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Abstract

:

Currently, nitrogen fertilizers are utilized to meet 48% of the total global food demand. The demand for nitrogen fertilizers is expected to grow as global populations continue to rise. The use of nitrogen fertilizers is associated with many negative environmental impacts and is a key source of greenhouse and harmful gas emissions. In recent years, urease and nitrification inhibitors have emerged as mitigation tools that are presently utilized in agriculture to prevent nitrogen losses and reduce greenhouse and harmful gas emissions that are associated with the use of nitrogen-based fertilizers. Both classes of inhibitor work by different mechanisms and have different physiochemical properties. Consequently, each class must be evaluated on its own merits. Although there are many benefits associated with the use of these inhibitors, little is known about their potential to enter the food chain, an event that may pose challenges to food safety. This phenomenon was highlighted when the nitrification inhibitor dicyandiamide was found as a residual contaminant in milk products in 2013. This comprehensive review aims to discuss the uses of inhibitor technologies in agriculture and their possible impacts on dairy product safety and quality, highlighting areas of concern with regards to the introduction of these inhibitor technologies into the dairy supply chain. Furthermore, this review discusses the benefits and challenges of inhibitor usage with a focus on EU regulations, as well as associated health concerns, chemical behavior, and analytical detection methods for these compounds within milk and environmental matrices.
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1. Introduction


Climate change is one of the greatest challenges facing the modern world with global populations expected to rise to 9 billion by the year 2050, creating further pressure to secure food supplies [1]. Climate change is known to cause many negative environmental effects and is accelerated by, and directly linked to, anthropogenic greenhouse gas (GHG) emissions, including carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), and harmful gas emissions that can negatively impact air and water quality including ammonia (NH3) gas. To ensure maximum sustainable agricultural productivity while mitigating emissions, agriculture must increase carbon-sequestration, reduce GHG emissions, and lessen our dependence on fossil fuels [2]. The Intergovernmental Panel on Climate Change (IPCC) estimates that anthropogenic nitrogen (N) inputs cause 60% of N2O emissions, through the use of fertilizers derived from animal waste.



There is a particular interest in lowering GHG and harmful gas emissions from dairy production, a sector that needs emission mitigation options but also one that is sensitive to the fate of farm inputs. European Union (EU) targets require a 20% reduction in GHG emissions by 2020 and subsequent reductions of 40% by 2030 compared to 1990 emission levels [3,4]. The agricultural sector accounted for approximately 10% of total GHG emissions in 2015 in the EU. Average European agricultural GHG emissions have declined by 20% from 1990 levels to 2015. This reduction was achieved primarily by a 17% reduction in N2O emissions from agricultural soils, through the use of fewer N fertilizers and a 22% decrease in CH4 emissions achieved by reducing livestock numbers [5]. In 2016, the EU’s National Emissions Ceilings Directive (2016/2284) on the reduction of national emissions of certain atmospheric pollutants was introduced and cited five primary air pollutants including NOx, non-methane volatile organic compounds (NMVOCs), sulfur dioxide (SO2), NH3, and carbon monoxide (CO). The use of N-based fertilizers is known to produce GHGs including CO2 and N2O. N2O is known to be particularly damaging to the environment and contributes to the depletion of the ozone layer. Over 170 countries have made various commitments to the Kyoto and Paris agreements as part of the effort to reduce the effects of global warming by lowering GHG and harmful gas emissions [6].



In 2019, the EU produced 151 billion liters of milk. This was followed by the US, India, Russia, China, Brazil, New Zealand, and Australia, who produced 96, 88, 30, 30, 24, 21, and 8.7 billion liters of milk, respectively. In order to meet EU and global commitments, the Dairy industry worldwide must embrace new technologies and strategies that reduce GHGs and harmful gas emissions. As the dairy industry continues to expand, it is evident that the use of inhibitor technologies will be necessary to ensure industry targets can continue to grow while continuing to address sustainability challenges. Inhibitor technologies have been shown to significantly reduce GHG and harmful gas emissions from N fertilizers and slurry [7,8] and these technologies have been identified as promising mitigation options for agriculture [3]. Urease inhibitors work by blocking the active site of urease, slowing down urea hydrolysis, and limiting the amount of N lost to the atmosphere as NH3. Nitrification inhibitors generally work to inhibit soil enzymes, which are responsible for nitrification and denitrification and, ultimately, limit N losses by reducing N2O emissions and nitrate (NO3− ) losses via leaching from soil. It is feasible that the mandatory use of such inhibitors will be passed into legislation in the near future to reduce EU emissions. For example, Germany has already implemented legislation that requires all urea fertilizers to incorporate urease inhibitors or be deeply integrated into the soil on application [9].



Although there are many benefits associated with the use of urease and nitrification inhibitors. In the year 2013, food safety concerns were raised around the use of the nitrification inhibitor Dicyandiamide (DCD), which appeared as a residual contaminant in dairy products [10]. This finding highlights the fact that although these inhibitor technologies may offer useful mitigation options for agriculture, more research is needed to thoroughly risk assess their potential to enter the food chain through grazing cattle. While both urease and nitrification inhibitors have the potential to effectively reduce N losses, it is important to note that although they are often grouped together as “inhibitors”, they are chemically different, and have different modes of action [9]. Many inhibitor products have already been approved and are currently on the market. For some, extensive toxicology and environmental fate studies have been completed. However, further research would be beneficial to ensure that these mitigation tools do not pose any food safety-related issues in future. Such research would include the development of advanced detection methods for these compounds in food matrices, and determine the best practice for use of these products, which could in turn drive the identification and establishment of environmental and food safety maximum residual levels (MRL). These measures would contribute to sustainable growth of the dairy sector while maintaining high-quality milk products.




2. Nitrogen-Based Gas Emissions and Their Formation


Intensive agriculture is heavily reliant on N fertilizers in order to meet the demands of a global population, which continues to grow exponentially. Currently, over 70% of N utilized by plants comes from inorganic fertilizer sources [11], which contributes to both GHGs and NH3 emissions. One potent GHG associated with land application of N-based fertilizers is N2O. N2O has a 100-year atmospheric half-life (t ½ the time needed for half of the starting material to decay) and according to the 5th IPCC Assessment report, the global warming potential of N2O is 265–298 times more than CO2 [12]. It is also known to deplete ozone [13]. Ammonium nitrate (AN)-based fertilizers, in particular, are associated with N2O emissions from temperate grassland soils [14], and the NO3− component of AN fertilizers is prone to leaching, which leads to eutrophication and impacts negatively on aquatic environments [15].



The main factors affecting N losses in the form of N2O emissions due to microbial activity include soil structure i.e., water content and drainage, soil temperature and pH, N content, decomposable organic material [16,17], soil redox potential [18], and availability of carbon [19]. N losses can also occur due to NH3 volatilization, which is estimated to result in average global N losses ranging from 16–40% [9]. Agricultural N losses are estimated to account for over 90% of NH3 emissions in Europe [20] virtually all Irish NH3 emissions are attributed to agricultural practices [21]. Factors that influence NH3 losses include soil moisture, soil temperature and pH, wind velocity, soil organic C, and N fertilizer type [22]. The type of N fertilizer utilized is an important determining factor in N loss pathways as it can affect the ratio of soil NO3− to ammonium (NH4+) concentrations [23]. N fertilizer application rate and time of application can also affect the amount of N2O produced [15].



Denitrification represents a significant pathway for N2O emissions and is the main pathway of N2O emissions from Irish soils. Denitrification occurs under anaerobic conditions and is carried out by heterotrophic bacteria that utilize carbon (C) as an energy source and thereby reduce NO3− to nitrogen gas (N2). During denitrification, NO3− acts as an electron acceptor and is reduced to nitrite (NO2−) followed by nitric oxide (NO) [24]. Nitric oxide is toxic to bacterial cells and is quickly transformed into N2O, which is eventually converted back to atmospheric N2.



An additional pathway for agricultural N2O emissions is nitrification. During nitrification, NH4+ ions and NH3 are oxidized and converted to NO2− and NO3− by nitrifying bacteria. When NH4+ oxidizes NO2−, N2O is produced as an intermediate product and is lost to the atmosphere [24]. Other potential negative impacts of excess N include aquatic acidification, loss of biodiversity, and negative human health impacts such as methemoglobinemia in children (blue baby syndrome) following consumption of water with NO3− concentrations exceeding 10 mg L−1 [25].



Urea (NH2CONH2) is a reactive organic source of nitrogen widely produced industrially as a fertilizer. Urea is a cheaper source of N than AN or ammonium sulfate (AS) [26] and is the most widely utilized fertilizer globally. Emissions of N2O from urea tend to be much lower than AN fertilizer emissions, as the primary source of N provided by urea must undergo two conversions before it can be affected by nitrification or denitrification to produce N2O. In contrast, AN provides NO3− and NH4+ directly to the soil leaving it vulnerable to nitrification and denitrification processes, which, under suitable conditions, leads to rapid loss of N as N2O. However, N losses from urea occur due to NH3 volatilization, which happens when urea is applied to the soil surface and is subsequently hydrolyzed by urease, the ubiquitous soil enzyme, produced by soil bacteria. When urea is hydrolyzed, it forms an unstable intermediate, carbamate, which is quickly transformed into NH3. Volatilization of NH3 (Figure 1) can impact air quality, which can negatively affect human health, cause environmental pollution, and economic losses to farmers [27].



In recent years, mitigation technologies including urease inhibitors and nitrification inhibitors have been explored to reduce emissions and N losses from agricultural fertilizer usage. Urease inhibitors work by blocking the active site of urease, slowing down urea hydrolysis, and limiting the amount of N lost to the atmosphere as NH3. Nitrification inhibitors generally work to inhibit soil enzymes such as N reductase, which are responsible for nitrification and ultimately, limit N losses by reducing N2O emissions, and NO3− losses via leaching from soil. Both urease and nitrification inhibitors can effectively reduce N loss and reduce GHG emissions. However, it is important to note that although they are often grouped together as “inhibitors”, they are chemically different and have different modes of action [9]. Many inhibitor products have already been approved and are currently on the market. For some, extensive toxicological and environmental fate studies have been completed. However, further research would be beneficial to ensure that these mitigation tools do not pose any food safety-related issues in future. Such research would include the development of advanced detection methods for these compounds in food matrices, best practices for the use of these products, and the identification and establishment of environmental and food safety MRL. These measures would contribute to sustainable growth of the dairy sector while maintaining high-quality milk products.




3. Urease and Nitrification Inhibitor EU Regulation


The regulation of fertilizer content and the use of urease and nitrification inhibitors in Europe fall under Regulation (EC) No 2003/2003, which aims to ensure that all fertilizers used in the EU adhere to the same efficacy and safety regulations. This is done by safeguarding technical requirements, which are implemented consistently through all member states. Annex I, of the regulation, further categorizes fertilizers and their additives based on their product function (i.e., inorganic, synthetic, and organic fertilizers, inhibitors, soil improvers, liming agents, etc.) The fertilizer can then be classified as a European Community (EC) product, which stipulates that it is safe for use and possesses the required nutrient content. After EC designation, the fertilizer may be distributed and utilized in EU member states [28]. Regulation (EC) No 2003/2003 states that nitrification and urease inhibitors may be added to nitrogenous EC fertilizer types such as AN and urea fertilizers. The regulation states the minimum and maximum inhibitor augmentation as a percentage mass of the total N content (Table 1). Furthermore, it states that if the fertilizer is augmented with an inhibitor, it must be clearly labelled “with nitrification inhibitor” or “with urease inhibitor”. The seller must also inform the user of the correct rates and timing of application [28]. Various amendments have been made to Regulation (EC) No 2003/2003 in subsequent years including (EU) No 1257/2014 and (EU) 2019/1102. Another EU regulation that ensures the proper registration, evaluation, authorization, and restriction of chemicals (REACH) came into effect in 2007, in order to protect human health and the environment. This regulation also focuses on facilitating the free movement of chemicals in the EU, advancing innovation in the EU chemical industry, and reducing animal testing through its “read-across approach” for chemicals that possess similar physiochemical and/or structural properties and that are likely to have similar toxicological effects. REACH registered chemicals undergo risk assessments for potential hazards. Strict hazard management plans are also in place to ensure REACH compliance. Urease and nitrification inhibitors are also registered under REACH legislation.



Various nitrification and urease inhibitors of commercial interest have REACH status including N-(n-butyl) thiophosphoric triamide (NBPT), N-propyl- thiosphosphoric- triamide (NPPT), N-(2-nitrophenyl) phosphoric triamide (2-NPT), dicyandiamide (DCD), 3,4-dimethyl-1H-pyrazole phosphate (DMPP), 4,5-dimethylpyrazole-1-yl-succinic acid (DMPSA) and Nitrapyrin. Minimum and maximum allowances (inhibitor augmentation (%) by mass of the total N present in the fertilizer) as AN and urea have also been established for NBPT, NPPT, 2-NPT, DCD, DMPP, and DMPSA and are set out in the regulations. Currently, there are no MRLs in place for these inhibitors but it is possible that regulations regarding MRLs will be proposed in the future. The European Food Safety Agency (EFSA) has, however, introduced a tolerable daily intake (TDI) of 1 mg/kg bodyweight for DCD [29]. The implementation of future MRLs could aid in safeguarding the chemical safety of urease and nitrification inhibitors and therefore prevent any future food safety concerns while upholding the quality of dairy products.




4. Urease Inhibitors Types, Mode of Action, and Their Role in GHG Reduction


Hydrolysis of urea is catalyzed by urease, which is produced by soil bacteria and results in the emission of NH3. The urea molecule fits inside the active site cavity of urease, as a monodentate ligand, which ultimately leads to hydrolysis of the urea molecule [34]. There are many types of urease enzyme and urease activity is common in prokaryotes and eukaryotes, including fungi and plants [35].



There are four different ways in which urease inhibitors can inhibit urease enzymes and delay urea hydrolysis. These include (a) reversible competitive, (b) reversible non-competitive, (c) irreversible binding to allosteric sites on the enzyme, and (d) irreversible suicide substrate (also known as mechanism-based inhibition), where the enzyme binds to a substrate analog and forms an irreversible complex via covalent bonding during the normal catalysis reaction (Table 2) [36]. Urease inhibitors generally work by inhibiting the active site of the enzyme to slow down the hydrolysis of urea. Reversible inhibition utilizes non-covalent interactions with urease enzymes in the form of hydrogen bonding and/or hydrophobic interactions. Reversible inhibition may either be competitive, where the inhibitor competes with urea for the urease active site, with the resulting inhibition being proportional to the concentration of urea present; or non-competitive where the inhibitor binds to allosteric sites on the urease enzyme, resulting in a change of shape and inactivation of the enzyme. This inhibition type is not proportional to the concentration of urea present. Irreversible urease inhibitors possessing functional groups that interact with amino acid groups at the active site of the urease enzyme are also available [37].



Urease inhibitors can come in liquid form or as a coating on fertilizer granules. The principal factor affecting the percentage N loss from the soil, due to NH3 volatilization, is the biodegradation rate of the inhibitor. Consequently, the rate of biodegradation and persistence of inhibitors in the soil will determine their performance in mitigation of N losses. In addition, the use of urease inhibitors is also beneficial in controlling soil pH and aids in the prevention of localized zones of high pH, which occur around fertilizer granules of untreated urea. The rise in pH observed around untreated urea granules is due to the fact that NH3 volatilization is pH dependent. Urea hydrolysis requires H+ ions, which are obtained from the soil in a ratio of 2:1 (H+:urea). The consumption of H+ ions during this reaction results in increased soil pH, which drives further NH3 volatilization [9].



Urease inhibitors are classified into two main categories i.e., metal complexes and organic compounds [38]. Insoluble sulfide-forming metals exhibit the most potent inhibition properties due to reactions with sulfhydryl groups of urease. Ag+1 and Hg2+ can completely inactivate urease activity in solutions containing concentrations of up to 10−6 M urease. In general, metal ions follow the following order of efficacy in inhibiting urease activity.


Ag+ ~ Hg2+ > Cu2+ > Cd2+ > NI2+ > Co2+ > Fe2+ > Mn2+



(1)







This order can, however, vary depending on the urease enzyme type. These inhibitors are considered to be non-competitive [38]. Other metal complexes reported to exhibit inhibitory properties include organotin (IV), vanadium (IV), bismuth (III), and thiocyanato-coordinated manganese (III) [37].



Organic type inhibitors can generally be divided into two classes of structural urea analogs such as hydroxamic acid and compounds that impact the urea hydrolysis reaction mechanism. The latter include organophosphorus compounds (amides and esters of phosphoric acid including phosphoramides), thiol compounds, quinones, boron compounds, and bismuth compounds [39]. Organophosphorus compounds are the most widely utilized urease inhibitors in agriculture and are defined as organic molecules containing a phosphate molecule. The presence of phosphate is useful as it is a well-known, weak urease inhibitor. Amides and esters of phosphoric acid are slow-binding actors that inhibit urease in a time-dependent manner and are known to be amongst the strongest urease inhibitors. Phosphoramides belong to this chemical class.



Phosphoramides act as strong inhibitors of urease due to their similarities in transition state and enzyme reactions as well as their ability to bind strongly to the active metallocentre site of urease [26]. Phosphoramides can include both simple and complex compounds from phosphoramidite and diamidophosphate to substituted phenyl phosphorodiamidates and N-acyl phosphoric triamides. Phosphoramidite inhibits jack bean urease reversibly (rate constant Ki = 1.9 mM; dissociation rate = 8.4 × 10−4/sec), with N-acyl phosphoric triamides and phenyl phosphorodiamidates exhibiting comparable rate constants [38]. Phenyl phosphorodiamidates are more active as plant urease inhibitors than microbial urease inhibitors. Some phosphoramides inhibit urease via the formation of chelated complexes in the Nickel (Ni) metallocentre of the urease enzyme. Examples include phosphoric monoamide and phenyl phosphorodiamidates [38]. Kinetic studies have shown that inhibition of urease via phosphoramide-type compounds is achieved via the formation of hydrolysis by-products such as diamidophosphate (DAP). DAP has a tetrahedral structure that almost perfectly replaces all three water molecules present in the enzyme’s active site [40,41].



One interesting group in this class are derivatives of thiophosphoric acid. These compounds must first be oxidized to Oxon analogs in order to function as urease inhibitors. NBPT is a good example of this as it is a precursor urease inhibitor and its Oxon analog (NBPTo) actively inhibits urease. NBPT is also the most commonly utilized agricultural urease inhibitor [40]. Recent studies have demonstrated that NBPT irreversibly binds to urease where it is hydrolyzed, resulting in the production of monoamidothiophosphoric acid (MATP), which then binds to the two Ni (II) ions in the urease active site [26,42]. Other examples of amides and esters of phosphoric acid that exhibit potent urease inhibition include phosphoric triamide (PTA), phenylphosphorodiamidate (PPD), 4-chlorophenylphosphorodiamidate, N (diaminophosphinyl) benzamide, N-(diaminophoshinyl)-4-fluoro-benzamide, and phosphoric acid buffer (pH < 7.5) [40].



4.1. N-(n-butyl) Thiophosphoric Triamide (NBPT)


The most successful urease inhibitor currently on the market is the phosphoramide NBPT, which was first branded as Agrotain© in the mid-1990s [9]. NBPT has been shown to reduce emission of NH3 by up to 84%, which is comparable to the 83% reduction in NH3 emissions observed when using Calcium Ammonium Nitrate (CAN). Switching from CAN to protected urea also aids in the indirect reduction of N2O emissions [47]. The yield gain via the use of NBPT with urea is cited to vary from 0.8 to 10.2% depending on the crop species [9]. The use of NBPT in conjunction with urea has been found to improve the dry matter yield of perennial ryegrass, by improving the performance of urea. Urea-amended with NBPT produced dry matter yields comparable to CAN fertilizers indicating that the former can aid in the reduction of both N2O and NH3 emissions [48,49].



NBPT inhibits urease by blocking three active sites in the urease enzyme thereby delaying urea hydrolysis and delaying NH3 volatilization. In doing this, NBPT acts as a competitive inhibitor and an irreversible suicide substrate. It is considered a urea analog possessing a structure similar to that of urea. The resulting inhibition is proportional to the concentration of urea present. When NBPT encounters urease, a trident bond is formed with two Ni centers and one O2. A carbamate bridge links the two metals, making it harder for urea to reach the active Ni center of the urease enzyme [9,34,50]. NBPT is an indirect urease inhibitor and is first converted to NBPTo, its Oxon analog, to facilitate urease inhibition, which occurs under aerobic conditions [9]. However, the direct application of NBPTo is not as efficient as NBPT application due to the instability of NBPTo.



Inhibition of urease by NBPT usually lasts three to seven days (d) as new urease enzyme production overwhelms the inhibitor. This is desirable as it allows more time for urea to be incorporated into the soil and reduces the chance of NH3 volatilization. For this reason, NBPT is often added into urea fertilizers. NBPT mitigates NH3 volatilization by controlling the rise in pH that occurs during urea hydrolysis, resulting in the production of two units of NH4+ and CO2 and reduces the soil concentration of NH4+ around the urea granule. These effects impact the equilibrium of NH4+ (soil), NH3 (soil), and NH3 (gas) [51], which results in slower urea hydrolysis and ultimately allows more time for the fertilizer to be incorporated into the soil via rainfall or irrigation and consequently protects the applied N from volatilization [52].



The physicochemical properties of NBPT are shown in (Table 3). Structurally, NBPT is an amphiphilic molecule possessing both a polar phosphoramide region and a lipophilic butyl chain allowing it to interact with both polar and non-polar phases [53,54]. NBPT is considered a surface-active material (a surfactant) with a surface tension of 49.4 mN/m (1.05 g/L at ca. 22 °C). The degradation half-life (DT50) value for NBPT is reported to be 58 min at pH 3.0, 92 d at pH 7.0 and 16 d at pH 11.0 at 25 °C [55]. Engel et al. [56] found that NBPT degraded in acidic to slightly alkaline soils (pH 5.1–7.6) mostly due to chemical hydrolysis.



Major hydrolysis components of NBPT have been identified as N-(n-butyl) thiophosphoric diamide and n-Butylamine (NBA). NBPT is pH labile and chemical hydrolysis appears to be an essential function of its break-down in acidic conditions (Figure 2). Engel et al. [56] determined the half-life of NBPT at pH 4.0. 5.0, 6.0, and 7.2 to be 0.437, 1.60, 42.44, and 487.1 d, respectively, whereas that of NBPTo was 0.0430, 0.203, 6.25, and 57.91 d, respectively. Decay constants for NBPT and NBPTo followed pseudo-first-order kinetics during chemical hydrolysis and were directly related to hydrogen ion concentration. The half-Life of NBPT is 7–10 times greater that of NBPTo because the P=O bond in NBPTo carries a larger positive charge, leaving it more prone to nucleophilic attack from water and susceptible to cleavage of P-N bonds. The study concluded that under acidic conditions chemical hydrolysis is likely the dominant pathway for NBPT and NBPTo breakdown. Under alkaline conditions, biotic breakdown of these compounds via microorganisms becomes more significant [56]. Lower NBPT efficiency in acidic soils was also observed by Tao et al. who related this behavior to both soil pH and microbial activity [62]. This finding is further cited by Dominguez et al. [50].



The European Chemicals Agency (ECHA) has stated that NBPT has a DT50 (t1/2) of 26–30 d at 12–25 °C in soil and a DT50 of 15 d in freshwater. In freshwater sediment, NBPT is cited to persist longer and has a DT50 of 4.5 months at 25 °C [63]. The log Koc (soil adsorption coefficient) value of NBPT was estimated to be below 1.25. Low log Koc values are considered an environmental risk due to their potential to leach from the soil and pollute groundwater. NBPT falls within the log Kow range of 1–2 indicating that it is ‘mobile to highly mobile’, indicating it could potentially be leached from the soil and pose a threat as a groundwater pollutant if present over the recommended usage levels [64]. However, NBPT is applied at low levels when used in conjunction with urea fertilizer i.e., 50 g/ha per application, in addition, it breaks down rapidly in acidic soils [56], making it unlikely to become an environmental pollutant at recommended levels of use. The estimated bioconcentration factor (BCF) for NBPT is 3.162 lipid/kg ww (wet weight). NBPT is not expected, therefore, to bioaccumulate in fish or the food chain as it is well below the REACH BCF threshold value of >2000 L/kg/bw (body weight).



It is important to assess the toxicology of each individual inhibitor in order to evaluate their chemical safety. A summary of available toxicology data for NBPT is shown below (Table 4), which contains data from three separate toxicology studies conducted by The European Chemicals Agency (ECHA) in 1996, and The National Australian Industrial Chemicals Notification and Assessment Scheme (NICNAS) in 1997 and 2011.



In summary, NBPT was found not to be toxic via dermal or oral exposure, as the average LD50 in rats exceeded 2000 mg/kg body weight. To put this in perspective, the highest permitted level of NBPT allowed is 2000 mg/kg urea fertilizer [9,66]. NBPT caused some minor and reversible skin irritation in rabbits; however, skin irritation effects were below hazardous classification. NICNAS toxicology studies concluded that NBPT is of low acute toxicity, is not a skin sensitizer, and is not genotoxic [55]. NBPT meets the criteria to be considered an irritant and is classed as risk phase (R41) under the EU Dangerous Substances Directive (67/548/EEC), which indicates it is a risk for severe eye damage [55,65]. When directly consumed NBPT was found to cause significant reproductive changes in both male and female rats. NOAEL in males and females were found to be 21 mg/kg bw/d and 17 mg/kg bw/d, respectively. The NOAEL value for reproductive toxicity is 17 mg/kg bw/d. Based on these results, NBPT meets the requirements for classification as a category three reproductive toxin as well as causing possible harm to fertility [55].



However, as NBPT utilized in commercial fertilizer, the finished product by regulation can have no more than 0.2% (w/w) on a urea-N basis. For comparison with analytical grade NBPT which is typically in the region of 98% purity. The levels present in commercial fertilizer are 1065 times less concentrated in the case of 46% N urea when treated at the maximum regulatory level making adverse affects from the use of these products unlikely. Indeed, the 2011 NICNAS report also concluded that the exposure during the application of fertilizer products by agricultural workers is minimal. The study reached this conclusion based on a calculation of the likely margin of exposure (MOE) (no-observed-adverse-effect level (NOEAL)/estimated exposure dose for NBPT). MOE is used to assess risk from chemical exposure. NBPT was found to have a low MOE, therefore any risks to fertility through the use of NBPT containing products is likely minimal [55].



Hematology results, at 500 mg/kg/d, revealed liver damage (without chlorosis) however no changes in liver weights were recorded [65]. The ECHA study also found Alanine transaminase (ALT) levels increased in males exposed orally to 500 and 1000 mg/kg, indicating possible damage to the liver. This is in agreement with the NICAS 1997 report, which recorded liver damages in animals exposed to NBPT at this concentration [53]. NICNAS (2011) found that effects on the liver and changes in hematology in males had a NOAEL of 377 mg/kg bw/d. The NOAEL for the female test group was not determined, but the study stated that the LOAEL for females was determined to be 17 mg/kg bw/d due to uterine changes [55]. Decreases in the cholinesterase levels in brains and erythrocytes were observed in the test groups, exposed orally to 500, 1000, and 2000 mg/kg bw. Cholinesterase is vital for the breakdown of the neurotransmitter, acetylcholine, which stimulates post-synaptic nerves, muscles, and endocrine glands. Chemicals that inhibit cholinesterase are considered neurotoxic. NICNAS (2011) reported decreased erythrocyte cholinesterase levels in rats in both high-dose groups exposed orally to 800 and 3200 mg/kg NBPT over two generations. When combining both the 1997 and 2011 repeat dose studies for NBPT, NICNAS concluded that the NOAEL for males is 74 mg/kg bw/d according to neurobehavioral changes observed [55,65]. Biochemical analysis demonstrated decreased levels of aspartate aminotransferase (AST) and alanine aminotransferase (ALT), at 5000 mg/kg bw. Both are valuable biomarkers that indicate liver disease when elevated. Little is known about lower than normal or decreased levels of AST and ALT. However, lower than normal ALT levels have been associated with increased incidences of mortality, especially in elderly patients [67]. Decreased AST levels were also noted in the male medium 1000 mg/kg dosage group. The NICNAS 1997 report concluded that when NBPT is used in conjunction with urea fertilizers, it is present in extremely low quantities (approximately 0.2% (w/w) urea), and should, therefore, pose no significant threat to public health and safety. The report also concluded that any residual presence in food products is also expected to be negligible [65]. EU regulation No. 2003/2003 states that the maximum NBPT inhibitor content as a percentage by mass of the total nitrogen present as urea nitrogen is 0.2%. It can be inferred from the NICNAS 1997 [30] report and the percentage NBPT allowable in fertilizer products that the risk of NBPT residues appearing in EU food products is negligible.



In 2019, van de Ligt, et al. [68] conducted a 28-day study testing the milk of Holstein dairy cows fed three levels of NBPT (1, 5 and 10 mg/kg bw). No NBPT was detected with the exception of one milk sample from a cow exposed to 10 mg NBPT /kg bw/d. However, it was detected at levels below the limit of quantification for this method (50 µg/kg). The lowest level of 1 mg NBPT/kg bw/d feeding equates to a NBPT exposure direct consumption of urea containing 0.1% NBPT. Direct consumption of fertilizer at this level would induce urea toxicity and is extremely unlikely to occur. The study concluded that consumption of NBPT, even at exaggerated levels, is unlikely to cause residual contamination in dairy products and supports the findings of the 1997 and 2011 NICNAS reports carried out by the Australian government’s national industrial chemicals notification and assessment scheme. Even the lowest exposure levels used in this study [68] are highly inflated from the perspective of good agricultural practice.




4.2. N-(n-propyl) Thiophosphoric Triamide (NPPT)


NPPT has gained increasing interest as a new urease inhibitor in recent years and is currently being utilized in a new commercial formulation, in conjunction with NBPT, in a product called Limus®. The formula was introduced by the German company BASF and consists of approximately 25% NPPT and 75% NBPT. Li et al. [69] conducted a 2015 study, which indicated that formulations of 25% NPPT/75% NBPT and 50% NPPT/50% NBPT were more successful at inhibiting soil urease than NBPT alone. This is most likely because the combination of two urease inhibitor types would inhibit a broader range of ureases present in the soil. The effects of Limus® on NH3 volatilization and N utilization on wheat production in northern China exhibited an 83% reduction in NH3 losses compared to unprotected urea [70]. The study also found that the application of Limus® did not significantly affect grain yield [71].



It is notable that the structure of NPPT differs from NBPT by a single methyl group (Table 3). It is therefore likely to behave similarly to NBPT in terms of mode of action, toxicity, and degradation pathways. A summary of available toxicology data for NPPT is shown in (Table 5) from studies conducted by (ECHA).



NPPT is described under classification, labelling, and packaging (CLP) criteria to cause harm if ingested and may cause skin allergies [57]. NPPT was not found to be a skin sensitizer and is classified, under REACH registration as a severe eye irritant. The results of a 28-day study did not suggest any effects from exposure to NPPT on reproductive organs, however, due to ECHA’s ‘read-across’ approach to NBPT, as they are structurally similar, NPPT is suspected to be a reproductive toxin with the potential to cause harm to fertility and/or the unborn child. Studies on developmental toxicity in rats via oral administration of NPPT found the NOAEL to be 100 mg/kg bw/d [57].




4.3. N-(2-nitrophenyl) Phosphoric Triamide (2-NPT)


2-NPT is a relatively new urease inhibitor, which was developed by the SKW Company in the 2000s and has shown much promise in reducing NH3 volatilization [9,72]. The mechanism of action of 2-NPT is thought to be similar to NBPT as it blocks the urease enzyme active site and is, therefore, considered a urea analog-type inhibitor (Table 2). The advantages of 2-NPT include more robust stability than NBPT under high-temperature conditions and it is considered non-toxic to soil bacteria [72]. A 2014 study found that 2-NPT reduced NH3 emissions by 48 to 89% compared to unprotected urea [73]. These findings are supported by the results of a previous 2010 study which observed 49 to 75% reductions in NH3 emissions compared to unprotected urea, when used on spring grass [74].



The physicochemical properties of 2-NPT are described in (Table 3). The compound is predominantly polar in nature. 2-NPT is expected to be metabolized, in vivo, via hydroxylation of N and C atoms, which may be followed by conjugation. Due to its high water solubility and relatively low molecular weight, it is expected that, if ingested, the metabolites of 2-NPT will be excreted primarily in the urine [58]. A summary for the available toxicology data for 2-NPT is shown below (Table 6) and contains data from toxicology studies conducted by ECHA.



In summary, animal studies indicated that 2-NPT is not classifiable as a skin or eye irritant, skin sensitizer, or genotoxin. Currently, no studies have been conducted on endocrine disruption ability, carcinogenicity, or inhalation toxicity [58].





5. Nitrification Inhibitors Types, Mode of Action, and Their Role in GHG Reduction


Nitrification inhibitors are a class of chemicals used to slow down the nitrification process by inhibiting nitrifying bacteria that produce the enzyme ammonia monooxygenase (AMO), hydroxylamine oxidoreductase (HAO) and nitric oxide reductase (NOR). Nitrification occurs in two steps the first step involves the oxidation of NH4+ to hydroxylamine (NH2OH) via the enzyme AMO. NH2OH is then subsequently converted to NO2− via the enzyme HAO. During the second step of nitrification, NO2− is oxidized to NO3− via the enzyme NOR. The NO3− produced during the nitrification process can result in N losses due to leaching or denitrification−. The mode of action for most nitrification inhibitors is inhibition AMO during the first step of nitrification [45].



Nitrification inhibitors have gained interest as a possible mitigation strategy for lowering N2O emissions as well as reducing water pollution associated with use of fertilizers. Some examples of nitrification inhibitors include DCD and DMPP, thiourea, carbon sulfide (CS2), thioethers, ethylene: C2-H2, 2-ethynylpyridine, 3-amino-1,2,4-triazole, N-2,5-dichlorophenyl succinamic acid (DCS), 2-amino-4-chloro-6-methyl pyrimidine (AM), nitrapyrine (NP) and ammonium thiosulphate (ATS) [11], and N-[3(5)-methyl-1H-pyrazol-1-yl) methyl] acetamide (MPA) [75].



DCD is a popular nitrification inhibitor that effectively reduces N2O emissions. Decreases in gross nitrification rates in neutral silt loam and alkaline clay by up to 57.9% and 62.4%, respectively, have been achieved using DCD. With a 93.2% drop in N2O emissions from neutral silt loam and 46.8% in alkaline clay soil observed. It also reduced the amount of NO3− accumulation by approximately 20% in both soil types [76]. Reduction of up to 40% is N2O emission rates have also been observed in dry sandy-loam soils [77]. DCD, utilized in conjunction with urea, reduced N2O emissions by 58–78% in grassland and barley fields [78]. DCD is more effective at inhibiting nitrification and lowering N2O emissions in arable soils than in grassland soils. One study described N2O emission reductions of 81% in arable soil and 58% in grass land soil and concluded that this is likely because grassland naturally contains higher concentrations of N than arable soil types [79]. Although DCD was a popular nitrification inhibitor, it is disadvantaged by its high price and high dosages (15–30 kg DCD ha−1), as it is a relatively weak inhibitor [11]. Other disadvantages of DCD include the possibility of phytotoxicity, which often results in leaf tip scorching, and ultimately reduces the aesthetics of leafy green crops thus harming their marketability [80]. Food safety concerns were also raised when DCD was found in milk powder. This has raised concerns regarding the practice of spraying DCD on pastures in order to reduce N leaching [81].



5.1. Dicyandiamide (DCD)


DCD is an inorganic crystalline solid susceptible to biodegradation in soil, yielding urea, CO2, and NH4+. The physicochemical properties of DCD are described in (Table 3). DCD is polar, based on its log Kow value of −1.0 [59], is highly water-soluble and can be prone to leaching from the rooting zone where it is intended to inhibit nitrification. One study conducted by Cahalan, et al. [82] tested the effect of precipitation and application rate on DCD persistence and efficacy in two Irish grassland types (cambisol and gleysol) over eight weeks at application rates of 15 or 30 kg DCD ha−1 during high or low precipitation. High precipitation increased DCD in leachate, with less DCD recovered from soil. Approximately 81% of DCD was degraded in cambisol and was unaffected by the rate of DCD applied. Degradation of DCD in gleysol was affected by application rate and degraded by approximately 67% at 15 kg DCD ha−1 and 46% when DCD was applied at 30 kg DCD ha−1. The study found that degradation rates of DCD in soil were not related to temperature or moisture and it was hypothesized that the differences in degradation rates between cambisol and gleysol may be related to differing organic matter content and associated microbiological activity. Overall, the study observed increasing levels of precipitation correlated with higher leaching of DCD. This effect is also cited by Shepherd et al., 2012 [83].



DCD is bacteriostatic but not bactericidal and acts to inhibit the enzyme AMO [59,84]. AMO is an essential metalloenzyme of nitrifying bacteria, which catalyzes the hydrolysis of NH3 to hydroxylamine and functions ultimately as a substrate for N2O production. Inhibition of AMO occurs as DCD acts as a copper chelating agent and binds to copper-containing parts of the enzyme’s active site [79]. Inhibition of the AMO enzyme reduces N2O emissions because the nitrification process carried out by ammonia-oxidizing bacteria (AOB) is slowed [24,85]. The inhibitory effect causes N to remain in its NH4+ form longer and results in less NO2− and NO3− production. This ultimately reduces N loss via leaching and atmospheric loss of N as N2O. Leaching is prevented as NH4+ is positively charged and can better bind to negatively charged soil particles than NO3−, which is repelled, and is, therefore, prone to leaching [86]. This mode of action makes DCD an attractive mitigation tool for reduction of air and waterway pollution [24,87]. In pure nitromonas cultures, DCD exhibits inhibition at concentrations of 200 mg kg1; in contrast, under these conditions, the nitrification inhibitor nitrapyrin only requires 1 mg kg1.



In soil, approximately 10 to 50 mg kg1 are required for the inhibitory effects of DCD inhibition and usually last 4–8 weeks depending on environmental conditions [88]. DCD is a REACH registered substance. Toxicology tests carried out by ECHA indicate that DCD is virtually non-toxic. A summary of the available toxicology data for DCD is shown in (Table 7).



The compound is not considered to be a skin or eye irritant or sensitizer. Repeat exposure toxicity tests for DCD concluded that the NOAEL is greater than 24,000 mg/kg as no clinical effects were observed. No mutagenic effects were observed for DCD.



Environmental tests on DCD indicated that the substance is abiotically stable, highly water-soluble, and not readily biodegradable in water. However, it does biodegrade in soil via biotic and abiotic mechanisms. The DT50 of DCD in surface water is >1000 d and pH has little effect on the hydrolysis of the compound [59,89]. Although ultimately DCD degrades to form relatively benign compounds such as carbon dioxide, H2O, and NH3 [90], caution should be exercised when used near water bodies as DCD may be a potential stressor to aquatic environments. DCD may interfere with aquatic nitrification processes leading to a toxic build-up NH3, which is harmful to aquatic life [91].




5.2. Nitrapyrin


Nitrapyrin was registered for use in the USA in 1974 and has since been a widely utilized in North America as a mitigation tool that extends the rate of ammonium conversion to nitrate during the nitrification process [92]. Nitrapyrin is predominantly utilized to produce corn but is however also used in wheat and sorghum cultivation [92]. Nitrapyrin is a volatile nitrification inhibitor that is usually utilized in conjunction with anhydrous ammonia [88]. Due to the inhibitors volatile nature and relatively high vapor pressure (Table 3), it is not very suitable for incorporation into solid fertilizers and is instead incorporated into the soil via injection usually at a depth of at least 5 to 10 cm [80,88]. Nitrapyrin is a very selective inhibitor which inhibits nitrification due to its bactericidal effect and effects on the metabolism of nitramonas bacteria [92]. The resulting inhibition occurs at concentrations of 1.0 mg kg−1 in pure nitramonas cultures and at concentrations ranging from 10 to 40 mg kg−1 in soil [88]. Nitrapyrin is stable and persistent in cool soils but usually breaks down in warmer soils within 30 days. Its persistence in cooler soils makes it an attractive mitigation option for winter and autumn N fertilizer applications. Nitrapyrin is cited as an extremely effective at limiting nitrogen losses in the form of NO3− leaching from waterlogged soils [88]. One disadvantage of Nitrapyrin is the fact that it is considered an organic chlorine type compound increasing concerns have been raised over the fate of these compounds in the environment [80]. Nitrapyrin exhibits low acute toxicity and is not considered to be genotoxic however the substance is known to be a Category II eye irritant [92]. A summary for the available toxicology data for Nitrapyrin is shown below (Table 8) and contains data from toxicology studies conducted by ECHA.




5.3. 3,4-Dimethylpyrazole Phosphate (DMPP)


The nitrification inhibitor 3,4-dimethylpyrazole phosphate (DMPP) is a supposed Cu-selective metal chelators, which acts to inhibit the AMO enzyme necessary for nitrification [46]. DMPP is suitable for use in conjunction with solid, liquid fertilizer, and slurry. DMPP is a more potent inhibitor than DCD with a much lower application rate of 0.5–1.5 kg ha−1; this, coupled with less mobility in soil due to sorption, gives it a number of advantages over DCD [93]. The nitrification inhibition potential for DMPP is approximately 4–10 weeks depending on climate and soil conditions [80]. The physicochemical properties of DMPP are described in Table 3. It has been extensively tested for both ecological and toxicological effects and has been approved for use [80]. Under the Globally Harmonized System of Classification (GHS), DMPP is known to cause severe eye damage (category 1) and is also known to be harmful if swallowed (category 4) [60].




5.4. 3,4-Dimethylpyrazole Succinic (DMPSA)


DMPSA is a relatively new type of nitrification inhibitor that is more stable in basic conditions than the nitrification inhibitor DMPP due to the presence of a succinic group. The physicochemical properties of DMPSA are described in Table 3. This nitrification inhibitor is suitable for use with CAN and diammonium phosphate (DAP) [94]. Pacholski, et al. [95] found that the use of DMPSA in conjunction with urea and CAN fertilizers reduced N2O emissions by 60–90% when compared to standard untreated fertilizer. The study also found that NO3− was found in considerably lower amounts when DMPSA was utilized as the inhibitor successfully sustained higher levels of ammonium [94,95]. An isomeric mixture of DMPSA is registered for use in the EU, and a summary of the available toxicology data can be found below in (Table 9).



No genotoxic or sensitization were observed. However, DMPSA is considered to be an eye irritant with adverse effect observed and is classed as a Category 1 H318 under GHS [96].





6. Inhibitor Plant Uptake Potential


6.1. Urease Inhibitor Plant Uptake


Urease inhibitors added to N fertilizers can retain N in its NH4+ form, resulting in longer uptake of NH4+, which in turn provides more opportunity for N to be fixed or immobilized in organic or mineral components of soil. Evidence of this has been cited by both Soliman and Monem [97] and Xu et al. [98]. Increases in available N derived from fertilizers in the presence of urease and nitrification inhibitors have also been cited [99]. There is some evidence that NBPT may be taken up by plant roots and this was demonstrated in maize seedlings by limited net urea uptake and reduced ureic-N accumulation [100]. Cruchaga et al. [101] also detected NBPT in pea and spinach plant tissues treated with 100 μM concentrations. The study found that NBPT absorbed by plants caused inhibition of urease activity in pea leaf and roots, as a result of which, urea build-up was observed and was responsible for necrosis of the plant at leaf margins. Earlier studies also found that NBPT utilized at high concentrations of urea (0.5% w/w), and concentrations of 10 µg/g of soil was associated with leaf tip scorch. This effect is hypothesized to be dose-dependent [48,102] and the resulting leaf tip scorch is thought to be caused by a toxic build-up of urea at the leaf tip rather than a cytotoxic effect exerted by the NBPT itself. However, it is unlikely that plants will be exposed to such high levels of NBPT, as the EU maximum inhibitor augmentation for NBPT is 0.02% (w/w) urea. Reports on the capacity of plants to take up NBPT, with consequences on endogenous urease and plant metabolism, have also been cited by Ariz et al. [103]. Cruchaga et al. [101], also found that NBPT taken up by pea and spinach roots is translocated to the leaves; consequently, NBPT could potentially inhibit the activity of endogenous leaf and root urease. The fact that plants can assimilate NBPT is further evidenced by the compound’s relatively low octanol-water partition coefficient value (Kow) i.e., the tendency of a compound to move between aqueous and lipid phases. NBPT has a relatively low Kow of 0.444, which indicates that NBPT is readily soluble in water [53]. It is cited that compounds with Kow values of ≤2 possess the ability for translocation in plant trans-vascular systems. Further studies on the uptake potential of NBPT by plants fertilized with NBPT-treated urea would be beneficial in assessing possible food chain entry points via grazing animals [104].




6.2. Nitrification Inhibitor Plant Uptake


The nitrification inhibitor DCD possesses a Kow value of −1 indicating that in theory, it should be possible for translocation of DCD in the trans-vascular systems of plants. A 2018 study found that plants have the capacity to take up DMPP and DMPSA and these were subsequently found in plant tissues [81]. The study was conducted on clover plants and found that DMPP accumulated in the leaves of the clover where it caused necrosis on the leaf margins. In contrast, DMPSA usually accumulated in the roots and was deemed to be innocuous. Although both inhibitors posed an extremely low risk of phytotoxicity, this was observed only at DMPP concentrations for of 100 mg/kg soil, which is much higher than the estimated maximum amount used in agriculture (0.5 mg/kg soil). DMPSA did not produce phytotoxicity even at dosage levels of 100 mg/kg soil [81].





7. Survival of Inhibitor Compounds in Rumen


7.1. Survival of Urease Inhibitors in the Rumen


There are currently few studies available on the survival of urease inhibitors in bovine rumen. Studies conducted on the ovine rumen have indicated that NBPT can temporarily inhibit microbial urease activity, although, over time, rumen microflora adapted to NBPT administration. At high doses (88.89 mg/kg bw/d), NBPT caused a 77% inhibition of ruminal urease. The study also stated that at these high doses, negative post-absorptive effects may occur, which could affect ruminal nitrogen metabolism, due to metabolites produced from NBPT. It is, however, inconceivable that the rumen should be exposed to this level of NBPT through ingestion of fertilizer while grazing, as the dose administered was much higher than the maximum allowable inhibitor content.



Rumen pH can vary depending on diet; however, it typically ranges from 6.2 and 7.2 [105]. Engel et al. 2015 [56] investigated the effect of pH on NBPT degradation in soil. The study tested both chemical buffer incubations at pH (4.0, 5.0, 6.0, and 7.2) and soil incubations at pH (5.1, 6.1, 7.6, and 8.2). The study concluded that degradation of NBPT and NBPTo in acidic to slightly alkaline environments (pH 5.1–7.6) most likely occurs by chemical hydrolysis and that degradation via microbial action would be dominant in alkaline environments (pH 8.2). Based on such findings, chemical hydrolysis mechanisms would appear to be the likely degradation pathways of NBPT and NBPTo under rumen pH conditions.




7.2. Survival of Nitrification Inhibitors in the Rumen


It is important to establish whether nitrification and urease inhibitors can survive the harsh conditions of rumen digestion, should they be ingested. Research has been carried out in non-lactating, Friesian dairy cows given the nitrification inhibitor, DCD, administered directly into the rumen or mixed with grass silage (GS). DCD recovery rates were >80% of the daily dose in urine, and 2–10% in feces. A small fraction of DCD was unaccounted for, which was probably degraded in the rumen [106,107].



Studies by Welten et al. [107,108] investigated the ability of DCD to mitigate N losses from urine soil patches and the long-term effects of DCD exposure via oral administration over 90 d to dairy heifers. The studies found no significant changes in blood metabolites and most of the DCD administered was excreted in the urine. This is in agreement with the findings of Minet, et al. [109]. Only 1.2% of DCD was excreted in milk after oral administration, which was rapidly eliminated and showed sharp declines in its concentration a few days later. After a five-day withdrawal period, DCD was not detectable. The study concluded that administration of DCD to lactating cattle resulted in low levels of chemical detection in milk [108].



The recommended rate for DCD application in New Zealand prior to 2013 was 10 kg DCD ha−1, which was broadcast-sprayed directly onto pastureland in spring and autumn [110]. This led ultimately to residual DCD contamination in dairy milk powder. Although DCD was later found to be nontoxic at the levels detected, it is a precursor chemical to melamine, which had, notoriously, been used as an adulterant in Chinese milk products and resulted in the deaths of six infants [10]. The detection of DCD even at residual levels caused a problem in the Chinese market, which was exacerbated by the fact that no MRL was in place within Chinese regulations [107]. EFSA has since introduced a tolerable daily intake (TDI) of 1 mg/kg bodyweight for DCD in food products [85].





8. Passage of Contaminants into Milk via the Blood-Milk Barrier


The blood–milk barrier present in the mammary gland is composed of the epithelium of the blood capillaries, which surround and supply the secretory epithelium in the mammary gland, which controls the passage of nutrients into milk. The passage of contaminants across the blood–milk barrier depends mainly on their physicochemical properties. Contaminants such as veterinary medicines, agrichemicals, mycotoxins, and radionucleotides can enter milk from the bloodstream via various mechanisms including passive diffusion and/or the ability to bind to plasma proteins.



The passage of contaminants into milk is determined by various different factors including molecular weight, lipid solubility, protein binding, degree of ionization, volume of distribution, half-life, and pKa of the contaminant. Contaminants with high molecular weights (600 Da and over), low lipid solubility, a large volume of distribution, high protein binding, and short half-lives are less likely to be transfer into milk [111].



Contaminants possessing the ability to diffuse passively across the blood–milk barrier are predominantly small, non-polar molecules; large polar molecules cannot pass the blood–milk barrier via this mechanism. In general, polar molecules have difficultly crossing phospholipid membranes and diffusion alone would occur extremely slowly. For some polar molecules, facilitative diffusion is sometimes possible if they can combine with membrane bound carrier proteins that shield the molecules from the hydrophobic membrane core [112].



An important factor in determining the transfer rate of contaminants from blood to milk is the blood–milk pH gradient. In healthy animals, milk usually possesses a lower pH than plasma. However, in diseased animals, for example animals exhibiting mastitis, changes to the pH gradient may result in milk having an equal or higher pH than plasma. This effect can alter the blood–milk barrier and increase the rate of transfer of contaminants into milk [113]. The amount of contaminant excreted into the milk is further determined by its ability to bind to plasma proteins, along with its molecular weight and lipophilicity.



To assess whether or not an individual urease inhibitor or nitrification inhibitor could impact milk quality and pose a threat to food safety, it is necessary to assess each inhibitor of interest individually, based on their physiochemical properties and their ability to withstand digestion and/or pass through the blood–milk barrier. NBPT possesses both a polar phosphoramide region and a lipophilic butyl chain allowing it to interact with both polar and non-polar phases according to its chemical structure. NBPT, however, possesses a log Pow value of 0.444 indicating a slight preference for the lipid phase. NPPT and 2-NPT are, similarly, slightly lipophilic. In contrast, DCD has a log Pow value of −1.0 (polar) and will preferentially associate with the aqueous phase. There are some advantages to using NBPT over DCD in terms of the potential risk, albeit negligible, of transfer to food products. NBPT has a much lower application rate e.g., 0.29 kg ha−1 compared to 20 kg ha−1 for DCD. It also has a much shorter half-life, as low as <1 d [56] compared to DCD, which is cited to have a half-life of approximately 37 d [23].



However, research is still needed to assess how each inhibitor will behave both within the animal and in various milk matrices [114]. It will also be important, should inhibitors be found in milk, to determine the effects of dairy processing unit operations i.e., heat treatment, membrane separation, evaporation, etc., on these compounds and their associated chemical species within different milk processing streams.




9. Analytical Methods for the Detection of Inhibitors in Complex Milk and Environmental Matrices


Milk contains many matrix components that can interfere with analysis, including fat, proteins, and sugars. Some level of sample preparation is nearly always required in residue analysis to eliminate matrix inference and allow adequate measurement [115]. Numerous methods have been published to analyze urease and nitrification inhibitors in various matrices, but few have been adapted to food samples (Table 10). Many methods have been developed based on HPLC-UV, but this technique is suitable for the analysis of fertilizer formulations; whereas more selective detection systems such as HPLC fluorescence or liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) are better suited for measuring the lower concentrations that might be found in food or environmental samples.



The majority of chromatographic methods for analyzing urease and nitrification inhibitors including NBPT have been developed for environmental matrices (Table 10). NBPT and NBPTo are polar residues and can be retained on reverse-phase HPLC systems.



Douglass and Hendrickson [116] reported an early method that allowed the simultaneous analysis of NBPT and NBPTo using a C18 separation and post-column derivatization with fluorescence detection (Figure 3). Following separation, the analytes were sequentially hydrolyzed to n-butylamine with nitric acid at 155 °C and then converted to fluorescent derivatives using o-phthaladehyde (OPA). The authors found that a 1000-fold improvement in sensitivity could be achieved using fluorescent detection compared with HPLC-UV.



Douglass and Hendrickson [116] conducted a 14-day stability study in which solutions of NBPT and NBPTo were stored at −20, 4, and 25 °C and found that solutions of NBPT and NBPTo can be stored at room temperature or refrigerated for 14 d. Decomposition was significantly accelerated especially in acidic solutions upon freezing; therefore, methanol must be added to solutions stored below 0 °C to ensure that they do not freeze.



Engel et al. 2015 [56] used HPLC-MS and quantified NBA in soil extracts using a modified OPA and sodium sulfite derivatization protocol. The authors reported that both NBPT and NBPTo were unstable in acid pH hydrolyzing to NBA at room temperature and concluded that NBPT and NBPTo breakdown is highly influenced by pH with chemical hydrolysis being the dominant pathway at pH (5.1–7.6) and microbial hydrolysis becoming the dominant pathway at pH (8.2).



LC-MS/MS has been used by a number of groups for the detection of various inhibitors in fertilizers, water, and food samples. A recent method for the detection of NBPT in milk and various edible tissue samples was established by van de ligt et al. 2019 [68] (Table 10). The authors reported that NBPT residues were found to be unstable in milk samples and required storage at −80 °C to ensure stability. This agrees with the previous findings by Engel et. al. [56]. One possible explanation for the instability of NBPT in milk, could be due to its pH which is generally slightly acidic (pH between 6.5 and 6.7). Thus, pH and temperature control are critical to the analysis of NBPT and NBPTo residues in milk.



Methods for the detection of DCD in various matrices are also summarized in (Table 10). An early HPLC method developed by Schwarzer and Haselwandter was used to detect DCD in soil [120]. This method has been adapted and utilized by Welten et al. [107] to assess excretion routes of DCD in cattle that received repeat oral administration of the compound and how its ultimate excretion in urine influenced its efficacy in soil. Welten et al. 2016 [108] also assessed the oral administration of DCD to lactating dairy cows and its effect and presence as a residue in milk; the study also assessed the efficacy of DCD delivery via a supplementary feed [107,108]. Some more recent techniques for the detection of DCD in milk and infant formula include ultra-fast liquid chromatography-tandem quadrupole mass spectrometry (UFLC-MS/MS) [123], hydrophilic interaction liquid chromatography with tandem mass spectrometry (HILIC-MS/MS) [124,125], UV spectroscopy, and UV spectrophotometry [126,127].



There are also various methods currently available for the analysis of multiple inhibitors. One validated method published in 2018 utilized an LC-MS/MS for the detection of both NBPT and DCD in a urea fertilizer matrix (Table 10). Previous literature stated that NBPT and DCD co-elute during separation and therefore, an Obelsc-R column (4.6 × 150 mm, 5 um particle size) was utilized. Due to the presence of both positively charged (quaternary amine like) and negatively charged (carboxyl type) ions in the columns stationary phase, which aided separation through added electrostatic interactions and repulsions of target analytes, both target analytes were linear over a range of 1.0–15 ppm. The respective limits of detection of each of the target analytes were found to be 25 and 5 μg/kg, with recoveries of 96.7 to 105% [118].



Marco Scheurer et al. (2016) investigated the occurrence and fate of nitrification and urease inhibitors in the aquatic environment (Table 10). The method utilized an LC-ESI-MS/MS with an (Applied Biosystems/MDS Sciex API 5500 Q-Trap triple-quadrupole). The method was developed for the detection of various nitrification and urease inhibitors including DCD, NBPT, 2-NPT, 1H-1,2,4-triazole, and 3 MP, and 3,4-DMPP. Achieving LOQs of 20, 30, 50, 100, and 250 μg/kg, respectively [119].



Other methods for the detection of urease inhibitors include colorimetric detection utilizing gold nanoparticles for the detection of urea, urease, and urease inhibitors [128]. Urease inhibition can also be detected utilizing a fluorometric assay on a multilayer microfluidic chip with immunoaffinity immobilized enzyme reactors [129].




10. Conclusions


The potential of urease and nitrification inhibitors to lower greenhouse gas emissions from the mass application of agricultural fertilizers has long been recognized. Such inhibitor technologies have the potential to greatly improve the sustainability of the grass-fed dairy industry. Although previous research suggests that the risk of inhibitors contaminating milk and dairy products is low, further studies are required to ensure that these additives do not pose any substantial threat to food safety and human health. The development of accurate and robust analytical methods for the detection of urease and nitrification inhibitors at residual levels in foods is also required. Modeling studies are required to predict the fate of urease and nitrification inhibitors in the environment and to identify and map their potential to become residual contaminants. Such research can be used to drive the regulation and implementation of MRLs for dairy products. Helping to ensure sustainable agri-industry growth targets while protecting the environment and safeguarding the quality of dairy products is key to viable farming practices in the future. The correct use of urease and nitrification inhibitors is well documented to promote significant reductions in N2O and NH3 emissions from agriculture and offers enormous potential for the development of a more sustainable dairy industry. Better knowledge on the implications of their use on the environment, food production, and human health can only help to establish their full potential as a means of achieving globally accepted climate change targets.
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Figure 1. Primary pathways for Nitrogen loss. 
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Figure 2. Breakdown products of N-(n-butyl) thiophosphoric triamide (NBPT). 
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Figure 3. Schematic diagram of HPLC and post-column reaction system as used by Douglass and Hendrickson [116]. 






Figure 3. Schematic diagram of HPLC and post-column reaction system as used by Douglass and Hendrickson [116].



[image: Sustainability 12 06018 g003]







[image: Table] 





Table 1. Inhibitor augmentation and corresponding EU regulations.
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Inhibitor Augmentation Based on % (w/w) by Mass of the total N Present as AN and Urea




	
Compound Name

	
Inhibitor Class

	
Min %

(w/w)

	
Max %

(w/w)

	
EC No 1

	
RR Status 2

	
TTB 3

	
References






	
NBPT

	
Urease Inhibitor

	
0.09

	
0.2

	
435-740-7

	
Full

	
100–1000 tpa

	
[30]




	
Mixture NBPT and NPPT (ratio 3:1 (1))

	
0.02

	
0.3

	
700-457-2

	
10–100 tpa

	
[31]




	
2-NPT

	
0.04

	
0.15

	
477-690-9

	
10–100 tpa

	
[30]




	
DCD

	
Nitrification Inhibitor

	
2.3

	
4.5

	
207-312-8

	
Full

	
10,000–100,000 tpa

	
[30]




	
Nitrapyrin

	
N/A

	
N/A

	
217-682-2

	
100–1000 tpa

	
[32]




	
DMPP

	
0.8

	
1.6

	
424-640-9

	
100–1000 tpa

	
[31]




	
Isomeric mixture of 2-(3,4-dimethylpyrazole-1-yl)-succinic acid and DMPSA

	
0.8

	
1.6

	
940-877-5

	
100 + tpa

	
[33]








1 European Community number (EC No) unique seven-digit identifier that is assigned under substances under Reach regulation; 2 REACH Registration (RR); 3 Total Tonnage Band (TTB) the amount of substance that can be purchased without notification to the authorities (in tons per annum, tpa).
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Table 2. Inhibition classification and properties of urease and nitrification inhibitors of agricultural interest.
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Compound Name

	
Inhibitor Class

	
Mode of Inhibition Action

	
Inhibitor Chemical Class

	
Inhibition Type

	
Enzyme

	
References






	
NBPT

	
Urease inhibitor (Urea Analogue)

	
Delays urea hydrolysis via urease inhibition

	
Organic

	
Competitive, irreversible (suicide substrate)

	
Urease

	
[9,39]




	
NPPT

	
[9,39]




	
2-NPT

	
Competitive Metal chelator

	
[9,39]




	
DCD

	
Nitrification inhibitor

	
Inhibition of oxidation of NH3 to NO2− via inhibition of ammonia monooxygenase (AMO)

	
Organic

	
Competitive Metal chelator

	
Ammonia monooxygenase (AMO)

	
[43,44]




	
Nitrapyrin

	
Non-competitive, Metal chelator

	
[45]




	
DMPP

	
Metal chelator

	
[45]




	
DMPSA

	
Expected to be competitive

	
[46]
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Table 3. Physiochemical properties of urease and nitrification inhibitors of agricultural interest.
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	Compound
	Class/Use
	Molecular Formula
	Molecular Weight
	Melting Point
	Relative Density
	Vapor Pressure
	Water Solubility
	Log Pow
	References





	 [image: Sustainability 12 06018 i001]

NBPT
	
	C4H14N3PS
	167.2
	59.1 °C at 101,300 Pa
	1.22 ca. at 20 °C
	0 Pa at 20 °C
	43.04 g/L at 25 °C pH = 7.26.
	0.444 at 20 °C
	[53]
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NPPT
	Urease inhibition
	C3H14N3PS
	153.186
	91 °C at 101,325 Pa
	1.253 at 20 °C
	0 Pa at 20 °C
	51.5 g/L at 20 °C
	0.3 at 24 °C
	[57]
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2-NPT
	
	C6H9N4O3P
	216.13
	>260 °C
	1.558 at 20 °C
	0 Pa at 20 °C
	1394 mg/L at 20 °C
	0.51 at 25 °C
	[58]
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DCD
	Nitrification inhibition
	C2H4N4
	84.08
	210−212 °C
	1.404
	0.0045 Pa
	40 g/L
	−1.0 at 20 +/− 0.5 °C
	[59]
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DMPP
	
	C5H11N2O4P
	194.2
	165 °C
	1.51
	<10−4 at 20 °C and 50 °C.
	132 g/L −1 at pH 3 and 25 °C
	0.92
	[60,61]
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DMPSA
	
	C9H12N2O4
	
	150–178 °C at ca. 1013 hPa
	1.402 at 20 °C
	0.002 Pa at 25 °C
	15.7 g/L at 20 °C, pH 1.9
	<−2.2 at 21 °C, pH 6
	[60]
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Nitrapyrin
	
	C6H3Cl4N
	230.9
	62.5–63.6 °C
	1.55 at 20 °C
	0.37–0.64 Pa at 22.8–25 °C
	20.1–40.1 mg/L at 18.5–20 °C
	3.325–3.41 at 23.5–25 °C
	[32]
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Table 4. Summary of available NBPT toxicology.
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Compound

	
Animal

	
Parameter

	
Exposure Type

	
Method of Administration

	
Dose (mg/kg/bw)

	
Sex

	
Toxicology Results and Clinical Observations

	
References






	
NBPT

	
Rat

	
LD50

	
Acute exposure

	
Oral

	
2000

	
Male/Female

	
Low toxicity via oral and dermal exposure, LD50 in rats exceeded 2000 mg/kg/bw

	
[65]




	
Dermal




	
Guinea Pig

	
Skin Sensitizer

	
Acute exposure

	
intradermal injections

	
-

	
Male/Female

	
Not a skin sensitizer.

	
[55]




	
Rabbit

	
Ocular toxicity

	
Acute exposure

	
Ocular

	
0.1 mL of test material (AGROTAIN, 25% NBPT)

	
Male/Female

	
Severe eye irritant with irritation observed on the conjunctiva, cornea, and iris.

	
[65]




	
Rabbit

	
Ocular toxicity

	
Acute exposure

	
Ocular

	
0.1 mL of NBPT (white powder)

	
Male/Female

	
Irreversible eye damage. Scattered or subtle corneal opacity and vascularization noted in the treated eye. NBPT considered an irritant with the potential to cause severe of eye damage.

	
[55]




	
Rat

	
Neurotoxicity

	
Repeat exposure (13 weeks)

	
Oral

	
200, 1000 and 5000

	
Male

	
Decreased food utilization and lower body weights noted at 5000 mg/kg bw. neurotoxic study observed decreased gripping strength in 5000 mg/kg bw male. No effect observed during ophthalmoscopic examination.

	
[53]




	
Female

	
Decreased food utilization and lower body weights noted at 5000 mg/kg bw. Decreased gripping strength and hunched posture observed in 5000 mg/kg bw females. No effect observed during ophthalmoscopic examination.




	
Hemotology

	
Repeat exposure (13 weeks)

	
Oral

	
200, 1000 and 5000

	
Male

	
At 5000 mg/kg bw increase lymphocyte counts were observed which resulted in significantly lower white blood cell counts. Alanine transaminase (ALT) levels and aspartate aminotransferase (AST) at 500 and 1000 mg/kg bw decreased




	
Female

	
At 5000 mg/kg bw platelets, were significantly increased. Alanine transaminase (ALT) levels and Aspartate Aminotransferase (AST) at 500 and 1000 mg/kg bw decreased. Phosphorus levels significantly decreased at 200 and 1000 mg/kg bw.




	
Organ toxcicity

	
Repeat exposure (13 weeks)

	
Oral

	
200, 1000 and 5000

	
Male

	
Increase in liver weights at 5000 mg/kg bw. Minimal centrilobular hepatocyte hypertrophy at 5000 mg/kg bw.




	
Female

	
Increase in uterine weights at 5000 mg/kg bw. Increased in uterine fluid and luminal distension at all dosages. Minimal centrilobular hepatocyte hypertrophy at 5000 mg/kg bw. Increased incidence of foci mineralization in kidney at 5000 mg/kg bw




	
Rat

	
Neurotoxicity

	
Repeat exposure (15 d)

	
Oral

	
0, 250, 500, 1000 and 2000

	
Male/Female

	
Decreases in cholinesterase levels observed in brain tissue and erythrocytes the at 500, 1000 and 2000 mg/kg bw

	
[65]




	
Hematology

	
Repeat exposure (15 d)

	
Oral

	
0, 250, 500, 1000 and 2000

	
Male

	
Liver damage observed with no chlorosis at 500 mg/kg bw, no change in liver weight. At 500–2000 mg/kg bw decreased triglycerides observed.




	
Female

	
Liver damage observed with no chorosis at 500 mg/kg/bw no change in liver weight. At 500 mg/kg/bw decreased blood urea & total cholesterol observed.




	
Organ toxcicity

	
Repeat exposure (15 d)

	
Oral

	
0, 250, 500, 1000 and 2000

	
Male/Female

	
Spleen: body weight ratio affected at 500 mg/kg/bw and above.




	
Rat

	
Reproductive toxicity

	
Repeat exposure (over two generations)

	
Oral

	
0, 200, 800 and 3200

	
Male

	
Abnormalities in sperm counts at 84 mg/kg bw/day(d), male rats exhibited epididymal lesions. The No-observed-adverse-effect level (NOAEL) is 21 mg/kg bw/d.

	
[55]




	
Female

	
Increases in uterine weight at 88 mg/kg bw/d. NOAEL females 17 mg/kg bw/d. NBPT meets the requirements to be classified as a category three reproductive toxin.




	
Neurotoxicity

	
Repeat exposure (over two generations)

	
Oral

	
0, 200, 800 and 3200

	
Male

	
Decreased erythrocyte cholinesterase levels at 800 and 3200 mg/kg/bw. NOAEL males 74 mg/kg bw/d. based on neurobehavioral changes.




	
Female

	
Decreased erythrocyte cholinesterase levels at 800 and 3200 mg/kg/bw.




	
Hemotology

	
Repeat exposure (over two generations)

	
Oral

	
0, 200, 800 and 3200

	
Male

	
Effects on the liver and changes in hematology indicate a lowest-observed-adverse-effect level LOAEL of 377mg/kg bw/d.




	
Female

	
LOAEL for females 17 mg/kg bw/d due to uterine changes.
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Table 5. Summary of available N-propyl- thiosphosphoric- triamide (NPPT) toxicology.
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Compound

	
Animal

	
Parameter

	
Exposure Type

	
Method of Administration

	
Dose (mg/kg/bw)

	
Sex

	
Toxicology Results and Clinical Observations

	
References






	
NPPT

	
Rat

	
LD50

	
Acute exposure

	
Oral

	
2000

	
Male/Female

	
2000 mg/kg bw.

	
[57]




	
LD50

	
Repeat exposure (28 d)

	
Oral

	
200

	
Male

	
200 mg/kg bw. NOAEL 18.1 mg/kg bw




	
Female

	
200 mg/kg bw. NOAEL 19.8 mg/kg bw.




	
LD50

	
Acute exposure

	
Dermal

	
2000

	
Male/Female

	
2000 mg/kg bw.




	
Developmental toxicity

	
Repeat Exposure

	
Oral

	
100

	
Female

	
NOAEL 100 mg/kg bw.
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Table 6. Summary of available 2-NPT toxicology.
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Compound

	
Animal

	
Parameter

	
Exposure Type

	
Method of Administration

	
Dose (mg/kg bw)

	
Sex

	
Toxicology Results and CLINICAL OBSERVATIONS

	
References






	
2-NPT

	
Rat

	
LD50

	
Acute exposure

	
Oral

	
>2000

	
Male/Female

	
>2000 mg/kg bw.

	
[58]




	
Dermal




	
Rat

	
Reproductive toxicity

	
Repeat Exposure

	
Oral

	
0, 45, 135, 450

	
Male/Female

	
NOAEL for parental animals is 45 mg/kg bw/d. NOAEL for reproductive toxicity and toxicity to first-generation pups is 135 mg/kg bw.




	
Rat

	
Reproductive toxicity

	
Repeat Exposure (28 d)

	
Oral

	
0, 30, 100 and 300

	
Male

	
NOAEL 30 mg/kg bw. At 300 mg/kg/bw increased leucocyte count and decreased organ weights for testes and epididymides. Irreversible effects to the micro-orchidia and epididymides. Damage to the testes across all dose groups and high dose groups completely void of spermatozoa.




	
Rat

	
Hemotology

	
Repeat Exposure (28 d)

	
Oral

	
0, 30, 100 and 300

	
Male/Female

	
Decreased levels of alkaline phosphatase and aspartate aminotransferase (AST) at high doses.




	
Rat

	
Organ toxicity

	
Repeat Exposure (28 d)

	
Oral

	
0, 30, 100 and 300

	
Male

	
Increased spleen weights. Dose-dependent kidney damage with degenerated tubular epithelium in the medulla of the kidneys observed at high doses. Dose dependent urine glucose increase. Discoloration of urine on day of administration.




	
Female

	
Dose-dependent kidney damage with degenerated tubular epithelium in the medulla of the kidneys at high doses. Dose-dependent urine glucose increase. Discoloration of urine on day of administration.
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Table 7. Summary of available dicyandiamide (DCD) toxicology.
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Compound

	
Animal

	
Parameter

	
Exposure Type

	
Method of Administration

	
Dose (mg/kg bw)

	
Sex

	
Toxicology Results and Clinical Observations

	
References






	
DCD

	
Rat

	
LD50

	
Acute exposure

	
Oral

	
10,000

	
Male/Female

	
10,000 mg/kg bw.

	
[59]




	
Rat

	
LD50

	
Acute exposure

	
Inhalation

	
259 mg/m³

	
Male/Female

	
259 mg/m³




	
Rat

	
LD50

	
Acute exposure

	
Dermal

	
2000

	
Male/Female

	
2000 mg/kg bw.




	
Rat

	
Reproductive toxicity

	
Repeat exposure

	
Oral

	
0, 30, 100 and 300

	
Male

	
NOEAL for Reproductive toxicity 15,000 mg/kg bw




	
Female

	
NOEAL for Reproductive toxicity 15,000 mg/kg bw. Significantly lower body weights in the high dose females exposed to 50,000 mg/kg and slightly lower fertility and pregnancy rates in females in this group, therefore, the LOAEL for reproductive toxicity is 50,000 mg/kg.




	
Rat

	
Two-year carcinogenicity study

	
Chronic exposure

	
Oral

	
Up to 50,000

	
Male/Female

	
No increase in tumours; non-carcinogenic
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Table 8. Summary of available Nitrapyrin toxicology.
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Compound

	
Animal

	
Parameter

	
Exposure Type

	
Method of Administration

	
Dose (mg/kg bw)

	
Sex

	
Toxicology Results and Clinical Observations

	
References






	
Nitrapyrin

	
Rat

	
LD50

	
Acute exposure

	
Oral

	
5000

	
Male/Female

	
5000 mg/kg bw

	
[32]




	
Rat

	
LD50

	
Acute exposure

	
Inhalation

	
630–3510 mg/m³

	
Male/Female

	
630–3510 mg/m³




	
Rabbit

	
LD50

	
Acute exposure

	
Dermal

	
2000

	
Male/Female

	
2000 mg/kg bw.




	
Rat

	
NOEAL

	
Repeat exposure

	
Oral

	
5

	
Male/Female

	
NOAEL 5 mg/kg bw/day




	
Rabbit

	
NOEAL

	
Repeat exposure

	
Dermal

	
2000, 2.2 mg/cm²

	
Male/Female

	
Dermal NOAEL for systemic effects 1000 mg/kg bw/day, Dermal NOAEL for Local effects 2.2 mg/cm²




	
Rat

	
NOEAL Reproductive toxicity

	
Repeat exposure

	
Oral

	
75, 50

	
Male/Female

	
NOEAL for Reproductive toxicity 75 mg/kg bw/day




	
NOEAL for Developmental toxicity 50 mg/kg bw/day




	
Rat

	
NOEAL Neurotoxicity

	
Repeat exposure

	
Oral

	
40

	
Male/Female

	
40 mg/kg bw/day




	
Mouse

	
NOAEL carcinogenicity

	
Chronic exposure

	
Oral

	
125

	
Male/Female

	
NOAEL 125 mg/kg bw/day











[image: Table] 





Table 9. Summary of available 4,5-dimethylpyrazole-1-yl-succinic acid (DMPSA) toxicology.
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Compound

	
Animal

	
Parameter

	
Exposure Type

	
Method of Administration

	
Dose (mg/kg bw)

	
Sex

	
Toxicology Results and Clinical Observations

	
References






	
DMPSA

	
Rat

	
LD50

	
Acute exposure

	
Oral

	
>2000

	
Male/Female

	
>2000 mg/kg bw

	
[32,96]




	
Rat

	
LD50

	
Acute exposure

	
Dermal

	
>2000

	
Male/Female

	
>2000 mg/kg bw.




	
Rat

	
NOEAL

	
Repeat exposure

	
Oral

	
≥1000

	
Male/Female

	
NOAEL ≥ 1000 mg/kg bw/day




	
Rat

	
NOEAL Reproductive toxicity

	
Repeat exposure

	
Oral

	
1000

	
Male/Female

	
NOEAL for Reproductive toxicity 1000 mg/kg bw/day. No developmental effects were observed.











[image: Table] 





Table 10. Analytical methods of detection of urease and nitrification inhibitors in various matrices.
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Detection Method

	
Target Analytes

	
Matrix

	
Sample Preparation

	
Column

	
Mobile Phase

	
Observed Ions

	
Limit of Quantification (LOQ) (μg/kg)

	
References






	
HPLC & post-column derivatisation with fluorescence detection

	
NBPT, NBPTo, NBA

	
Soil

	
Extracted with deionized water & filtered (0.22 µm)

	
Zorbax-Rx C8 column (4.6 × 250 mm)

	
40% H2O 60% MeOH

	
N/A

	
1000

	
[117]




	
HPLC

	
NBPT and NPPT

	
Urea Fertilizer

	
Detailed in EN 1482-1

	
C18 Nucleosil (250 mm × 4 mm, 5 μm)

	
MeCN + H2O 10 + 90

	
N/A

	
N/A

	
[118]




	
Detailed in EN 1482-1

	
LiChroSpher C18 (250 mm × 4 mm, 5 μm)

	
MeCN + H2O 15 + 85

	
168.2 m/z and 74 m/z

	
N/A




	
LC-MS/MS (Positive mode)

	
DCD and NBPT

	
Urea Fertilizer

	
Dilution & filtration (0.45 μm)

	
Obelsc-R column (4.6 × 150 mm, 5 um)

	
(A) 0.05% formic acid + 10mM ammonium acetate + H20 (B) 0.05% formic acid + MeCN

	
m/z values of 85→68 for DCD and m/z 168.2 → 74 for NBPT

	
25 & 5 respectively

	
[119]




	
LC-ESI-MS/MS (Positive mode)

	
DCD, NBPT, 2-NPT, 1H-1,2,4-triazole, and 3 MP, and 3,4-DMPP

	
Water

	
Dillution

	
Hypercarb column (150 × 2.1 mm, 5 µm)

	
(A) 0.01% formic acid in H2O & (B) MeOH and 0.01% formic acid

	
m/z vaules 85.0 → 68.0 42.9, 168.1 → 95.0 74.0, 217.0 → 199.9 121.0, 73.0 → 44.0, 83.0 → 42.0 56.1, 97.0 → 56.1 42.0 respectively

	
20, 30, 50, 100 and 250 respectively

	
[120]




	
LC/MS/MS (Positive mode)

	
NBPT

	
Milk, Tissues (Liver, Kidney, Mussel, Fat)

	
Homogenization & extracted with acetonitrile

	
Luna C8 column (50 × 2 mm, 3μm)

	
(A) 0.2% formic acid and 0.012% NH4OH in H2O and (B) MeCN.

	
168.1 m/z and product ion 74 m/z

	
50 in milk samples and 40 in tissue samples

	
[68]




	
HPLC/ESI/QTOF (Positive mode)

	
NBPT, NBPTo, NBA

	
Soil

	
Extraction with deionised water and centrifugation

	
RRHD (50 × 2.1 mm 1.8 μm) C18

	
(A) 20 mM ammonium formate (pH 6.5) & (B) MeCN

	
[M+H]+ (168.02 m/z), [M+Na]+ (190.063), decay ions: [NBPTo+Na]+ (174.084), [NBPTo+H]+ (152.090), 151.046, and 135.071. NBA derivativem/z = 252.064

	
0.3 nmole g-1

	
[56]




	
HPLC

	
DCD

	
Soil extracts, bacterial cultures, culture filtrates

	
Dilution, Deprotaination and centrifugation

	
Prepacked cation H+-column (30×4.6 mm)

	
Isocratic elution with 0.025M HeSO4

	
N/A

	
500

	
[121]




	
LC/MS/MS (Positive mode)

	
DCD & 15N4-DCD

	
Infant formula

	
Microwave-assisted extraction with solid-phase extraction

	
ZIC-HILIC HPLC column (150 × 2.1 mm i.d., 5-µm)

	
(A) 20 mM ammonium acetate (B) MeCN

	
85.0, 68.02, 43.0 89.0, 71.02, 45.0

	
3 and 10

	
[122]




	
LC/MS/MS (Positive mode)

	
DCD, Urea, Biuret,Cyromazine, Triuret, Amidinourea,Melamine

	
Wheat Flower & Skim Milk

	
Extraction with 0.2% formic acid and MeCN, Centrifugation, Filtration (0.20 μm)

	
ZIC-HILIC (150 mm × 2.1 mm, 5 μm)

	
(A) (95:5 ACN:0.1% formic acid/10 mM ammonium formate in H2O) (B) (50:50 ACN:0.1% formic acid/10 mM ammonium formate in H2O)

	
85.0 → 68.0→ 43.1, 61.0 → 44.0, 104.1 → 61.0 → 44.0, 147.1 → 130.1 → 104.1 → 61.1, 167.1 → 85.1 → 125 → 68.0, 103.1 → 60.1 → 43.1, 127.0 → 85.0 → 68.0

	
(18, 60), (4320, 28800), (54, 240), (18, 180), (18, 180), (54, 240), (162, 480)

	
[123]












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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