
Patron:		Her	Majesty	The	Queen	 	 Rothamsted	Research	
Harpenden,	Herts,	AL5	2JQ	
	
Telephone:	+44	(0)1582	763133	
Web:	http://www.rothamsted.ac.uk/	

	
	 	

	
	

Rothamsted Research is a Company Limited by Guarantee 
Registered Office: as above.  Registered in England No. 2393175. 
Registered Charity No. 802038.  VAT No. 197 4201 51. 
Founded in 1843 by John Bennet Lawes.	

	

Rothamsted Repository Download
A - Papers appearing in refereed journals

De Klein, C. A., Bowatte, S., Simon, P. L., Arango, J., Cardenas, L. M., 

Chadwick, D. R., Pijlman, J., Rees, R. M., Richards, K. G., Subbarao, G. 

V. and Whitehead, D. 2022. Accelerating the development of biological 

nitrification inhibition as a viable nitrous oxide mitigation strategy in 

grazed livestock systems. Biology And Fertility Of Soils. 58, p. 235–240. 

https://doi.org/10.1007/s00374-022-01631-2 

The publisher's version can be accessed at:

• https://doi.org/10.1007/s00374-022-01631-2

The output can be accessed at: 

https://repository.rothamsted.ac.uk/item/9884z/accelerating-the-development-of-

biological-nitrification-inhibition-as-a-viable-nitrous-oxide-mitigation-strategy-in-grazed-

livestock-systems.

© 17 March 2022, Please contact library@rothamsted.ac.uk for copyright queries.

04/04/2022 08:20 repository.rothamsted.ac.uk library@rothamsted.ac.uk

https://doi.org/10.1007/s00374-022-01631-2
https://repository.rothamsted.ac.uk/item/9884z/accelerating-the-development-of-biological-nitrification-inhibition-as-a-viable-nitrous-oxide-mitigation-strategy-in-grazed-livestock-systems
https://repository.rothamsted.ac.uk/item/9884z/accelerating-the-development-of-biological-nitrification-inhibition-as-a-viable-nitrous-oxide-mitigation-strategy-in-grazed-livestock-systems
https://repository.rothamsted.ac.uk/item/9884z/accelerating-the-development-of-biological-nitrification-inhibition-as-a-viable-nitrous-oxide-mitigation-strategy-in-grazed-livestock-systems
repository.rothamsted.ac.uk
mailto:library@rothamsted.ac.uk


Biology and Fertility of Soils
 

Accelerating the development of biological nitrification inhibition as a viable nitrous
oxide mitigation strategy in grazed livestock systems

--Manuscript Draft--
 

Manuscript Number: BFSO-D-21-00751R2

Full Title: Accelerating the development of biological nitrification inhibition as a viable nitrous
oxide mitigation strategy in grazed livestock systems

Article Type: Position and Opinion Papers

Keywords: BNI;  animal urine;  livestock systems;  Nitrous oxide;  research priorities

Corresponding Author: Cecile De Klein
AgResearch
Dunedin, New Zealand NEW ZEALAND

Corresponding Author Secondary
Information:

Corresponding Author's Institution: AgResearch

Corresponding Author's Secondary
Institution:

First Author: Cecile de Klein

First Author Secondary Information:

Order of Authors: Cecile de Klein

Saman Bowatte

Priscila Simon

Jacobo Arango

Laura Cardenas

David Chadwick

Jeroen Pijlman

Robert Rees

Karl Richards

GV Subbarao

David Whitehead

Order of Authors Secondary Information:

Funding Information: New Zealand Government; Global
Research Alliance

Dr Cecile de Klein

Abstract: This position paper summarizes the current understanding of biological nitrification
inhibition (BNI) to identify research needs for accelerating the development of BNI as a
N2O mitigation strategy for grazed livestock systems. We propose that the initial
research focus should be on the systematic screening of agronomically desirable
plants for their BNI potency and N2O reduction potential. This requires the
development of in-situ screening methods that can be combined with reliable N2O
emission measurements and microbial and metabolomic analyses to confirm the
selective inhibition of nitrification. As BNI-induced reductions in N2O emissions can
occur by directly inhibiting nitrification, or via indirect effects on other N
transformations, it is also important to measure gross N transformation rates to
disentangle these direct and indirect effects. However, an equally important challenge
will be to discern the apparent influence of soil N fertility status on the release of BNIs,
particularly for more intensively managed grazing systems.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Suggested Reviewers: Martha Alfaro
malfaro@inia.cl

Herbert kronzucker
herbert.kronzucker@unimelb.edu.au

jiafa luo
jiafa.luo@agresearch.co.nz

Jan-Willem van Groenigen
janwillem.vangroenigen@wur.nl

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Author’s response to editor comments on Revision 1 of BFSO-D-21-00751 
 
PLease replace "review" with "opinion/position paper" in the text;  
Done 
 
Please check carefully all text; L. 62-69, "Figure 1): (1) identifying....dicìscovery ); (2) 
maximizing...concept); (3) managing....function); (4) implementing";  
I have checked the text and am happy with what is written, so I don’t feel anything needs to 
change. 
 
L. 94-95, "strenght of..in roots"? Is it not clear to me the emaning?  
Have removed this wording as it was not critical and obviously created confusing. 
 
Please reword; L. 95, 169, please replace "structure" with "compositon" because the former  
term is more related to web interactions than to microbial diversity;  
Done 
 
PLease indent L. 107, write "..N2O reductions";  
Done  
 
PLease abbrevaite the name of the journal at L. 220, 228-229, 273, 276;  
Done 
 
PLease complete adding pages at L 220, 315;  
I have checked these references and journals, but they don’t appear to have page numbers 
yet. Just DOI numbers 
 
Please replace "," with ":" after the volume; for example,at l. 224, "101:156";  
Done  
 
Please check all references carefully. 
Done. I have carefully checked everything and added some full stops and formatted some of 
the text (e.g. subscripts on N2O and italics for plant names)  

Authors' Response to Reviewers' Comments Click here to access/download;Authors' Response to
Reviewers' Comments;Authors response BFSO-D-21-00751-

https://www.editorialmanager.com/bfso/download.aspx?id=161780&guid=4a6085e9-d4ac-4fee-9153-a0f1e4295504&scheme=1
https://www.editorialmanager.com/bfso/download.aspx?id=161780&guid=4a6085e9-d4ac-4fee-9153-a0f1e4295504&scheme=1


   

 

1 

 

Accelerating the development of biological nitrification inhibition as a viable nitrous 1 

oxide mitigation strategy in grazed livestock systems  2 

 3 

Cecile AM de Klein1*, Saman Bowatte2, Priscila Simon1, Jacobo Arango3, Laura M 4 

Cardenas4, David R Chadwick5, Jeroen Pijlman6, Robert M Rees7, Karl Richards8, Guntur V 5 

Subbarao9, David Whitehead10  6 

1AgResearch Invermay, Mosgiel, New Zealand, ORCID number: 0000-0001-7840-0934 7 

2AgResearch Grasslands, Palmerston North, New Zealand 8 

3International Center for Tropical Agriculture, Cali, Colombia 9 

4Rothamsted Research, Sustainable Agriculture Sciences, North Wyke, Okehampton, UK 10 

5Bangor University, Bangor, UK 11 

6Louis Bolk Institute, Bunnik, The Netherlands 12 

7Scotland’s Rural College, Edinburgh, UK 13 

8Teagasc, Wexford, Ireland 14 

9Japan International Research Center for Agricultural Sciences, Ibaraki, Japan 15 

10Manaaki Whenua – Landcare Research, Lincoln, New Zealand 16 

* Corresponding author: cecile.deklein@agresearch.co.nz  17 

 18 

Keywords: BNI; animal urine; livestock systems; nitrous oxide; research priorities 19 

 20 

Abstract 21 

This position paper summarizes the current understanding of biological nitrification 22 

inhibition (BNI) to identify research needs for accelerating the development of BNI as a N2O 23 

mitigation strategy for grazed livestock systems. We propose that the initial research focus 24 

should be on the systematic screening of agronomically desirable plants for their BNI 25 
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potency and N2O reduction potential. This requires the development of in-situ screening 26 

methods that can be combined with reliable N2O emission measurements and microbial and 27 

metabolomic analyses to confirm the selective inhibition of nitrification. As BNI-induced 28 

reductions in N2O emissions can occur by directly inhibiting nitrification, or via indirect 29 

effects on other N transformations, it is also important to measure gross N transformation 30 

rates to disentangle these direct and indirect effects. However, an equally important challenge 31 

will be to discern the apparent influence of soil N fertility status on the release of BNIs, 32 

particularly for more intensively managed grazing systems.  33 

 34 

Introduction 35 

Nitrous oxide (N2O) is a powerful greenhouse gas (GHG) with a global warming potential 36 

close to 300 times that of carbon dioxide. Globally, agriculture contributes around 52% of 37 

anthropogenic N2O emissions, with animal urine patches the largest N2O source in grazed 38 

livestock systems (Tian et al. 2020). The inhibition of soil nitrification, which is the 39 

conversion of ammonium to nitrate, has been shown to reduce N2O emissions, with much of 40 

the existing understanding of the abatement potential based on studies using synthetic 41 

nitrification inhibitors (SNIs; de Klein et al. 2011; Di and Cameron 2016; Minet et al. 2016a; 42 

Chadwick et al. 2018). However, there is increasing evidence that plant-induced biological 43 

nitrification inhibition (BNI), defined here as attenuation of the nitrification process resulting 44 

from the introduction of plant secondary metabolites into the soil through root exudation or 45 

turnover of plant tissue, can also reduce N2O emissions (Subbarao et al. 2013; Byrnes et al. 46 

2017; Villegas et al. 2020). Although SNIs provide the flexibility to target applications at 47 

specific times, locations and doses to maximize N2O reduction, BNIs offer other advantages 48 

such as i) a root delivery network reaching into nitrifying sites in the soil, ii) affecting both 49 

ammonia mono-oxygenase (AMO) and hydroxylamine oxidoreductase (HAO), two enzymes 50 
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involved in nitrification (compared to SNI which only acts on the AMO pathway), iii) not 51 

requiring synthetic production and mechanical application and therefore potentially lowering 52 

costs, iv) potential for continuous formation in growing plants, and v) being more natural, 53 

thus offering the potential for greater public acceptance. On the other hand, the effectiveness 54 

of BNI relies on soil incorporation of plant tissue containing BNI compounds, or the 55 

rhizodeposition of BNI active compounds into the soil. The latter is modulated by many 56 

plant-soil interactions and as yet poorly understood (Nardi et al. 2020). We acknowledge that 57 

SNI and BNI could be complementary as N2O mitigation options for grazed livestock 58 

systems, but we focus here specifically on the potential of BNIs and their development as a 59 

recognized N2O mitigation strategy for livestock systems. The following sections summarize 60 

our current understanding and identify key research needs for accelerating this development 61 

along key stages of the innovation pipeline (Figure 1):  62 

(1) Identifying candidate forage species with the genetic capacity to synthesize BNI 63 

compounds (discovery)  64 

(2) Maximizing the BNI capacity of these compounds in soils with agronomically viable 65 

species (proof of concept) 66 

(3) Managing species within systems to maintain BNI effect and productivity (proof of 67 

function) 68 

(4) Implementing systems to incentivize farmers to adopt BNI as a N2O mitigation 69 

strategy (recognized mitigation option)  70 

 71 

Discovery: Which source-plants have the genetic capacity to regulate BNI? 72 

Much of the work to date has focused on (sub)tropical systems and common agricultural 73 

plants that have been shown to exhibit the BNI trait naturally including Brachiaria 74 

humidicola (syn. Urochloa), wheat, sorghum, maize, rice, (Subbarao and Searchinger 2021), 75 
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and Elymus grass (Li et al. 2022). There is some evidence that the temperate forb species 76 

plantain (Plantago lanceolata) may also exhibit BNI effects (Judson et al. 2019). For all these 77 

species BNI-active root exudates have been identified and many of these plants have genetic 78 

variation in BNI capacity among wild populations and modern cultivars (Navarrete et al. 79 

2016; Nardi et al. 2020; Subbarao et al. 2021). Recent research has also demonstrated that the 80 

BNI trait from the wild grass Leymus racemosus can be successfully transferred via inter-81 

specific hybridization into elite wheat cultivars without disrupting agronomic features or 82 

using regulated gene technologies (Subbarao et al. 2021). Therefore, key elements of success 83 

at the ‘discovery’ stage are that high potency source-plants containing the BNI trait are 84 

identified and that interventions to transfer the trait from potentially raw germplasm sources 85 

into elite forage cultivars can occur within agronomic constraints. These efforts will benefit 86 

from deciphering the fundamental genetic control of BNI traits in source plants, knowledge 87 

of the candidate genes influencing BNI trait expression, and highly efficient means of 88 

screening for BNI expression in candidate source populations and large-scale breeding 89 

populations. 90 

 91 

Proof of concept: What is the N2O reduction potential and how can the BNI effect be 92 

maximized?    93 

The reduction potential of N2O emissions through BNI depends on the microbial community 94 

composition, abundance and activity of nitrifiers. The common understanding is that N2O 95 

originating from nitrification is largely produced by ammonia oxidizing bacteria (AOB) and 96 

much less so by ammonia oxidizing archaea (AOA) (Prosser et al. 2020). However, a recent 97 

study with pure cultures of the AOA Nitrosopumilus maritimus showed that this AOA can 98 

also produce N2O from nitrification (Kraft et al. 2022). These authors showed that under the 99 

anaerobic conditions of the study, the AOA was capable of generating and re-using oxygen 100 
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(O2) to support their metabolic activity. This suggests that AOA can perform nitrification and 101 

produce N2O under anaerobic conditions. However, the implications of this finding for 102 

managed livestock systems requires further investigation, as increased N availability in these 103 

systems is likely to favor AOB over AOA (Egenolf et al. 2022). In addition, the relative 104 

contribution of AOA vs AOB to nitrification in different ecosystems is not fully understood 105 

yet. 106 

N2O reductions due to BNI have been measured for some key tropical and subtropical 107 

grass species, including Brachiaria humidicola and Guinea grass (Megathyrsus maximus) 108 

(Subbarao et al. 2013; Byrnes et al. 2017; Villegas et al. 2020). Byrnes et al. (2017) showed 109 

that soils containing a Brachiaria cultivar with high BNI capacity emitted 60% less N2O from 110 

urine patches than soils with low BNI capacity cultivars, and Villegas et al. (2020) identified 111 

varieties of Guinea grass with high N2O reduction potentials. Both studies found a direct link 112 

between N2O reduction and BNI, i.e., reduced nitrifier bacteria abundance and nitrification 113 

rates. In temperate climate systems, plantain (Plantago lanceolata) has been suggested as a 114 

species with BNI activity (de Klein et al. 2020), but comprehensive investigation into a direct 115 

link between N2O reduction and BNI activity is lacking. Furthermore, experimental results on 116 

the effect of plantain on N2O emissions from livestock urine are inconsistent, with both 117 

reductions and increases in N2O observed (Luo et al. 2018; Simon et al. 2019; Pijlman et al. 118 

2020; Bracken et al. 2021). It is commonly accepted that BNI is an adaptive mechanism that 119 

plants use to conserve mineral nitrogen (N) in soils where the competition between plants and 120 

microbes for limited N is high. So, one hypothesis is that the inconsistency in the results from 121 

intensively managed systems could be attributable to variation in soil N fertility status, with 122 

high soil N fertility possibly downregulating the expression of the BNI trait, and thus the N2O 123 

reduction potential. A recent study indeed suggested that, while BNI seems to determine net 124 

nitrification rates in extensive pasture systems with B. humidicola, inter- and intra-125 
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competition for N between microbes and plants appeared to be the main determinant in 126 

intensive systems (Egenolf et al. 2022). However, the impact of soil N fertility status on BNI-127 

trait expression is yet to be systematically investigated; more studies into this effect are 128 

needed. This should include experiments under controlled conditions in greenhouses that 129 

enable a focus on specific controlling factors, as well as field trials to investigate the impact 130 

under grazing conditions. There are also other potential factors that regulate the release of 131 

BNI compounds, including soil pH, soil moisture content, soil aeration and nematode activity 132 

(Wurst et al. 2010; Zhang et al. 2022), that warrant systematic testing in field studies. As it is 133 

difficult to separate BNI effects from other plant effects on soil N transformations and 134 

microbial community, such studies should measure gross N transformation rates to 135 

disentangle the direct and indirect effects of root exudates on soil nitrification (Nardi et al. 136 

2020; Ma et al. 2021). In addition, studies should combine N2O measurements with 137 

metabolomics and microbial analysis to confirm both the release of BNI compounds as well 138 

as nitrifier inhibition of nitrification, thus directly linking any reduction in N2O emissions 139 

with BNI under field conditions.  140 

 141 

Proof of function: How can the BNI trait for N2O reduction be optimized in grazed 142 

systems? 143 

Once our understanding of the links between BNI-induced N2O reduction and soil N status or 144 

other regulators is improved, the question is how this can be optimized in grazed livestock 145 

systems? This may be especially relevant in legume-containing pasture systems, where there 146 

is a strong interaction between soil N fertility status and legume content of the sward, or in 147 

grazed systems, where urine deposition results in localized rapid increases in soil N and soil 148 

pH. Furthermore, to meet improved productivity as well as environmental outcomes, 149 

enhancement of the BNI trait should not compromise the viability of the system through 150 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



   

 

7 

 

unintended consequences on agronomic characteristics of the species such as, productivity, 151 

palatability, nutritional value, persistence, winter hardiness, and drought resilience. To date, 152 

there is no evidence to suggest that the BNI-trait has a yield penalty either in pastures or in 153 

grain crops when comparing BNI-capable varieties with non-BNI capable varieties of the 154 

same species (Subbarao and Searchinger 2021). In addition, a BNI-induced increase in farm 155 

N use efficiency (NUE) provides the opportunity to reduce farm N inputs and any associated 156 

N2O emissions. A recent LCA modelling study suggested that the impacts from BNI-wheat 157 

with 40% nitrification inhibition by 2050 could reduce both N fertilizer requirements and 158 

GHG emissions by about 15%, and improve NUE at the farm scale by almost 17% (Leon et 159 

al. 2021). However, there is limited research on the effects of BNI species on soil, rumen and 160 

farm level N cycling in grazed systems, which severely limits our ability to assess the full 161 

impact of BNI species on farm scale GHG emissions. More specifically, due to the apparent 162 

inverse relationship between soil N fertility and BNI, a key question is whether there is a 163 

‘sweet spot’ of N fertility in managed grazed livestock systems: one that supplies N sufficient 164 

to promote exudation of BNI compounds and thus conserve N, yet not too low that plant 165 

production is significantly compromised? Another key question is if, and how, the release of 166 

BNI compounds is affected by transient changes in soil N and pH in urine patches in grazed 167 

systems. In addition, the effect of grazing intensity on soil aeration and root exudation (Sun et 168 

al. 2017), and their subsequent impacts on microbial community composition and function 169 

also warrant further investigation. Finally, for optimizing BNIs within grazed systems there 170 

may be advantages in synthesizing ‘BNI active’ plant compounds that are delivered to the 171 

soil via surface application or in animal feeds (Minet et al. 2016b). Although this would 172 

eliminate some advantages of BNIs over SNIs, as discussed above, it could provide a solution 173 

in the shorter-term, whilst longer-term plant screening and breeding programmes are 174 

developed and root-delivery of BNI compounds is maximized.  175 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



   

 

8 

 

 176 

Recognized mitigation option: How can farmers be recognized for BNI-induced N2O 177 

reduction in grazing systems? 178 

For farmers to be recognized for achieving N2O reductions, the effect of the intervention on 179 

total N2O emissions needs to be accounted for in GHG inventory methodologies and on-farm 180 

accounting tools. To the best of our knowledge, BNI is not (yet) recognized as a N2O 181 

mitigation technology in national GHG inventories nor in on-farm accounting tools. This not 182 

only requires robust evidence of the efficacy of BNI and the ability to predict N2O reductions 183 

under a range of temporal and spatially variable conditions, but it also requires the ability to 184 

accurately estimate and record the BNI ‘activity’ of plants. For BNI-active plants in grazed 185 

systems this means being able to demonstrate and verify the effects of their presence in the 186 

swards and the conditions that influence their efficacy in N2O reduction. 187 

 188 

Conclusions 189 

For BNI to be successfully exploited as a N2O mitigation option in grazed livestock systems, 190 

we identified key questions along key stages of the innovation pipeline and possible 191 

approaches to address these (Table 1).  We propose that the initial research focus should be 192 

prioritized on the ‘discovery’ and ‘proof of concept’ stages. Firstly, the systematic screening 193 

of agronomically desirable plants and cultivars to identify their ability to synthesize and 194 

exude BNI compounds (i.e., do these plants have the genetic blueprint for BNI?) requires the 195 

development of in-situ screening methods that can be combined with reliable N2O emission 196 

measurements as well as measurements of gross N transformation rates. To ensure that any 197 

N2O reduction can be assigned to BNI, these measurements should also be accompanied by 198 

microbial and metabolomic analyses to confirm the selective inhibition of nitrification. 199 

Secondly, whilst understanding the genetic regulation of BNI is a key first step, an equally 200 
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important challenge will be to discern the apparent influence of soil N fertility status or other 201 

soil and climatic factors on the release of the BNIs, particularly for more intensively managed 202 

grazing systems. The expansion of an existing BNI consortium (Subbarao and Searchinger 203 

2021) to develop a coordinated global programme to address the research gaps we identified 204 

here may be a key step towards accelerating the development of BNI as a N2O mitigation 205 

option in both (sub)tropical and temperate livestock systems.  206 

 207 

Acknowledgements 208 

This project was part-funded by the New Zealand Government, in support of the objectives of 209 

the Livestock Research Group of the Global Research Alliance on Agricultural Greenhouse 210 

Gases. 211 

 212 

Statements and Declarations 213 

Conflict of Interest: The authors declare that they have no conflict of interest 214 

 215 

References  216 

 Bracken CJ, Lanigan GJ, Richards KG, Müller C, Tracy SR, Grant J, Krol DJ, Sheridan H, 217 

Lynch MB, Grace C, Fritch R, Murphy PNC (2021) Source partitioning using N2O 218 

isotopomers and soil WFPS to establish dominant N2O production pathways from 219 

different pasture sward compositions. Science Total Environ 781 220 

https://doi.org/10.1016/j.scitotenv.2021.146515 221 

Byrnes RC, Nùñez J, Arenas L, Rao I, Trujillo C, Alvarez C, Arango J, Rasche F, Chirinda N 222 

(2017) Biological nitrification inhibition by Brachiaria grasses mitigates soil nitrous 223 

oxide emissions from bovine urine patches. Soil Biol Biochem 107: 156-163. 224 

Chadwick DR, Cardenas LM, Dhanoa MS, Donovan N, Misselbrook T, Williams JR, 225 

Thorman RE, McGeough KL, Watson CJ, Bell M, Anthony SG, Rees RM (2018) The 226 

contribution of cattle urine and dung to nitrous oxide emissions: Quantification of 227 

country specific emission factors and implications for national inventories. Science 228 

Total Environ 635: 607-617. 229 

de Klein CAM, Cameron KC, Di HJ, Rys G, Monaghan RM, Sherlock RR (2011) Repeated 230 

annual use of the nitrification inhibitor dicyandiamide (DCD) does not alter its 231 

effectiveness in reducing N2O emissions from cow urine. Animal Feed Science Tech 232 

166-167: 480-491. 233 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://doi.org/10.1016/j.scitotenv.2021.146515


   

 

10 

 

de Klein CAM, van der Weerden TJ, Luo J, Cameron KC, Di HJ (2020) A review of plant 234 

options for mitigating nitrous oxide emissions from pasture-based systems. New Zeal J 235 

Agricul Res 63: 29-43. 236 

Di HJ, Cameron KC (2016) Inhibition of nitrification to mitigate nitrate leaching and nitrous 237 

oxide emissions in grazed grassland: a review. J Soils Sed 16: 1401-1420 238 

Egenolf K, Schad P, Arevalo A, Villegas D, Arango J, Karwat H, Cadisch G, Rasche F 239 

(2022) Inter-microbial competition for N and plant NO3− uptake rather than BNI 240 

determines soil net nitrification under intensively managed Brachiaria humidicola. Biol 241 

Fertil Soils (this issue). 242 

Judson HG, Fraser PM, Peterson ME (2019) Nitrification inhibition by urine from cattle 243 

consuming Plantago lanceolata. J New Zeal Grasslands 81: 111-116. 244 

Kraft B, Jehmlich N, Larsen M, Bristow LA, Könneke M, Thamdrup B, Canfield DE (2022) 245 

Oxygen and nitrogen production by an ammonia-oxidizing archaeon. Science 375: 97-246 

100. 247 

Leon A, Subbarao GV, Kishii M, Matsumoto N, Kruseman G (2021) An ex ante life cycle 248 

assessment of wheat with high biological nitrification inhibition capacity. Environ 249 

Science Pollution Res DOI: 10.1007/s11356-021-16132-2. 250 

Li W, Ma J, Bowatte S, Hoogendoorn C, Hou F (2022) Evidence of differences in nitrous 251 

oxide emissions and biological nitrification inhibition among Elymus grass species. 252 

Biol Fertil Soils (this issue). 253 

Luo J, Balvert SF, Wise B, Welten B, Ledgard SF, de Klein CAM, Lindsey S, Judge A 254 

(2018) Using alternative forage species to reduce emissions of the greenhouse gas 255 

nitrous oxide from cattle urine deposited onto soil. Science Total Environ 610-611: 256 

1271-1280. 257 

Ma Y, Jones DL, Wang J, Cardenas LM, Chadwick DR (2021) Relative efficacy and stability 258 

of biological and synthetic nitrification inhibitors in a highly nitrifying soil: Evidence 259 

of apparent nitrification inhibition by linoleic acid and linolenic acid. European J Soil 260 

Science 72: 2356-2371. 261 

Minet EP, Jahangir MMR, Krol DJ, Rochford N, Fenton O, Rooney D, Lanigan G, Forrestal 262 

PJ, Breslin C, Richards KG (2016a) Amendment of cattle slurry with the nitrification 263 

inhibitor dicyandiamide during storage: A new effective and practical N2O mitigation 264 

measure for landspreading. Agric Ecosyst Environ 215: 68-75. 265 

Minet EP, Ledgard SF, Lanigan GJ, Murphy JB, Grant J, Hennessy D, Lewis E, Forrestal P, 266 

Richards KG (2016b) Mixing dicyandiamide (DCD) with supplementary feeds for 267 

cattle: An effective method to deliver a nitrification inhibitor in urine patches. Agric 268 

Ecosyst Environ 231: 114-121. 269 

Nardi P, Laanbroek HJ, Nicol GW, Renella G, Cardinale M, Pietramellara G, Weckwerth W, 270 

Trinchera A, Ghatak A, Nannipieri P (2020) Biological nitrification inhibition in the 271 

rhizosphere: Determining interactions and impact on microbially mediated processes 272 

and potential applications. FEMS Microbiol Rev 44: 874-908. 273 

Navarrete S, Kemp PD, Pain SJ, Back PJ (2016) Bioactive compounds, aucubin and 274 

acteoside, in plantain (Plantago lanceolata L.) and their effect on in vitro rumen 275 

fermentation. Animal Feed Science Tech 222: 158-167. 276 

Pijlman J, Berger SJ, Lexmond F, Bloem J, van Groenigen JW, Visser EJW, Erisman JW, 277 

van Eekeren N (2020) Can the presence of plantain (Plantago lanceolata L.) improve 278 

nitrogen cycling of dairy grassland systems on peat soils? New Zeal J Agricul Res 63: 279 

106-122. 280 

Prosser JI, Hink L, Gubry-Rangin C, Nicol GW (2020) Nitrous oxide production by ammonia 281 

oxidizers: Physiological diversity, niche differentiation and potential mitigation 282 

strategies. Global Change Biol 26: 103-118. 283 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



   

 

11 

 

Simon PL, de Klein CAM, Worth W, Rutherford AJ, Dieckow J (2019) The efficacy of 284 

Plantago lanceolata for mitigating nitrous oxide emissions from cattle urine patches. 285 

Science Total Environ 691: 430-441. 286 

Subbarao GV, Kishii M, Bozal-Leorri A, Ortiz-Monasterio I, Gao X, Ibba MI, Karwat H, 287 

Gonzalez-Moro MB, Gonzalez-Murua C, Yoshihashi T, Tobita S, Kommerell V, Braun 288 

HJ, Iwanaga M (2021) Enlisting wild grass genes to combat nitrification in wheat 289 

farming: A nature-based solution. Proc Natl Acad Sci USA 118. DOI: 290 

10.1073/pnas.2106595118. 291 

Subbarao GV, Rao IM, Nakahara K, Sahrawat KL, Ando Y, Kawashima T (2013) Potential 292 

for biological nitrification inhibition to reduce nitrification and N2O emissions in 293 

pasture crop-livestock systems. Animal : an international journal of animal bioscience 7 294 

Suppl 2: 322-332. 295 

Subbarao GV, Searchinger TD (2021) A "more ammonium solution" to mitigate nitrogen 296 

pollution and boost crop yields. Proc Natl Acad Sci USA 118. DOI: 297 

10.1073/pnas.2107576118. 298 

Sun G, Zhu-Barker X, Chen D, Liu L, Zhang N, Shi C, He L, Lei Y (2017) Responses of root 299 

exudation and nutrient cycling to grazing intensities and recovery practices in an alpine 300 

meadow: An implication for pasture management. Plant Soil 416: 515-525. 301 

Tian H, Xu R, Canadell JG, Thompson RL, Winiwarte, W, Suntharalingam P, Davidson EA, 302 

Ciais P, Jackson RB, Janssens-Maenhout G, Prathe, MJ, Regnier P, Pan N, Pan S, 303 

Peters GP, Shi H, Tubiello FN, Zaehle S, Zhou F, Arneth A, Battaglia G, Berthet S, 304 

Bopp L, Bouwman AF, Buitenhuis ET, Chang J, Chipperfield MP, Dangal SRS, 305 

Dlugokencky E, Elkins JW, Eyre BD, Fu B, Hall B, Ito A, Joos F, Krummel PB, 306 

Landolfi A, Laruelle GG, Lauerwald R, Li W, Lienert S, Maavara T, MacLeod M, 307 

Millet DB, Olin S, Patra PK, Prinn RG, Raymond PA, Ruiz DJ, van der Werf GR, 308 

Vuichard N, Wang J, Weiss RF, Wells KC, Wilson C, Yang J, Yao Y (2020) A 309 

comprehensive quantification of global nitrous oxide sources and sinks. Nature 586: 310 

248-256. 311 

Villegas D, Arevalo A, Nuñez J, Mazabel J, Subbarao G, Rao I, De Vega J, Arango J (2020) 312 

Biological Nitrification Inhibition (BNI): Phenotyping of a Core Germplasm Collection 313 

of the Tropical Forage Grass Megathyrsus maximus Under Greenhouse Conditions. 314 

Frontiers Plant Science 11: article 820. https://doi.org/10.3389/fpls.2020.00820.  315 

Wurst S, Wagenaar R, Biere A, van der Putten WH (2010) Microorganisms and nematodes 316 

increase levels of secondary metabolites in roots and root exudates of Plantago 317 

lanceolata. Plant Soil 329: 117-126. 318 

Zhang M, Zeng H, Afzal MR, Gao X, Li Y, Subbarao GV, Zhu Y (2022) BNI-release 319 

mechanisms in plant root systems: current status of understanding. Biol Fertil Soils 320 

(this issue). 321 

 322 

 323 
  324 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



   

 

12 

 

 325 

Figure 1: Stages of development pipeline for BNI as a N2O mitigation option and desired 326 

outcome of each stage. 327 
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Table 1: Biological nitrification inhibition – key research questions and recommendations for future work for developing BNI into a viable 

strategy for reduction N2O emissions from grazed livestock systems.   

 1. Stage of  development 

Discovery 

2. Proof of concept 3. Proof of function 4. Recognized mitigation 

option 

Desired outcome 

at each stage 

Existence of BNI trait 
Trait is available in 

agronomically viable plants 

Expression of BNI trait for N2O 

reduction  
Factors that maximize the 

expression of the BNI trait in 

plants are understood.  

The N2O reduction potential is 

proved in BNI capable plants that 

are agronomically viable. 

BNI trait optimised in systems  
BNI-induced N2O reduction 

potential optimized in agronomically 

viable systems 

BNI recognised in calculators 
BNI-induced N2O reduction 

potential incorporated into 

national GHG inventories and 

on-farm GHG accounting tools 

Summary of 

knowledge or 

capability gaps 

Lack of knowledge of high 

potency sources.  Lack of 

predictive tools to identify 

candidate sources. Lack of 

genetic knowledge and rapid 

screening methods. 

Lack of understanding of the 

drivers of the expression of the 

BNI trait in grazed systems. 

Lack of understanding of the impact 

of BNI-capable species or mixed 

swards on other important outcomes. 

Lack of understanding of impacts of 

treading-induced changes in aeration 

and exudation on BNI.  

Lack of consistent and robust 

evidence on BNI technology for 

mitigating N2O emissions.  

Selected key 

research questions 

What high potency BNI 

sources are available for 

pasture species?  Are those 

sources amenable to plant 

breeding? 

What conditions maximize the 

expression of the BNI trait in 

agronomically viable temperate 

species? How does the BNI trait 

expression change in urine 

patches, and in legume-based 

pastures?   

How can the use of BNI-capable 

plants be optimized in livestock 

systems to optimize agro-economic 

and environmental benefits? How to 

balance N fertility to promote BNI 

expression without compromising 

yield. 

What is the effect of 

incorporating BNI-capable plants 

in livestock systems on the 

annual N2O emission factors for 

urine and other N sources? 

Approach to fill 

knowledge gaps 

Develop and apply consistent 

rapid screening methods to 

survey within and among 

agronomically viable species 

for BNI potency and N2O 

reduction potential. 

Screen BNI-capable plants under 

different conditions to elucidate 

relationships between key 

variables and BNI trait expression 

to maximize efficacy. Measure 

N2O and gross N transformation 

rates and combine with microbial 

and metabolomic analysis. 

Field studies measuring the effect of 

the management of BNI-capable 

plants on a range of agro-economic 

and environmental metrics. Grazing 

studies to measure the effect of 

grazing pressure on soil aeration and 

root exudation, and subsequently 

N2O emissions. 

Comprehensive validation under 

range of conditions quantifying 

the effect of BNI on N2O 

emission factors for urine and 

other N sources. 
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