibitor compounds 6-8. Table S7. Rate coefficients, kobs, for the time 

dependent O2 consumption by N. europaea in the absence and presence of NI; Table S8. 

Fraction of the activity of inhibited AMO, using pure cell cultures of N. europaea, and after 

removal of the NI through repeated washing with NaPB; Table S9. Concentration-dependent 

fraction of the activity of inhibited AMO with compound 1, using pure cell cultures of N. 

europaea, and after removal of the NI through repeated washing with NaPB; Table S10. 

Number of cells alive and cells dead of N. europaea determined without and with treatment 

of compound 1 at different concentrations determined with a bacterial viability stain. 

Supplementary Figure S1. Function of the %NO2
- production against the logarithmic 

concentration of compounds 1, 2, 4 and 5 and the obtained IC50(abs) values. 
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Chapter 5: The discovery of 4-Methyl-1-(Prop-2-yn-

1yl)-1H-1,2,3-Triazole (MPT): A Novel, Readily 

Accessible and Highly Efficient Nitrification Inhibitor 

for Agriculture (includes submitted manuscript) 

5.1 Introduction  

As mentioned in Chapter 1.6, AMO inhibitors can be either reversible (non-mechanism 

based) or irreversible (mechanism-based). In Chapter 3 it was shown that the current SNIs 

DMP and DCD are reversible inhibitors that most likely bind to AMO via chelation of metal 

centres. Their mode of inhibition is uncompetitive, indicating that their binding site is in 

vicinity of the substrate binding site in the AMO. In Chapter 4, the selection of 1,4-

disubstituted 1,2,3-triazoles acted as non-competitive, reversible inhibitors where increasing 

lipophilicity resulted in a higher inhibitory effect, suggesting that lipophilic interactions with 

AMO may be important. The binding site of 1,4-disubstituted 1,2,3-triazoles is most likely not 

the same as that of DMP and DCD. It is not clear, whether they are chelating reagents, as 

AMO contains multiple metal sites. Interestingly, amongst all tested SNIs, DMP showed the 

highest binding affinity with an IC50(app) of 6.6 µmol L-1 (Chapter 2.2, Figure 7), although its 

performance in soil remains unpredictable (see Chapter 1.7). Therefore, the scientific 

question raised of whether the development of a new SNI with a substantially different 

inhibitory mode than DMP could provide a solution to overcome the shortcomings of the 

current commercial SNIs. As mentioned in Chapter 1.4,  C2H2 inhibits the AMO irreversibly 

through covalently binding to the AMO.46 and it has been shown in soil incubation studies 

under inert atmosphere, that  C2H2 reduces nitrification effectively for over up to 14 days. 104  

Notably, C2H2 contains an alkynyl moiety and lacks chelating properties, which distinguishes 

it from all tested SNI.46, 47 Unfortunately, C2H2 has no commercial use in agriculture, due to 

its highly flammable nature. 

Therefore, it was aimed to develop a new SNI that contained an alkynyl group that mimics 

C2H2. The reported synthesis for 4,5-disubstituted 1,2,3-triazoles shown in Scheme 1 was the 
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starting point of an attempt to incorporating an alkynyl substituent (Scheme 2).  As a 

reminder, Scheme 1 in Chapter 2.1.1 provided a mechanistic overview of the three steps to 

form the 4,5-disubstituted 1,2,3-triazoles. In the first step of the reaction is a traditional SN2 

reaction of mercaptobenzothiazole (18) with α-bromo ethyl acetate (19) resulted in a 

quantitative yield of ethyl 2-(benzothiazol-2-ylthio) acetate (20). The second step of the 

synthesis comprised of an oxidation of the thioether to a sulfone with hydrogen peroxide and 

ammonium molybdate to form the Julia-Reagent (21).101 The third step of the synthesis 

consists of a one-pot reaction, firstly by condensation of the Julia Reagent (21) with the 

aldehyde (22)  in situ, followed by a concerted 1,3-dipolar cycloaddition (23)  with the azide 

anion (N3).100, 101 It was intended to replace the ester by an alkynyl group.  Therefore, the first 

of two steps of Scheme 1 remained identical by solely replacing α-bromo ethyl acetate (19) 

with equimolar amounts of propargyl bromide to form the Julia Reagent (45) (Scheme 2).  

Unfortunately, no traces of the 1,2,3-triazole (46) were detected when replacing the ester by 

an alkynyl group (Scheme 2). 

 

Scheme 2: a) Knoevenagel reaction occurring  b) when replacing the ester group in the Julia 

precursor 21 with an alkynyl group (45) no formation of the 1,2,3-triazole (46) was detected.  

 

It was suggested that for the successful performance of the Knoevenagel reaction (step 3 in 

Scheme 1) the hydrogen atom in the α position to the sulfonyl-group ( Scheme 3 indicated in 
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red) needs to be acidic. When replacing the ester with an alkynyl group the α-hydrogen is not 

sufficiently acidic.  

 

  

Scheme 3: Knoevenagel reaction occurring in Julia Reagent containing an ester group 

(compound 21) when replacing the ester group in 21 with an alkynyl group (45) no reaction 

was observed. 

  

Therefore, a literature search for alternative synthesis routes was performed. Recently, Clark 

et al. reported ‘A Scalable Metal-, Azide-, and Halogen-Free Method for the Preparation of 

Triazoles’, which successfully led to high-yield alkynyl substituted 1,4-disubstituted 1,2,3-

triazoles (Scheme 4b). 105 This method was remarkable as 1,4-alkynyl- (di)substituted 1,2,3-

triazoles have been challenging to synthesise in the past via the traditional Cu(I)-catalysed 

alkyne azide cycloaddition (CuAAC) ((Scheme 4a).  Notably, alkynyl groups  of type 48 are the 

reactants to perform the reaction, and the inclusion of two alkynyl groups (to generate 

alkynyl-substituted 1,2,3-triazoles) commonly leads to the formation of side products and 

results in low yield.106, 107 In the procedure reported by Clark et al., a scope of 1.4,-

disubstituted 1,2,3-triazoles was reported, which included 4-methyl-1-(prop-2-yn-1yl)-1H-

1,2,3-triazole (shortly MPT (54) Scheme 4b). MPT contains a short propargyl group in position 

1 and a methyl substituent in position 4, and was of particular interest, due to its small size 

of the molecule that potentially could increase the likelihood of binding to the same active 

site as C2H2. The Clark et al. synthesis (Scheme 4b) employed the reaction of the α-ketoacetal 

1,1-dimethoxypropan-2-one (50) with 4-methylbenzene sulfonohydrazide (tosyl hydrazide 
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(51)) to form the hydrazone 52, followed by the addition of propargyl amine (53) to yield MPT 

(54).   

 

Scheme 4: a) Conventional Cu(I)-catalysed alkyne azide cycloaddition (CuAAC) and b) Clark 

et al. alternative synthesis for the synthesis of  methyl-1-(prop-2-yn-1yl)-1H-1,2,3-triazole 

(MPT).  
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5.2 4-Methyl-1-(Prop-2-yn-1yl)-1H-1,2,3-Triazole (MPT): A Novel, 

Readily Accessible and Highly Efficient Nitrification Inhibitor for 

Agriculture (submitted manuscript) 

Abstract  

Nitrogen (N) fertilization in agriculture has become an environmental threat. Formation of 

the greenhouse gas nitrous oxide (N2O), groundwater pollution with nitrate (NO3
-), and river 

eutrophication are examples of the adverse impacts. N fertilizers can be amended with 

nitrification inhibitors to slow down microbial nitrification, which converts ammonia (NH3) to 

NO3
- in soils, but the often unreliable performance of the commercial inhibitors, such as 3,4-

dimethylpyrazole (DMP), requires development of new compounds with consistent 

inhibitory efficacy. We demonstrate that 4-methyl-1-(prop-2-yn-1-yl)-1H-1,2,3-triazole 

(MPT) shows a considerably improved performance compared to DMP. Unlike DMP, MPT 

acts as a mechanistic, irreversible inhibitor of the key enzyme ammonia monooxygenase, 

resulting in retention of NH3 and a decreased NO3
- and N2O production over 21 days in 

various agricultural soils with pH ranging from 4.7 to 7.5. Real-time quantitative polymerase 

chain reaction analysis revealed that MPT has an enhanced inhibitory effect on both 

ammonia-oxidizing bacteria and ammonia-oxidizing archaea.  

 

Introduction 

The provision of food for the constantly growing world population will require an increase of 

nitrogen (N) fertilizer usage by 70-100% worldwide by 2050, which is exacerbated by limited 

arable land and deteriorating agricultural conditions, particularly due to global warming.1,2 

Unfortunately, since several decades the N use efficiencies (NUEs) have remained at only 

around 50% globally.3,4 A large fraction of N fertilizers is lost from agricultural systems 

through abiotic and biotic pathways, including volatilization of ammonia (NH3), which is a 

precursor of particulate matter (PM2.5), and nitrate (NO3
-) leaching that causes surface water 

eutrophication and groundwater pollution.5-7 Microbial nitrification and denitrification 

processes lead to the formation of the gases nitrous oxide (N2O), nitric oxide (NO) and 

nitrogen (N2).8 N2O has a 300 times higher global warming potential than carbon dioxide 
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(CO2), and mitigation of N losses in agriculture has become an important target for reducing 

the greenhouse gas (GHG) footprint.7 

 

To improve N management in agricultural soils, one approach is to add nitrification inhibitors 

(NIs) to N fertilisers.9,10 Nitrification is carried out by ammonia-oxidizing bacteria (AOB) and 

ammonia-oxidizing archaea (AOA) (Figure 1a). NIs are designed to inhibit ammonia 

monooxygenase (AMO), a multimeric transmembrane enzyme, which is conserved in both 

AOB and AOA11-13 and catalyses the rate-limiting first oxidation step of NH3 to hydroxylamine 

(NH2OH).14,15 NH2OH is subsequently converted to nitrite (NO2
-) by the enzyme 

hydroxylamine oxidoreductase (HAO), followed by rapid oxidation to NO3
-, the end-product 

of the nitrification process, which is catalysed by nitrite oxidase (NXR) present in, for 

example, Nitrobacter spp. Thus, inhibition of AMO should increase the residence time of NH3 

(or ammonium, NH4
+, respectively) and reduce N losses from soil through NO3

- leaching, and 

N2O emissions during nitrification and denitrification. Although the crystal structure of the 

key enzyme AMO has not been resolved, some details about its active center have been 

inferred from the recently crystallized particulate methane monooxygenase (pMMO), which 

is evolutionally comparable to AMO. According to the pMMO findings, a cupredoxin-like unit 

might be involved in the oxidation process.11,16-18 



110 
 

 

Figure 1. (a) Introduction of N fertilizer (e.g., NH4
+ based fertilizer, including urea) into soil 

initiates microbial nitrification by ammonia oxidising archaea and bacteria (AOA and AOB). 

NH4
+ is deprotonated in soil to NH3 (not shown), which is oxidised to NH2OH catalysed by 

ammonia monooxygenase (AMO), followed by the oxidation to NO2
- or, under oxygen-

limiting conditions, to N2O, catalysed by hydroxylamine oxireductase (HAO), and NO3
-, 

catalysed by nitrite oxidizing bacteria (NOB). Denitrifying bacteria reduce NO3
- to gaseous N2, 

N2O and NO. N2 is reintroduced into the N cycle as NH3 obtained by the Haber-Bosch process 

through reaction of hydrogen (H2) with N2. MPT prevents nitrification by irreversibly 

inhibiting AMO, thereby increasing the residence time of NH4
+ in soils for plant uptake and 

decreasing N loss through NO3
- leaching and emission of the greenhouse gas N2O. (b) Current 

commercial nitrification inhibitors. Created with Biorender. 

 

Currently commercially available NIs are 3,4-dimethyl-1H-pyrazole (DMP), which is 

commonly applied in agricultural systems as the phosphate salt (DMPP or ENTEC®, BASF AG), 

dicyandiamide (DCD, AlzChem AG) and 2-chloro-6-(trichloromethyl)-pyridine (Nitrapyrin or 

N-Serve®, Dow Chemical Co.) (Figure 1b). Enzyme inhibitors can operate through mechanism-

based or non-mechanism-based pathways.19-21 Chelators, which (reversibly) bind to a metal 

centre in the enzyme's active site without causing a chemical reaction, fall into the latter 
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category.14 In previous work we have found that DMP and DCD act as reversible inhibitors of 

AMO.22  

 

In contrast, mechanism-based inhibitors operate through formation of covalent bonds with 

the catalytic center of the enzyme. With regards to nitrifying bacteria, recovery of their 

activity would require de novo synthesis of the enzyme. One prominent example for a 

mechanism-based NI is the gas acetylene,19,23 but its high flammability and reactivity 

prohibits the use in agriculture. 

 

Of the three commercial NIs, DMP is the newest product, which was introduced more than 

20 years ago. However, despite the often unreliable performance of DMP, DCD and 

Nitrapyrin, particularly in acidic soils, no new inhibitor compounds have been developed and 

brought to market that reliably overcome the problems associated with any of the existing 

commercial NIs.24-27 

 

Recently, we have shown that substituted 1,2,3-triazoles are a promising new NI class, which 

can outperform the current 'gold standard' DMP, especially at increased temperatures.28 We 

present in this work the novel NI 4-methyl-1-(prop-2-yn-1-yl)-1H-1,2,3-triazole (MPT, Figure 

1a), which has a different mechanism of inhibition than the existing commercial NIs. MPT 

exhibits outstanding inhibitory properties and has the potential to significantly reduce GHG 

emissions from agriculture, including acidic soils.  

 

Materials and Methods 

Chemicals 

DMP (3,4-dimethyl-1H-pyrazole) was supplied by Incitec Pivot Ltd. Australia. Griess reagent 

(listed as modified) and dimethyl sulfoxide (DMSO) were purchased from Sigma Aldrich. All 

aqueous solutions were prepared in Milli-Q water unless stated as distilled. N. europaea 

(ATCC19718) was purchased from the American Type Culture Collection. N. multiformis was 

isolated from an aquarium kit as described previously.29 4-Methyl-1-(prop-2-yn-1-yl)-1H-

1,2,3-triazole (MPT) and 4-methyl-1-propyl-1H-1,2,3-triazole (H-MPT) were synthesised 

according to the procedure reported by Clark et al..30 The compounds NI-1-3 were provided 
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by Taggert et al. and synthesised as described.28 Experimental details and spectroscopic data 

are provided in the Supporting Information (SI). 

 

Studies with AOB  

The growth and harvest of pure bacterial cell cultures, the standard activity  and activity 

recovery assays, the measurements of the O2 consumption and Michaelis-Menten kinetics 

were conducted as previously reported.22 All bacterial incubations were performed in sodium 

phosphate buffer (NaPB) with 1v/v% DMSO at pH = 7.5 and 30°C with different inhibitors and 

concentrations, as indicated. Experimental details are provided in the SI.  

 

Mineral-N Transformation Studies 

Soil incubations to determine the loss of NH4
+-N and production of NO3

--N over 21 days after 

treatment were performed in an Australian soil (soil A; pH = 5.9, soil specifications are 

provided in Table S6), similar to the previously described protocol (see Supplementary 

Information).28 Treatments were: (1) fertilizer only ((NH4)2SO4), 100 mg N kg-1 soil; (2) fertilizer 

+ 0.5 mol% MPT, (3) fertilizer + 2.5 mol% MPT, (4) fertilizer + 5 mol% MPT and (5) fertilizer + 

5 mol% DMP, with three replicates of each treatment per time interval (n = 3).  

 

N2O Measurements  

Soil incubations were performed with four German soils with raning pH(soils B - E) (soil 

specifications are provided in Table S6). Each of the three replicates consisted of 6 g of sieved 

soil (2 mm). The soil was air-dried after collection and pre-incubated prior to the experiment 

for seven days at 50% water holding capacity (WHC).31 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 H2O only), ‘fertilizer only’ soil ((NH4)2SO4; 

50 mg kg-1 soil) and accompanied each measurement. (NH4)2SO4 was applied as an aqueous 

solution (1 g NH4
+ mL-1 H2O) 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 5 mol% of applied fertilizer-N (see Supplementary Table 7) and applied on the 

soil surface. The soils reached 60% WHC after the treatments had been applied and were 
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kept at that moisture level by periodically adding deionized water to compensate for 

evaporation losses.  

 

At the day of measurement (day 1, 3, 5, 7, 14 and 21 after fertilization) the vials were closed 

gas-tight with a rubber septum and aluminium lid and opened again after each 

measurement. The N2O emission was analysed using a gas chromatograph equipped with an 

electron capture detector and flame ionization detector (GC-ECD/FID; Clarus 580, Perkin 

Elmer).32 Details for the calculation of the N2O production rate are provided in the SI. 

 

Real-Time qPCR of Bacterial and Archaeal amoA 

Soil samples (400 mg) from the N2O 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 extraction, SL1 buffer and enhancer were 

chosen for extraction, and DNA was finally eluted in 40 µL PCR-grade water. Real-time 

quantitative PCR (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 AOA33, while amoA-1F and amoA-2R 

were used for AOB.34 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 µL SYBR® Green Master Mix (BioRad, USA), 0.4 µL of 

the forward and reverse primer (10 pmol µL-1), respectively; 3.2 µL PCR-H2O and 1 µL 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 57.4°C 

(bacteria) and 60°C (archaea). The PCR reaction runs had an efficiency between 97-111%. 

Standard curves were generated using serial dilutions ranging from 108 to 103 gene copies 

per reaction, provided as linearized plasmids that contained cloned amoA genes of bacteria 

or archaea, respectively (R2 > 0.8). The correct PCR product length was verifed by obtaining a 

melting curve in the temperature range 65 – 95°C. 
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Statistics   

Statistical analysis was performed with three technical (except the GC studies) and three 

biological replicates (n = 3). For the bacterial cell studies, NO2
- production, Km(app), Vmax(app) 

and kobs 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 of 

the measured GC gas concentrations was performed on the calculated N2O production rates 

via two-way analysis of variance (ANOVA), assessing the factors day and treatment at each 

time point evaluated using the Tukey HSD post-hoc test with a significance level of P < 0.05. 

All results are reported as mean values ± standard error of the mean.  

 

Results and Discussion 

MPT can be conveniently synthesized within minutes through a previously reported metal- 

and azide-free one-pot protocol from 1-dimethoxy propan-2-one, N-tosylhydrazide and 

propargyl amine.30 As NIs can exhibit varying inhibitory effects on orthologous AMO 

enzymes,21,35 we have used pure cultures of both Nitrosomonas europaea (N. europaea) and 

Nitrosospira multiformis (N. multiformis) to explore in detail the mechanism of inhibition of 

MPT. Incubations were performed with MPT as well as DMP (for comparison) in one 

Australian soil (pH 5.9) to study mineral-N transformation and in four German soils with pH 

levels ranging from 4.5 to 7.5 to determine N2O production rates. Furthermore, the impact 

on the nitrifier community was evaluated for both MPT and DMP by quantifying the number 

of ammonia monooxygenase gene (amoA) copies following a three-week soil incubation 

period, using quantitative polymerase-chain reaction (qPCR) analysis. 

 

Identification of Enzyme Targeted by MPT 

As outlined in the Introduction, AOB are responsible for the first two steps of the oxidation 

of NH3 to NO3
-, i.e., NH3 → NH2OH → NO2

-, which are catalysed by the enzymes AMO and 

HAO, respectively. To identify whether MPT targets AMO or HAO, cell cultures of N. europaea 

and N. multiformis were prepared separately and incubated with equimolar amounts of 

either NH4
+ (as substrate for AMO) or NH2OH (as substrate for HAO) in sodium phosphate 

buffer (NaPB), which contained 1v/v% dimethylsulfoxide (DMSO), at pH = 7.5. The production 

of NO2
- was measured after 60 min in an assay based on the Griess reaction29 in the presence 
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of MPT (‘inhibited cells’) and its absence (‘uninhibited cells’, 100% signal). A control 

experiment confirmed that the NO2
- production in the absence of both N-sources and MPT 

was practically negligible ('untreated cells', 0% signal). The % activity of the cells was 

calculated according to eqn. 1: 

 

   (1) 

 

Table 1 presents the % activity after 60 min (see also Tables S1 and S2). 

 

 

 

Table 1. Activity (in %) of N. europaea and N. multiformis after treatment with differently 

substituted 1,2,3-triazoles, determined from the NO2
- production.a 

  

Compound N source 
% Activity 

N. europaea N. multiformis 

MPT 
NH3

 

NH2OH 

24 ± 5 

72 ± 3 

25 ± 4 

67 ± 4 

H-MPT NH3 100 100 

NI-1 NH3 79 ± 2 60 ± 1 

NI-2 NH3 51 ± 2 53 ± 2 

NI-3 NH3 93 ± 1 100 
aIncubations were performed in NaPB with 1v/v% DMSO at pH = 7.5 and 30°C with [inhibitor] 

= 0.3 mM (10 mol% of N-source), [NH4
+] = 3 mM or [NH2OH] = 3 mM, at 100 rpm for 60 min 

in the dark. Standard errors were determined from three biological replicates, n = 3). 

 

 

The data for MPT show that the activity of both N. europaea and N. multiformis cells dropped 

to about 25% upon treatment with NH4
+. Interestingly, when NH2OH was used as N-source, 

a reduction of the activity of both bacterial cell cultures to about 70% was found. This might 

suggest that MPT inhibits both AMO and HOA, as AMO-specific inhibitors would be expected 
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to show a minimal effect on the activity of HAO. 36  However, as AMO and HAO are not 

operating independently but are interconnected through an electron shuttle mechanism, it 

is likely that disruption of the electron transfer chain due to AMO inhibition, in this case by 

MPT, leads also to a partial inhibition of HAO. This proposal is supported by previous findings 

that hydrazine, a known AMO inhibitor, as well as DMP also decrease the activity of HAO. 22, 

37  

Structure-Activity Relationship (SAR) Studies 

To explore the role of the triple bond for the inhibitory activity of MPT, structure-activity 

relationship (SAR) studies with a series of triazoles without and with alkyne-containing 

substituents were performed. The data are included in Table 1 (see Table S3 for full data). H-

MPT, which has a saturated propyl substituent instead of the propargyl chain, had no impact 

on the activity of both N. europaea and N. multiformis. NI-1, which has a propyl group at C-4 

and a butynyl instead of propynyl chain, reduced the AMO activity to about 80% in both cell 

cultures. In NI-2 the alkynyl group was replaced by an alkynyl ester, resulting in an activity 

drop to about 50%, whereas the alkynyl amide substituent in NI-3 almost eradicated any 

inhibitory activity.  These data show that the presence of an alkynyl substituent on the 1,2,3-

triazole does not 'automatically' create a potent inhibitor for AMO. Additional factors, for 

example size, shape and polarity, are obviously also important for inhibitory activity, which 

will be explored further in future work.  

 

Measurement of the Oxygen (O2) Consumption 

Acetylene has been shown to act as an irreversible AMO inhibitor.19 As the alkyne moiety 

constitutes a considerable fraction of the molecular structure of MPT, we explored whether 

MPT might also function as an irreversible inhibitor by performing real-time kinetic 

measurements of the rate of O2 consumption (or O2 uptake, respectively) by AMO. The 

oxidation NH3 → NH2OH requires equimolar amounts of O2, and the rate of O2 consumption 

is therefore proportional to the NH3 oxidation.36  

The O2 consumption by cell suspensions of N. europaea was measured at 20°C using a Clark-

type oxygen electrode by first monitoring the decrease of [O2] in the presence of NH4
+ for 5 

min. MPT was then added, the system was equilibrated for 15 s, and the O2 decay was 

subsequently monitored for a further 5 min. In all measurements, both NH4
+ and O2 were 
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present in excess so that the O2 uptake rate was only dependent on the enzyme 

concentration (the total protein concentration was ca. 468 µg L-1, determined via a BCA assay 

kit). Thus, under these conditions the O2 consumption by uninhibited cells should follow zero-

order kinetics. [MPT] was chosen such that the O2 consumption was not completely stopped. 

Figure 2 shows the recorded real-time trace of the O2 consumption of cells before and after 

treatment with 0.6 mM and 1.2 mM MPT, respectively. 

Figure 2. O2 consumption by N. europaea in the absence and presence of MPT. The first 240 

s show the O2 consumption 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 [NH4
+] = 3.0 mM in NaPB (pH = 7.5) with 1v/v% DMSO and 20°C under constant 

stirring in the dark. The plot shows the mean of three measurements for each concentration; 

standard errors are omitted for clarity and are provided in the k value of uninhibited cells. 

 

Addition of MPT considerably slowed down O2 consumption by N. europaea. Whilst 

uninhibited cells showed, as expected, zero-order kinetics with an average rate coefficient k 

= 275 ± 20 nmol O2 L-1 s- 1 (Figure S1 and Table S4), the decay profile after the addition of MPT 

changed to follow first-order kinetics. The observed rate coefficients, kobs, for the O2 

consumption in the presence of MPT were determined as 2.7 x 10-3 s-1 and 4.5 x 10-3 s-1 for 

[MPT] = 0.6 mM and 1.2 mM, respectively (Figure S2 and Table S5).  

 

The rate of O2 consumption in the presence of MPT is a measure for the rate of enzyme 

inhibition. Thus, the observed increase of the rate of inhibition with increasing [MPT] 

(doubling [MPT] increased the rate of inhibition by a factor of about two in our experiment), 
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is indicative for a mechanistic inhibition, where the number of active enzymes declines over 

time. A similar observation has been made previously for the nitrification inhibitors 

phenylacetylene and acetylene.19,38 This mode of inhibition is different from that of DMP and 

DCD, which are both non-mechanistic inhibitors, as revealed by the rate of O2 consumption 

by N. europaea, which remained zero order in the presence of these inhibitors.22  

 

Exploring the Reversibility of Enzyme Inhibition by MPT 

To explore whether MPT acts as a reversible or irreversible mechanistic inhibitor, cells of N. 

europaea and N. multiformis were inoculated with NH4
+ and MPT for 30 min and the AMO 

activity determined by measuring the NO2
- production. The cells were subsequently 

thoroughly washed with NaPB in order to remove unbound and bound MPT (a high inhibitor 

loading of 50 mol% of applied NH4
+-N was chosen to ensure noticeable effects), re-incubated 

with NH4
+ at 30 °C for 30 min, and the NO2

- production was measured again. Control 

experiments in the absence of MPT confirmed that the washing and re-incubation protocol 

did not impact (within error) on the NO2
- production of both bacterial strains.  

 

Table 2. NO2
- production by pure cell cultures of N. europaea and N. multiformis after 

treatment with NH4
+ and MPT and repeated washing with NaPB, followed by re-incubation 

with NH4
+.a  

AMO source [MPT] / mM  NO2
- production / nmol L -1 min-1 

 before washing after washing 

N. europaea  -- 1537 ± 512 1458 ± 255 

N. europaea 1.5 379 ± 51 317 ± 73 

N. multiformis -- 1314 ± 374 1777 ± 293 

N. multiformis 1.5 345 ± 77 358 ± 39 

a The inoculations were performed with [NH4
+] = 3.0 mM in NaPB (pH = 7.5) with 1 v/v% DMSO 

at 30°C and 100 rpm in the dark. Standard errors were calculated from three biological 

replicates, each performed with three technical replicates. 
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Thus, reversible binding of MPT to AMO would be expected to result in a recovery of the NO2
- 

production activity after washing and re-incubation, approximately to the level of the 

uninhibited cells, as we have recently found for DMP and DCD. 22  

The data in Table 2 reveal that, compared to the uninhibited cells, the NO2
- production drops 

considerably upon treatment with MPT, irrespective of the AMO orthologue. For example, 

before washing, N. europaea cells exposed to MPT produced about 379 nmol L -1 min-1 of 

NO2
-, whereas uninhibited cells produced about four times more NO2

-. After washing the 

MPT-treated cells and re-incubation with NH4
+, the activity did not increase significantly (P > 

0.05), clearly showing that MPT irreversibly inhibits AMO. Recovery of the full NO2
- 

production rate requires de novo synthesis of AMO, which takes at least several hours, 

depending on the duration of exposure to the inhibitor. 21, 39  

 

Michaelis-Menten kinetics 

Insight of the binding site of MPT in AMO was obtained by studying the Michaelis-Menten 

kinetics through measuring the production of NO2
- at different [NH4

+] and constant [MPT]. 

Figure 3 shows the formation of NO2
- by uninhibited cells and cells treated with 37.5 µM and 

75 µM of MPT, respectively. It should be noted that [MPT] was deliberately chosen to be 

below the IC50(abs) value of about 104 µM (determined with N. europaea; see Figure S3) to 

obtain an NO2
- production that is 25 - 44% of that of the uninhibited cells. The Michaelis 

constant Km is the substrate concentration at which the reaction rate is 50% of the maximal 

rate, Vmax (see SI). 
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Figure 3. Effect of MPT on the NO2
- production in dependence of [NH4

+] after 60 min. The 

inoculations were performed with [NH4
+] = 0.003 mM, 0.03 mM, 0.05 mM, 0.1 mM, 1.5 mM, 

3.0 mM, 10 mM and 15 mM in NaPB (pH = 7.5) with 1v/v% DMSO at 30°C and 100 rpm in the 

dark. Note the different axis scale to include the data at higher [NH4
+]. Standard errors were 

calculated from three biological replicates.  

 

The Michaelis-Menten plots show saturation kinetics, where the NO2
- production became 

independent of [NH4
+] beyond 0.5 mmol L-1. Furthermore, cells treated with MPT did not lead 

to an increased NO2
- production even when [NH4

+] was increased by up to four orders of 

magnitude. Determination of the Michaelis-Menten parameters via hyperbolic analysis 

revealed an unchanged value of Km(app), whereas Vmax(app)  decreased with increasing [MPT] 

(the suffix 'app' indicates that these constants were determined from bacterial cells and not 

the purified enzyme) (Table 3). 

 

Table 3. Michaelis-Menten kinetic parameters of the [NH4
+]-dependent production of NO2

- 

by N. europaea in the absence and presence of MPT at two different MPT concentrations.a,b  

Inhibitor Concentration / mM Vmax(app) / µmol (mg protein min) -1 Km(app) / µM 

none -- 70.4 ± 7.3 29.9 ± 4.9 

MPT 75 µM 
39.2 ± 2.0 23.7 ± 4.0 

MPT 
37.5 µM 

52.7 ± 2.7 30.2 ± 0.3 
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a [MPT] was chosen to achieve partial inhibition of the NO2
- production (see text). b The suffix 

'app' in Vmax(app) and Km(app) indicates that these constants were determined from bacterial 

cells and not the purified enzyme. Standard errors were calculated from three biological 

replicates, each performed with three technical replicates. 

 

Such a behaviour is indicative for a non-competitive inhibition mode,40 i.e., MPT is not 

competing with NH3 for the same binding site in AMO. This inhibition mechanism is similar 

to that of phenylacetylene, whereas acetylene acts as a competitive inhibitor, which becomes 

less effective with increasing [NH3]. 21 This mode of inhibition is also different from that of 

DMP and DCD, which are both uncompetitive inhibitors, and binding of NH3 to the active site 

in AMO is essential for their inhibitory effect.22 

 

Measurement of NH4
+ and NO3

- in Soil A 

To determine the nitrification inhibitory effect of MPT in vivo, soil incubations were 

performed by measuring concentration-time profiles for NH4
+ and NO3

- in an acidic Australian 

soil (soil A, pH = 5.9) over 21 days. MPT was tested at three different concentrations (0.5 

mol%, 2.5 mol% and 5 mol% of applied fertilizer-N) and compared with the commercial 

inhibitor DMP (5 mol% of applied fertiliser-N). The data are shown in Figure 3 (NH4
+ and NO3

- 

concentrations for all replicate runs are provided in Table S8).    

Figure 4. Mineral N-transformations in soil A (pH = 5.9). NH4
+ (a) and NO3

– (b) concentrations 

measured at different timepoints over an incubation period of 21 days at 25°C. Detailed soil 

specifications are listed in Table S6. (NH4)2SO4 was used at an application rate of 100 mg N 
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kg-1 soil. Inhibitor treatments were 0.5 mol%, 2.5 mol% and 5 mol% of applied N for MPT, and 

5 mol% for DMP, respectively. Each concentration profile was obtained from three replicates 

(n = 3).  

 

Loss of NH4
+ occurred rapidly without NI and with DMP, with no NH4

+ being present any more 

after 21 days of incubation (Figure 3a) and quantititive formation of NO3
- (Figure 3b). This 

result confirms the poor inhibitory performance of DMP in acidic soils reported in the 

literature.25, 41-43. Also, while MPT at the lowest application rate noticeably slowed down NH4
+ 

loss within the first 15 days, it was not sufficiently effective to retain NH4
+ in the soil beyond 

21 days. 

 

In contrast, MPT treatment at the higher application rates of 2.5 and 5 mol% NH4
+ was 

quantitatively retained in the soil over the entire incubation period (P < 0.001), indicating 

excellent inhibitory activity. These findings were also reflected by the lack of NO3
- production 

over the duration of the incubation with the two higher application rates of MPT. 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 5 mol%, clearly illustrating MPT's excellent inhibitory 

performance, particularly compared to the current 'gold standard' DMP. 

  

Measurement of N2O Formation in Soils B - E  

As N2O emissions from soils are controlled by biological nitrification-denitrification pathways, 

retention of NH4
+ in the soil through the use of MPT should also reduce formation of N2O.10,44 

Therefore, incubations were performed with four different German soils (soils B - E) with 

varying pH, and the N2O 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 5 mol% of 

applied fertilizer-N) as well as in the absence of NI (see Table S6 for soil specifications ).  
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Figure 5. N2O production rates over 21 days in soils B - E. (NH4)2SO4 was applied as 50 mg kg-1 

soil ‘fertilizer only’. [DMP] and [MPT] were 0.5 mol%, 2.5 mol% and 5 mol% of the applied 
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fertilizer-N, respectively. Soil E: Note the different axis scale to include higher N2O production 

rates; no N2O production was detected beyond day 5 for DMP at 5 mol% and all MPT 

treatments. Data were calculated from three biological replicates (n = 3).   

 

In the first week after fertilizer application to soil B (pH = 6.3), the N2O production rate by the 

uninhibited soil was the highest with 0.68 ng g-1 soil h-1 at day 1 and 0.19 ng g-1 soil h-1 at day 

7, before gradually dropping to 0.05 ng g-1 soil h-1 at day 21 (Figure 4a). This behaviour reflects 

the initially high N availability, which depletes over time. Compared to the uninhibited soil, 

treatment with DMP slowed down the N2O formation depending on the application rate. 

Thus, with 0.5 mol% of DMP the N2O production rate was with 0.32 ng g-1 soil h-1 at day 1 

approximately 50% of that of the uninhibited soil. Using DMP at the higher application rates 

of 2.5 mol% and 5 mol%, the N2O production rate was approximately 67% of that in the 

absence of the inhibitor. In contrast, soil treated with MPT produced N2O at a rate of only 

0.06 ng g-1soil h-1 at day 1 in the case of the lowest application rate, otherwise the amount of 

N2O remained below the detection limit over the duration of the experiment, clearly 

revealing that MPT is significantly more effective in reducing N2O emissions than DMP.  

 

In the more acidic soil C (pH = 5.5), the reduced amount of NH3 available for oxidation by 

AMO due to protonation resulted in a much lower N2O production rate of the uninhibited 

soil, compared to soil B (Figure 4b). The average rate of N2O production remained largely 

unchanged over the entire 21 days, confirming that acidic soils are able to efficiently retain 

NH3 as NH4
+.45 Soil treated with 0.5 mol% and 2.5 mol% DMP did not show a significantly 

reduced N2O formation rate in the first two weeks (P > 0.05) compared to the uninhibited 

soil. Only at the highest application rate of DMP, a gradual reduction of the N2O production 

rate to 0.095 ng g-1 soil h-1 at day 21 was found. In comparison, soil treated with 0.5 mol% of 

MPT produced about 0.12 ng h1 of N2O across 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 N2O was nearly completely suppressed. 

 

The most acidic soil (soil D, pH = 4.7) produced the lowest amount of N2O, ranging from 0.08 

to 0.14 ng g-1 soil h-1 throughout the experiment (Figure 4c). No significant difference of the 

N2O production rates between the uninhibited soil and soil treated with DMP was found (P > 
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0.05). These data align with the NH4
+/NO3

- profiles in measured in this work (see Figure 3) 

and literature.26,27,43 In contrast, soil treated with MPT at 0.5 mol% slowed down N2O 

production by 60%, whereas MPT at application rates of 2.5 mol% and 5 mol% reduced the 

N2O production rate to practically zero from the start of the experiment, indicating that the 

inhibitory performance of MPT is practically pH-independent at these concentrations.  

 

Soil E (pH = 7.5) was collected from an agricultural recultivation site of a former opencast 

brown coal mine. Replanting recultivation soils is an important approach to utilising soil 

resources and increasing cultivated land areas.46,47 Recultivation soils are known to maintain 

a low total N content over several decades.48 This lack of N retention capacity resulted in an 

unusual N2O profile in the uninhibited soil, where the N2O production rate rapidly increased 

within the first five days following fertilizer application, reaching a maximum of 2.33 ng g-1 

soil h-1 at day 5, before declining again to practically zero at day 14, indicating a depleted N 

availability (Figure 4d). Since N2O formation correlates with the nitrification rate, this 

behaviour indicates a very high N nitrification/denitrification activity of this soil, which 

quickly adapts to N fertilization. Treatment with DMP and MPT led to a dampening of the 

N2O production spike, with MPT being more effective than DMP in the first five days. Beyond 

that timepoint, the rate of N2O production in the presence of either inhibitor remained 

extremely low.  

 

qPCR Measurements in Soils B - E 

To assess the effect of MPT and DMP on the nitrifier community in soils B - E, a quantitative 

analysis of the DNA amoA bacterial and archaeal gene copies was carried out at day 22 of the 

incubation for untreated soils (H2O added only), fertilizer-only treated soils ((NH4)2SO4), and 

both MPT and DMP treated soils at an application rate of 5 mol% of applied fertilizer-N. 

Figure 5 shows that archaea were the more abundant microorganisms in these four soils, as 

revealed by the amoA gene copies for AOB, which ranged from 1.2 - 56 x 105 g -1 wet soil, 

whereas the AOA amoA gene abundance ranged from 1.1-35 x 107 g-1 wet soil (detailed data 

are provided in Table S10). 

 

No significant change in the bacterial amoA population was found in the untreated or 

fertilized soils B-D (P > 0.05), respectively. On the other hand, the amoA gene copies in soil E 
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increased three-fold from 5.1 x 105 to 1.5 x 106 copies g-1 soil upon fertilizer treatment, clearly 

showing a correlation between the enhanced N2O production at the beginning of the 

experiment (see Figure 4d) with bacterial growth. (Figure 5a). Treatment with fertilizer and 

either MPT or DMP did not lead to a significant change in the bacterial amoA population in 

soils B - D compared to the untreated or fertilized soils, respectively (P < 0.0001). However, 

when soil E was treated with fertilizer and DMP or MPT, respectively, the population dropped 

to the value of the unfertilized soil, suggesting that both NIs inhibit the growth of AOB. 

 

Figure 6. qPCR analysis of soils B - E. Bacterial (a) and archaeal (b) amoA gene copy numbers 

per g 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 (NH4)2SO4 at an application rate of 50 mg N kg-1 soil. The inhibitors MPT and DMP 

were applied at 5 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 (n = 3). Circled datasets indicate significant differences of amoA gene abundances 

(P < 0.05) between fertilized and inhibited fertilized soil.  
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The archaeal population showed a similar response to fertilization across all soils, as no 

increase of gene copies in fertilized compared to untreated soils was detected. 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 108 copies g-1 soil for the untreated soil to 9.1 x 

107 copies g-1 soil for the MPT treated soil. In soil D the population dropped by 24% from an 

average of 3.5 x 108 copies g-1 soil to 8.4 x 107 g-1 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. 49-51 From the finding that none of the three DMP 

treatments significantly reduced the N2O emission in soil D, whereas MPT inhibited 

nitrification up to 100% for 21 days (Figure 4c), these data indicate an enhanced inhibitory 

effect of MPT on archaeal strains. It can therefore be concluded that the performance of MPT 

is not only independent of soil pH, but also independent of the AMO orthologue. Thus, the 

novel nitrification inhibitor MPT has the potential to address the triple challenge faced by 

agriculture, i.e., food security for a growing population, environmental protection, and 

climate change. 

 

Supporting Information 

Synthetic procedures for MPT and H-MPT, including spectroscopic data. Protocols of the 

bacterial assays and soil incubations (mineral-N transformations and N2O measurements). 

Supplementary Table S1 (NH4
+-dependent NO2

- production after supplementing N. europaea 

and N. multiformis (OD600 = 0.03) with and MPT and H-MPT); Table S2 (NH2OH-dependent 

NO2
- production after supplementing N. europaea and N. multiformis with MPT); Table S3 

(NO2
- production after supplementing N. europaea and N. multiformis (OD600 = 0.03) with 

inhibitors NI-1-3); Table S4 (rate coefficients for the time-dependent O2 consumption by N. 

europaea in the absence of MPT); Table S5 (rate coefficients for the inhibition of N. europaea 

by MPT at different concentrations, as determined by the O2 consumption); Table S6 

(specifications of the soils studied in this work); Table S7 (application rates of DMP and MPT 

and weight % of total (NH4)2SO4 applied to soils B - E); Table S8 (soil incubation studies to 

determine mineral-N conversion in soil A); Table S9 (N2O production rates for soils B-E); Table 

S10 (calculated gene abundances of amoA from bacteria and archaea). Supplementary Figure 
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S1 (O2 consumption by N. europaea as a function of time before the addition of MPT); Figure 

S2 (pseudo-first order decay exponential fit of O2 consumption by N. europaea as a function 

of time after the addition of MPT), Figure S3 (determination of the IC50(abs) value for MPT). 
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5.3 The impact of MPT on the Activity of the Particulate Methane 

Monooxygenase (pMMO)  

5.3.1 Introduction 

As outlined in Chapter 1.4, the enzymes pMMO and the AMO are evolutionary related, which 

is reflected in Figure 4, that demonstrates the ability of the AMO oxidising the substrate of 

the pMMO (CH4). 29, 51, 108 Likewise, it has been shown that the pMMO oxidises NH3, the 

substrate of the AMO. 29, 51, 108 Unsurprisingly, alkynyl groups containing compounds, such as 

C2H2 and  phenylacetylene, have also shown to have an effect on  pMMO.108 Methanotrophic 

organisms play a crucial role in the carbon (C) cycle by scavenging the GHG CH4 . Therefore, 

the evaluation of a potential inhibitory effect of MPT on methanotrophic organisms was of 

great interest. The CH4 uptake rate was collected and calculated from soil B, soil C, soil D and 

soil E in the same experimental setup from Chapter 5.2.  (soil specifications can be found in 

SI-4 Table 6).  

5.3.2 Material and Methods 

 CH4 Gas Measurements  

CH4 gas measurements were performed simultaneously to the N2O GHG studies from soil B-

D (soil specifications can be found in SI-4 Table 6). At the day of the measurement (day 1, 3, 

5, 7, 14 and 21 after fertilisation) the vials were closed gas-tight with a rubber septum and 

aluminum lid and opened after each measurement. The N2O concentrations were analysed 

using a GC-ECD/FID (Electron Capture Detector/Flame Ionization Detector) (Claurus 580, 

Perkin Elmer) in intervals of 1, 5.05, 9.1 and 13 h, as described previously.109 A linear 

regression slope was used to calculate CH4-C production rates, F, according to eqn. 1, 
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where ΔC/Δt represents the change of the CH4 concentration over the time intervall t in ppbv, 

V represents the headspace volume in L, M represents the molar mass of C in CH4, m 

represents the amount of soil in g dry weight, Vm represents the molar volume of ideal gases 

(22.414 L mol-1) at 0 °C and 101.325 kPa, corrected for the gas sampler using T0 (273.15 K) 

and Ta (air temperature in K). Detailed CH4 production rates are given in the Appendix (Table 

A-1).  

 qPCR studies pMMO gene  

Soil samples (400 mg) from the CH4/N2O experiment 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 extraction, SL1 buffer and enhancer were 

chosen for extraction, and DNA was finally eluted in 40 µL PCR-grade water. Real-time 

quantitative PCR (qPCR) of pMMO genes was performed for the bacterial community for each 

treatment with three biological and three technical replicates. The primer system 187f/650r 

were used. 110, 111 The DNA extracts were diluted 10-fold and the DNA amplification was 

monitored on a Bio-Rad CFX1000 real-time PCR machine. The quantification was performed 

in a total volume of 10 µL using 5.0 µL SYBR® Green Master Mix (BioRad, USA), 0.4 µL of the 

forward and reverse primer, respectively; 3.2 µL PCR-H2O and 1 µL of the ten-fold diluted 

DNA. The fragments of bacterial pMMO genes were amplified using were amplified using an 

an initial denaturation phase (2 min), followed by 44 cycles (i) at 95 °C (10s), (ii) annealing at 

59 °C (45 s), and (iii) elongation for by 45 s at 65.0 °C. Standard curves were generated using 

serial dilutions ranging from 108 to 103 gene copies per reaction, provided as linearized 

plasmids that contained cloned pMMO genes of bacteria (R2 > 0.8). The correct PCR product 

length was verifed by obtaining a melting curve in the temperature range 65 – 95°C. 

 Statistics   

Statistical analysis was performed with three biological replicates. Statistical analysis of the 

measured GC gas concentrations was performed on the calculated CH4 production rates via 

two-way analysis of variance (ANOVA), assessing the factors day and treatment at each time 

point evaluated using the Tukey HSD post-hoc test with a significance level of P < 0.05. All 

results are reported as mean values ± standard error of the mean. 
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5.3.3 Results and Discussion  

Amongst all tested soils, soil C showed the highest activity in methanotrophic organisms 

and a clear signal of methane uptake (R2 > 0.9), whereas soil B, D and E did not correlate 

in a linear decrease of CH4 uptake over the course of the experiment and will therefore 

not be included in the following discussion.  

Throughout the experiment the untreated (H2O only) soil C showed a CH4 uptake rate with 

an average of 1.2 µg g-1 soil h-1, whereas fertilised soils showed a reduced uptake rate by 

50% (Figure 16). This is not unexpected, as NH3 is an alternative substrate of pMMO and 

acts therefore as an competitive inhibitor of CH4. 60 When comparing the uninhibited with 

inhibited soil treated with MPT and DMP, a significant difference (P = 0.02) was only 

observed from day five onwards for the highest application rate of MPT, which inhibited 

the uptake by 40%. All other remaining treatments showed a reduced, however, not 

statistically significant (P > 0.05) reduction of CH4 uptake. At the highest application rate 

of DMP a significantly reduced CH4-C uptake rate after 14 days onwards was found (P = 

0.004). Previously, it has been reported that DMP has the reverse effect by increasing CH4 

uptake, however this was not observed in this experiment.102, 112 As NH3 is already a 

“(competitive) inhibitor” of CH4, the effect of inhibitors was expected to add up to the NH3 

effect. Interestingly, the addition of SNI was not to the same extend as observed for N2O 

(Chapter 5.2, Figure 4). Although it was observed that DMP at the highest concentration 

showed a significant inhibition at a later time point (day 17) than MPT, it can be concluded 

that both NI inhibit the CH4 uptake to some extent. It is believed that the inhibition could 

correlate with the dependence of the N and C cycle (Chapter 1.2), especially in case of 

MPT, which effectively reduced the N2O production rate up to 100% for the whole 

duration of the experiment. By inhibiting the nitrification, NH3 is retained in soil; and 

consequently, the CH4 uptake could have been impacted by the high NH3 availability. The 

time dependent ascending inhibitory effect could be an indication for a secondary 

inhibitory effect rather than a primary irreversible inhibition like observed in the N2O 

studies (Chapter 5.2, Figure 4). It can be concluded that DMP and MPT inhibited pMMO 

and thus CH4 uptake not to the same extent as the AMO, given that the inhibition was time 

dependent and only observed at the higher concentrations of the inhibitor treatments.   
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Figure 16: Calculated CH4 uptake rates in µg g-1 soil h-1 for the days 1, 3, 5, 7, 14 and 21 

of soil C (pH = 5.5) as this was the soil with the highest CH4 uptake dynamics for soil D 

(specifications can be found in SI-4 Table 6). The ‘untreated’ soil contains only water as 

an ‘additive’. The fertiliser treatment contained N fertiliser ((NH4)2SO4 at an application 

rate of 50 mg kg-1 soil). Inhibitor treatments were applied at three concentrations (0.5 

mol%, 2.5 mol% and 5 mol% of applied N), respectively, in addition to the fertiliser. 

Experimental details can be found in ‘Material and Methods’ in section 4. Each data bar 

was calculated from three biological replicates.  

 

Similar to the amoA qPCR in the manuscript in Chapter 5.2, a quantitative real-time PCR 

with soil C was performed to determine the abundancies of the bacterial pMMO gene 

with the highest concentration of 5 mol% for DMP and MPT, which were compared with 

the copy numbers with untreated and uninhibited soils. As the SNI effect comes “on top” 

of the NH3 inhibition, significant changes (P < 0.05) of the fertilised treatment were 

compared with the fertilised and inhibited treatments ranging an average copy number 

of pMMO genes of 6.3 x 105 - 9.2 x 105. Although the methane uptake was inhibited, the 

growth rate of methanotrophic was not impacted.  

Table 2.  Bacterial pMMO gene copies of the ‘untreated’, ‘fertilised’, and ‘fertilised + 

DMP/MPT treated’ soil of soil C (pH = 5.5).a 

 Untreated Fertiliser only  DMP  MPT  

pMMO gene copy g-1 soil 9.2 x 105 ± 

5.5 x 104 

7.6 x 105 ± 

4.0 x 104 

6.3 x 105 ± 

4.4 x 104 

8.4 x 105 ± 

9.4 x 104 
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a Detailed soil specifications are listed in SI-4 Table 6. ‘Untreated’ soil contained only 

deionized water as an ‘additive’. The fertiliser treatment contained N fertiliser ((NH4)2SO4 

at an application rate of 50 mg kg-1 soil. Inhibitor treatments were performed for the 

highest application rate of 5 mol% of applied N in addition to the fertiliser to determine 

maximum effect. Data was obtained on day 22 of incubation. Experimental details can be 

found in Chapter 5.3.2. Each data bar was calculated from three technical and three 

biological replicates.  

 

Although the pMMO production was inhibited, a significantly reduced copy number of 

methanotrophic organism was not observed. Consequently, both inhibitors seem not to 

inhibit methanotrophic growth, but impact their activity. As methanotrophic organisms 

are scavengers of atmospheric CH4, their reduced growth could potentially have an impact 

on methane emissions from agricultural fields.  

5.3.4 Conclusion   

This sub-chapter summarised the discovery and development of the irreversible SNI MPT.  

Due to the evolutionary similarity of AMO and pMMO, the effect of MPT on the latter was 

determined via GHG studies, where it was shown that the pMMO was not inhibited to the 

same extent as the AMO. Thus, it appears that the pMMO inhibition is a secondary effect of 

AMO inhibition. The qPCR studies showed an initial effect on the nitrifier community with up 

to 40% reduced cell numbers of amoA bacteria and archaea; however, no reduced cell 

numbers for pMMO-containing bacteria were observed. In an agricultural field, the natural 

balance of soil organisms is disturbed over a prolonged time.113 Therefore, the long-time 

effects of MPT on the soil population will need to be determined by soil microbiologists  to 

understand long-term effects of MPT on the soil population.  
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Chapter 6:  Conclusion and outlook 

 

This doctoral thesis provided crucial scientific results to develop, test and design new SNIs. 

In Chapter 2, a rapid, inexpensive, and accessible assay was developed that requires minimal 

microbiological skills and resources to grow, harvest and assay AOB against potential new 

SNI. This assay enabled efficient SAR studies of SNIs and identification of the most potent 

structures. In total, 20 4,5-disubstituted 1,2,3-triazoles were tested with the assay, and four 

compounds showed promising inhibitory results. In fact, a 4-nitrile substituted 1,2,3-triazole 

showed quantitatively reduced nitrification. The five compounds will be fed into the pipeline 

of agronomy testings to determine performance in soil, plant yield, ecotoxicology and 

formulation.  

 

In-depth studies with AOB were performed to determine the biochemical parameters of the 

commercial SNIs DMP and DCD for the first time. Not only did this provide information about 

the current status of currently available SNIs, but it also provided a fundamental knowledge 

of the ‘gold standard’ compounds. This information can be taken as a guideline to improve 

the performance of future SNI. In summary, DMP and DCD have been demonstrated to be 

selective inhibitors of AMO and have minimal impact on HAO activity. Their inhibition mode 

is uncompetitive, requiring substrate binding for the inhibitor binding. Both inhibitors have 

been shown to bind reversibly, as their binding was reverted when washing cells repeatedly 

with NaPB. In addition, the bacterial viability stain showed that DCD showed higher toxicity 

at increased concentrations.  

 

1,4-Disubstituted 1,2,3-triazoles are a new class of NI reported by Taggert et al. Although soil 

incubation studies showed promising results and excellent nitrification inhibitory properties, 

their biochemical parameters have not been determined yet. Therefore, five 1,4-

disubstituted 1,2,3-triazoles with varying functional groups in position 1 were tested similarly 

to DMP and DCD to determine their inhibitory efficacy with AOB. It was found that including 

functional groups was detrimental, and for 1,4-dialkyl substituted 1,2,3-triazoles, the 

inhibitory effect was proportional to the increased lipophilicity. In-depth studies with AOB 
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revealed that these 1,4-disubstituted 1,2,3-triazoles act as non-competitive, reversible 

inhibitors, which indicates that their binding site differs from DMP and DCD. Due to two 

adjacent N in the structure, chelating properties could not be excluded as the AMO contains 

various metal sites. The lipophilicity could have potentially facilitated access to the 

membrane-embedded metal site.  

 

Considering the information above, a new binding mode for SNI was explored. Irreversible 

inhibitors are not well-studied as the only known compounds are highly-flammable (C2H2) or 

irritating and toxic (phenylacetylene). Therefore, including an alkynyl group in a 

heteroaromatic framework was explored. MPT was synthesised via a reported route that did 

not require the conventional azide, metal and halogens to form the 1,2,3-triazole scaffold. It 

is an easy, accessible, and economically beneficial synthesis route than the synthesis of DMP 

(see Chapter 2). MPT has shown the ability to inhibit AMO irreversibly. Including the alkynyl 

group does not automatically result in an irreversible inhibitor, as the derivative 1-(but-3-yn-

1-yl)-4-propyl-1H-1,2,3-triazole showed no inhibitory properties. MPT has shown excellent 

nitrification inhibitory properties, pH independence and high stability tested in four German 

and one Australian soil. NH4
+ was retained quantitively over 21 days in Australian acidic soil. 

The mineral-N experiment with DMP and MPT clearly showed that the SNI failed to perform 

in acidic soils, clearly showing the advantage of MPT. Moreover, measured N2O production 

rate showed that MPT at a ten-time lower concentration than DMP had a lower N2O 

production rate. Compared to fertilised-only soil, MPT-treated soil showed up to 100% 

suppression of N2O production over the entire experiment (21 days).   

Future work includes agronomy testing, ecotoxicology (long-term and short-term) and 

upscaling of the MPT production. The agronomy tests will include greenhouse studies with 

plants to determine root and shoot length, crop yield, grain number and rhizosphere 

screening. Moreover, the optimal fertiliser to MPT ratio will be determined in field 

experiments. MPT inhibits NH3 uptake for at least 21 days (Chapter 5.2.4), which might result 

in a considerable reduction of fertiliser when applied with MPT. Moreover, chemical 

engineers will work on MPT + Urea coatings to design slow-release systems to ensure 

extended inhibitor release. Degradation studies on MPT will be performed to determine 

stability upon UV and extreme temperature exposure. Most importantly, to commercialise 

MPT, ecotoxicology studies will be outsourced by specialised (good lab practice) GLP 
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laboratories that certify the compatibility of MPT in terrestrial and aquatic systems. Once all 

these factors have been determined and have provided positive results, MPT will be 

commercialised and help to tackle the challenge of food production and environmental 

pollution in agriculture.  
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Chapter 7: Experimental section 

Chemicals  

All aldehydes, benzothiazole (C7H5NS), α-bromoethyl acetate (C4H7BrO2), ammonium 

molybdate (Mo7O24N6H24), hydrogen peroxide solution 30 w/w% (H2O2), sodium azide 

(NaN3), L-proline  (C5H9NO2) dimethyl sulfoxide (DMSO, (CH3)2SO), sodium sulfate (Na2SO4), 

petroleum spirits (boiling range 40 ꟷ60°C) and deuterated chloroform (chloroform-d, CDCl3) 

was purchased from Sigma Aldrich. Dichloromethane (CH2Cl2), ammonium acetate 

(C2H7NO2), triethylamine (C2H5)3N, ethyl acetate (C3H8CO2), and methanol (CH4O) was 

obtained from ChemSupply Australia. 1-dimethoxypropan-2-one (C5H10O3), propargyl amine 

(C3H5N), propyl amine (C3H9N) was obtained from AKSci.   

General methods 

 

Chromatography 

Preparative silica gel flash chromatography was performed using Davisil Chromatographic 

Silica Media LC60A 40-63 micron. The eluents were ethyl acetate (technical), cyclohexane 

(technical), dichloromethane (technical) and methanol (99%). Unless otherwise stated, 

reactions were monitored using thin layer chromatography (TLC) on commercial silica gel 60 

aluminium-backed plates coated with fluorescent indicator F254, purchased from Merck. 

Plates were visualised using UV light (254 nm) alone or in conjunction with ninhydrin, 

potassium permanganate or phosphomolybdic acid stains.  

NMR 

NMR spectra were recorded on a Varian INOVA or Agilent instrument, with operating 

frequencies of 400 MHz and 500 MHz for 1H NMR, and 101 MHz and 126 MHz, respectively, 

for 13C NMR. Chemical shifts (δ) are expressed in ppm, with residual solvent peaks used as an 

internal reference (CDCl3 1H NMR = 7.26 ppm, 13C NMR = 77.16 ppm; (CD3)2SO 1H NMR = 2.50 

ppm, 13C NMR = 39.52 ppm). The following letters assign NMR peak multiplicities: s = singlet, 

d = doublet, t = triplet, p = pentet, h = hextet, m = multiplet, dd = doublet of doublets, ddd = 

doublet of doublet of doublets.  
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HRMS 

High resolution mass spectra (HRMS) were collected via electrospray ionisation (ESI) mass 

spectrometry, using either a Thermo Scientific Exactive Plus Orbitrap mass spectrometer or 

a Thermo hybrid LTQ-FTICR mass spectrometer (Thermo, Bremen, Germany) as indicated. 

Unless otherwise indicated, all MS spectra were acquired in the Positive Ion Mode.  

7.1 General Experimental Procedures 

7.1.1 General Procedure 1 for the One-Pot Multicomponent 

Synthesis of 4,5-Disubstituted-1,2,3-Triazoles100 (GP1) 

A solution of the synthesized Julia reagent precursor 21 (1.43 g, 5 mmol.), the respective 

aldehyde 22 (5.5 mmol), sodium azide (0.48 g, 7.5 mmol) and ammonium acetate (0.5 mmol, 

0.041 g) in methanol (10 mL, containing 5w/w% water) was stirred at 32 °C until consumption 

of the Julia reagent 21 was observed via HRMS (at least 4 hours). The reaction mixture was 

concentrated in vacuo. The crude oil was dissolved in ethyl acetate (50 mL), washed with 

water (3x 50 mL), dried over sodium sulphate, filtered, and concentrated under vacuum 

Purification by flash column chromatography (SiO2, ethyl acetate/petroleum spirits 2:1) and 

recrystallisation from hot heptane/ethyl acetate gave the 4,5-disubstituted 1,2,3-triazole as 

crystalline material. 

 

7.1.2 General Procedure 2 for the One-Pot Multicomponent 

Synthesis of 4,5-disubstituted-1,2,3-triazoles with L-proline114 

(GP2) 

 

To a solution of ethyl bromoacetate 19 (200 mg, 1.2 mmol) in DMSO (5 mL) was added 

dimethyl sulfide (112 mg, 1.8 mmol), and the mixture was stirred for 5 h at room 

temperature. The respective aldehyde 22 (1.8 mmol), sodium azide (117 mg, 1.8 mmol) and 
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L-proline (14 mg, 0.12 mmol) was added. The mixture was stirred at room temperature 

overnight. After complete conversion the starting material 19 was observed in the HRMS, the 

mixture was poured into ice water (10 mL) and extracted with ethyl acetate (3x 20 mL). The 

combined organic layers were dried over sodium sulfate and concentrated in vacuo.  

Purification by flash column chromatography (SiO2, ethyl acetate/petroleum spirits 2:1) and 

recrystallisation from hot heptane/ethyl acetate gave the 4,5-disubstituted 1,2,3-triazole as 

crystalline material. 

 

7.1.3 General Procedure 3 for the Metal-Azide-, and Halogen-Free 

Microwave Reaction of the Synthesis of 1,4-disubstituted-1,2,3-

triazoles 114 (GP3) 

1-Dimethoxypropan-2-one (50, 0.25 mL, 2.20 mmol) in methanol (5 mL) and 4-

methylbenzenesulfonohydrazide (51, 388 mg, 2.08 mmol) were stirred for 10 min in a 10 mL 

microwave tube (Biotage®, Sweden). After complete consumption of the starting material 

was observed via HRMS, a primary amine (2.29 mmol) and triethylamine (0.15 mL, 2.30 

mmol) were added, and the tube sealed. After 20 minutes at 120 °C and cooling to room 

temperature, the reaction mixture was concentrated in vacuo to afford an orange oil. The 

crude oil was extracted in a DCM and water (1:1) mixture (20 mL), and the aqueous layer was 

extracted additional three times with DCM. The combined organic fractions were washed 

with brine, dried over Na2SO4, concentrated in vacuo and purified via flash column 

chromatography (ethyl acetate: petroleum spirits (1:1)) to yield the desired 1,4-disubstituted 

1,2,3-triazole. 
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7.2 Synthesised Molecules   

 Ethyl 2-(benzothiazol-2-ylsulfonyl) acetate (21)  101 

Ethyl bromoacetate (19) (2.76 mL, 25 mmol) and triethyl amine (9.7 mL) were added to a 

solution of 2-mercaptobenzothiazole (18) (3.34 mg, 20 mmol) in dichloromethane (70 mL). 

The reaction mixture was stirred for 14 h at room temperature under an inert atmosphere. 

The solvent was evaporated in vacuo and diethyl ethyl ether (50 mL) and water (50mL) was 

added. The aqueous layer was extracted two times with diethyl ethyl ether (50 mL) and dried 

over sodium sulphate. The ether was removed in vacuo to give ethyl 2-(benzothiazole2-

ylthio) acetate 20 as yellow oil (quantitative yield), which was directly used in the next step 

upon crystallisation.  Ammonium molybdate (1.05 g, 0.84 mmol) and aqueous hydrogen 

peroxide 30% (6.45 mL, 0.66 mmol.) were added to 20 in ethanol (25 mL) at 0 ⁰C. The reaction 

mixture was stirred for 48h at room temperature and concentrated under vacuum. The crude 

reaction oil was dissolved in ethyl acetate (50 mL) and washed with water (2x 50 mL) and 

brine (2x 50 mL), dried over anhydrous sodium sulfate and concentrated in vacuo. Upon 

addition of chloroform the ethyl 2-(benzothiazol-2-ylsulfonyl) acetate (21) slowly crushed out 

as colourless needles (2.96 g, 52%).  1H NMR (400 MHz, CDCl3) δ 8.26 – 8.19 (m, 1H, aromatic–

H), 8.06 – 7.98 (m, 1H, aromatic–H), 7.69 – 7.56 (m, 2H, aromatic–H), 4.56 (s, 2H, S–CH2), 

4.17 (q, J = 7.1 Hz, 2H, O–CH2), 1.17 (t, J = 7.1 Hz, 3H, CH3).13C NMR (101 MHz, CDCl3) δ 164.9 

(carbonyl-C), 161.6 (aromatic-C), 152.4 (aromatic-C), 136.9 (aromatic-C), 128.2 (aromatic-C), 

127.7 (aromatic-C), 125.5 (aromatic-C), 122.3 (aromatic-C), 62.7 (aliphatic-C), 58.7 (aliphatic-

C), 13.7 (aliphatic-C). ESI-HRMS calc. for C11H12NO4S2 [M+H]+: 286.0201; found 286.0203.  
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Ethyl 5-ethyl-2H-1,2,3-triazole-4-carboxylate (25)   

Ethyl-5-ethyl-2H-1,2,3-triazole-4-carboxylate (25) was synthesised following GP1. Colourless 

crystals, yield: 540 mg, 63%. 1H NMR (500 MHz, CDCl3) δ 4.44 (q, J = 7.2 Hz, 2H, aliphatic–H), 

3.07 (q, J = 7.6 Hz, 2H, aliphatic–H), 1.40 (td, J = 7.1, 0.8 Hz, 3H, aliphatic–H), 1.33 (t, J = 7.6 

Hz, 3H, aliphatic–H). 13C NMR (126 MHz, CDCl3) δ 161.5 (carbonyl-C), 148.6 (aromatic-C), 

134.6 (aromatic-C), 61.3 (aliphatic–C), 18.2 (aliphatic–C), 14.2 (aliphatic–C), 13.0 (aliphatic–

C). ESI-HRMS calc. for C7H12N2O3 [M+H]+: 170.0925; found 170.0925.  

Ethyl 5-isopropyl-2H-1,2,3-triazole-4-carboxylate (26)  

Ethyl 5-isopropyl-2H-1,2,3-triazole-4-carboxylate (26) was synthesised following GP1. 

Colourless crystals, yield: 600 mg, 66%. Identity of the product was confirmed by comparison 

with literature NMR spectra.100 1H NMR (400 MHz, CDCl3) δ 4.44 (q, J = 7.2 Hz, 2H, aliphatic–

H), 3.67 (p, J = 7.0 Hz, 1H, aliphatic–H), 1.41 (dd, J = 7.7, 6.7 Hz, 3H, aliphatic–H), 1.36 (dd, J 

= 7.0, 1.0 Hz, 6H, aliphatic–H). 13C NMR (126 MHz, CDCl3) δ 161.6 (carbonyl–C), 152.5 (broad, 

aromatic C), 134.1 (broad, aromatic–C), 61.1 (CH2–CH3), 24.8 (aliphatic–C), 21.6 (aliphatic–

C), 14.1 (aliphatic–C). ESI-HRMS calc. for C8H14N3O2 [M+H]+: 184.1081; found 184.1081. 

Ethyl 5-propyl-2H-1,2,3-triazole-4-carboxylate (27)  

Ethyl 5-propyl-2H-1,2,3-triazole-4-carboxylate (27) was synthesised following GP1 with 2 

mmol limiting reagent (ethyl bromoacetate 19) and adjusted equivalents of reactants. 

Colourless crystals, yield: 227 mg, 62%.  1H NMR (400 MHz, CDCl3) δ 4.40 (q, J = 7.1 Hz, 2H, 

aliphatic–H), 3.01 (t, J = 7.7 Hz, 2H, aliphatic–H), 1.72 (h, J = 7.4 Hz, 2H, aliphatic–H), 1.35 (t, 

J = 7.1 Hz, 3H, aliphatic–H), 0.93 (t, J = 7.4 Hz, 3H, CH3). 13C NMR (101 MHz, CDCl3) δ 161.6 

(carbonyl-C), 146.2 (aromatic-C, broad peak), 135.1 (aromatic-C), 61.2 (aliphatic-C), 26.0 

(aliphatic-C), 22.1 (aliphatic-C), 14.1 (aliphatic-C), 13.6 (aliphatic-C). HRMS calc. for C8H14N3O2 

[M+H]+: 184.1081; found 184.1080. 
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Ethyl 5-cyclohexyl-2H-1,2,3-triazole-4-carboxylate (28) 

Ethyl 5-cyclohexyl-2H-1,2,3-triazole-4-carboxylate (28) was synthesised following GP1 with 2 

mmol starting material (ethyl bromoacetate 19) and adjusted equivalents of reactants. 

Yellow crystals, yield: 10 mg, 2%. The low yield was due to incorrect storage of the aldehyde, 

which resulted in oxidation to the carboxylic acid. 1H NMR (500 MHz, CDCl3) δ  4.40 (tt, J = 

11.9, 3.8 Hz, 1H, aliphatic–H), 4.30 (q, J = 7.1 Hz, 2H, aliphatic–H), 2.24 – 2.10 (m, 2H, 

aliphatic–H), 1.91 (dt, J = 14.2, 3.6 Hz, 2H, aliphatic–H), 1.82 – 1.64 (m, 3H, aliphatic–H), 1.44 

(qt, J = 13.0, 3.5 Hz, 2H, aliphatic–H), 1.26 (qt, J = 12.9, 3.8 Hz, 1H, aliphatic–H), 1.25 (t, J = 

7.1 Hz, 3H, aliphatic–H). 13C NMR (126 MHz, CDCl3) δ 161.2 (carbonyl-C), 129.9 (aromatic-C), 

118.7 (aromatic-C), 61.3 (aliphatic -C), 33.6 (aliphatic-C), 25.2 (aliphatic-C), 25.1 (aliphatic-C), 

14.4 (aliphatic -C), 10.9 (aliphatic-C). HRMS calc. for C11H18N3O2 [M+H]+: 224.1934; found 

224.1932. 

Ethyl 5-pentyl-2H-1,2,3-triazole-4-carboxylate (29)  

Ethyl 5-pentyl-2H-1,2,3-triazole-4-carboxylate (29) was synthesised following GP1 with 1 

mmol staring material 2 mmol limiting reagent (ethyl bromoacetate 19) and adjusted 

equivalents of reactants. Colourless crystals, yield: 206 mg, 97%. 1H NMR (400 MHz, CDCl3) δ 

4.41 (q, J = 7.1 Hz, 2H, aliphatic– H), 3.03 (t, J = 7.8 Hz, 2H, aliphatic– H), 1.69 (dd, J = 10.7, 

4.8 Hz, 2H, aliphatic– H), 1.36 (t, J = 7.1 Hz, 3H, aliphatic– H), 1.30 (h, J = 3.2 Hz, 4H, aliphatic– 

H), 0.85 (d, J = 6.8 Hz, 3H, aliphatic– H). 13C NMR (101 MHz, CDCl3) δ 161.7 (carbonyl-C), 147.2 

(aromatic-C, broad), 135.1 (aromatic-C), 61.3 (aliphatic-C), 31.4 (aliphatic-C), 28.6 (aliphatic-

C), 24.4 (aliphatic-C), 22.3 (aliphatic-C), 14.2 (aliphatic-C), 13.9 (aliphatic-C). HRMS calc. for 

C10H18N3O2 [M+H]+: 212.1394; found 212.1394. 
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Ethyl 5-phenyl-2H-1,2,3-triazole-4-carboxylate (30)  

Ethyl 5-phenyl-2H-1,2,3-triazole-4-carboxylate (30) was synthesised following GP1. 

Colourless crystals, yield: 781 mg, 72%. Identity of the product was confirmed by comparison 

with literature NMR spectra. 100  1H NMR (600 MHz, CDCl3) δ 7.83 (dd, J = 6.6, 3.1 Hz, 2H, 

aromatic–H), 7.45 (q, J = 3.2, 2.7 Hz, 3H, aromatic–H), 4.41 (q, J = 7.1 Hz, 2H, aliphatic–H), 

1.35 (t, J = 7.2 Hz, 3H, aliphatic–H). 13C NMR (101 MHz, CDCl3) δ 161.4 (carbonyl-C), 145.4 

(aromatic-C), 134.7 (aromatic-C), 129.8 (aromatic-C), 129.6 (aromatic-C), 129.0 (aromatic-C), 

128.7 (aromatic-C), 61.2 (aliphatic-C), 14.4 (aliphatic-C). ESI-HRMS calc. for C11H12N3O2 

[M+H]+: 218.0924; found 218.0923. 

Ethyl 5-(4-cyanophenyl)-2H-1,2,3-triazole-4-carboxylate (31)  

Ethyl 5-(4-cyanophenyl)-2H-1,2,3-triazole-4-carboxylate (31) was synthesised following GP1 

with 2 mmol limiting reagent (ethyl bromoacetate 19) and adjusted equivalents of reactants. 

Identity of the product was confirmed by comparison with literature NMR spectra. 100  

Colourless crystals, yield: 185 mg, 65%. 1H NMR (400 MHz, CDCl3) δ 8.27 (d, J = 1.7 Hz, 1H, 

aromatic–H), 8.20 (dt, J = 7.9, 1.5 Hz, 1H, aromatic–H), 7.74 (dt, J = 7.7, 1.5 Hz, 1H, aromatic–

H), 7.59 (t, J = 7.9 Hz, 1H, aromatic–H), 4.47 (q, J = 7.1 Hz, 2H, aliphatic-H), 1.42 (t, J = 7.1 Hz, 

3H, aliphatic-H). 13C NMR (101 MHz, CDCl3) δ 160.3 (carbonyl-C), 146.7 (aromatic-C), 133.5 

(aromatic-C), 132.9 (aromatic-C), 132.7 (aromatic-C), 130.3 (aromatic-C), 129.1 (aromatic-C), 

118.4 (aromatic-C), 112.6 (aromatic-C), 62.2 (aliphatic-C), 14.1 (aliphatic-C). ESI-HRMS calc. 

for C12H11N4O2 [M+H]+: 243.0877; found 243.0876. 

Ethyl 5-(3-chlorophenyl)-2H-1,2,3-triazole-4-carboxylate (32)  

Ethyl 5-(3-chlorophenyl)-2H-1,2,3-triazole-4-carboxylate (32) was synthesised following GP1 

with 2 mmol starting material 2 mmol limiting reagent (ethyl bromoacetate 19) and adjusted 

equivalents of reactants. Identity of the product was confirmed by comparison with 
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literature NMR spectra. 100   Yellow crystals, yield: 270 mg, 54%. 1H NMR (400 MHz, CDCl3) δ 

7.89 (t, J = 1.8 Hz, 1H, aromatic–H)), 7.77 (dt, J = 7.2, 1.6 Hz, 1H, aromatic–H)), 7.46 – 7.33 

(m, 2H, aromatic–H)), 4.45 (q, J = 7.1 Hz, 2H, aliphatic–H)), 1.38 (t, J = 7.1 Hz, 3H, aliphatic–

H)). 13C NMR (101 MHz, CDCl3) δ 160.7 (aromatic-C), 146.6 (aromatic-C), 134.1 (aromatic-C), 

130.2 (aromatic-C), 129.5 (aromatic-C-broad), 129.5 (aromatic-C-broad), 129.3 (aromatic-C-

broad, 2C), 127.4 (aromatic-C), 62.0 (aliphatic-C), 14.0 (aliphatic-C). HRMS calc. for 

C11H11
35ClN3O2 [M+H]+: 252.0534; found 252.0534. 

Ethyl 5-(2-fluorophenyl)-2H-1,2,3-triazole-4-carboxylate (33) 

Ethyl 5-(2-fluorophenyl)-2H-1,2,3-triazole-4-carboxylate (33) was synthesised following GP1 

with 1 mmol starting material 2 mmol limiting reagent (ethyl bromoacetate 19) and adjusted 

equivalents of reactants. Identity of the product was confirmed by comparison with 

literature NMR spectra. 100 Colourless crystals, yield: 91 mg, 37%. 1H NMR (400 MHz, CDCl3) 

δ 7.57 (td, J = 7.4, 1.8 Hz, 1H, aromatic–H), 7.40 (dddd, J = 8.3, 7.2, 5.2, 1.8 Hz, 1H, aromatic–

H), 7.18 (td, J = 7.6, 1.1 Hz, 1H, aromatic–H), 7.11 (ddd, J = 9.6, 8.3, 1.1 Hz, 1H, aromatic–H), 

4.33 (q, J = 7.1 Hz, 2H, aliphatic–H), 1.22 (t, J = 7.1 Hz, 3H , aliphatic–H). 13C NMR (126 MHz, 

CDCl3) δ 161.0 (carbonyl-C), 159.0 (aromatic-C), 141.0 (aromatic-C), 136.1 (aromatic-C), 131.5 

(aromatic-C), 131.3 (aromatic-C), 124.0 (aromatic-C), 116.5 (aromatic-C), 115.7 (aromatic-C), 

115.5 (aromatic-C), 61.7 (aliphatic-C), 13.8 (aliphatic-C). HRMS calc. for C11H11FN3O2 [M+H]+: 

252.0534; found 236.0835. 

Ethyl 5-(2-fluoro-5-methoxyphenyl)-2H-1,2,3-triazole-4-carboxylate (34)  

Ethyl 5-(2-fluoro-5-methoxyphenyl)-2H-1,2,3-triazole-4-carboxylate (34) was synthesised 

following GP1 with 1 mmol staring material 2 mmol limiting reagent (ethyl bromoacetate 19) 

and adjusted equivalents of reactants. Identity of the product was confirmed by comparison 

with literature NMR spectra. 100 1H NMR (400 MHz, CDCl3) δ 7.20 (dd, J = 5.8, 3.1 Hz, 1H, 
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aromatic–H), 7.09 (t, J = 9.2 Hz, 1H, aromatic–H), 7.01 – 6.92 (m, 1H aromatic–H), 4.39 (q, J 

= 7.1 Hz, 2H, aliphatic– H), 3.82 (s, 3H, aliphatic– H), 1.31 (t, J = 7.1 Hz, 3H, aliphatic– H). 13C 

NMR (151 MHz, CDCl3) δ 160.6 (carbonyl-C), 155.6 (aromatic-C), 155.4 (aromatic-C), 153.2 

(aromatic-C), 117.1 (aromatic-C), 117.1 (aromatic-C), 116.4 (aromatic-C), 116.2 (aromatic-C), 

115.5 (aromatic-C), 61.7 (aliphatic-C), 55.8 (aliphatic-C), 13.97 (aliphatic-C). HRMS calc. for 

C12H13FN3O3 [M+H]+: 266.0936; found 266.0936. 

Ethyl 5-(3-nitrophenyl)-2H-1,2,3-triazole-4-carboxylate (35)  

Ethyl 5-(3-nitrophenyl)-2H-1,2,3-triazole-4-carboxylate (35) was synthesised following GP1 

with 1 mmol staring material 2 mmol limiting reagent (ethyl bromoacetate 19) and adjusted 

equivalents of reactants. Identity of the product was confirmed by comparison with 

literature NMR spectra. 100  Colourless crystals, yield: 240 mg, 91%. 1H NMR (400 MHz, CDCl3) 

δ 8.87 (t, J = 1.9 Hz, 1H, aromatic–H), 8.31 (dd, J = 8.1, 2.0 Hz, 2H, aromatic–H), 7.66 (t, J = 

8.0 Hz, 1H, aromatic–H), 4.47 (p, J = 7.1 Hz, 2H, aliphatic–H), 1.41 (t, J = 7.1 Hz, 3H, aliphatic–

H). 13C NMR (101 MHz, CDCl3) δ 160.3 (carbonyl-C), 148.1 (aromatic-C), 146.6 (aromatic-C), 

135.1 (aromatic-C), 130.7 (aromatic-C), 129.3 (aromatic-C), 124.4 (aromatic-C), 124.1 

(aromatic-C), 62.3 (aliphatic-C), 14.1 (aliphatic-C). HRMS calc. for C4H11N4O4 [M+H]+: 

263.0775; found 263.0775. 

Ethyl 5-(4-nitrophenyl)-2H-1,2,3-triazole-4-carboxylate (36)  

Ethyl 5-(4-nitrophenyl)-2H-1,2,3-triazole-4-carboxylate (36) was synthesised following GP1 

with 1 mmol staring material 2 mmol limiting reagent (ethyl bromoacetate 19) and adjusted 

equivalents of reactants. Identity of the product was confirmed by comparison with 

literature NMR spectra. 100  Colourless crystals, yield: 140 mg, 53%.1H NMR (400 MHz, DMSO-

d6) δ 8.30 (d, J = 8.4 Hz, 2H, aromatic–H), 8.06 (d, J = 8.4 Hz, 2H, aromatic–H), 4.29 (q, J = 7.1 
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Hz, 2H, aliphatic–H), 1.24 (t, J = 7.1 Hz, 3H, aliphatic–H). 13C NMR (101 MHz, DMSO-d6) δ 

160.8 (carbonyl-C), 148.0 (aromatic-C), 144.8 (aromatic-C), 135.9 (aromatic-C), 130.7 

(aromatic-C), 123.7 (aromatic-C), 61.6 (aliphatic-C), 14.3 (aliphatic-C). HRMS calc. for 

C4H11N4O4 [M+H]+: 263.0775; found 263.07756. 

Ethyl 5-(4-methoxyphenyl)-2H-1,2,3-triazole-4-carboxylate (37)  

Ethyl 5-(4-methoxyphenyl)-2H-1,2,3-triazole-4-carboxylate (37) was synthesised following 

GP1 with 1 mmol limiting reagent (ethyl bromoacetate 19) and adjusted equivalents of 

reactants. Identity of the product was confirmed by comparison with literature NMR spectra. 

100  Colourless crystals, yield: 178 mg, 72%. 1H NMR (400 MHz, CDCl3) δ 7.99 – 7.62 (m, 2H, 

aromatic–H), 7.07 – 6.83 (m, 2H, aromatic–H), 4.36 (q, J = 7.1 Hz, 2H, aliphatic–H), 3.82 (s, 

3H, aliphatic–H), 1.29 (t, J = 7.1 Hz, 3H, aliphatic–H). 13C NMR (101 MHz, CDCl3) δ 161.3 

(carbonyl-C), 160.8 (aromatic-C), 145.5 (aromatic-C), 133.5 (aromatic-C), 130.7 (aromatic-C), 

113.9 (aromatic-C), 61.6 (aliphatic-C), 55.4 (aliphatic-C), 14.1 (aliphatic-C). HRMS calc. for 

C12H114N3O3 [M+H]+: 248.1030; found 248.1030. 

Ethyl 5-(thiophen-3-yl)-2H-1,2,3-triazole-4-carboxylate (38)   

Ethyl 5-(thiophen-3-yl)-2H-1,2,3-triazole-4-carboxylate (38) was synthesised following GP1. 

Identity of the product was confirmed by comparison with literature NMR spectra. 100  Brown 

crystals, yield: 120 mg, 10%. 1H NMR (400 MHz, CDCl3) δ 8.32 (dd, J = 3.1, 1.3 Hz, 1H, 

aromatic–H), 7.72 (d, J = 5.0 Hz, 1H, aromatic–H), 7.40 (dd, J = 5.1, 3.1 Hz, 1H, aromatic–H), 

4.48 (q, J = 7.1 Hz, 2H, aliphatic-H), 1.44 (t, J = 7.1 Hz, 3H, CH3). 13C NMR (151 MHz, CDCl3) δ 

161.0 (carbonyl-C), 128.2 (aromatic-C, broad peak), 127.7 (aromatic-C), 127.4 (aromatic-C), 

125.7 (aromatic-C), 61.8 (aliphatic-C), 14.1 (aliphatic-C). ESI-HRMS calc. for C11H12NO4S2 

[M+H]+: 224.0494; found 224.0489. 
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Ethyl 5-(pyridin-3-yl)-2H-1,2,3-triazole-4-carboxylate (39)  

Ethyl 5-(pyridin-3-yl)-2H-1,2,3-triazole-4-carboxylate (39) was synthesised following GP1 

with 1 mmol staring material (ethyl bromoacetate 19) and adjusted equivalents of reactants. 

Identity of the product was confirmed by comparison with literature NMR spectra. 100 

Colourless crystals, yield: 72 mg, 33%. 1H NMR (400 MHz, DMSO-d6) δ 9.32 – 8.79 (m, 1H, 

aromatic–H), 8.66 (dd, J = 4.8, 1.7 Hz, 1H, aromatic–H), 8.18 (dt, J = 8.0, 2.0 Hz, 1H, aromatic–

H), 7.53 (ddd, J = 7.9, 4.9, 0.9 Hz, 1H, aromatic–H), 4.30 (q, J = 7.1 Hz, 2H, aliphatic–H), 1.25 

(t, J = 7.1 Hz, 3H, aliphatic–H).13C NMR (101 MHz, DMSO-d6) δ 161.0 (carbonyl-C), 150.5 

(aromatic-C), 149.9 (aromatic-C), 143.4 (aromatic-C), 137.1 (aromatic-C), 134.8 (aromatic-C), 

126.2 (aromatic-C), 123.7 (aromatic-C), 61.4 (aliphatic-C), 14.4 (aliphatic-C). HRMS calc. for 

C10H11N4O2 [M+H]+: 219.0877; found 219.0877 

Ethyl 5-(pyridin-4-yl)-2H-1,2,3-triazole-4-carboxylate (40)  

Ethyl 5-(pyridin-4-yl)-2H-1,2,3-triazole-4-carboxylate (40) was synthesised following GP1 

with 1 mmol staring material (ethyl bromoacetate 19) and adjusted equivalents of reactants. 

Identity of the product was confirmed by comparison with literature NMR spectra. 100 

Colourless crystals, yield: 104 mg, 48%. 1H NMR (400 MHz, DMSO-d6) δ 8.31 ((m, 2H, 

aromatic–H), 7.95 – 7.63 (m, 2H, aromatic–H), 4.32 (q, J = 7.1 Hz, 2H, aliphatic–H), 1.27 (t, J 

= 7.1 Hz, 3H, aliphatic–H). 13C NMR (101 MHz, DMSO-d6) δ 160.9 (carbonyl-C), 150.2 

(aromatic-C), 144.3 (aromatic-C), 137.0 (aromatic-C), 134.6 (aromatic-C), 123.8 (aromatic-C), 

61.6 (aliphatic-C), 14.4 (aliphatic-C). HRMS calc. for C10H11N4O2 [M+H]+: 219.0877; found 

219.0877. 



153 
 

5-Phenyl-2H-1,2,3-triazole-4-carboxylic acid 118 (41) 

A solution of ethyl 5-phenyl-2H-1,2,3-triazole-4-carboxylate (41) (50 mg, 0.23 mmol) was 

dissolved in THF (10 mL) and cooled to 0°C. An ice-cold NaOH solution (100 mg in 5 mL H2O, 

0.5 M) was added dropwise and the mixture stirred at room temperature for 24 h. 1M HCl 

(approximately 5 mL) was added to neutralise the reaction. The solution was extracted with 

ethyl acetate (3x 30 mL), the combined organic fractions dried over sodium sulfate 

concentrated in vacuo. Purification by flash chromatography (SiO2, 

chloroform/methanol/triethylamine10:1:0.1) gave afford 41 as colourless powder (37 mg, 

85%). 1H NMR (500 MHz, Methanol-d4) δ 7.89 – 7.74 (m, 2H, aromatic–H), 7.46 (t, J = 3.4 Hz, 

3H, aromatic–H). 13C NMR ((101 MHz, DMSO-d6) δ 168.1 (carbonyl-C), 144.4 (aromatic-C), 

135.5 (aromatic-C), 129.5 (aromatic-C), 128.7 (aromatic-C), 127.4 (aromatic-C), 61.2 

(aliphatic-C), 14.6 (aliphatic-C). HRMS calc. for C9H7N3O2 [M+H]+: 190.0611; found 190.0613. 

5-Phenyl-2H-1,2,3-triazole-4-carbonitrile (42)  

5-Phenyl-2H-1,2,3-triazole-4-carbonitrile (42) was synthesised following GP2. Yellow 

crystals, yield: 90 mg, 44%. 1H NMR (400 MHz, DMSO-d6) δ 7.77 (d, J = 6.9 Hz, 2H, aromatic–

H), 7.51 – 7.31 (m, 3H, aromatic–H). 13C NMR (101 MHz, DMSO-d6) δ 173.6 (nitrile-C), 162.6 

(aromatic-C), 129.4 (aromatic-C), 128.7 (aromatic-C); triazole-C not detected. HRMS calc. for 

C9H7N4 [M+H]+: 171.0655; found 171.0655. 

Allyl 5-phenyl-2H-1,2,3-triazole-4-carboxylate (43) 

Allyl 5-phenyl-2H-1,2,3-triazole-4-carboxylate (43) was synthesised following GP2 with 6.5 

mmol starting material (ethyl bromoacetate 19) and adjusted equivalents of reactants. 

Colourless crystals, yield: 1.25 g, 83%. 1H NMR (500 MHz, CDCl3) δ 7.92 – 7.75 (m, 2H, 

aromatic–H), 7.44 (dt, J = 5.2, 1.8 Hz, 3H, aromatic–H), 6.04 – 5.85 (m, 1H, aromatic–H), 5.32 

(dt, J = 17.1, 1.6 Hz, 1H, vinylic–H), 5.24 (dt, J = 10.4, 1.6 Hz, 1H, vinylic –H), 5.01 – 4.70 (m, 
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2H, allylic–H). 13C NMR (126 MHz, CDCl3) δ 160.7 (carbonyl-C), 146.7 (aromatic-C), 134.0 

(aromatic-C), 131.3 (aromatic-C), 129.7 (aromatic-C), 129.2 (aromatic-C), 128.4 (aromatic-C), 

127.7 (vinylic-C), 119.3 (vinylic-C), 66.2 (allylic-C). HRMS calc. for C12H12N3O2 [M+H]+: 

230.0924; found 230.0924. 

(5-Phenyl-2H-1,2,3-triazol-4-yl)methanol 115 (44)  

To a solution of ethyl 5-phenyl-2H-1,2,3-triazole-4-carboxylate (44) (50 mg, 0.23 mmol) in 

toluene (20 mL), sodium bis(2-methoxyethoxy) aluminium hydride (Red-Al® ≥ 60 w/w% in 

toluene; 2 mL, 0.6 mmol) was added under an inert atmosphere, and the reaction was stirred 

18 h at room temperature. Water (20mL) was added, the pH of the suspension was adjusted 

to pH 2 with 1M HCl and extracted with ethyl acetate (3x 20 mL). The combined organic 

fractions were dried over sodium sulfate, concentrated and purified via silica gel 

chromatography (10:1 chloroform/methanol) to afford (5-phenyl-2H-1,2,3-triazol-4-

yl)methanol (44) as a crystalline solid (27 mg, 67%). Identity of the product was confirmed by 

literature NMR spectra.116 1H NMR (500 MHz, CD3OD) δ 7.84 – 7.74 (m, 2H, aromatic–H), 7.48 

(td, J = 7.3, 6.3, 1.4 Hz, 2H, aromatic–H), 7.43 – 7.36 (m, 1H, aromatic–H), 4.80 (s, 2H, 

aliphatic–H). 13C NMR (126 MHz, DMSO-d6) δ 130.6 (aromatic-C, broad 2C), 129.3 (aromatic-

C), 128.5 (aromatic-C), 127.4 (aromatic-C), 127.1 (aromatic-C), 54.1 (aliphatic -C). HRMS calc. 

for C9H10N3O [M+H]+: 176.0818; found 176.0818. 

4-Methyl-1-(prop-2-yn-1-yl)-1H-1,2,3-triazole (54, MPT) 

4-Methyl-1-(prop-2-yn-1-yl)-1H-1,2,3-triazole (54) was synthesised following GP3. Yellow oil, 

yield: 215 mg, 80%. 1H NMR (500 MHz, CDCl3) δ 7.50 (s, 1H, triazole-H), 5.11 (d, J = 2.6 Hz, 2H, 

aliphatic-H), 2.54 (t, J = 2.6 Hz, 1H, alkyne-H), 2.34 (s, 3H, aliphatic-H). 13C NMR (126 MHz, 

CDCl3) δ 143.7 (aromatic-C), 120.8 (aromatic-C), 76.1 (broad, 2C, alkyne-C), 39.5 (aliphatic-C), 

10.8 (aliphatic -C). HRMS calc. for C6H8N3 [M+H] +: 122.0713; found 122.0713. 
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Allyl 2-bromoacetate 117 (55) 

A suspension of allyl alcohol (1.4 mL, 20 mmol) and dipotassium carbonate (5.5 g, 20 mmol) 

were dissolved in dichloromethane (10 mL) and cooled to 0°C. Bromoacetyl bromide (2.6 mL, 

30 mmol) was added dropwise, and the reaction mixture was stirred for 2 hr at room 

temperature. Water (10 mL) was added to quench the reaction. The organic layer was 

separated, and the aqueous layer extracted with dichloromethane (2x10 mL). The combined 

organic layers were dried over sodium sulfate and concentrated in vacuo.  The crude oil was 

purified via silica gel flash chromatography (ethyl acetate / petroleum spirits (2:1) to afford 

allyl 2-bromoacetate (55) as a brown oil (1.15 g, 32%). 1H NMR (500 MHz, CDCl3) δ 5.9 (ddt, J 

= 17.1, 10.4, 5.8 Hz, 1H, vinylic-H), 5.3 (dq, J = 17.1, 1.5 Hz, 1H, 1H, vinylic-H), 5.2 (dq, J = 10.5, 

1.3 Hz, 1H, vinylic-H), 4.64 (dt, J = 5.8, 1.4 Hz, 2H, allylic-H), 3.84 (s, 2H, aliphatic-H). 13C NMR 

(126 MHz, CDCl3) δ 166.8 (carbonyl-C), 131.2 (allylic-C), 119.1 (allylic-C), 66.7 (aliphatic-C), 

25.7 (aliphatic-C). HRMS calc. for C5H8BrO2 [M+H]+: 178.9703; found 178.9703. 

1-Cyclohexyl-4-methyl-1H-1,2,3-triazole (56) 

1-Cyclohexyl-4-methyl-1H-1,2,3-triazole (56) was synthesised following GP3. Colourless 

crystals, yield: 180 mg, 50%.  1H NMR (500 MHz, CDCl3) δ 7.26 (d, J = 1.6 Hz, 1H, aromatic-H), 

4.40 (tt, J = 11.9, 3.8 Hz, 1H, aliphatic-H), 2.34 (d, J = 0.8 Hz, 3H, aliphatic-H), 2.24 – 2.10 (m, 

2H, aliphatic-H), 1.91 (dt, J = 14.2, 3.6 Hz, 2H, aliphatic-H), 1.82 – 1.64 (m, 3H, aliphatic-H), 

1.44 (qt, J = 13.0, 3.5 Hz, 2H, aliphatic-H), 1.26 (qt, J = 12.9, 3.8 Hz, 1H, aliphatic-H). 13C NMR 

(126 MHz, CDCl3) δ 142.8 (aromatic-C), 118.7 (aliphatic -C), 59.8 (aliphatic -C), 33.6 (aliphatic 

-C), 25.2 (aliphatic -C), 25.1 (aliphatic -C), 10.9 (aliphatic -C). HRMS calc. for C4H16N3 [M+H]+: 

165.1399; found 165.1398. 
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4-Methyl-1-propyl-1H-1,2,3-triazole (57) 

4-Methyl-1-propyl-1H-1,2,3-triazole (57) was synthesised following GP3. Yellow oil, yield: 208 

mg, 76%. 1H NMR (500 MHz, CDCl3) δ 7.26 (d, J = 1.6 Hz, 1H, aromatic-H),4.25 (t, J = 7.1 Hz, 

2H, aliphatic-H), 2.32 (d, J = 0.8 Hz, 3H, aliphatic-H), 1.89 (hep, J = 7.4 Hz, 2H, aliphatic-H), 

0.92 (t, J = 7.4 Hz, 3H, aliphatic-H). 13C NMR (126 MHz, CDCl3) δ 142.8 (aromatic-C), 118.7 

(aliphatic -C), 59.8 (aliphatic -C), 33.6 (aliphatic -C), 25.2 (aliphatic -C), 25.1 (aliphatic -C), 10.9 

(aliphatic -C). HRMS calc. for C6H12N3 [M+H]+: 126.1026; found 126.1024. 

1-(tert-Butyl)-4-methyl-1H-1,2,3-triazole (58) 

1-(tert-butyl)-4-methyl-1H-1,2,3-triazole (58) was synthesised following GP3. Yellow oil, yield: 

160 mg, 52%. 1H NMR (500 MHz, CDCl3) δ 7.33 (d, J = 0.9 Hz, 1H, aromatic-H), 2.33 (d, J = 0.9 

Hz, 3H, aliphatic-H), 1.64 (s, 9H, aliphatic-H). 13C NMR (126 MHz, CDCl3) δ 142.6 (aromatic-C), 

118.2 (aromatic-C), 58.8 (aliphatic -C), 30.0 (aliphatic -C), 10.8 (aliphatic -C). HRMS calc. for 

C7H14N3 [M+H]+: 140.1183; found 140.1183. 

1-(Furan-2-ylmethyl)-4-methyl-1H-1,2,3-triazole (59) 

1-(Furan-2-ylmethyl)-4-methyl-1H-1,2,3-triazole (59) was synthesised following GP3. Yellow 

oil, yield: 190 mg, 53%. 1H NMR (500 MHz, CDCl3) δ 7.42 (q, J = 1.9 Hz, 1H, aromatic-H), 6.66 

– 6.05 (m, 2H, aromatic-H), 5.48 (d, J = 3.0 Hz, 2H, aliphatic-H), 2.33 (d, J = 3.0 Hz, 3H, aliphatic-

H). 13C NMR (126 MHz, CDCl3) δ 147.6 (aromatic-C), 143.7 (aromatic-C), 143.5 (aromatic-C), 

120.9 (aromatic-C), 110.8 (aromatic-C), 110.0 (aromatic-C), 46.5 (aliphatic -C), 10.8 (aliphatic 

-C). HRMS calc. for C8H10N3O [M+H]+: 164.081; found 164.081. 

2-(But-3-yn-1-ylthio)benzothiazole (60)119   

To a solution of 2-Mercaptobenzothiazole (8.4 mg, 5 mmol) in 10 mL of THF containing 

potassium carbonate (0.75 g, 6 mmol) was added propargyl bromide (0.46 mL, 5 mmol). The 
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reaction mixture was heated under reflux for 1 h. The crude oil was purified via silica gel 

chromatography (ethyl acetate/petroleum ether 1:2) to afford 2-(but-3-yn-1-ylthio) 

benzothiazole (60) as colourless powder (8.9 mg, 82%). The 1H NMR spectrum is in agreement 

with literature data.120 1H NMR (400 MHz, CDCl3) δ 7.87 (dd, J = 8.2, 1.1 Hz, 1H, aromatic–H), 

7.80 – 7.72 (m, 1H, aromatic–H), 7.49 – 7.36 (m, 1H, aromatic–H), 7.35 – 7.23 (m, 1H, 

aromatic–H), 3.52 (t, J = 7.1 Hz, 2H, aliphatic-H), 2.79 (td, J = 7.2, 2.7 Hz, 2H, aliphatic-H), 2.09 

(t, J = 2.6 Hz, 1H, CH, aliphatic-H). 13C NMR (101 MHz, CDCl3) δ 165.7 (aromatic-C), 153.1 

(aromatic-C), 135.2 (aromatic-C), 126.0 (aromatic-C), 124.3 (aromatic-C), 122.1 (aromatic-C), 

121.5 (aromatic-C), 81.8 (alkyne-C), 70.1 (alkyne-C), 32.0 (aliphatic-C), 19.5 (aliphatic-C). 

HRMS calc. for C11H9NS2 [M+H]+: 220.0250; found 220.0246. 

 

2-(But-3-yn-1-ylsulfonyl) benzothiazole (61) 

A solution of periodic acid in acetonitrile (9.7 mg, 2.5 mmol, 0.125 M) was vigorously stirred 

for 30 min at rt. Chromium trioxide (49 mg, 0.49 mmol) was added, and the stirring was 

continued for another 5 min. A solution of 2-(but-3-yn-1-ylthio) benzothiazole (59) in 

acetonitrile (0.5 g, 2.5 mmol, 0.1 M) was added dropwise and formation of a precipitate was 

observed. After 1 hr of stirring, the reaction mixture was filtered, and the solid was washed 

with acetonitrile. The filtrate was cautiously concentrated under reduced pressure. Ethyl 

aetate was added to the residue, and the organic layer washed with brine and water. The 

organic layer was dried over sodium sulfate and evaporated under reduced pressure. The 

crude oil was purified via silica gel chromatography (ethyl acetate/petroleum ether 2:3) to 

afford 2-(but-3-yn-1-ylsulfonyl) benzothiazole (61) as colourless powder (0.5 g, 80%). NMR 

spectrum is in agreement with that described in literature.120 1H NMR (400 MHz, CDCl3) δ 

8.30 – 8.19 (m, 1H, aromatic–H), 8.07 – 8.00 (m, 1H, aromatic–H), 7.74 – 7.57 (m, 2H, 
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aromatic–H), 3.73 (dd, J = 8.3, 7.1 Hz, 2H, S–CH2), 2.83 (td, J = 7.7, 2.7 Hz, 2H, CH2–CH2), 1.93 

(t, J = 2.7 Hz, 1H, CH). 13C NMR (101 MHz, CDCl3) δ 164.9 (aromatic-C), 152.6 (aromatic-C), 

136.8 (aromatic-C), 128.2 (aromatic-C), 127.7 (aromatic-C), 125.5 (aromatic-C), 122.3 

(aromatic-C), 78.6 (S-C), 70.9 (alkyne-C), 53.1 (alkyne-C), 13.3 (aliphatic-C). HRMS calc. for 

C11H9NS2 [M+H]+: 252.0150; found 252.0146. 

1,4-Dimethyl-1H-1,2,3-triazole (62) 

1,4-Dimethyl-1H-1,2,3-triazole (62x) was synthesised following GP3. Yellow oil, yield: 82 mg, 

40%. 1H NMR (500 MHz CDCl3 δ 4.02 (s, 3H, aliphatic-H), 2.31 (s, 3H, aliphatic-H). 13C NMR 

(126 MHz, CDCl3) δ 143.5 (aromatic-C), 122.1 (aromatic-C), 36.46 (aliphatic-C), 10.7 (aliphatic 

-C). HRMS calc. for C4H8N3 [M+H]+: 98.0713; found 98.0713. 
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Appendix  

 

 

Figure A-1: Proof of purity and identity of Nitrosospira multiformis via 16S rRNA sequencing. 

Data was provided by Australian Research Genome Facility. 
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Figure A-2: Proof of purity and identity of Nitrosomonas europaea. Data was provided by 

Australian Research Genome Facility. 

 

 

 

 



Table A-1. Calculated GHG flux rates for CH4-C in µg g-1 soil h-1 for soil A days 1-21. The measurements were performed according to Chapter 5.3.2 CH4 gas 

measurements and flux rates were calculated according to eqn. 1. All fertiliser treatment were at an application rate of (NH4)2SO4 50 mg kg-1 soil. [a] 

 

b] mean values (n = 3); errors are standard errors of the mean. [c] Statistical significance: P < .05 (*) when comparing inhibitor treatments to the control 

treatment with (NH4)2SO4 alone, Statistical analysis were performed on raw GHG flux rates of CH4-C (µg  g-1 soil h-1) with GraphPad Prism 9.5.0 (2-way ANOVA) 

multiple comparison Tuckey HS

  CH4-C (µg g-1 soil h-1)[b], [c], [d]    

Soil B Day 1 Day 3 Day 5 Day 7 Day 14 Day 21 

Untreated 

1.190 ± 0.015 1.233 ± 0.065 1.163 ± 0.047 1.157 ± 0.041 1.210 ± 0.026 1.163 ± 0.043 

Fertiliser (NH4)2SO4 

0.640 ± 0.036 0.533 ± 0.018 0.443 ± 0.003 0.427 ± 0.009 0.543 ± 0.059 0.737 ± 0.024 

Fertiliser + DMP 0.5 
mol% 0.650 ± 0.050 0.440 ± 0.015 0.453 ± 0.019 0.420 ± 0.030 0.487 ± 0.049 0.570 ± 0.026 

Fertiliser + DMP 2.5 
mol% 0.607 ± 0.027 0.383 ± 0.050 0.300 ± 0.049 0.337 ± 0.033 0.393 ± 0.066 0.443 ± 0.034 * 

Fertiliser + DMP 5 
mol% +  0.657 ± 0.071 0.353 ± 0.033 0.203 ± 0.104 0.103 ± 0.052 0.057 ± 0.057 * 0.250 ± 0.126 

Fertiliser + MPT 0.5 
mol%  0.770 ± 0.058 0.633 ± 0.058 0.393 ± 0.035 0.277 ± 0.024 0.193 ± 0.113* 0.343 ± 0.062 

Fertiliser + MPT 2.5 
mol%  0.493 ± 0.247 0.310 ± 0.159 0.080 ± 0.080 0.063 ± 0.063 0.043 ± 0.043 * 0.000 ± 0.000 ** 

Fertiliser + MPT 5 
mol%  0.230  ± 0.230   0.120 ± 0.120  0.027 ± 0.027 * 0.043 ± 0.043 * 0.000 ± 0.000* 0.067 ± 0.067 * 
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1. Optimizing the Assay for Water-Insoluble NIs 

The lipophilicity of the synthesized potential new inhibitor compounds differed considerably, 

with some of these being only poorly soluble in the aqueous sodium phospate buffer (NaPB 

at pH 7.5). Dimethylsulfoxide (DMSO) is a known solubilizing co-solvent for lipophilic 

compounds at low concentrations (0.01 - 0.1 v/v%).1, 2 UV/vis spectroscopy was employed to 

identify the appropriate DMSO/water ratio that solubilises all compounds. 

Inhibitor 4 was used as representative for a lipophilic compound, which has a triazole 

framework with an absorbance in the range 250-290 nm (Figure S1). While the absorbance 

intensity should follow the Beer-Lambert Law, it is obvious that the signal intensity at the 

absoption maximun at 282 nm did not increase proportionally with the concentration of the 

inhibitor compound, when it was dissolved in NaPB containing 1 v/v% of DMSO, suggesting 

incomplete dissolution.  

mailto:uwille@unimelb.edu.au
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Figure S1. UV/vis absorbance spectra of Inhibitor 4 (0.3 mM, 0.5 mM, 1 mM and 3 mM) in 

NaPB (pH 7.5) containing 1 v/v% of DMSO. The spectra were corrected by subtracting the 

spectrum of NaPB containing 1 v/v% of DMSO. 1  

 

We therefore recorded the absorbance spectra in the 280 - 300 nm range for Inhibitor 4 at a 

concentration of 0.3 mM, dissolved in NaPB with 0.1 v/v% and 1 v/v% of DMSO, respectively. 

The absorption spectra were corrected by substracting the 'blank' spectra obtained for the 

respective solvent mixtures. Figure S2 shows the resulting spectra for three technical 

replicates obtained for each solvent system. Using 0.1 v/v% of DMSO as co-solvent gave 

absorption spectra with a standard error of 33.7% for the three replicates (red, blue and 

green lines). In contrast, with 1 v/v% of DMSO as co-solvent the standard error of the three 

replicate spectra was only 2.8% (orange, purple and black lines, the latter overlaps with the 

orange line and is therefore omitted). It should be noted that the higher absolute absorption 

with 0.1 v/v% of DMSO than with 1 v/v% of DMSO was due to the fact that the inhibitor 

crushed out of the solution, thereby scattering the light. On the other hand, the high 

reproducibility of the absorption spectra obtained with 1 v/v% of DMSO as co-solvent 

indicates complete dissolution of the inhibitor compound at a concentration of 0.3 mM, 

which was therefore used as standard assay conditions.  
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Figure S2. UV/vis absorbance spectra of inhibitor 4 (0.3 mM) in NaPB containing 1 v/v% of 

DMSO and in NaPB containing 0.1 v/v% of DMSO. The spectra were corrected by subtracting 

the spectra of NaPB containing 1 v/v% and 0.1 v/v% of DMSO, respectively. Individual spectra 

represent technical replicates (n = 3). The black line is not shown as it overlaps with the 

orange line.  

 

 
2. Additional Supplementary Figures and Tables 

 

Figure S3. Optical density (350 nm - 650 nm range) of N. europaea in NaPB (pH 7.5) at 

different dilutions of a bacterial subculture (0.75x dilution, 0.5x dilution, 0.25x dilution, 0.05x 

dilution; see section 1.2(b) in Results and Discussion). All spectra were corrected by 

subtracting the spectrum of NaPB.  
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Figure S4. Optical density of N. europaea in NaPB (pH 7.5) at 600 nm as a function of protein 

concentration (determined with a BSA protein assay) using different dilutions of a bacterial 

subculture: 0.75x dilution, 0.5x dilution, 0.25x dilution, 0.05x dilution; see section 1.2(b) in 

Results and Discussion). All spectra were corrected by subtracting the spectrum of NaPB. SE 

are calculated from triplicates. 

 

 

Figure S5. NO2
- production by N. europaea in NaPB at different pH and temperatures, 

following the Standard Bioassay Endpoint Procedure protocol. Standard errors are calculated 

from triplicates. 
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Table S1. NO2
- production after inoculating N. europaea (OD600 = 0.03) with different 

[NH4
+].[a]  

[NH4
+] / mmol L-1 

[NO2 –] / µmol L-1 

Replicate 1 Replicate 2 Replicate 3 

3 41. 6 45.5 41.6 

0.3 11.3 11.6 13.0 

0.03 7.0 6.3 9.8 

[a] According to the Standard Bioassay Endpoint Procedure protocol, using (NH4)2SO4 as 

source of NH4
+. 

 

 

Table S2. NO2
- production after inoculating N. multiformis (OD600 = 0.03) with [NH4

+].[a]  

[NH4
+] / mmol L-1 

[NO2 –] / µmol L-1 

Replicate 1 Replicate 2 Replicate 3 

3 60.9 60.6 61.5 

[a] According to the Standard Bioassay Endpoint Procedure protocol, using (NH4)2SO4 as 

source of NH4
+. 

 

 

Table S3. Absorbance intensity (at 282 nm) of a solution of Inhibitor 4 (0.3 mmol L-1) in NaPB 

(pH 7.5) with different amounts of DMSO as co-solvent 0.1 v/v% and 1.0 v.v%.  

Solvent System 
Absorbance Intensity 

Replicate 1 Replicate 2 Replicate 3 

0.1 v/v% DMSO in NaPB 0.41 0.96 0.80 

1 v/v% DMSO in NaPB 0.33 0.35 0.33 
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Table S4. Correlation between the OD600 and formation of NO2
– during culturing of N. 

europaea in mineral salts media over three days. 

Day OD600 [NO2
–] / µmol L-1 

0 0.00041 20.7 

1 0.00272 41.6 

2 0.00553 344.0 

3 0.01123 807.0 

 

 

Table S5. Inhibition of NO2
- formation after inoculating N. europaea (OD600 = 0.03) with 

inhibitor compounds 1-16.[a]  

Compound 
Inhibition / % 

Replicate 1 Replicate 2 Replicate 3 

Inhibitor 1 14.4 10.0 8.8 

Inhibitor 2 19.9 9.6 14.9 

Inhibitor 3 24.6 41.4 28.9 

Inhibitor 4 96.8 84.7 96.8 

Inhibitor 5 6.8 7.9 12.5 

Inhibitor 6 33.6 35.4 55.5 

Inhibitor 7 26.8 46.7 27.8 

Inhibitor 8 71.0 58.8 70.2 

Inhibitor 9 NI 12.8 9.3 

Inhibitor 10 NI 6.9 4.4 

Inhibitor 11 95.8 75.0 95.8 

Inhibitor 12 84.3 72.8 84.3 

Inhibitor 13 NI 17.3 NI 

Inhibitor 14 10.4 NI 10.4 

Inhibitor 15 27.2 28.1 37.5 

Inhibitor 16 35.4 29.7 35.9 

[a] Calculated using equation 1; experiment performed according to the Standard Bioassay 

Endpoint Procedure protocol, using (NH4)2SO4 as source of NH4
+. NI: Inhibition < 1%.  
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Table S6. Inhibition of NO2
- formation after inoculating N. multiformis (OD600 = 0.03) with 

selected inhibitor compounds.[a]  

Compound 
Inhibition / % 

Replicate 1 Replicate 2 Replicate 3 

Inhibitor 4 28 67 55 

Inhibitor 8 29 38 28 

Inhibitor 11 27 55 46 

Inhibitor 12 6 32 28 

[a] Calculated using equation 1; experiment performed according to the Standard Bioassay 

Endpoint Procedure protocol, using (NH4)2SO4 as source of NH4
+. 
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1. Additional Supplementary Tables 
 

Table S1. Cumulative NO2
– production of N. europaea with ammonium (NH4

+) in the absence 

and presence of DMP and DCD over three cumulative 30-min intervalls (STE n = 3). 

Treatment 
[NO2

-] / µM  

after 30 min after 60 min after 90 min 

untreated cellsa 2.3 ± 0.0 2.9 ± 0.1 2.8 ± 0.25 

uninhibited cellsb 17.7 ± 1.0 60.0 ± 1.6 95.9 ± 0.5 

DMP 0.3 mM 2.9 ± 0.3 7.0 ± 0.2 9.7 ± 0.3 

DMP 0.03 mM 4.9 ± 0.3 17.1 ± 0.4 22.7 ± 0.3 

DCD 0.3 mM 8.3 ± 0.7 28.2 ± 1.0 38.6 ± 0.5 

DCD 0.03 mM 14.8 ± 0.9 54.3 ± 2.3 85.3 ± 1.7 

a0% signal; without NH4
+ and inhibitor. b 100% signal; [NH4

+] = 3 mM, without inhibitor. 
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Table S2. Cumulative NO2
– production of N. europaea with hydroxylamine (H2NOH) in the 

absence and presence of DMP and DCD over three consecutive 30-min intervalls (STE n = 3). 

Treatment 
[NO2

-] / µM  

after 30 min after 60 min after 90 min 

untreated cellsa 4.0 ± 0.4 4.7 ± 0.5 4.7 ± 0.5 

uninhibited cellsb 24.3 ± 2.6 74.5 ± 2.8 96.9 ± 3.6 

DMP 0.3 mM 21.7 ± 1.0 59.8 ± 2.3 71.4 ± 4.9 

DMP 0.03 mM 22.4 ± 1.6 68.2 ± 3.6 90.1 ± 7.2 

DCD 0.3 mM 24.6 ± 1.2 75.0 ± 2.3 99.4 ± 4.1 

DCD 0.03 mM 24.7 ± 2.0 72.2 ± 1.6 94.0 ± 4.7 

a0% signal; without NH4
+ and inhibitor. b 100% signal; [H2NOH] = 3 mM, without inhibitor. 

 

 

Table S3. Rate coefficients, k, for the time-dependent O2 consumption by N. europaea in the 

absence of [NI]. a  

 

aThe k-value was determined from the linear regression of [O2] against the time between 15 

– 300 s (R2 > 0.95). The experiment was conducted with [NH4
+] = 3.0 mM in NaPB (pH = 7.5) 

at 20°C under constant stirring in the dark.  

 

k / µmol L-1 s-1   

0.142 0.079 0.127 

0.155 0.122 0.121 

0.158 0.155 0.132 

0.180 0.162 0.131 

0.256 0.299 0.212 

0.256 0.197 0.277 

0.238 0.113 0.221 

0.291 0.253 0.276 
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Table S4. Rate coefficients, k, for the time-dependent O2 consumption by N. europaea in the 

presence of DMP and DCD at different concentrations.a  

[DCD] / mM 
k / µmol L-1 s-1   

Replicate 1 Replicate 2 Replicate 3 

10 0.037 0.028 0.050 

5.0 0.079 0.058 0.065 

2.0 0.123 0.120 0.092 

1.2 0.119 0.141 0.142 

aThe k-value was determined from the linear regression of [O2] against the time between 315 

– 490 s (R2 > 0.95). The experiment was conducted with [NH4
+] = 3.0 mM in NaPB (pH = 7.5) 

at 20°C under constant stirring in the dark.  

 

 

Table S4 Number of cells alive and cells dead of N. europaea determined without and with 

treatment of DMP and DCD at different concentrations determined with a bacterial viability 

stain.a  

 

No inhibitor  Number of cells alive  Number of cells dead 

Image 1 652 23 

Image 2 643 29 

Image 3 627 35 

Image 4 637 51 

Image 5 677 38 

Image 6 720 12 

Image 7 619 71 

[DMP] / mM 
k / µmol L-1 s-1   

Replicate 1 Replicate 2 Replicate 3 

1.2  0.057 0.054 0.054 

0.6 0.069 0.05 0.071 

0.12 outlier 0.059 0.035 

0.012 0.3003 0.2625 0.3192 
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DMP  (10 ppm)   

Image 1 727 222 

Image 2 676 222 

Image 3 675 49 

Image 4 768 7 

Image 5 696 51 

Image 6 689 29 

Image 7 749 12 

DMP  (100 ppm)   

Image 1 534 89 

Image 2 574 255 

Image 3 568 277 

Image 4 588 297 

Image 5 596 319 

Image 6 549 253 

Image 7 609 134 

DMP  (1000 ppm)   

Image 1 602 318 

Image 2 845 411 

Image 3 628 271 

Image 4 638 242 

Image 5 598 361 
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Image 6 615 421 

Image 7 563 416 

DCD  (10 ppm)   

Image 1 474 40 

Image 2 525 55 

Image 3 557 63 

Image 4 499 61 

Image 5 431 21 

Image 6 472 114 

Image 7 421 35 

DCD  (100 ppm)   

Image 1 489 414 

Image 2 535 324 

Image 3 709 51 

Image 4 632 29 

Image 5 822 134 

Image 6 549 253 

Image 7 609 134 

DCD  (1000 ppm)   

Image 1 450 49 

Image 2 446 66 

Image 3 403 85 
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Image 4 462 215 

Image 5 412 185 

Image 6 408 204 

Image 7 429 319 

aThe incubations were performed in NaPB (pH = 7.5) and 30°C with [NH4
+] = 3 mM, [inhibitor] 

= 10 ppm (0.015 mM), 100 ppm (0.15 mM) and 1000 ppm (1.5 mM) at 100 rpm for 12 h in 

the dark. Seven images were taken per treatment with a fluorescent microscope (Leica 

DM6000, Germany) using the red filter setting to detect dead cells (excitation: 575/30 nm 

(dichromatic) DC: 600; emission: 635/40 nm) and the green channel to detect live cells using 

filter setting (excitation: 500/20 nm DC: 515; emission: 535/30 nm). 

 

 

2. Additional Supplementary Figures  
 

 

Figure S1. The trace of uninhibited O2 consumption by N. europaea as a function of time after 

the addition [NH4
+] = 3.0 mM in NaPB (pH = 7.5) at 20°C under constant stirring in the dark. 

Note that the average of three measurements were combined in one trace for clarity. Details 

of the individual k values are listed in table S3. The rate coefficient k was obained from linear 

regression of each trace. The mean rate coefficient k of 24 measurements was calculated and 

referred as ‘uninhibited rate coefficient’.  
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Figure S2. O2 consumption by N. europaea as a function of time after the addition of DMP at 

different concentrations. Experiments were conducted with [NH4
+] = 3.0 mM in NaPB (pH = 

7.5) at 20°C under constant stirring in the dark. Each treatment was performed with three 

replicates. The rate coefficient k (Table 3 in paper) was obained from the mean value for each 

treatment. 

Figure S3. O2 consumption by N. europaea as a function of time after the addition of DMP at 

different concentrations. Experiments were conducted with [NH4
+] = 3.0 mM in NaPB (pH = 

7.5) at 20°C under constant stirring in the dark. Each treatment was performed with three 

replicates. The rate coefficient k (Table 3 in paper) was obained from the mean value for each 

treatment. 
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1. Additional Material and Methods 
 

1.1 Cell Preparation 

1.1.1 Growing N. europaea Protocol 

AOB were grown for 3 – 5 d in Duran glass bottles containing 600 mL of mineral salts media 

(MSM, see below) at 100 rpm and 30°C in the dark. The slightly loose cap was sealed with an 

O2 permeable membrane to ensure aeration (Breathe-Easy® sealing membrane, Sigma 

Aldrich). The MSM constituted the main bulk medium and consisted of dipotassium hydrogen 

phosphate (K2HPO4; 2.27 g L-1), potassium dihydrogen phosphate (KH2PO4; 0.95 g L-1) and 

ammonium sulphate ((NH4)2SO4; 0.67 g L-1). The pH was adjusted to 7.0. To 1 L of the bulk 

medium 2 mL of a filter sterilized (0.2 µm millipore filter) solution of metals was added: 

disodium ethylenediamine tetraacetate (Na2EDTA; 6.37 g L-1), zinc sulphate heptahydrate 

(ZnSO4 x 7 H2O; 1.0 g L-1), calcium chloride dihydrate (CaCl2 x 2 H2O; 0.5 g L-1), iron(II) sulphate 

heptahydrate (FeSO4 x 7 H2O; 2.5 g L-1), sodium molybdate dihydrate (NaMoO4 x 2 H2O; 0.1 

g L-1), copper(II) sulphate pentahydrate (CuSO4 x 5 H2O; 0.1 g L-1), cobalt(II) chloride 

hexahydrate (CoCl2 x 6 H2O; 0.2 g L-1), manganese(II) sulphate monohydrate (MnSO4 x H2O; 

mailto:uwille@unimelb.edu.au
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0.52 g L-1) and magnesium sulphate heptahydrate (MgSO4 x 7 H2O; 60.0 g L-1). To this media 

solution 1v/v% of aqueous sodium carbonate (Na2CO3; 50 g L-1) was added aseptically as a 

carbon source.  

 

1.1.2 Harvesting Cells Protocol 

After 3 - 5 d of incubation, the turbid cultures were harvested at an OD600 of approximately 

0.1, which represented the mid-exponential growth phase and an NO2
- production of 

approximately 800 µM (determined by Griess assay), cells were harvested by filtration onto 

0.2 µm membrane filters (Rowe Scientific, mixed cellulose esters (MCE)). The cells were 

washed with sodium phosphate buffer (NaPB, pH = 7.5, 0.1 M, 2 x 100 mL) containing MgSO4 

(0.2 mM). The filter paper with the cells was transferred into a sterile 50 mL tube, and the 

cells were washed off by resuspending in NaPB (15 mL), followed by 5 s of vortexing (Ratek, 

Australia) and 3 s of sonication (Vevor, Australia). The initial inoculum OD600, which was 

between 0.9 – 1.2, was adjusted to a final OD600 of 0.03 and stored at 4°C until used for the 

assay. Cells could be stored for up to 24 h without losing activity.  

 

1.2 Nitrification Assay and Analysis  

1.2.1 Standard Assay Protocol  

In a deep 96-well plate (2 mL capacity), 980 µL of the bacterial inoculum (OD600 = 0.03 in NaPB 

at pH 7.5) was added to the inhibitor (10 µL of a 30 mmol L-1 or 3 mmol L-1 stock solution in 

DMSO, respectively), the solutions were mixed thoroughly and pre-incubated in the dark for 

5 min at 30°C and 100 rpm (Ratek, Australia). (NH4)2SO4 (10 µL, 150 mM, from a sterile 

solution containing 19.8 g L-1 of (NH4)2SO4 in DMSO) was then added. In experiments in which 

the NH2OH-dependent activity was measured, (NH4)2SO4 was replaced by equimolar 

amounts of NH2OH. The plate was covered with an O2 permeable membrane to ensure 

aeration (Breathe-Easy® sealing membrane, Sigma Aldrich) and incubated in the dark for 30, 

60 or 90 min at 30°C and 100 rpm. The nitrification process was stopped by adding an excess 

of DMP (10 µmol L-1, 30 mM; the final concentration of DMP in the solution was 0.27 mM, 

which was considerably higher than the IC50abs value of 6.6 mM determined previously).38 An 

aliquot of the reaction solution (50 µL) was transferred to a 96-well spectrophotometric plate 

(Greiner Cellstar®, polystyrene) to which 50 µL of Griess reagent was added. The color was 

allowed to develop for 15 min at room temperature, and the absorbance was measured at 
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540 nm (Clariostar® BMG Labtech, Australia). Each assay was accompanied by control 

treatments to determine the 0% and 100% NO2
- signal. The percentage inhibition was 

calculated according to eqn. SI-1 from the NO2
- production of the cells in NaPB with (i) 

without additive ("untreated cells"; 0% signal), (ii) with [NH4
+] = 3 mM ("uninhibited cells"; 

100% signal) and (iii) with [NH4
+] = 3 mM and [inhibitor] = 0.3 mM (10 mol% of [NH4

+]; 

"inhibited cells").  

 

 

1.2.2 Activity Recovery Assay 

Cells were harvested using the ‘Harvesting Cells Protocol'. The bacteria solution was adjusted 

to OD600 = 0.8 (~ 468 µg L-1 protein), and 980 µL aliquots were transferred to 1.5 mL centrifuge 

tubes (Eppendorf®, polypropylene). The inhibitor (10 µL of a stock solution of 150 mM in 

DMSO) was added, and after equilibrating for 5 min (NH4)2SO4 (10 µL of a stock solution of 

150 mM in Milli-Q water) was added using a multichannel pipette to ensure simultaneous 

addition in each tube. The tubes were incubated in a temperature-regulated rotary incubator 

(Ratek, Australia) for 30 min at 30°C and 100 rpm in the dark. A 50 µL aliquot was then 

transferred to a 96-well plate (Greiner Cellstar®, polystyrene) to which 50 µL of Griess 

reagent was added and the mixture incubated for 15 min. The absorbance was measured at 

540 nm (Clariostar® BMG Labtech, Australia). The remaining cells were subsequently washed 

(3x) by alternating centrifuging (Boeco, Germany; 10,000 rpm, 10 min) and resuspending the 

cell pellet in NaPB (1 mL). After the final centrifuging step, the pellet was resuspended in 

NaPB (990 µL) and re-incubated with (NH4)2SO4 (10 µL of an aqueous 150 mM stock solution, 

see above). The percentage activity (‘%activity’) was calculated according to eqn. SI-2 from 

the NO2
- production of the cells in NaPB with (i) without additive ("untreated cells"; 0% 

signal), (ii) with [NH4
+] = 3 mM ("uninhibited cells"; 100% signal) and (iii) with [NH4

+] = 3 mM 

and [inhibitor] = 1.5 mM (50 mol% of [NH4
+]; "inhibited cells"). All experiments were 

performed in triplicate. 
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1.2.3 Michaelis-Menten Kinetics  

In a deep 96-well plate (2 mL capacity), 980 µL of the bacterial inoculum (OD600 = 0.03, ~ 18 

µg L-1 protein in NaPB at pH 7.5) was added to 1, 2, 4 and 5 (10 µL from 15 mM and 30 mM 

stock solutions, respectively). The solutions were mixed thoroughly and pre-incubated in the 

dark for 5 min at 100 rpm and at 30°C (Ratek, Australia). 10 µL of the respective (NH4)2SO4 

stock solution (0.3 mM, 3 mM, 5mM, 10 mM, 150 mM, 300 mM, 1 M, 1.5 M and 3M) was 

added to each well (final [NH4
+] in well: 0.003 mM, 0.03 mM, 0.05 mM, 0.1 mM, 1.5 mM, 3.0 

mM, 10 mM, 15 mM, and 30 mM). The plate was covered with an O2 permeable membrane 

to ensure aeration (Breathe-Easy® sealing membrane, Sigma Aldrich) and incubated in the 

dark for 60 min at 30°C and 100 rpm. Termination of the nitrification process and 

determination of the NO2
- production was performed as described in 'Standard Assay 

Protocol'. Data analysis was performed with GraphPad Prism software, using nonlinear 

regression (curve fit) for Michaelis Menten Kinetics. The results used the best fit values with 

95% likelihood. 

 

1.2.4 Acute Toxicity Test  

Cells were harvested according to 'Harvesting Cells Protocol'. The bacteria solution was 

adjusted to OD600 = 0.8 (~ 468 µg L-1 protein) and divided into 1 mL aliquots. To each well of 

a 24-well tissue culture plate (Greiner Cellstar®, polystyrene Tissue Culture treated) was 

added 980 µL of bacterial solution, 10 µL of a 150 mM aqueous (NH4)2SO4 solution and 10 µL 

compound 1 solution with a final concentration in the well of 100 ppm (0.15 mM) and 1000 

ppm (1.5 mM), respectively. The well plate was sealed with an O2 permeable membrane to 

ensure aeration (Breathe-Easy® sealing membrane, Sigma Aldrich) and incubated in the dark 

for 4 h at 30°C and 100 rpm. Cells were then transferred into a centrifuge tube and 

sedimented at 10,000 rpm for 10 minutes. The supernatant was separated, and the cells were 

re-suspended in NaPB (pH = 7.5, 1 mL). A 5 µL aliquot was transferred into a 96-well plate 

and the bacterial stain (LIVE/DEAD™ BacLight™ Bacterial Viability Kit for microscopy, 

ThermoFisher Scientific) was added following the manufacturer’s instructions. 10 µL of the 

solution was transferred onto a microscopic slide (Fisher Scientific, Australia, microscope 

slides 7.6 cm x 2.5 cm (L x W), thickness 1 - 1.2 mm). Seven images were taken per treatment 

with a fluorescent microscope (Leica DM6000, Germany) using the red channel to detect 

dead cells (excitation: 575/30 nm (dichromatic) DC: 600; emission: 635/40 nm) and the green 



 
183 

channel to detect live cells (excitation: 500/20 nm DC: 515; emission: 535/30 nm). The 

percentage of live and dead cells was calculated via equations SI-3 and SI-4: 

 

 

 

1.3 O2 Consumption Measurements  

O2 consumption rates of cell suspensions of N. europaea were measured using a Clark-type 

oxygen electrode (Rank Brothers, Cambridge, UK) mounted in a water-jacketed electrode 

chamber (3 mL capacity) that was connected to a recirculating cooler (Lauda, Austria). The 

data were recorded using a Data-traxTM (World Precision Instruments, UK) sensor data 

collection system. All measurements were taken at 20°C and 1 mL final reaction solution 

volume. The polarizing voltage was set to 0.6 V. To calibrate the oxygen signal, an excess 

(approximately 50 mg) of Na2S2O4 was added to 1 mL of Milli-Q water to chemically remove 

dissolved O2. Additional O2 flux was prevented by applying a stopper, and the residual voltage 

was referred to as “0% O2”. The voltage at saturated O2 concentration (“100% O2”) was 

determined by measuring the voltage of the equilibrated aerated reaction system consisting 

of 1 mL Milli-Q water. Sample measurements were taken as follows: The 1 mL reaction 

mixture, composed of 980 µL N. europaea cell solution in NaPB (OD600 = 0.8; corresponding 

to approximately 468 µg L-1 protein) was equilibrated for 5 min in the chamber until the 

voltage reading was stable. The reaction was then initiated by the addition of (NH4)2SO4 (10 

µL of an aqueous 150 mM stock solution, the final concentration in the reaction solution was 

3 mM) and the chamber immediately sealed with a stopper. After 5 min of oxygen 

consumption (a linear rate coefficient of approximately 0.24 ± 0.08 µmol O2 L-1 s-1 was 

determined), 10 µL of the inhibitor stock solution of compounds 1, 4 and 5 (150 mM in DMSO) 

were added via a 10 µL Eppendorf pipette through a capillary opening, ensuring the 

emergence of the pipette tip in the solution. The voltage was recorded over a period of 5 min 

in intervals of 5 s. The trace describing the O2 concentration after addition of (NH4)2SO4 

against the time (initial 15-300 s) was used as the baseline O2 consumption for the 

uninhibited cells, whereas the trace describing the consumption in the presence of the 
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inhibitor (315-590 s time window) was used to determine the rate of O2 consumption in the 

presence of inhibitor. All experiments were conducted in triplicate at 20°C under constant 

stirring. The voltage was converted to [O2] according to equation SI-5:39 

 

 

 

1.4 Determination of IC50(abs) Values  

The assay was performed according to the '3.1 Standard Assay Protocol' using N. europaea 

as AMO source. The tested concentration series differed depending on inhibitory efficiency. 

Compound 1 was tested at concentrations of: 6 mmol L-1, 3 mmol L-1,  3 mmol L-1, 1.5 mmol 

L-1, 0.75 mmol L-1, 0.6 mmol L-1, 0.15 mmol L-1, 50 µmol L-1, 25 µmol L-1 and 2.5 µmol. 

Compound 2 was tested at concentrations of: 9 mmol L-1, 3 mmol L-1, 1.5 mmol L-1, 0.15 mmol 

L-1, 50 µmol L-1, 30 µmol L-1 and 3 µmol; compound 4 was tested at concentrations of: 9 mmol 

L-1, 3 mmol L-1, 1.5 mmol L-1, 0.6 mmol L-1, 0.15 mmol L-1, 50 µmol L-1, and 2.5 µmol and 

compound 5 was tested at concentrations of: 9 mmol L-1, 3 mmol L-1, 1.5 mmol L-1, 0.6 mmol 

L-1, 0.15 mmol L-1, 50 µmol L-1, and 2.5 µmol.  The inhibitor concentration at which the 

inhibition was 50 % (IC50(abs)) was determined by fitting the log10 of the concentration (in µmol 

L-1) against the response. IC50(abs) was obtained by normalising the response against cells in 

NaPB with 1v/v% DMSO and [NH4
+] = 3 mM ('uninhibited' cells; 100% signal) and cells in NaPB 

with 1v/v% DMSO without additive ('untreated cells'; 0% signal). The curves were plotted 

with GraphPad prism (version 9.5.0) to determine IC50(abs) via variable slope fit (three 

parameters).  
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2. Additional Supplementary Figures and Tables 

 

Table S1. Inhibition of AMO: NO2
- formation after inoculating N. europaea (OD600 = 0.03) with 

inhibitor compounds 1-5.[a]  

Compound Inhibition / % 

Replicate 1 Replicate 2 Replicate 3 

1 96 99 98 

2 67 69 65 

3 13 14 6 

4 80 81 76 

5 63 62 69 

[a] Calculated using equation SI-1; experiment performed according to the Standard Assay 

protocol, using (NH4)2SO4 as N-source.  

 

Table S2. Inhibition of HAO: NO2
- formation after inoculating N. europaea (OD600 = 0.03) with 

inhibitor compounds 1-5.[a] 

Compound Inhibition / % 

Replicate 1 Replicate 2 Replicate 3 

1 25 51 34 

2 5 16 11 

3 < 1% < 1% < 1% 

4 8 14 13 

5 < 1% < 1% 3 

[a] Calculated using equation SI-1; experiment performed according to the Standard Assay 

protocol, using NH2OH as N-source.   
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Table S3. Inhibition of AMO: NO2
- formation after inoculating N. europaea (OD600 = 0.03) with 

inhibitor compounds 1-5.[a] 

Compound Inhibition / % 

Replicate 1 Replicate 2 Replicate 3 

1 28 34 23 

2 45 49 46 

3 < 1% < 1% < 1% 

4 41 56 30 

5 20 32 14 

[a] Calculated using equation SI-1; experiment performed according to the Standard Assay 

protocol, using (NH4)2SO4 as N-source.  

 

Table S4. Inhibition of HAO: NO2
- formation after inoculating N. europaea (OD600 = 0.03) with 

inhibitor compounds 1-5.[a] 

Compound Inhibition / % 

Replicate 1 Replicate 2 Replicate 3 

1 38 62 39 

2 9 22 16 

3 < 1% < 1% < 1% 

4 12 16 25 

5 < 1% < 1% 18 

[a] Calculated using equation SI-1; experiment performed according to the Standard Assay 

protocol, using NH2OH as N-source.  
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Table S5. Predicted log Poct/wat values of substituted 1,2,3-triazoles. 1  

 

Compound Structure log Poct/wat
 

1 

 

3.5 

2 

 

1.7 

3 

 

1.2 

4 

 

1.8 

5 

 

N/A 
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6 

 

0.2 

7  1.8 

8 

 

1.1 

 

 

Table S6. %Inhibition of AMO in dependence of log Poct/wat of inhibitor compounds 6, 7 and 8 

determined via NO2
- formation using N. europaea (OD600 = 0.03).[a] 

Compound Inhibition / % 

Replicate 1 Replicate 2 Replicate 3 

6 11 2 15 

7 56 62 61 

8 13 6 4 

[a] Calculated using equation SI-1; experiment performed according to the Standard Assay 

protocol, using (NH4)2SO4 as N-source.  



Table S7. Rate coefficients, kobs, and R2 values of the linar regression for the O2 consumption by N. europaea in the absence and presence of 

NI.[a]  

 

Compound 

            kobs / x 10-3 µmol L-1 s-1                                                                     kobs / x 10-3 µmol L-1 s-1  

 uninhibited R2 after inhibition R2 

1 run 1 143.4 0.96 0.038 0.94 

run 2 118.4 0.98 0.024 0.80 

run 3 129.5 0.97 0.025 0.90 

4 
 

run 1 0.333 0.99 0.253 0.99 

run 2 0.359 0.99 0.213 0.99 

run 3 0.193 0.99 0.130 0.99 

5 run 1 0.333 0.99 0.178 0.99 

run 2 0.359 0.99 0.209 0.99 

run 3 0.357 0.99 0.193 0.99 
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Table S8. Fraction of the activity of inhibited AMO, using pure cell cultures of N. europaea, 

and after removal of the NI through repeated washing with NaPB.[a]  

[a] The inoculations were performed with [NH4
+] = 3.0 mM and [NI] = 1.5 mM in NaPB (pH = 

7.5) at 30°C and 100 rpm in the dark. The %activity was determined according to eqn. SI-2. 

Standard errors were calculated from three biological replicates, each performed with three 

technical replicates 

 

Table S9. Concentration-dependent fraction of the activity of inhibited AMO with compound 

1, using pure cell cultures of N. europaea, and after removal of the NI through repeated 

washing with NaPB.[a]  

[a] The inoculations were performed with [NH4
+] = 3.0 mM and [NI] = 1.5 mM in NaPB (pH = 

7.5) at 30°C and 100 rpm in the dark. Standard errors were calculated from one biological 

replicates performed with three technical replicates. 

 

 
  

Compound 

% activity  

inhibited cells after washing 

-   

1 3 ± 1 75 ± 5 

2 31 ± 8 82 ± 5 

4 10 ± 5 82 ± 2 

5 43 ± 7 79 ± 8 

Compound 

% activity  

inhibited cells after washing 

1  [0.6 mM] 28 ± 1 100 ± 1 

  1  [0.75 mM] 20 ± 1 99 ± 4 

1  [1.5 mM] 9 ± 1 94 ± 1 
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Table S10 Number of cells alive and cells dead of N. europaea determined without and with 

treatment of compound 1 at different concentrations determined with a bacterial viability 

stain.[a]  

Conditions Number of cells alive  Number of cells dead 

No inhibitor 

Image 1 605 144 

Image 2 687 102 

Image 3 680 82 

Image 4 774 119 

Image 5 775 137 

Image 6 752 134 

Image 7 758 281 

Compound 1 (100 ppm) 

Image 1 584 224 

Image 2 574 421 

Image 3 443 107 

Image 4 583 77 

Image 5 704 165 

Image 6 536 57 

Image 7 653 111 

Compound 1  (1000 ppm)) 

Image 1 510 100 

Image 2 591 160 

Image 3 605 198 

Image 4 531 144 

Image 5 539 119 

Image 6 538 157 

Image 7 609 290 
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[a] The incubations were performed in NaPB (pH = 7.5) and 30°C with [NH4
+] = 3 mM, 

[inhibitor] = 100 ppm (0.15 mM) and 1000 ppm (1.5 mM) at 100 rpm for 12 h in the dark. 

Seven images were taken per treatment with a fluorescent microscope (Leica DM6000, 

Germany) using the red filter setting to detect dead cells (excitation: 575/30 nm 

(dichromatic) DC: 600; emission: 635/40 nm) and the green channel to detect live cells using 

filter setting (excitation: 500/20 nm DC: 515; emission: 535/30 nm). 

Figure S1. Function of the %NO2
- production against the logarithmic concentration of  

compound a) 1; b) 2, c) 4; and d) 5  and the obtained IC50(abs) values. Compounds 1-5 were 

used in the mmol L-1 concentration range. Standard errors were determined from three 

biological with each three technical replicates. 
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1. Synthesis of MPT and H-MPT  

1.1 General Information 

The compounds NI-1-3 (Table 1) were provided by Taggert et al. 1 and synthesised by 

copper(I)-catalysed azide alkyne cycloaddition (CuAAC).  

Reaction progress was monitored by thin-layer chromatography (TLC) using silica gel 60 

aluminium-backed plates coated with fluorescent indicator F254 (Merck). Plates were 

visualised using a potassium permanganate-based stain. Purification by silica gel 

chromatography was performed using Davisil Chromatographic Silica Media LC60A 40–63 

micron, with solvent systems as specified. All 1H and 13C NMR spectra were recorded on a 

500 MHz spectrometer (Agilent, USA) at 500 MHz or 126 MHz, respectively, using solvent 

resonances as the internal standard (1H NMR: CDCl3 at 7.26 ppm; 13C NMR: CDCl3 at 77.0 

ppm). Chemical shifts are reported in parts per million (ppm, δ), with the splitting patterns 

indicated as follows: s, singlet; d, doublet; t, triplet; q, quartet; p, pentet; h, hextet; m, 

multiplet; dd, doublet of doublets. The coupling constants, J, are reported in Hertz (Hz). 

Electrospray ionization high resolution mass spectrometry (HRMS) was performed on a 

Thermo Scientific Exactive Plus Orbitrap mass spectrometer (Thermo, Bremen, Germany) 

operated in positive mode.  

 

a. Synthesis of 4-methyl-1-(prop-2-yn-1yl)-1H-1,2,3-triazole (MPT) 2 

1-Dimethoxypropan-2-one (250 mg, 2.20 mmol, 1.0 equiv.) in methanol (5 mL) and 4-

methylbenzenesulfonohydrazide (388 mg, 2.08 mmol, 1 equiv.) were reacted in a 10 mL 

microwave tube (Biotage®, Sweden). After complete consumption of the starting material, 

propargylamine (129 mg, 2.29 mmol, 1.1 equiv) and triethylamine (232 mg, 2.30 mmol, 1.1 

equiv) were added and the tube sealed. After microwaving for 20 minutes at 120 °C and 

cooling to room temperature, the reaction mixture was concentrated in vacuo to give an 

orange oil. The crude oil was dissolved in DCM : water (1:1), the phases separated, and the 

aqueous layer was extracted three times with DCM. The combined organic fractions were 

washed with brine, dried over Na2SO4, concentrated in vacuo and purified by flash column 

chromatography (EtOAc: petroleum spirits (1:1)) to yield MPT as a yellow oil (85%). 1H NMR 

(500 MHz, CDCl3) δ 7.49 (s, 1H, triazole-H), 5.10 (d, J = 2.6 Hz, 2H, aliphatic-H), 2.53 (t, J = 2.6 

Hz, 1H, alkyne-H), 2.33 (s, 3H, aliphatic-H). 13C {1H} NMR (126 MHz, CDCl3) δ 143.8 (aromatic-
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C), 120.9 (aromatic-C), 76.1 (broad, 2C, alkyne-C), 39.6 (aliphatic-C), 10.8 (aliphatic-C). ESI-

HRMS calculated for C6H8N3
+ ([M+H]+): m/z 122.0713; found m/z 122.0713. 

b. Synthesis of 4-methyl-1-propyl-1H-1,2,3-triazole (H-MPT) 

 (250 mg, 2.20 mmol, 1.0 equiv.) in methanol (5 mL) and 4-methylbenzene sulfonohydrazide 

(388 mg, 2.08 mmol, 1 equiv.) were reacted in a 10 mL microwave tube (Biotage®, Sweden). 

After complete consumption of the starting material, propylamine (129 mg, 2.29 mmol, 1.1 

equiv.) and triethylamine (232 mg, 2.30 mmol, 1.1 equiv.) were added and the tube sealed. 

After microwaving for 20 minutes at 120 °C and cooling to room temperature, the reaction 

mixture was concentrated in vacuo to an orange oil. The crude oil was dissolved in DCM : 

water (1:1), the phases separated, and the aqueous layer was extracted three times with 

DCM. The combined organic fractions were washed with brine, dried over Na2SO4 and 

concentrated in vacuo to yield H-MPT (72%). 1H NMR (500 MHz, CDCl3) δ 7.23 (s, 1H, aromatic-

H), 4.22 (t, J = 7.1 Hz, 2H, aliphatic-H), 2.29 (d, 3H, aliphatic-H), 1.86 (h, J = 7.4 Hz, 2H, aliphatic-

H), 0.89 (t, J = 7.4 Hz, 3H, aliphatic-H). 13C {1H} NMR (126 MHz, CDCl3) δ 142.8 (aromatic-C), 

118.7 (aliphatic-C), 59.9 (aliphatic-C), 33.6 (aliphatic-C), 25.2 (aliphatic-C), 25.2 (aliphatic-C), 

10.9 (aliphatic-C). ESI-HRMS Calculated for ([M+H]+): m/z 126.1026; found m/z 126.1026. 
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2. NMR Spectra 

2.1 1H NMR and 13C NMR Spectra of MPT 
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2.2 1H NMR and 13C NMR Spectra of H-MPT 
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3. Supplementary Materials and Methods  

3.1 Isolating Ammonia Oxidizing Bacteria (AOB) 3 

N. multiformis was isolated from an aquarium kit mixture (Aquasonic™, BIO-NATURE 

STANDARD) through the extinction via dilution method, as reported by Utåker et al. 4 Cultures 

were grown at 26°C and 120 rpm in 12 tubes (polycarbonate) in subsequent dilutions of 

inoculum:media of 1:1000. Purification of AOB was achieved in liquid ammonium medium 

(German Collection of Microorganisms and Cell Cultures GmbH (DMSZ), 1583. MEDIUM FOR 

AMMONIA OXIDIZING BACTERIA) by using the highest dilution level of most probable number 

tubes, as indicated by acidification (phenol red) and NO2  production (determined via Griess 

reagent). 5 The DMSZ medium contained (per L of Milli-Q water) NH4Cl (535 mg), KH2PO4 (54 

mg), KCl (74 mg), MgSO4 x 7 H2O (49 mg), CaCl2 x 2 H2O (147 mg) and NaCl (584 mg), to which 

1 mL of trace element solution and 2 mL of phenol red solution were added. The trace 

element solution contained (per 975 mL of Milli-Q water) HCl (1M; 25 mL), MnSO4 x 4 H2O 

(45 mg), H3BO3 (49 mg), ZnSO4 x 7 H2O (43 mg), (NH4)6Mo7O24 x 4 H2O (37 mg), FeSO4 x 7 H2O 

(973 mg), CuSO4 x 5 H2O (25 mg). The stock phenol red solution contained 50 mg phenol red 

in 100 mL water and was used over three months. The pH was adjusted to 7.8 using a sterile 

aqueous NaHCO3 (10%) solution. The cultures were checked regularly for heterotrophic 

contamination by inoculation on 100% strength Luria broth (LB) plates containing 15 g L-1 

technical grade agar (BD Difco™ Agar, Technical, Fisher Scientific). Further contamination 

through air was prevented by re-inoculation to sealed vessels. After several successful 

subcultures (at least ten), cells were harvested for analysis by 16S rRNA sequencing. 

 

3.2 Protocol for Growing N. Europaea and N. Multiformis 3 

AOB were grown for 3 – 5 d in Duran glass bottles containing 600 mL of mineral salts media 

(MSM, see below) at 100 rpm and 30°C in the dark. The slightly loose cap was sealed with an 

O2 permeable membrane to ensure aeration (Breathe-Easy® sealing membrane, Sigma 

Aldrich). The MSM constituted the main bulk medium and consisted of K2HPO4 (2.27 g L-1), 

KH2PO4 (0.95 g L-1) and (NH4)2SO4 (0.67 g L-1). The pH was adjusted to 7.0. To 1 L of the bulk 

medium 2 mL of a filter sterilized (0.2 µm millipore filter) solution of metals was added: 

Na2EDTA (6.37 g L-1), ZnSO4 x 7 H2O (1.0 g L-1), CaCl2 x 2 H2O (0.5 g L-1), FeSO4 x 7 H2O (2.5 g 

L- 1), NaMoO4 x 2 H2O (0.1 g L-1), CuSO4 x 5 H2O (0.1 g L-1), CoCl2 x 6 H2O (0.2 g L-1), MnSO4 x 
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H2O (0.52 g L-1) and MgSO4 x 7 H2O (60.0 g L-1). To this media solution 1v/v% of aqueous 

Na2CO3 (50 g L-1) was added aseptically as a carbon source.  

 

3.3 Protocol for Harvesting Cells 3 

After 3 - 5 d of incubation, the turbid cultures were harvested at an OD600 (optical density at 

a wavelength of 600 nm) of approximately 0.1, which represented the mid-exponential 

growth phase and an NO2  production of approximately 800 µM (determined by Griess 

assay), cells were harvested by filtration onto 0.2 µm membrane filters (Rowe Scientific, 

mixed cellulose esters (MCE)). The cells were washed with sodium phosphate buffer (NaPB, 

pH = 7.5, 0.1 M, 2 x 100 mL) containing MgSO4 (0.2 mM). The filter paper with the cells was 

transferred into a sterile 50 mL tube, and the cells were washed off by resuspending in NaPB 

(15 mL), followed by 5 s of vortexing (Ratek, Australia) and 3 s of sonication (Vevor, Australia). 

The initial inoculum OD600, which was between 0.9 – 1.2, was adjusted to a final OD600 of 0.03 

and stored at 4°C until used for the assay. Cells could be stored for up to 24 h without losing 

activity.  

 

3.4 Standard Assay Protocol3  

In a deep 96-well plate (2 mL capacity), 980 µL of the bacterial inoculum (OD600 = 0.03 in NaPB 

at pH 7.5) was added to the inhibitor (10 µL of a 30 mmol L-1 or 3 mmol L-1 stock solution of 

the inhibitor in DMSO respectively), the solutions were mixed thoroughly and pre-incubated 

in the dark for 5 min at 30°C and 100 rpm (Ratek, Australia). (NH4)2SO4 (10 µL, 150 mM, from 

a sterile solution containing 19.8 g L-1 of (NH4)2SO4 in Milli-Q water) was then added. In 

experiments in which the NH2OH-dependent activity was measured, (NH4)2SO4 was replaced 

by equimolar amounts of NH2OH. The plate was covered with an O2 permeable membrane 

to ensure aeration (Breathe-Easy® sealing membrane, Sigma Aldrich) and incubated in the 

dark for 30, 60 or 90 min at 30°C and 100 rpm. The nitrification process was stopped by 

adding an excess of DMP (10 µmol L-1, 30 mM; the final concentration of DMP in the solution 

was 0.27 mM). An aliquot of the reaction solution (50 µL) was transferred to a 96-well 

spectrophotometric plate (Greiner Cellstar®, polystyrene) to which 50 µL of Griess reagent 

was added. The colour was allowed to develop for 15 min at room temperature, and the 

absorbance was measured at 540 nm (Clariostar® BMG Labtech, Australia). Each assay was 
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accompanied by control treatments to determine the 0% (no N-source) and 100% (with N-

source, no inhibitor) NO2  signal. 

 

3.5 O2 Consumption Measurements 6 

O2 consumption rates of cell suspensions of N. europaea were measured using a Clark-type 

oxygen electrode (Rank Brothers, Cambridge, UK) mounted in a water-jacketed electrode 

chamber (3 mL capacity) that was connected to a recirculating cooler (Lauda, Austria). The 

data were recorded using a Data-traxTM (World Precision Instruments, UK) sensor data 

collection system. All measurements were taken at 20°C and 1 mL final reaction solution 

volume. The polarizing voltage was set to 0.6 V. To calibrate the oxygen signal, an excess 

(approximately 50 mg) of Na2S2O4 was added to 1 mL of Milli-Q water to chemically remove 

dissolved O2. Additional O2 flux was prevented by applying a stopper, and the residual voltage 

was referred to as “0% O2”. The voltage at saturated O2 concentration (“100% O2”) was 

determined by measuring the voltage of the equilibrated aerated reaction system consisting 

of 1 mL Milli-Q water. Sample measurements were taken as follows: The 1 mL reaction 

mixture, composed of 980 µL N. europaea cell solution in NaPB (OD600 = 0.8; corresponding 

to approximately 468 µg L-1 protein) was equilibrated for 5 min in the chamber until the 

voltage reading was stable. The reaction was then initiated by the addition of (NH4)2SO4 

(10 µL of an aqueous 150 mM stock solution, the final concentration in the reaction solution 

was 3 mM) and the chamber immediately sealed with a stopper. After 4 min of oxygen 

consumption (a linear rate coefficient of approximately  kobs = k = 274.7 ± 20.0 nmol O2 L-1 s-1  

was determined), 10 µL of the inhibitor stock solution of MPT in DMSO (1.2 mM and 0.6 mM) 

were added via a 10-µL Eppendorf pipette through a capillary opening, ensuring the 

emergence of the pipette tip in the solution. The voltage was recorded over a period of 25 

min in intervals of 5 s. The trace describing the O2 concentration after addition of (NH4)2SO4 

against the time (initial 15-140 s) was used as the baseline O2 consumption for the 

uninhibited cells, whereas the trace describing the consumption in the presence of the 

inhibitor (255-1740 s time window) was used to determine the rate of O2 consumption in the 

presence of inhibitor. All experiments were conducted in triplicate at 20°C under constant 

stirring. The  voltage was converted to [O2] according to equation SI-1:  
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Kinetic parameters were determined via GraphPad Prism software, using simple linear 

regression for uninhibited cells and non-linear fit (curve fit) first order decay with an R2 > 0.9 

for inhibited cells. 

 

3.6 Activity Recovery Assay6 

Cells were harvested using the ‘Protocol for Harvesting Cells'. The bacterial suspension was 

adjusted to OD600 = 0.8 (~ 468 µg L-1 protein), and 980 µL aliquots were transferred to 1.5-mL 

centrifuge tubes (Eppendorf®, polypropylene). The inhibitor (10 µL of a stock solution of 150 

mM in Milli-Q water) was added, and after equilibrating for 5 min (NH4)2SO4 (10 µL of a stock 

solution of 150 mM in Milli-Q water) was added using a multichannel pipette to ensure 

simultaneous addition to each tube. The tubes were incubated in a temperature-regulated 

rotary incubator (Ratek, Australia) for 30 min at 30°C and 100 rpm in the dark. A 50 µL aliquot 

was then transferred to a 96-well plate (Greiner Cellstar®, polystyrene) to which 50 µL of 

Griess reagent was added, and the mixture was incubated for 15 min. The absorbance was 

measured at 540 nm (Clariostar® BMG Labtech, Australia). The remaining cells were 

subsequently washed (3x) by alternating centrifugation (Boeco, Germany; 10,000 rpm, 10 

min) and resuspension of the cell pellet in NaPB (1 mL). After the final centrifuging step, the 

pellet was resuspended in NaPB (990 µL) and re-incubated with (NH4)2SO4 (10 µL of an 

aqueous 150 mM stock solution, see above), and the NO2  concentration was measured 

under the previously described conditions. 

 

3.7 Michaelis-Menten Kinetics6  

In a deep 96-well plate (2 mL capacity), 980 µL of the bacterial inoculum (OD600 = 0.03, ~ 

18 µg L-1 protein in NaPB at pH 7.5) was added to MPT (10 µL from 75 µM and 37.5 µM stock 

solutions of MPT in DMSO, respectively). The solutions were mixed thoroughly and pre-

incubated in the dark for 5 min at 100 rpm and at 30°C (Ratek, Australia). 10 µL of the 

respective (NH4)2SO4 stock solution (0.3 mM, 3 mM, 5 mM, 10 mM, 150 mM, 300 mM, 1 M 

and 3M) was added to each well (final [NH4
+] in well: 0.003 mM, 0.03 mM, 0.05 mM, 0.1 mM, 

1.5 mM, 3.0 mM, 10 mM and 15 mM). The plate was covered with an O2 permeable 

membrane to ensure aeration (Breathe-Easy® sealing membrane, Sigma Aldrich) and 

incubated in the dark for 60 min at 30°C and 100 rpm. Termination of the nitrification process 
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and determination of the NO2  production was performed as described in 'Standard Assay 

Protocol'. Data analysis was performed with GraphPad Prism software, using nonlinear 

regression (curve fit) for Michaelis Menten Kinetics. The results used the best fit values with 

95% likelihood. 

The Michaelis constant, Km, is the substrate concentration, [S], at which the reaction rate, V, 

is 50% of the maximal rate, Vmax, and can be regarded as an inverse measure of the enzyme-

substrate affinity (equation SI-2).  

 

If the substrate (i.e., NH3) and MPT are not competing for the same site in the enzyme, a 

decrease in Vmax that is independent of [MPT] will characterise non-competitive inhibition of 

AMO (with no change in Km). On the other hand, uncompetitive inhibition will result in a 

decrease in both Km and Vmax, whereas competitive inhibition will cause an increase of Km 

and no change in Vmax. 7  

 

3.8 Determination of IC50(abs) Values6  

The assay was performed according to the 'Standard Assay Protocol' using N. europaea as 

AMO source. MPT was tested at concentrations of: 1.5 mmol L-1, 0.75 mmol L-1, 0.375 mmol 

L-1, 0.1875 mmol L-1, 0.0983 mmol L-1, 0.0469 mmol L-1, 0.0234 mmol L-1, 0.011 mmol L-1, 

0.0059 mmol L-1). The inhibitor concentration at which the inhibition was 50 % (IC50(abs)) was 

determined by fitting the log10 of the concentration (in mmol L-1) against the response. 

IC50(abs) was obtained by normalising the response against cells in NaPB with 1 v/v% DMSO 

and [NH4
+] = 3 mM ('uninhibited' cells; 100% signal) and cells in NaPB with 1 v/v% DMSO 

without additive ('untreated cells'; 0% signal). The curves were plotted with GraphPad prism 

(version 9.0) to determine IC50(abs) via variable slope fit (three parameters). The IC50(abs) value 

and graph is shown in Supplementary Figure 3. 

 

3.9 Mineral-N Retention in an Australian Soil (Soil A) 1 

Soil A was collected, air-dried, ground and sieved (2 mm) prior to use. Soil microcosm 

incubations were carried out in polypropylene specimen containers (250 mL, Sarstedt, 

Germany), containing 20 g of oven dry-weight equivalent of soil. Microcosms were treated 
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with half the volume of water required to meet the desired WHC of 53% and pre-incubated 

at 25°C for seven days to revive soil microbial activity. Following pre-incubation, the 

remaining volume to reach the 53% WHC was applied as one of the treatment solutions: (1) 

fertiliser ((NH4)2SO4,) 100 mg kg-1, (2) fertiliser + 0.5 mol% MPT, (3) fertiliser + 2.5 mol% MPT, 

(4) fertiliser + 5 mol% MPT or (5) fertiliser + 5 mol% DMP, with three replicates of each 

treatment per time interval (n = 3). Throughout the incubation period soil microcosms were 

kept aerated by removing the lid for 10 minutes every 2–3 days to allow gas exchange, and 

moisture levels were replenished by addition of Milli-Q water as required. At the end of the 

desired incubation period (i.e., after 0, 3, 7, 14, and 21 days, respectively), soil microcosms 

were removed and destructively sampled by treating with aqueous potassium chloride 

solution (KCl, 2M, 100 mL) and shaking for 1 h. Soil-KCl solutions were filtered (Whatman No. 

42), and the filtrates were stored at −20 °C until the end of the experiment, when all KCl 

extracts were analysed for the concentration of soil mineral nitrogen from ammonium (NH4
+-

N) and nitrate (NO3
--N; the conversion of NO2

- to NO3
- in soils is very rapid) after appropriate 

dilutions using Segmented Flow Analysis (San++, Skalar, Breda, The Netherlands). Results are 

reported as the mean of three biological replicates, errors reported are standard errors of the 

mean. Errors associated with raw data were carried through calculations using standard error 

propagation protocols. The detailed mineral-N data are provided in Supplementary Table 8. 

3.10 N2O Gas Measurements8,9  

At the day of the measurement (day 1, 3, 5, 7, 14 and 21 after fertilisation) the vials were 

closed gas-tight with a rubber septum and aluminium lid and opened after each 

measurement. The N2O concentrations were analysed using a GC-ECD/FID (Electron Capture 

Detector/Flame Ionization Detector) (Claurus 580, Perkin Elmer) in intervals of 1, 5.05, 9.1 

and 13 h as described previously. 8 A linear regression slope was used to calculate N2O-N 

production rates, F, according to equation SI-3,   
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where ΔC/Δt represents the change of the N2O concentration over the time intervall t in 

ppbv, V represents the headspace volume in L, M represents the molar mass of N in N2O, m 

represents the amount of soil in g dry weight, Vm represents the molar volume of ideal gases 

(22.414 L mol-1) at 0 °C and 101.325 kPa, corrected for the gas sampler using T0 (273.15 K) 

and Ta (air temperature in K). Detailed N2O production rates are given in Supplementary 

Table 9.  
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3. Supplemenary Tables 

 

Supplementary Table 1. NH4
+-dependent NO2

- production after supplementing N. europaea 

and N. multiformis (OD600 = 0.03) with and MPT and H-MPT.[a] 

[a] Incubations were performed in NaPB with 1v/v% DMSO. ‘Untreated’ = 0% signal; 

‘uninhibited’ = 100% signal with [NH4
+] = 3 mM; [MPT] and [H-MPT] = 0.3 mM with [NH4

+] = 

3 mM.  

 

Supplementary Table 2. NH2OH-dependent NO2
- production after supplementing N. 

europaea and N. multiformis with MPT.[a] 

[a] Incubations were performed in NaPB with 1v/v% DMSO. ‘Untreated’ = 0% signal; 

‘uninhibited’ = 100% signal with [NH2OH] = 3 mM; [MPT] = 0.3 mM with [NH2OH] = 3 mM.  

 

 

 

  

AOB Source 
[NO2

-] / µM 

Untreated Uninhibited MPT H-MPT 

N. europaea 8.8 ± 6.5 149.9 ± 46.6 42.1 ± 16.1 135.5 ± 38.6 

N. multiformis 2.7 ± 0.3 56.9 ± 4.8 14.7 ± 2.0 54.7 ± 6.0 

AOB Source 
[NO2

-] / µM 

Untreated Uninhibited MPT 

N. europaea 9.1 ± 1.9 37.8 ± 1.3 29.7 ± 0.5 

N. multiformis 9.8 ± 4.0 40.3 ± 3.3 30.1 ± 2.0 
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Supplementary Table 3. NO2
- production after supplementing N. europaea and N. 

multiformis (OD600 = 0.03) with inhibitors NI-1-3. [a] 

[a] Incubations were performed in NaPB with 1v/v% DMSO. ‘Untreated’ = 0% signal; 

‘uninhibited’ = 100% signal with [NH4
+] = 3 mM; [MPT] and [H-MPT] = 0.3 mM with [NH4

+] = 

3 mM. 

 

Supplementary Table 4. Rate coefficients, k, for the time-dependent O2 consumption by N. 
europaea in the absence of MPT.[a]  

[a] The k-value was determined from the linear regression of [O2] vs. time between 15 – 240 s 

(R2 > 0.95). The experiment was conducted with [NH4
+] = 3.0 mM in NaPB (pH = 7.5) with 

1v/v% DMSO at 20°C under constant stirring in the dark.  

 

 

 

 

Supplementary Table 5. Rate coefficients, kobs, for the time-dependent O2 consumption by 

N. europaea in the presence of MPT at different concentrations.[a]  

AOB Source 
[NO2

-] / µM 

Untreated Uninhibited NI-1 NI-2 NI-3 

N. europaea 3.1 ± 1.3 90.1 ± 2.3 72.4 ± 3.6 47.1 ± 2.4 84.7 ± 3.4 

N. 
multiformis 

2.3 ± 0.1 79.3 ± 4.2 48.5 ± 1.6 43.3 ± 1.3 81.9 ± 3.2 

Experiment k / nmol L-1 s-1 R2 

before addition of MPT 

(0.6 mM)  

run 1 274.5 0.99 

run 2 256.4 0.99 

run 3 269.3 0.99 

before addition of MPT 

(1.2 mM) 

run 4 317.3 0.99 

run 5 270.5 0.99 

run 6 260.4 0.99 

Experiment kobs / s-1 R2 

after addition of MPT (0.6 

mM)  

run 1 1.82 x 10-3 0.99 

run 2 2.23 x 10-3 0.99 
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[a] The observed k-value (kobs) was determined from the first oder decay regression of [O2] 

against the time between 255 – 1740 s (R2 > 0.99). The experiment was conducted with [NH4
+] 

= 3.0 mM in NaPB (pH = 7.5) with 1v/v% DMSO at 20°C under constant stirring in the dark.   

run 3 4.25 x 10-3 0.99 

after addition of MPT (1.2 

mM) 

run 4 6.40 x 10-3 0.99 

run 5 3.93 x 10-3 0.99 

run 6 3.93 x 10-3 0.98 
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Supplementary Table 6. Specifications of the soils studied in this work.[a]   

Parameter Soil A Soil B Soil C Soil D Soil E 

pH (CaCl2) 5.9 6.3 5.5 4.7 7.5 

pH (H2O) 6.4 6.7 6.0 5.4 8.1 

Sand (%) 42 8 74 87 5 

Slit (%) 35 77 16 8 78 

Clay (%) 24 15 10 4 17 

TOC (%) 4.86 1.0 2.05 0.47 0.52 

TC (%) 5.6 1.0 2.1 0.5 2.12 

TN (%) 0.43 0.15 0.04 0.11 0.05 

min-N (NH4
+) / mg kg-1 soil 5.6 0.24 0.97 0.63 1.12 

min-N  (NO3
-) / mg kg-1 soil 70 70.9 39.7 27.7 21.8 

WHC / g 100 g-1 soil 78 40 51 28 44 

[a] Mean values from three replicates; TOC = total organic carbon, TC = total carbon, TN = 

total nitrogen, min-N = mineral-N, WHC - water holding capacity (WHC). Soil A was collected 

from an agricultural site in Victoria, Australia; soils B - E were collected from agricultural sites 

in Germany.   
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Supplementary Table 7. Experiments with soils B - E. Application rates of DMP and MPT and 

weight % of total (NH4)2SO4 applied.[a]  

 

 

 

 

 

 

 

 

 

 

[a] 

All 

samples were treated with (NH4)2SO4 at a rate of 50 mg N kg-1 soil. 

 

Treatment 
Application rates 

mg kg-1 soil  

Weight % of total 

(NH4)2SO4 

Fertiliser + DMP 5 mol%  16.9 7.1 

Fertiliser + DMP 2.5 mol%  8.6 3.7 

Fertiliser + DMP 0.5 mol%  1.7 0.7 

Fertiliser + MPT 5 mol%  21.5 9.1 

Fertiliser + MPT 2.5 mol%  10.8 4.6 

Fertiliser + MPT 0.5 mol%  2.2 0.9 
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Supplementary Table 8. Soil incubation studies to determine mineral-N conversion in soil A (pH = 5.9) between days 1 and 21.[a] 

 

[a] The measurements were performed according to section 3.9. All fertiliser treatments were at an application rate of (NH4)2SO4 = 100 mg kg-1 soil. [b] Mean 

values (n = 3); errors are standard errors of the mean. [c] Statistical significance: P < 0.05 (*), P < 0.01 (**), P < 0.001 (***)  when comparing inhibitor treatments 

to the control treatment with (NH4)2SO4 alone, P < 0.05 (# ), P < 0.01 (##), P < 0.001 (###) respectively, when comparing inhibitor treatments to highest 

concentration of DMP treatment. Statistical analysis were performed with GraphPad Prism 9.5.0 (2-way ANOVA) multiple comparison Tuckey HSD. 

 

 [NH4
+-N] (mg kg-1 soil) [b], [c], [d] [NO3

--N] (mg kg-1 soil) [b], [c], [d] 

Soil A 
Day 

0 
Day 7 Day 14 Day 21 

Day 

0 
Day 7 Day 14 Day 21 

Fertiliser only 95.8 ± 0.4 26.3 ± 0.4 9.6 ± 0.1 7.8 ± 0.1 86.5 ± 0.5 167.5 ± 2.3 198.4 ± 1.3 201.5 ± 1.1 

Fertiliser +  
DMP 5 mol%  

97.5 ± 0.4 41.4 ± 1.8** 18.7 ± 1.1* 8.2 ± 0.3 84.9 ± 1.4 155.8 ± 1.8 191.4 ± 1.7 203.9 ± 1.9 

Fertiliser +  
MPT 0.5 mol%  97.5  ± 0.4 

57.23 ± 

1.8** 
32.9 ± 1.8** 7.9 ± 0.2 87.6  ± 0.4 140.3 ± 1.1 174.9 ± 2.3* 204.3 ± 1.6 

Fertiliser +  
MPT 2.5 mol%  96.6  ± 0.2 

95.6 ± 

1.6***### 

98.9 ± 

1.1***### 

91.6 ± 

1.4***### 
87.8  ± 0.4 

101.7 ± 

0.5**## 

108.0 ± 

0.3***### 

113.7 ± 

3.3***### 

Fertiliser + 
MPT 5 mol%  96.5  ± 0.4 

98.9 ± 

1.1***### 

110.2 ± 

1.0***### 

110.6 ± 

1.7***### 
87.3  ± 0.5 

94.3 ± 

0.6***### 

99.2 ± 

0.7***### 

99.1 ± 

2.1***### 
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Supplementary Table 9. N2O production rates (in ng g-1 soil h-1) for soils B-E between days 1 and 21.[a] 

 

 Day 1 Day 3 Day 5 Day 7 Day 14 Day 21 

Soil B 

Untreated 
0.007 ± 0.007 0.008  ± 0.008 0.000  ± 0.000 -0.021  ± 0.021 0.000 ± 0.000 0.000 ± 0.000 

Fertiliser only 
0.681 ± 0.044 0.282 ± 0.023 0.204 ± 0.016 0.191 ± 0.009 0.108 ± 0.018 0.048 ± 0.006 

Fertiliser +  
DMP 0.5 mol%  

0.318 ± 0.030 * 0.189 ± 0.006 0.151 ± 0.015 0.086 ± 0.043 0.136 ± 0.006 0.019 ± 0.019 

Fertiliser +  
DMP 2.5 mol%  

0.224 ± 0.013 * 0.124 ± 0.008 0.060 ± 0.030 0.045 ± 0.023 0.113 ± 0.006 0.127 ± 0.000* 

Fertiliser +  
DMP 5 mol%  

0.209 ± 0.054 * 0.067 ± 0.017 * 0.058 ± 0.014 * 0.020 ± 0.010 ** 0.052 ± 0.003 0.037 ± 0.019 

Fertiliser +  
MPT 0.5 mol%  0.058 ± 0.004 * 0.009 ± 0.009 * 0.000 ± 0.000 * 

-0.013 ± 0.013 

** 
0.008 ± 0.008 0.011 ±0 .011 

Fertiliser + 
MPT 2.5 mol% 

0.007 ± 0.007 * 0.000 ± 0.000 * -0.007 ± 0.007 * 
-0.019 ± 0.019 

** 
0.000 ± 0.000 # 0.000 ± 0.000 

Fertiliser + 
MPT 5 mol% 

0.000  ± 0.000 * 0.000 ± 0.000 * 0.000 ± 0.000 * 
-0.048 ± 0.026 

** 
0.000 ± 0.000# 0.000 ± 0.000 
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Soil C 

Untreated 0.013 ± 0.013 0.000 ± 0.000 0.009 ±0.009 0.027 ± 0.014 0.043 ± 0.003 0.052 ± 0.003 

Fertiliser only 0.283 ± 0.004 0.198 ± 0.003 0.168 ± 0.003 0.163 ± 0.002 0.243 ± 0.020 0.229 ± 0.008 

Fertiliser + 
DMP 0.5 mol% 

0.283 ± 0.008 0.183 ± 0.003 0.081 ± 0.041 0.162 ± 0.037 0.105 ± 0.007 0.101 ± 0.011 ** 

Fertiliser + 
DMP 2.5 mol% 

0.276 ± 0.006 0.161 ± 0.006 0.133 ±  0.006 0.113 ±  0.005 * 0.086 ± 0.006 0.089 ± 0.005 ** 

Fertiliser + 
DMP 5 mol% 

0.228 ± 0.017 0.125 ± 0.006 ** 0.099 ± 0.008 * 0.098 ± 0.010 0.085 ± 0.009 * 0.095 ± 0.000 * 

Fertiliser + 
MPT 0.5 mol% 

0.119 ± 0.011 ** 
0.062 ±  0.001 

***# 
0.059 ± 0.007 ** 0.054 ± 0.006 ** 0.119 ± 0.010 0.107 ± 0.008 ** 

Fertiliser + 
MPT 2.5 mol% 

0.042 ± 0.04 

***## 

0.000 ± 0.000 

***## 
0.011 ±  0.011 *# 

0.031 ± 0.003 

*** 
0.012 ± 0.008 *# 0.019 ± 0.010 *** 

Fertiliser + 
MPT 5 mol% 

0.017 ± 0.017 

*## 

0.000 ± 0.000 

***## 
0.000 ± 0.000 ***# 0.024 ± 0.013 * 0.023 ± 0.007 *# 0.000 ± 0.000 **### 

Soil D 

Untreated 0.018 ± 0.018 0.083 ± 0.011 0.049 ± 0.005 0.080 ± 0.006 0.043 ± 0.006 0.067 ± 0.016 
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Fertiliser only [a] 0.128 ± 0.008 0.144 ± 0.013 0.081 ± 0.011 0.124 ± 0.010 0.076 ± 0.004 0.122 ± 0.010 

Fertiliser + 
DMP 0.5 mol% 

0.131 ± 0.001 0.133 ± 0.003 0.063 ± 0.003 0.112 ± 0.008 0.072 ± 0.009 0.098 ± 0.011 

Fertiliser + 
DMP 2.5 mol% 

0.073 ± 0.037 0.120 ± 0.005 0.067 ± 0.006 0.115 ± 0.012 0.070 ± 0.006 0.063 ± 0.003 

Fertiliser + 
DMP 5 mol% 

0.114 ± 0.015 0.112 ± 0.006 0.039 ± 0.021 0.102 ± 0.014 0.056 ± 0.004 0.069 ± 0.007 

Fertiliser + 
MPT 0.5 mol% 

0.029 ± 0.029 0.058 ± 0.009 * 0.004 ± 0.004 0.037 ± 0.021 0.037 ± 0.005 *# 0.045 ± 0.014 

Fertiliser + 
MPT 2.5 mol% 

0.015 ± 0.010 * 0.020 ± 0.010 *# 0.000 ± 0.000 0.037 ± 0.018 0.000 ± 0.000 *# 0.000 ± 0.000 * 

Fertiliser + 
MPT 5 mol% 

0.000 ± 0.000 * 0.027 ± 0.013 * 0.000 ± 0.000 0.020 ± 0.011 * 0.000 ± 0.000 *# 0.000 ± 0.000 *# 

Soil E 

Untreated 0.026 ± 0.014 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 

Fertiliser only 0.207 ± 0.018 0.680 ± 0.069 2.334 ± 0.972 0.059 ± 0.030 0.009 ± 0.009 0.000 ± 0.000 

Fertiliser + 
DMP 0.5 mol% 

0.053 ± 0.002 * 0.037 ± 0.006 * 0.015 ± 0.008 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 

Fertiliser + 
DMP 2.5 mol% 

0.080 ± 0.009 * 0.014 ± 0.014 * 0.000 ± 0.000 0.000 ± 0.000 0.008 ± 0.008 0.000 ± 0.000 
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[a] The measurements were performed according to section 3.10, and production rates were calculated according to eqn. SI-3. All fertiliser treatments 

were at an application rate of (NH4)2SO4 = 50 mg kg-1 soil. Mean values (n = 3); errors are standard errors of the mean of biological replicates. Statistical 

significance: P < 0.05 (*), P < 0.01 (**), P < 0.001 (***) when comparing inhibitor treatments to the control treatment with (NH4)2SO4 alone, P < 0.05 

(#), P < 0.01 (##), P < 0.001 (###), respectively, when comparing inhibitor treatments to the highest concentration of the DMP treatment. Statistical 

analyses were performed on raw N2O production rates (µg  g-1 soil h-1) with GraphPad Prism 9.5.0 (2-way ANOVA) multiple comparison Tuckey HSD test. 

 

 

 

Fertiliser + 
DMP 5 mol% 

0.045 ± 0.011 * 0.011 ± 0.011 * 0.000 ±  0.000 0.000 ± 0.000 0.007 ± 0.007 0.000 ± 0.000 

Fertiliser + 
MPT 0.5 mol% 

0.007 ± 0.007 * 0.011 ± 0.011 * 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 

Fertiliser + 
MPT 2.5 mol% 

0.008 ± 0.008 * 0.008 ± 0.008 * 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 

Fertiliser + 
MPT 5 mol% 

0.012 ± 0.012 * 0.000 ± 0.000 * 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 0.000 ± 0.000 
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Supplementary Table 10. Calculated gene abundances (copy g-1 soil) of amoA from bacteria and archaea after 22 days of incubation.[a] 

 
Untreated Fertiliser only Fertiliser + DMP Fertiliser + MPT 

amoA bacteria 

soil B (5.6 ± 0.9) x 106   (3.7 ± 0.4) x 106   (6.7 ± 3.0) x 106   (4.5 ± 1.0) x 106   

soil C (3.3 ± 0.8) x 105   (4.1 ± 0.6) x 105   (3.0 ± 0.5) x 105   (2.7 ± 0.1) x 105   

soil D (5.1 ± 2.5) x 106  (2.5 ± 0.2) x 106  (2.1 ± 0.2) x 106   (2.7 ± 0.4) x 106   

soil E (5.1 ± 0.6) x 105   (1.6 ± 0.1) x 106  (5.9 ± 0.1) x 106  *** (5.4 ± 0.1) x 105  *** 

amoA archaea 

soil B (2.4 ± 0.6) x 108   (1.6 ± 0.1) x 108   (1.2 ± 0.1) x 108   (9.0 ± 0.3) x 107 # 

soil C (1.2 ± 0.2) x 107   (1.4 ± 0.1) x 107   (1.3 ± 0.1) x 107   (1.2 ± 0.1) x 107   

soil D (3.5 ± 0.6) x 108   (2.8 ± 0.3) x 108   (2.0 ± 0.6) x 108   (8.5 ± 1.5) x 107  # 

soil E (1.4 ± 0.1) x 107   (1.8 ± 0.1) x 107   (1.8± 0.1) x 107   (2.4 ± 0.5) x 107   
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[a] Detailed soil specifications are listed in Supplementary Table 6; ‘untreated’ soil contains only deionized water as an ‘additive’. The fertiliser 

treatment contained N fertiliser ((NH4)2SO4 at an application rate of 50 mg kg-1 soil. Inhibitor treatments were performed with high application 

rates of 5 mol% of applied fertilizer-N to determine the maximum effect. [b] Mean values (n = 3); errors are standard errors of the mean of 

biological replicates. [c] Statistical significance: P < 0.05 (*), P < 0.01 (**), P < 0.001 (***) when comparing inhibitor treatments to the control 

treatment with (NH4)2SO4 alone, P < 0.05 (# ), P < 0.01 (##), P < 0.001 (###) respectively, when comparing inhibitor treatments with untreated 

soil. Statistical analyses were performed on gene copy numbers (copy g-1 soil) with GraphPad Prism 9.5.0 (ordinary one-way ANOVA) with 

GraphPad Prism 9.5.0 (2-way ANOVA) multiple comparison Tukey HSD. 
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4. Supplementary Figures  

 

Supplementary Figure 1. O2 consumption by N. europaea as a function of time before the 

addition of MPT (between 15 – 240 s). Note that time is corrected by -15 s to start at 0 s 

Experiments were conducted with [NH4
+] = 3.0 mM in NaPB (pH = 7.5) with 1v/v% DMSO at 

20°C under constant stirring in the dark. Each treatment was performed in three replicates 

(run 1‒run 3); the shown O2 profiles are the average of these. The rate coefficient, k, was 

obtained from linear regression of each individual treatment. The data are provided in 

Supplementary Table 4. 
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Supplementary Figure 2. Pseudo-first oder decay exponential fit of O2 consumption by N. 

europaea as a function of time after the addition of MPT (between 255 – 1740 s). Note that 

time is corrected by -255 s to start at 0 s. Experiments were conducted with [NH4
+] = 3.0 mM 

in NaPB (pH = 7.5) with 1v/v% DMSO at 20°C under constant stirring in the dark. Each 

treatment was performed with three replicates (run 1‒run 3); the O2 profiles shown in the 

paper are the mean values of these. The pseudo first order rate coefficient, kobs, was obtained 

from nonlinear regression of a first-order decay fit (via GraphPad Prism 9.5.0 of each 

individual treatment. The data are provided in Supplementary Table 5. 
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Supplementary Figure 3. Function of the %activity (determined by measuring the NO2

- 

production) against the logarithmic concentration of MPT, and the obtained IC50(abs) value. 

Standard errors were determined from three biological and three technical replicates (n = 3). 
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