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Abstract

Biological nitrification inhibition (BNI) is a plant-mediated rhizosphere process where natural
nitrification inhibitors (N1s) can be produced and released by roots to suppress nitrifier activity in soil.
Severalagricultural crops,suchasrice, wheat, sorghum, and grasses, Brachiaria humidicola, have been
found to have the ability to produce and release biological NIs from their roots. A few studies explored
the effects of root exudates from grasses and crops (containing BNI activity) and specific BNI
compounds on the transformation soil NH,*-N to NO3-N. However, less is known about the effects of
biological NlIs on soil emission of carbon dioxide (CO,), N gaseous emissions other than nitrous oxide
(N0), e.g. nitric oxide (NO) and dinitrogen (N,). Less is known about what soil, environmental and
inhibitor properties such as temperature, pH, moisture, organic matter, NH,*-N content in soil,
biological NI concentration and stability, affect their efficacy. Moreover, there is only a limited
understanding of the effects of biological NIs on microbial populations and enzymes responsible for
promoting nitrification, especially the mechanism through which biological Nls inhibit N,O emission.
Hence, the study wasto determine the potential of biological NIs to reduce soil nitrogen (N) losses and
improve nitrogenuse efficiency (NUE) throughimproved understanding of the factorsthat control their
efficacy in soil, and clarify the mechanisms of action of BNI. Effects of 1,9-decanediol (identified
biological NI fromrice), linoleicacid (LA, identified from tropical pasturegrass, Brachiariahumidicola)
and proven NI DCD, applied attwo differentrates (12.7 and 127 mgNI kgt dry soil) on soil nitrification
rates, greenhouse gas (GHG) (N,O and CO,) emissions, and also the ammonia oxidiser archaea (AOA)
and bacteria (AOB) following NH,*-N application, were compared in Chapter 3. Results showed that
LA and 1,9-decanediol are ineffective to inhibit soil nitrification at relatively lower concentrations.
However, DCD was effective in inhibiting soil NH,* transformation to NO3 and N,O emissions under
the same concentration. Thus, two higher concentration of LA and linolenic acid (LN) was added (635
and 1270 mg kg dry soil) to determine their effects on soil nitrification in Chapter 4. In addition, the
stability, and direct or indirect nitrification inhibition of LA, LN and DCD are explored using *C-
labelling method, in a parallel incubation experiment. Results suggest that the apparent effect of LA

and LN on soil NO5™ concentration (>635 mgkg? dry soil) could be indirect under low-N conditions
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(no addition of fertiliser NH,*) dueto the addition of sufficient labile C in the biological NIs stimulating
eitheri) microbialimmobilisation of soil NH,*or NO3™ (under high C/N ratios),and/or ii) denitrification
losses, such as N,O. We also demonstrated that LA and LN were much more rapidly mineralised than
DCD in soil. The residual inhibitory effects of Brachiaria humidicola (Bh, containing BNI capacity)
and Brachiaria ruziziensis (Br, not be able to release biological NIs) after sheep urine application are
explored in Chapter 5. Brachiaria humidicola inhibited N,O emissions during the first peak compared
with Br, which indicatesthe potential strategy for using Bh grass in sheep-grazed pastures to reduce
nitrification rates and mitigate N,O emissions. Based on the possible indirect inhibition by easily
mineralised biological Nls to stimulate soil denitrification, Chapter 6 evaluated the effect of different C
compounds (identified from cattle slurry; glucose, vanillin, cellulose, glucosamine and butyric acid),
fresh and aged cattle slurry on soil NOs™ consumption, N,O and N, emissions during denitrification.
Results showed that the liable C compounds (glucose, glucosamine and butyric acid) significantly
stimulated soil N,O emissions via denitrification than complex C compound (e.g. cellulose) and fresh
or aged cattle slurry. We conclude that the required doses of LA, LN and 1,9-decanediol to inhibit soil
nitrification were significantly higher than the application rates of the proven synthetic NI, DCD. The
efficacy of biological NIs were largely related to the initial biological NI concentration and stability in
soil, which increased as the increasing of BNI concentration and decreasing mineralisation rates. The
apparent reduction of soil NO3™ concentration after the application of biological NIs may result from
biological NlIs 1) directly inhibiting the nitrification process; 2) providing a C source to stimulate solil
NH,4*and/or NO3 immobilisation; 3) providinga C source to promote soil denitrification. The synthetic
NI, DCD, was confirmed to suppress the transformation of soil NH,* to NOs", and reduce soil N,O
emissions by impeding AOB but not AOA directly in a highly nitrifying soil. Further studies are
necessary to measure the effects of biological NIs on direct soil microbial immobilisation and

denitrification to provide more evidence for the mechanism of biological NIs on soil nitrification.

1



Contents

DecClaration and CONSENT........coiuiiiiiiieiiii et I
ACKNOWIBAGEMENTS ..t e e e s e e e e e e e s et e e e e e e ee e s s s saaraaaeeeas V
AADSITACT. ... VI
(000101 (<10 | TP PP PP TPPR VI
ADDIBVIALIONS. ... X1
TS o o [0 (=L PP PPP R PPR PR LY
LASE OF TADIES ... XVI
Chapter L1 INTrOQUCTION .....eeeiiiiiee ettt e e e e et e e et e e e e s nnbaeeeeenees 1
I = 7= Tod (o (010 o PRSP PR 1
1.2. ThesSis @iMS and ODJECTIVES ........eieiiiieiiii e 3
1.3. Thesis structure and Chapter detailS............oviiiiiiiii e 4
I L (T =T [0l PP PR UPPTTOPRRPPR 6
Chapter 2: LITEIAtUIE TEVIEW......eci it iiiieiee e ee e e e s ettt e e e e e s s st r e e e e e s e s s s st a b e e e e e e e s s ansntabaaaeeeeeeesaans 10
2.1, INEOTAUCTION ...ttt 10
2.2. Nitrification and denitrifiCALION ............coiiiiiiiiiiiei e 11
2.3. Synthetic nitrification INNIDIIOIS ..o 14
2.4. Biological nitrification iNhiDITION .............ooiiiiiii e 20
2.5. Knowledge gaps in our current understanding .........c.coooveeeniieeniieniiiee e 25
2.0, REIBIBNCES ...ttt 25

Chapter 3: Biological nitrification inhibitors linoleic acid and 1,9-decanediol are ineffective at

inhibiting nitrification and anmonia oxidisers in a highly nitrifying soil..........cccccccoovviiiiiiiienee 35

P AN 1) £ - o1 TR 36

VI



G0 A 1110 Yo [ ] { (o) [P PRTR 36

3.2. Materials and MENOGS .........eii it 39
B3 RESUIES. ..t 42
B4 DISCUSSION ...ttt b ek ekttt h bbbttt e st e st e e 50
35, CONCIUSIONS ...ttt bt ettt e s 51
3.6, ACKNOWIBAGMENTS. ....ei et e e e e e e et e e et e e e e e naeeeas 52
BT RETBIBNCES ...ttt 52

Chapter 4: Relative efficacy and stability of biological and synthetic nitrification inhibitors in a highly

nitrifying soil: evidence of indirect nitrification inhibition by linoleic acid and linolenic acid........... 56
AADSITACT ... 57
O 101 (o To [Vt [o] T TP U PR U P PPRP PR 58
4.2. Materials and MEOGS ..........uviiiiiiiiiie e 60
A3 RESUILS. .. 65
O B Lol l ] Lo [PPSR PPR PR 74
A5, CONCIUSIONS ...ttt 77
4.6, ACKNOWIBAGMENTS. ... i e s e e e e e e e s s e e e e e e e e e e s s anneeaes 77
4.7. DeClaration OF INTEIESTS.........uiiiiiiiiitiie et 77
4.8. Data availability StateMeNT............oeiiiiiiiee i 78
4.9, RETEIEICES ...tttk b et e bt e bt et e e 78

Chapter 5: Potential of biological nitrification inhibition by Brachiaria humidicola to mitigate nitrous

oxide emissions following sheep urine application.............ccccoeviiiiiiieiiiie e 83
YA 015 1 =T RPN 84
T I (011 (oo (1 o 1T I RPRRRPPPP 84



5.2. Materials and MEOTS .......coeeee ettt 86

5.3 RESUITS. .. 90
oI B B o T (o] [P P PP PPR 98
5.5, CONCIUSION. ...ttt ettt 100
5.6. ACKNOWIEAGMENT ... ..uiiiiiiiiee e e e e e e e s s r bbb e e eeeas 101
5.7 RETBIBNCES ...t 101
Chapter 6: Labile carbon sources stimulate soil nitrous oxide emissions during denitrification....... 106
AADSITACT ..ttt e 107
TN 4110 o 1 ox 1o o PSP P PO PPP PP 107
6.2. Materials and MEtOTS ..........cciiviiiiiiiiiii e 110
6.3, RESUITS. ... 110
6.4, DISCUSSION ...ttt etttk ettt bt b et b et e e 120
B.5. CONCIUSIONS ...ttt ettt et bttt e et et e e nnae e e e 125
6.6. ACKNOWIBHGEIMENTS ...ttt 125
8.7 RETBIENCES ...ttt 125
Chapter 7: DiscussSion and OULIOOK. ..............veeiiiiiee i 130
7.1 INEOTAUCTION ...t 130
7.2. Efficacy Of DIOIOGICAI NIS .....covviiiiiiiie e 130
7.3. Factors controlling the efficacy of biological NIS...........ccccooiiiiiiiii 131
7.4. Mechanism of biological NIs on soil nitrification..............ccccveiiiiiiiiini e 133
7.5, CONCIUSIONS ...ttt ettt b ettt e e b e e nbb e et e e e anaee e e 137
7.6. Recommendations fOr fUtUe STUAIES ..........evviiiiiiiiciie s 137
T RETEIBNCES ...ttt 139



Appendix 1: Supplementary material for Chapter 3..........ccooiiiiiiiiii e 143

Appendix 2: Supplementary material for Chapter 4...........ccoeiiiiiiiiiie e 144
Appendix 3: Supplementary material for Chapter 5..........ccoooiiiiiiiii 145
Appendix 4: Supplementary material for Chapter 6..........ccceeeiiiiiiiiiiiiii e 147

X1



Abbreviations

AMO: Ammonia monooxygenases
ANOVA: Analysis of variance

AOA: Ammonia-oxidising archaea
AOB: Ammonia-oxidising bacteria
AT: Allylthiourea

Bh: Brachiaria humidicola

BNI: Biological nitrification inhibition
Br: Brachiaria ruziziensis

C: Carbon

Ca: Calcium

CH,: Methane

C,H,: Acetylene

CO,: Carbon dioxide

CS,: Carbon disulphide

CSC: China Scholarship Council

DCD: Dicyandiamide

DEA: Denitrifying enzyme activity
DENIS: Denitrification system

Defra: Department of Environment & Rural
Affairs

DMPP: 3,4-dimethylpyrazol-phosphate
DMPSA: 3,4-dimethylpyrazole succinic
EC: Electrical conductivity

ECD: Electron capture detector

ECW: Environment Centre Wales

EFs: N,O emissions factors

FAO: Food and Agriculture Organization
FID: Flame ionization detector

GC: Gas chromatography

GHG: Greenhouse gas

HAO: Hydroxylamine oxidoreductase
HID: He lonisation Detection

K: Potassium

LA: Linoleic acid

LA-EE: Ethyl linoleate

LA-ME: Methyl linoleate

LN: Linolenic acid

LN-ME: Methyl Linolenic

Mg: Magnesium

MHPP: Methyl 3-(4-hydroxyphenyl)
propionate

N: Nitrogen

N,: Dinitrogen

NH5: Ammonia

NH,*: Ammonium

NI: Nitrification inhibitor

Nitrapyrin: 2-chloro-6-(trichloromethyl)-
pyridine

NO: Nitric oxide

N,O: Nitrous oxide

Xl



NO,: Nitrite

NO;": Nitrate

NUE: Nitrogen use efficiency

QPCR: Quantitative polymerase chain reaction
RMANOVA: Repeated measurement analysis

of variance

SOC: Soil organic carbon

UNFCCC: United Nations Framework
Convention on Climate Change
WEFPS: Water filled pore space

WHC: Water holding capacity

X1



List of figures

Figure 1.1 Schematic diagram of the thesis.
Figure 2.1 Major nitrogen cycling processes and flows of nitrogen in and from soil.

Figure 3.1 Effect of different concentrations of LA (panels a, d, g), 1,9-decanediol (panels b, e, h) and
DCD (panelsc, f, i) on soil NH,*-N, NO;-N and inhibition of NO3 formation during a 48-
d incubationat 10 <C. Error barsrepresent standard error of the mean (n=3).

Figure 3.2 Effect of different concentrations of LA (panel a), 1,9-decanediol (panel b) and DCD (panel
¢) on soil N,O emissions during a 48-d incubationat 10 <C. Error bars represent standard
error of the mean (n=3).

Figure 3.3 Effect of LA, 1,9-decanediol and DCD on soil cumulative N,O (panel a) and CO, (panel b)
emissions during a 48-d incubation at 10 <C. Error bars represent standard error of the mean
(n=3). Different letters indicate significant differences between treatments at P<0.05 by
LSD (n=3).

Figure 3.4 Effect of different concentrations of LA (panel a), 1,9-decanediol (panel b) and DCD (panel
¢) on soil CO, emissions duringa 48-d incubationat 10 <C. Error bars represent standard
error of the mean (n =3).

Figure 3.5 Effect of LA, 1,9-decanediol and DCD on gene copies of AOA (panel a), AOB (panel b)
during a 48-d incubation at 10 <C. Error bars represent standard error of the mean (n=3).

Figure 4.1 Effect of different concentrations of linoleicacid (LA, panels a, d, g), linolenic acid (LN,
panels b, e, h) and DCD (panelsc, f, i) on soil NH,*, NO3 concentrationsand treatment
effecton soil NOs™ concentration during a 38-d incubationat 10 <C. Error bars represent
standard error of the mean (n=4).

Figure 4.2 Effect of different concentrations of linoleic acid (LA), linolenic acid (LN) and DCD on
cumulative N,O emissionsduring a 38-d incubationat 10 <C. Error bars represent standard
error of the mean (n=4). Different letters indicate significant differences between treatments
at P<0.05 by LSD test.

Figure 4.3 Effectof differentconcentrations of linoleic acid (LA, panelsa, d), linolenic acid (LN, panels
b, e) and DCD (panels c, f) on CO, fluxes and cumulative CO, emissions during a 38-d
incubationat 10 <C. Error bars represent standard error of the mean (n=4). Different letters
indicate significant differences between treatments at P<0.05 by LSD test.

Figure 4.4 Effect of nitrification inhibitors concentrations on mineralization rate of **C-labelled linoleic
acid (LA, panel a), linolenic acid (LN, panel b) and DCD (panel c) in asandy clay loam soil
duringa 38-d incubationat 10 <C. Error bars represent standard error of the mean (n=4).
Different lettersindicate significant differences between treatments at P<0.05 by LSD test.

Figure 4.5 Relationship between predicted and observed N immobilization in the linoleic acid (LA,
panel a) and linolenic acid (LN, panel b) treatments. LA: y=0.51x+2.67, R?=0.74; LN:
y=0.21x+6.24, R?=0.42.

Figure 5.1 Soil NH4*-N (panel a) and NOs™-N (panel b) concentrations before urine application (d 0)
and at the end of the incubation period (d 23). Error bars represent standard error of the
mean (n=3). Different letters indicate significant differences between treatments at P<0.05
by LSD.

Figure 5.2 Gaseous emissions of N,O (panel a), NO (panel b), N, (panel ¢) and CO, (panel d) during
the incubation.

XV



Figure 5.3 AOA (panel a), AOB (panel b), nirK (panel c), nirS (panel d) and nosZ (panel e) gene
abundance atd 0 and d 23. Error bars represent standard error of the mean (n=3). Different
letters indicate significant differences between treatments at P<0.05 by LSD.

Figure 6.1 N,O and N, emissions in the NO5 only (panels a, d), NOs + glucose (panelsb, e) and NOy
+ NH,* or C sources (vanillin, cellulose, glucosamine, butyric acid, fresh slurry and aged
slurry) (panels c, f) treatments during the incubation. Error bars are omitted for clarity of
presentation, except the error bar of N,O emissions in the NO;™ + glucosamine treatment to
show the size. Note the different y-axis scales for the N,O and N, graphs.

Figure 6.2 Cumulative N,O (panel a) and N, (panel b) fluxes after the application of NO3;, NO3 +
glucose, NOs; + NH,* or C sources (vanillin, cellulose, glucosamine, butyric acid, fresh
slurry and aged slurry). Error bars represent the standard error of the mean (n=4).

Figure 6.3 Soil NH,* (panela) and NO; (panel b) concentrations in the NO3™+glucose (positive control)
and NO; + C sources (vanillin, cellulose, glucosamine, butyric acid and fresh slurry)
treatments at the end of the incubations. Error bars represent the standard error of the mean
(n=4). Different letters indicate the significant differences between the treatments at P<0.05
by LSD. Note different y-axis units between the NH,*-N and NO;*-N panels.

Figure 7.1 Summary of the thesis. Note: red arrows represent new knowledge developed in the thesis.

XV



List of tables

Table 2.1 Biological nitrification inhibitors identified from plants and their mode of inhibition action.

Table 3.1 Repeated measurement analysis of variance on soil NH,*and NO3™ concentrations, N,O and
CO, emissions in the LA, LN and DCD treatments.

Table 4.1 Properties of soils (0-10 cm) used in the incubation experiments.

Table 4.2 Repeated measurement analysis of variance on soil NH,* and NOs™ concentrations, treatment
effect on soil NO3 concentration and CO, fluxes in the LA, LN and DCD treatments.

Table 4.3 *C-labelled LA, LN and DCD extracted from soil at the end of the 38-d incubation period.
Different letters indicate significant differences between treatments for each extractant at
P<0.05 by LSD. Values represent means standard error (n=4).

Table 5.1 Soil characteristics before urine application (d 0) and after the incubation (d 23).

Table 5.2 Cumulative emissions of NO, N,O, N, in kg N ha™ and CO, in kg C ha after 23 d incubation
and during the first peak period.

Table 6.1 Cumulative N,O and N, emissions in the NO3", NO;™ + glucose, NO3™ + C sources (vanillin,
cellulose, glucosamine, butyricacid, freshslurry,aged slurry) treatments after the incubation,
in kg N ha. Lowercases indicate the significant differences between the NO;", NO; +
glucose/NH,* and NO;™ + C source treatments at P<0.05 by LSD in the Inc-Van, Inc-Cel,
Inc-Glu, Inc-But, Inc-FSl and Inc-ASlI, respectively. Capital letters indicate the significant
differences between the NO3;/NO;™ + glucose/ NOs™ + C source treatments from different
incubations (n=4).

Table 6.2 Total fluxes of N,O and N, in kg N ha™.

Table 6.3 Soil NH,* and NO;™ concentrations before and after the incubation, in mg N kg? dry soil.
Error bars represent standard error of the mean (n=3 before incubation, n=4 after the
incubation). Different letters indicate significant differences in the soil initial NH,*and NOs
concentration between each incubation at P<0.05 by LSD. After the incubation, different
letters indicate the significant differences between the NOs, NO;™ + glucose/NH,* and NOs
+ C source treatment in the NH,* and NO,” concentration, respectively.

XVI



Chapter 1: Introduction

1.1. Background

Nitrogen (N) fertiliser input is the most important way to increase crop production and economic
efficiency. Nevertheless, excessive application of N fertilisers and low nitrogen use efficiency (NUE)
result in eutrophication and underground water pollution from nitrate (NO3") leaching, and increasing
gaseous N and carbon (C) losses mainly in the forms of nitrous oxide (N,O), carbon dioxide (CO,) or
methane (CH,) emission that cause global warming (Groenesteinetal., 2019; Smoldersetal., 2010).
Nitrogen fixation, mineralisation, immobilisation, nitrification, denitrification, volatilization are major
processesinvolved in the N cycle (Subbarao et al., 2015). Nitrification is a key soil N cycling process
asitis responsible for the transformationof ammonium (NH,*) to NO;" (Firestoneand Davidson, 1989),
which is an important form of N used by agricultural crops (Mokhele et al., 2012), and a form of N that
is readily lost to the environment via leaching (Cui et al., 2011). Nitrification also results in the
production of N gases, e.g. N,O with a global warming potential 310 times greater than that of CO, on
a 100-year time horizon (UNFCCC, 2020), and nitric oxide (NO) (He et al., 2020). The subsequent
denitrification process uses NOj3 (the product of nitrification) in the production of N,O, NO (Loick et
al., 2016) and dinitrogen (N,) gases. Thus, controlling soil nitrification is seen as an effective strategy
to improve soil nitrogen use efficiency (NUE) and reduce greenhouse gases (GHG) emissions and NO5
leaching.

In the past decades, synthetic nitrification inhibitors (NIs), e.g. dicyandiamide (DCD) and 3 4-
dimethylpyrazol-phosphate (DMPP) have been widely researched (Kou et al., 2015; Monaghan et al.,
2013; Xu etal., 2019). The application of NIs retains higher soil NH,* and lower NO3 concentrations
(Yangetal., 2016), reduces soil N,O emissions (Kou et al., 2015) and NO;" leaching (WU et al., 2007),
and can increase crop yields (Abalosetal., 2014). But the efficacy of NIs can be variable, depending
on: soil factors, e.g. soil properties (Gilsanz et al., 2016; McGeough et al., 2016), including pH
(Robinson et al., 2014); environmental factors, e.g. temperature (Guardiaet al., 2018), moisture content

and aeration (Menéndez et al., 2012); management factors, e.g. N-fertiliser application rates and
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methods (Xu etal., 2019); and crops factors, e.g. crop types (Abalos et al., 2014). However, several
disadvantages of synthetic NIs have been reported, including the lack of chemical stability (Guardia et
al., 2018; Marsden etal., 2016b), variable responses to soil types and moisture/temperature regimes
(Marsdenetal.,2016b; McGeoughetal., 2016; Menéndez etal., 2012), high cost for spatially-targeting
NI applicationin the field (Luoetal., 2015; Minetetal., 2018; Welten et al., 2014), and potential for
food chain contamination (Lucas, 2013; Marsden et al., 2015). Because of these disadvantages,
biological NIsare beingresearched as an alternative strategy to improve NUE from arangeof N sources,
e.g. chemical fertilisers, liquid manures and urine deposition by grazing livestock.

Biological nitrification inhibition (BNI) is a plant-mediated rhizosphere process where biological
Nls are produced in plant roots and shoots and released from roots to suppress nitrifier activity in soil
(Subbaraoetal., 2006a). Several agricultural crops, suchas rice (Sun etal., 2016), wheat (O’Sullivan
etal., 2016; Subbaraoetal., 2007b), sorghum (Subbarao etal., 2013; Zakir etal., 2008), and grasses,
Brachiaria humidicola (Gopalakrishnan et al., 2007; Subbarao et al., 2009, 2008), have been found to
have the ability to produce and release biological NIs from their roots, which decrease soil N,O
emissions and NO;™ leaching losses, maintain higher soil NH,* contents, and thus improve NUE. Most
biological Nls inhibit both the ammonia monooxygenases (AMO) and hydroxylamine oxidoreductase
(HAO) enzyme pathways (Subbarao et al., 2013, 2008), but the synthetic NIs only suppress the AMO
pathway (Benckiser etal.,2013; Subbarao et al., 2013; Zakir et al., 2008) (Table 2.1). Several methods
have been developed to detect and quantify BNI capacity (O’Sullivan et al., 2017; Subbarao et al.,
2006a). A few studies have explored the effects of root exudates and specific BNI compounds from
grasses and crops (containing BNI activity) (Souri and Neumann, 2010; Tesfamariam etal., 2014) on
the transformation of soil NH;*-N to NO;-N (Luetal., 2019; Nardi et al., 2013; Subbarao et al., 2008).
However, less is known about the effects of biological NIs on emissions of CO,, N gaseous emissions
other than N,O, e.g. NO, N,. There is also a lack of understanding about what soil, environmental and
inhibitor properties such as temperature, pH, moisture, organic matter, NH,*-N content in soil,
biological NI concentration and stability, affect their efficacy. Moreover, there is only a limited
understanding of the effects of biological NIs on microbial populations and enzymes responsible for
promoting nitrification, especially the mechanism through which biological Nls inhibit N,O emission.
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Hence, the main aim of this thesis is to explore the factors influencing the ef ficacy of biological Nis

and clarify the mechanism of BNI through studying the microbial populations and use of *C-labelling.

1.2. Thesis aims and objectives

1.2.1. Thesis aims

The overall aim of this PhD project was to determine the potential of biological Nls to reduce soil

N losses and improve NUE through improved understanding of the factors that control their efficacy in

soil, and clarify the mechanisms of action of BNI.

1.2.2. Thesis objectives and hypotheses

1)

2)

3)

To determine the effects of biological Nls identified from tropical pasture grasses (Brachiaria
species) and crops (e.g. rice) on soil nitrification, GHG emissions and other forms of N gases,
such as NO and N,. We hypothesised that soil applied with biological Nls, or grown with
grasses and crops containing BNI capacity, and DCD, would retain higher soil NH,* and lower
NO;" concentrations, and reduce soil N,O emissions, but the required effective dose of
biological NIs may be higher than DCD.

Toexplore the inhibitor characteristics (e.g. concentration and stability) controlling the efficacy
of biological Nls in soil. We hypothesised the rate of nitrification inhibition would increase
with increasing rate of BNI addition, and decrease if the BNI was rapidly mineralised.

To clarify the influence of biological Nls on soil nitrification, via direct and indirect inhibition.
We hypothesised that biological NlIs directly inhibit the nitrification process at a range of
concentrations, butathigh rates of biological NI addition, the availability of added C stimulates
microbial immobilisation of soil N, or N loss from the soil via denitrification, indirectly

reducing nitrate concentrations in soil.



1.3. Thesis structure and chapter details

The thesis comprises 7 chapters, the details of each chapter and links between each chapter are
described briefly below and shown in Fig. 1.1. Chapters 3-6 are presented in the forms of journal article
manuscripts, with the authorship and progress (prepared to submit, already submitted or accepted)
provided on the title page of each chapter.

Chapter 2: ‘Literature review’. This chapter gives a review of current research regarding: 1) soil
processes responsible for the gaseous N emissions; 2) synthetic NIs widely used in the past and their
efficacy in inhibiting nitrification and disadvantages; 3) newly identified biological NIs from pasture
grasses and crops; 4) factors that control the release of biological Nlis; 5) the efficacy of biological Nls
in suppressing soil nitrification; 6) knowledge gaps in our current understanding.

Chapter 3: ‘Biological nitrification inhibitors linoleic acid and 1,9-decanediol are ineffective at
inhibiting nitrification and ammonia oxidisers in a highly nitrifying soil’. This Chapter compares the
effects of 1,9-decanediol (identified biological NI fromrice), linoleic acid (LA, identified from tropical
pasture grass, Brachiaria humidicola), and proven NI DCD, applied attwo differentrates (12.7 and 127
mg NI kg dry soil) on soil nitrification rates, GHG (N,O and CO,) emissions, and also the ammonia
oxidiser archaea (AOA) and bacteria (AOB) following NH,*-N application.

Chapter 4: ‘Relative efficacy and stability of biological and synthetic nitrification inhibitors in a
highly nitrifying soil: evidence of indirect nitrification inhibition by linoleic acid and linolenic acid’.
Since the results in Chapter 3 showthat LA and 1,9-decanediol are ineffectiveto inhibitsoil nitrification
at relatively lower concentrations. This chapter explores the efficacy of biological Nls identified from
Brachiariahumidicola, LA and linolenic acid (LN), applied ata concentration of 12.7 127,635 and
1270 mg NI kg dry soil on the transformation of residual soil NH,*-N to NO;-N and GHG (N0 and
CO,) emissions in a highly nitrifying soil, compared with the proven highly efficient NI, DCD. In
addition, the stability, and direct or indirect nitrification inhibition of LA, LN and DCD are explored
using **C-labelling method, in a parallel incubation experiment.

Chapter 5: ‘Potential of biological nitrification inhibition by Brachiaria humidicola to mitigate

nitrous oxide emissions following sheep urine application’. Since synthetic active compounds which



have been identified from the Brachiaria grasses and rice were used in Chapters 3 and 4, the residual
inhibitory effects of Brachiaria humidicola (containing BNI capacity) and Brachiaria ruziziensis (not
be able to release biological NIs) are explored in this Chapter. These C4 grasses were grown in soil and
sheep urine was applied. The incubation system facilitated the measurements of N gases (N,O, NO and
N,) and CO, emissions. Soil NH,*-N and NO3-N concentrations, and nitrifier and denitrifier gene
abundance are also measured in Chapter 5.

Chapter 6*: ‘Labile carbon sources stimulate soil nitrous oxide emissions during denitrification’.
Results from Chapter 4 showed that the addition of specific biological Nls at higher doses increased
N,O (and CO,) emission, indicating that denitrification (stimulated by the addition of available C in
these biological NIs) may be responsible for some of the apparent nitrification inhibition observed in
previous studies. This chapter evaluates the effect of different C compounds (identified from cattle
slurry; glucose, vanillin, cellulose, glucosamine and butyric acid), fresh and aged cattle slurry on soil
NO;  consumption, N,O and N, emissions during denitrification.

Chapter 7: ‘Discussion and outlook’. In this chapter, | present a discussion around the three
objectives of the thesis (section 1.2.2), and summarise this study giving recommendations for future
research. Discussion points arising from the thesis are as follow:

1) Efficacy of biological NIs compared with proven synthetic NIs.

2) Factors controlling the efficacy of biological Nls (e.g. degradation rates and concentrations)

3) Mechanism of biological Nls on soil nitrification and N,O emissions: biological Nls act as:

a) direct inhibitors of nitrification pathways

b) a carbon source that stimulates N immabilisation

c) a carbon source that stimulates denitrification
*Chapter 6 comprises 6 incubations using the denitrification system (DENIS) at Rothamsted Research
(North Wyke). These incubations were performed in 2001-2002 by research staff at North Wyke.
Because of the relevance of the relationship between lability of C compounds and subsequent
denitrification fluxes (as N,O and N,) to my previous PhD Chapters, | was provided with the raw data

(gas peak intensities) by my co-supervisors, Dr LauraCardenas. | was responsible for calculating fluxes
fromthe raw data, subsequent processing of the data, statistical analyses and interpretation of the results.
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Chapter 2: Literature review

2.1. Introduction

In the past decades, global ammonia (NH3) supply has increased significantly, reaching ca. 153.6
million tonnes in 2016, and is forecasted to reach 163.2 million tonnes in 2022 (FAO, 2019). Chemical
fertilisers, manure application, symbiotic nitrogen (N) fixation and atmospheric N deposition
(contributing a small share) are the main forms of global N supply to soil, accounting for 61%, 16%,
18% and 5% of the total, respectively (Lassaletta etal., 2014). Nitrogen surpluses result in losses of
reactive N to the environment in the form of NH; (Groenestein et al., 2019), nitrous oxide (N,0O) and
nitric oxide (NO) emissions (Xiao-tang and Chong, 2017), and nitrate (NO5") leaching (Troloveetal.,
2019). Ammonia emitted to the air may cause soil acidification after N deposition (Allenetal., 2011).
Nitrous oxide is a greenhouse gas (GHG) with a global warming potential 310 times greater than that
of carbon dioxide (CO,) ona 100-year time horizon (UNFCCC, 2020). NO; leaching may result in
eutrophication (Smolders et al., 2010).

Strategies are needed to improve N use efficiency (NUE) from the range of N sources used in the
agriculture and reduce losses of N to the environment. However, these strategies need to be based on a
sound understanding of the soil processes and factors that control N cycling. In the soil system, N
fixation, mineralisation, immobilisation, ammonification, nitrification and denitrification are the major
biological processes of the N cycle(Fig. 2.1) (Subbaraoetal., 2015). Amongthese biological processes,
nitrification and subsequent denitrification are largely responsible for the transformation of ammonium
(NH4*) to NOs and NO3™ consumption, along with GHG, NO, dinitrogen (N;) emissions and NOz
leaching (Ciganda et al., 2018; Loick et al., 2016; Nair et al., 2020). This dissertation addresses one key
soil process (nitrification), and the following literature review sets this in awider context with reference
to the other major soil N cycling processes. The literature review focusses on 1) an introduction to the
nitrification and denitrification processes; 2) current strategies to inhibit soil nitrification, e.g. synthetic

nitrification inhibitors (NIs) and biological Nls; 3) factors controlling the efficacy of synthetic and
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biological NlIs; 4) advantages and disadvantages of the NIs; 5) knowledge gaps in our current

understanding.

Nitrogen in air
Elemental, non-reactive
N,
F
/ Reactive-N ‘
3
N fixation Denitrification
Biological N,O
Physical forces industrial NO
(lighting) N fixation N
;4
N-fertilizers
—» N,0,NO
Organic-N Nitrification R . .
Plant NO.- » NO, leaching
Microbial 7 :
f,f ——* N,0,NO
/ N pollution

/
4 ;’ j .
Ammonification 1/ Volatilization
NH,* NH;

Fig. 2.1 Major nitrogen cycling processes and flows of nitrogen in and from soil (Subbarao et al.,

2015).

2.2. Nitrification and denitrification

Nitrification is a two-step microbially mediated process carried out by chemo-autotrophic
nitrifying bacteria, first oxidising NH,* to nitrite (NO,") and then oxidising NO, to NO;y (Firestone and
Davidson, 1989). In Nitrosomonas europaea, ammonia monooxygenase (AMO) and hydroxylamine
(NH,OH) oxidoreductase (HAOQ) catalyse the oxidation of NH,* to NH,OH, and NH,OH to NO,,
respectively (Eq. 2.1, 2.2) (Sayavedra-Soto et al., 1996). Two groups of soil microorganisms, ammonia
oxidising bacteria (AOB) (mainly Nitrosomonas spp. and Nitrosospira spp.) and ammonia oxidising
archaea (AOA), are largely responsible for the biological oxidation of NH,* to NO;™ (Leininger et al.,

2006).

ammonia mono—oxygenase

NH; + 0, + 2H* + 2e~ NH,0H + H,0 Eqg. (2.1)

NH,OH oxidoreductase

NH,OH + H,0 NO,” + S5H* + 4e™ Eq. (2.2)
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nitrite oxidoreductase

NO; +H,0 NOZ +2H* + 2e~ Eqg. (2.3)

2.2.1. Factors affecting nitrification in soil

Soil texture (Sahrawat, 2008), moisture content (Nugroho etal., 2007), aeration (Downing and
Nerenberg, 2008),pH (Lietal.,2018; Nugrohoetal.,2007) and temperature (Breueretal., 2002; Zhang
etal., 2019) are key controls of the nitrification process. These factors are addressed below.

Soil texture: Pihlatie et al. (2004) found that contribution of nitrificationto N,O production in
peat, clay and loamy sand was variable under different soil moisture condition. Soil clay and sand had
a significant influence on soil nitrification, percentage of clay was negatively related to the soil
nitrificationrates in soils maintained continuously moist, however, the relationshipwas positive in soils
that had been dried or rewetted (Strong et al., 1999). Previous study showed that clay and sand had a
significant influence on nitrification, but silt did not affect soil nitrification (Sahrawat, 2008).

Moisture content and aeration. Nitrification rate is believed to increase with increasing soil
moisture to a certain content and decline when moisture is above it (Wu etal., 2017), with an optimal
soil moisture content of 60% water filled pore space (WFPS) (Mosier et al., 1996). For example,
increased soil moisture content elevated soil nitrification rates in a broad range of alpine soils, up to a
value of 75% water holding capacity (WHC) (Osborne et al., 2016), and gross nitrification was
negatively corrected to increased rates of WFPS (ranging from 37% to 62%) due to the simulated
rainfall in tropical rain-forest soils (Breuer et al., 2002). Moisture content and aeration are inversely
related, with decreasingoxygencontentin the soil whenmoisture contentis increased (Sahrawat, 2008).
Nitrifying bacteria produce nitrate in well-aerated soils, with maximum rates of nitrification being
achieved when oxygen is about 20% of the air (similarto the oxygen concentration in the atmosphere)
(Sahrawat, 2008).

pH. Significantly higher nitrification of fertiliser N was observed in soils pH>7.5 (89%) than pH<
6.0 (39%) (Kyveryga et al., 2004). This was also observed in urine-fertilised soils, where soil N,O
emission was significantly higher in the acid treatment (pH=5.0) than the alkaline treatment (pH=6.5)

(Robinsonetal., 2014). Some studies have shown that AOA growth is favoured in more acidic soil,
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whilst AOB growth is favoured by more alkaline soil pH (Li et al., 2018; Robinson et al., 2014).
However, other studies have contradicted this, e.g. Che etal. (2015) showed enhanced nitrification in
an acidic [Anhui] soil (pH=4.64) in China primarily due to enhancement of AOB rather than AOA.

Temperature. Temperature affects soil nitrification rates by shifting the abundance and
composition of AOA and AOB (Ouyangetal., 2017; Zhang et al., 2019) and stimulating enzymatic
activity (Taylor et al., 2017). Breuer et al. (2002) showed a positive relationship between gross
nitrification and the increase of soil temperature (ranging from 15-23 °C). However, temperature was
not seen to be related with nitrification rates in all soils (Osborne et al., 2016), and this study also found
that AOB not AOA were the dominant ammonia oxidisers. Ouyang et al. (2017) found that the
proportion of nitrification due to AOA increased with temperature, which was lowest at 5 °C and was
nearto 100% at50 °C, with the optimum temperature of 41 °C for AOA and 31 °C for AOB. Nitrification
peaked at 35-40 <C in Chromosol and Dermosol soils (Australian soil classification) (Lai et al., 2019).
A recent study showed that elevated temperatures (from 15 to 20 °C) had a pronounced effect on soil
nitrification by altering abundance of AOA and AOB, as well as the composition of AOA but not the
AOB (Zhangetal., 2019).

Denitrification refers to the dissimilatory reduction of one or both of the ionic N oxides (NO5 and
NO,) to the gaseous oxides (NO, N,O and N,), which are catalysed by the sequential activity of the
enzymes NOj; reductase, NO, reductase, NO reductase and N,O reductase (Knowles, 1982). Firstly,
the respiratory NO;™ reduction and the dissimilatory reduction of NO;™ to NHj, is catalysed by a
membrane-boundor periplasmic NO; reductaseencoded by the narGHJI operon or the napABC operon,
respectively (Philippot and Hgberg, 1999). The second step (NO,—NO) is catalysed by two different
types of nitrite reductases (Nir), either a cytochrome cd1 encoded by nirS or a Cu-containing enzyme
encoded by nirK (Kandeler et al., 2006). The reduction of N,Oto N, is the final step and is carried out
by the N,O reductase encoded by the nosZ gene in denitrifying microorganisms (Wang et al., 2017).
The general requirements for biological denitrification are i) anaerobic conditions or restricted supply
of O,, i) N oxides as terminal electron acceptors, iii) electron donors such as available organic C
compounds, and iv) the bacteria, fungi, other denitrifying eukaryote or archaea possessing metabolic

activity (Saggar et al., 2013). Soil factors that affect denitrification include, C availability (Dlamini et
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al., 2020), soil mineral N supply (Senbayrametal., 2019), O, supply and water content (Gillam et al.,
2008), and soil pH (Saleh-Lakha et al., 2009). While the main environment factors that affect
denitrification are, soil temperature (Braker etal., 2010; Lai etal., 2019), rainfall (Saggar et al., 2013),
soil drying-rewetting and freezing-thawing (Merkved et al., 2006), and availability of trace metals
(Pintathong et al., 2009). Anaerobic and autotrophic ammonium-oxidizing (anammox) bacteria also
play an essential part in N removal, which obtain energy from the conversion of NH,* and NO,™ into N,
catalysed bythe nitrite oxidoreductase, hydrazine hydrolaseand hydrazine oxidoreductase (Jettenetal.,
2009; Pengetal., 2020; Tongetal., 2020).

Ammonium is readily bound to the negatively charged clay surfacesand functional groups of soil
organic matter; in contrast, NO3 has a negative charge (and is generated via nitrification) and is highly
mobile so is prone to movement through the soil profile to watercourses (Sahrawat, 1989). The losses
of N during nitrification and subsequent denitrification reduces the NUE and are sources of both air and
water pollutions. However, denitrification cannot take place without the substrate NO 5~ generated via
nitrification. Thus, inhibiting nitrification rates is one of effective ways to improve NUE, reduce GHG,

NO emissions and NOj;™ leaching.

2.3. Synthetic nitrification inhibitors

2.3.1. Concept and the mode of inhibitory action

Synthetic NIs have been confirmed to reduce or delay the conversion rate of NH,*to NOs', e.g.
dicyandiamide (DCD) (Monaghan etal., 2013), 3,4-dimethylpyrazol-phosphate (DMPP) (Gilsanz etal.,
2016), 2-Amino-4-chloro-6-methylpyrimidine (nitrapyrin) (Niu et al., 2018), and allylthiourea (AT)
(He and Ji, 2020) and the newly identified NI, 3,4 dimethylpyrazol succinic acid (DMPSA) (Pacholski
et al., 2016). Most synthetic NIs are known to inhibit nitrification by suppressing only the AMO
enzymatic pathway in Nitrosomonas (Subbarao et al., 2013; Zakir etal., 2008) (Table 2.1), due to: 1)
direct binding and interaction with AMO; 2) interference with the reductant supply to AMO activity; 3)
oxidation of substrates to give products that are high reactive and/or inactive to AMO and/or other

enzymes (McCarty, 1999; Subbarao et al., 2006b). Among these synthetic NIs, DCD and DMPP have
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been the most widely researched in the past few decades (Abalos et al., 2014; Gilsanz et al., 2016;

Menéndezetal., 2012).

2.3.2.DCD

Dicyandiamide application decreases soil N,O emissions from N-fertilised soil (urine, animal
slurry and chemical fertilisers), with the variable efficacy of inhibition depending on the application
concentration (Zaman and Blennerhassett, 2010), soil properties (Cui et al., 2011; McGeough et al.,
2016), temperature (McGeough etal., 2016) andsoil moisture content (Dietal., 2014). Previousstudies
also confirmedthatthe application of DCD could decrease NO; leachingby 21%-69% (Cameronetal.,
2014; Cameron and Di, 2002; Monaghan et al., 2009; Zaman et al., 2009). Researchers have found that
the applicationof DCD canreducecalcium (Ca), potassium (K) and magnesium (Mg) leaching by 50%,
65% and 52% respectively, due to the decreased leaching loss of NO;™ under urine patches, and follows
from their reduced requirement as counter ions in the drainage water (Di and Cameron, 2004). Few
studies haveexplored the effects of DCD on soil CO, and methane (CH,4) emissions. Weiske etal. (2001)
find that DCD reduced the CO, emission from N-fertilised soil by an average of 7% (non-fertilised
10%). However, DCD failed to affect CH, emissions (Cardenas et al., 2016; Weiske et al., 2001). Due
to the ability of DCD to reduce N losses, herbage production can be increased by 0-30% with DCD
application (Cameron et al., 2014; Cameron and Di, 2002; Zaman et al., 2009), and this most likely due
to reduced NOj" leaching, rather than reduced N,O losses (which usually represent only small losses,
<2% of applied N). Normally, 5 to 15 kg DCD ha™ soil is applied to soil to explore the effects on
nitrification inhibition (Di and Cameron, 2006; Gilsanz et al., 2016; Zaman and Blennerhassett, 2010),
with the efficacy lasting for a different time depending on the soil properties (water content, soil
temperature, soil pH and organic matter) (McGeough et al., 2016; Puttanna et al., 1999) and

environment factors (e.g. rainfall) (Marsden et al., 2016b).
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2.3.3. DMPP

Applying DMPP in N-fertilized fields has also shown to decrease nitrification rates, resulting in
decreasing N,O emissions (Lametal., 2018; Scheer et al., 2014; ten Huf and Olfs, 2020), maintenance
of relatively higher NH,*-N concentration and lower NO3™-N concentrations in soil (WU et al., 2007;
Xu et al., 2019) and leachates (Li et al., 2008), via reduction of NOs leaching (WU et al., 2007).
Research suggests that application rates of 0.5 to 1.5 kg ha™! are sufficient to achieve optimal
nitrification inhibition in the case of DMPP (Zerulla etal., 2001). 3,4-dimethylpyrazol-phosphate has
been confirmed to slow soil nitrification by inhibiting the abundance of AOB but not the AOCA
(Kleineidam et al., 2011; Shi et al., 2016). In addition, 1% DMPP application has decreased the
population of AOB, the activity of nitrate reductase (NaR) and nitrite reductase (NiR) by 24.5%-30.9%,
14.9%-43.5% and 14.7%-31.6%, respectively (Lietal., 2008). In the study of Lietal. (2019), 9 kg ha
1(0.5% of the urea-N application rate) of DMPP was effective in mitigating N,O emissions by directly
inhibiting both ammonia oxidising (AOB) and denitrifying microbes (nirS and nirK). However, DMPP
has no effect on denitrifying enzyme activity (DEA) (Muller etal., 2002). A new nitrification inhibitor,
3,4-dimethylpyrazole succinic (DMPSA), has been found to be alternative to DMPP for reducing N,O
emissions from wheat crops under humid Mediterranean conditions (Huéfano etal., 2016).

Studies have beenconducted to compare the effects of DCDand DMPP on N ,O emissions (Gilsanz
etal., 2016; Suter etal., 2010), crop productivity (Fangueiro et al., 2009), AOAand AOB (Chenetal.,
2014; Diand Cameron, 2011; Gongetal., 2013). A meta-analysis conducted by Abalos et al. (2014)
confirmedthat DCD applicationincreased crop productivity and NUE compared to the control, but with
varying degrees of success for crop productivity, however, the addition of DMPP increased NUE but
not crop productivity. Dicyandiamide and DMPP treatments significantly decreased the annual
emissions by 35% and 38% in wheat-maize cropping system (Liu et al., 2013). Compared with the urea
treatment, the annual crop yield and aboveground biomass increased by 8.5%-9.1% (1.1-1.2ton ha*
yrt)and 8.6%-9.7% (2.8-3.2ton hatyr?) for the DCD and DMPP treatments, respectively (Liu et al.,
2013). A dry matter yield of 8698 kg ha* was obtained when DMPP was applied at the greater rate

againstonly 7444 kg ha obtained with the greater rate of DCD (Fangueiro et al., 2009).
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2.3.4. Factorsinfluencing the efficacy of NIs

Soil texture. Soil texture influences the effectiveness of synthetic NIs, mainly due to the soil
inorganic (sand, clay) or organic (organic matter) constituents (Guardia et al., 2018; McGeough et al.,
2016). For example, the relative NO,” formation declined and the efficacy of DMPP increased when
sand content of soils were higher (Barth et al., 2001). The efficacy of DCD in inhibiting net NO5
production was best correlated with soil Cu and % clay, which decreased as soil Cu concentrations and
percentage of clay increased (McGeough et al., 2016). The meta-analysis from Li et al. (2018) found
that NIswere more effective in reducingsoil N,O emissions in fine-textured soils (77%) compared with
coarse (59%) or medium-textured (44%) soils, and in soils with intermediate (10-40 g/kg) soil organic
carbon (SOC) (63%) compared to lower (32%) or higher SOC (50%). The efficiency of NIs was also
driven by the interaction with soil types (Guardia et al., 2018). In an incubation experiment, grassland
soils had higher native total N concentrations than the arable soils, hence the inhibition of net NO 5
production by DCD was lower and this resulted in an overall inhibition in N,O emissions of 58% and
81% for grassland and arable soils, respectively (McGeough et al., 2016). 3,4-dimethylpyrazol-
phosphate had higher efficacy in neutral and alkaline wheat and vegetable soils, compared with pasture
soils (Shi et al., 2016). Researchers have found that the influence of inorganic constituents or organic
matter can be explained by their sorption which has the ability of reducing inhibitors’ mobility,
bioactivity and volatility (Barth et al., 2001; Marsden et al., 2016b). In addition, the nitrification
inhibition may be reduced by the presence of fresh organic matter, which acted as source of energy to
stimulate microbial activity and thus resulted in faster degradation of inhibitors (Puttannaet al., 1999).

Soil pH. The efficacy of Nls on soil nitrification and ammonia oxidiser population are variable
under different soil pH (Liu et al., 2015; Robinson etal., 2014). For example, DCD application did
reduce soil peak N,O emissions in acid, native and alkaline soils, but the effectiveness of DCD in
reducing total N,O emissions was highly effective in the acidic treatment (pH=5.0) than that in the
native (pH=6.0) and alkaline (pH>6.5) treatments (Robinson et al., 2014). Inhibitors (Benzotriazole, o-
Nitrophenol, m-Nitroaniline and DCD) retained higher soil NH,* concentrations when soil pH

decreased from 8.3/8.2 to 5.4 (Puttanna et al., 1999). Acetylene (C,H,) completely blocked nitrification
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inacid (pH=4.6), neutral (pH=7.0) and alkaline soils (pH=8.0) (ranging from 97.1-100%), while DMPP
was shown to be more effective in the neutral soil (93.5%), followed by the alkaline (85.1%) and acid
soil (70.5%) (Liu etal., 2015). Attention needsto be paid to the effects of soil pH on nitrification, e.g.
strong acidity is known to inhibit AOB and/or AOA growth (Lietal., 2018; Sahrawat, 2008).

Temperature. Numerous researchers comparing the nitrification inhibition of Nlsat different soil
temperatures (ranging from 5 to 35 °C) have shown that NIs were more effective at lower temperatures
thatmaximisedtheir longevity (Guardiaetal., 2018; Lanetal., 2018; McGeough etal., 2016; Menéndez
etal., 2012). Soil temperature can affect the mineralisation of NlIs, with higher mineralisation rates at
increasing temperature (Guardia et al., 2018; Kelliher et al., 2008; McGeough et al., 2016). Kelliher et
al. (2014) has provided a relationship between time for concentration of DCD in soil to halve (t¥, days)
and the mean soil temperature (T, <C): t¥2=54-1.8 T, but under field conditions t¥2 was about half that
under laboratory conditions. The persistence of DCD was strongly inversely related to temperature,
with the measured half-life across all soils decreasing with increasing temperature (McGeough et al,,
2016). Dicyandiamide and DMPP mineralisation were also confirmed to be strongly influenced by
temperature (increasing with temperature), however, their overall effectiveness was highly influenced
by the temperature, and not necessarily linked with the kinetics of mineralisation of these NlIs (Guardia
etal., 2018).

Moisture and aeration. Research has found that the nitrification inhibition efficacy of o-
nitrophenol and m-nitroaniline was maximum at 60% WHC, however, DCD showed an increasing
efficacy as soil moisture levels decreased (Puttannaetal., 1999). Chen et al. (2010) showed that DMPP
application slowed nitrification appreciably when the soil was at 40% WFPS at 25 °C, but was less
effective at 60% WFPS. Results from the study of Menéndez et al. (2012) indicated that DMPP best
performedunder extreme environmental conditions (coldand wet conditions or hotand dry conditions).
In soil, both moisture and O, are critical factors influencing the activity of nitrifiers and therefore,
nitrification rates (Barrenaetal., 2017). Soil aeration determines the degradation rate of DCD which
was greater when the soil was aerobic (Balaine et al., 2015). However, the relationship between

moisture and O, status s too close to distinguish their individual roles in the efficacy of Nls.
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Inhibitors properties. Nitrification inhibitors differ in volatility and water solubility, which has
resulted in the diversity of their effectiveness, mobility and persistence. For gaseousNIs (suchas carbon
disulphide(CS,) and C,H,), the high volatility andrapid dispersion through soil pores makes them more
effective, but less persistent, and therefore generally not suitable in the field (Ashworthetal., 1977).
Commonly researched NIs (DCD and DMPP) are non-volatile, and the mobility of both NI are similar,
butagreater sorptionfor DCD in comparisonto DMPPwas foundin organic and mineral soils (Marsden
etal., 2016b). The efficacy of Nlis s strongly influenced by their mineralisation rates which increase
with increasing soil temperature (Kelliher et al., 2008; McGeough et al., 2016; Menéndez et al., 2012).
Marsden etal. (2016) suggest that the efficacy of Nls is influenced more by differences in microbial
uptake and mineralisation rates than by differences in sorption and desorption rates.

Management and other factors. A previous study showed that nitrification inhibition in a loamy
soil was more pronounced when NH,* and DMPP were applied as fertiliser granules compared to the
application as solution (Brath et al., 2008). The efficacy of NIs on yield and/or NUE tended to be
diminished in areas of high rainfall (>1200 mm) (Li et al., 2018). A similar distribution of DCD and
DMPP was observedup to a soil depthof 15cm followinga simulated rainfall event (40 mm) in a sandy
loam, sandy clay loam and Sapric Histosol (Marsdenetal., 2016b). The meta-analysis conducted by
Abalos et al. (2014) found that the effects of NIs on soil crop productivity was significantly larger for
the highest N fertiliser rate (>300 kg N ha) compared with the lowest N fertiliser (<150 kg N ha™?),
and irrigated systems showed a significantly higher response than rainfed systems to the application of
Nls in terms of crop productivity, although these two water management classes did not significantly
affect the efficacy of NIs on NUE. The same meta-analysis showed that the effectiveness of NIs to
increase the crop productivity and NUE was significantly higher for forage crops than cereals (Abalos
et al., 2014). However, Li et al. (2018) showed that NIs had similar impact on N losses mitigation
regardless of irrigation or rainfed system. A meta-analysis from Yang et al. (2016) also supported that
the efficiency of NlIs positively varies with N fertiliser applicationrates for higher N fertiliser rates input
often causing high N losses (Yangetal., 2016). Thisis also supported by Li et al. (2018), in which the

greater reduction in N,O loss by NIs was observed with the higher baseline of N,O emission (>20 kg
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N,O-N ha?). In addition, the application of the DMPP was more effective in reducing N,O emissions

in long-term intensive cultivation soil than in the short-term cultivation soil (Li etal., 2019).

2.3.5. Limitation and unintended consequences of synthetic Nis

In general, synthetic NIs playan importantrolein improving NUE, reducing GHG emissions, NOg
leaching and increasing crop productivity. But the leaching of synthetic NIs from the active zone of
nitrification, leads to inconsistent performance under field conditions within laboratory conditions, e.g.
DCD (Marsden et al., 2016b; Upadhyay et al., 2011). In addition, the high cost and potential for
environmental contamination of synthetic NIs have been additional factors that have limited their
commercial use in agriculture system. In 2012, traces of DCD were discovered in infant/baby formula
milk products from New Zealand (Lucas, 2013), after which DCD was voluntarily withdrawn from
commercial use in New Zealand. There has been speculation about how DCD contaminated the milk
supply, and studies have shown that DCD can be acquired and metabolised by graminaceous plants
(Marsden et al., 2015). However, plant uptake of DCD was probably not a significant route of NI
contamination, whichwas morelikely the result of directingestion of DCD on pasture andsoil surfaces,
which provides a direct route of DCD entry into the food chain. Thus, developing biological NIs may

be a sound altemate strategy with greater public acceptance.

2.4. Biological nitrification inhibition

2.4.1. Concept and the mode of nitrification action

Biological nitrification inhibition (BNI) is termed of a plant-mediated rhizosphere process where
Nls are produced in plant roots and shoots and released from roots to suppress nitrifier activity in soil
(Subbarao et al., 2006a). Brachiaria humidicola is a common tropical pasture grass that produce
substantial biological NIs from its root (Gopalakrishnan et al., 2007; Subbarao et al., 2009) and shoot
tissues (Subbarao et al., 2008). Linoleic acid (LA) and linolenic acid (LN) have been isolated and
identified as biological NIs from the shoot tissue of Brachiaria humidicola. The BNI compounds in the

root tissue and exudate of Brachiaria humidicola have been identified as brachialactone (which
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contributes 60-90% of the inhibitory activity released from the roots of this tropical grass), methyl p-
coumarateand methyl ferulate (Gopalakrishnan etal., 2007; Subbaraoetal., 2009). Biological NIs have
also been isolated from sorghum root exudates (Subbarao et al., 2013; Tesfamariam et al., 2014; Zakir
et al., 2008), rice root exudates (Sun et al., 2016), wheat root exudates and root tissue extracts
(O’Sullivan et al., 2016; Subbarao et al., 2007b). They have also been found in seeds of Pongamia
glabra vent (Sahrawat, 1981; Sahrawat and Mukerjee, 1977), degradation products of cruciferous
tissues (Bending and Lincoln, 2000) and Pinus ponderosa leaves (White, 1988), and researchersare
searching for more compounds (Table 2.1).

The bioassay in which the Nitrosomonas culture is incubated with the Nls in the presence and
absence of NH,OH can be used to determine the Nls effects on AMO or HAO pathways (Subbarao et
al., 2006a). Most BNI compounds released by the plants inhibit nitrification by suppressing both AMO
and HAO enzymatic pathways, whilst most synthetic NIs only inhibit the AMO enzymatic pathways
(Table 2.1). The vast majority of the wheat landraces tested caused some level of inhibition, but BNI
compoundswerenotidentifiedandtheir effects on AMO or HAO pathwayswere nottested (O’Sullivan
et al., 2016). In addition, BNI compound released by rice toot exudates, 1,9-decanediol, have been
confirmed to block the AMO pathway and possess an 80% effective dose (EDg) 0f 90 ng pi* (Sun et
al., 2016). Previous studies show that HAO enzymatic pathways are suppressed by: 1) the inactivity of
HAO by hydroxyethyl, phenyl-, and methyl- hydrazine 2) hydrogen peroxide’s reaction with the active
site of ferric HAO, which destroys the activity and heme P460 of HAO irreversibly; and 3) organo-

hydrazines that attack P460 active site (Subbarao, 2006).
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Table 2.1 Biological nitrification inhibitors identified from plants and their mode of inhibition action.

Nitrification inhibitors

Isolated from

Inhibit AMO
or HAO

References

Biological nitrification inhibitors

Linoleic acid (LA) B. humidicola shoot tissue  AMOand HAO  (Subbarao et al., 2008)

Methyl linoleate (LA-ME) B. humidicola shoot tissue  AMOand HAO  (Subbarao et al., 2008)

Ethyl linoleate (LA-EE) B. humidicola shoot tissue  AMOand HAO  (Subbarao et al., 2008)

Linolenic acid (LN) B. humidicola shoot tissue  AMOand HAO  (Subbarao et al., 2008)

Methyl Linolenic (LN-ME) B. humidicola shoot tissue  AMO and HAO  (Subbarao et al., 2008)

Brachialactone B. humidicola root AMO and HAO  (Subbarao et al., 2009)
exudate

Methyl p-coumarate B. humidicola root tissue NA (Gopalakrishnan et al., 2007)

Methyl ferulate B. humidicola root tissue NA (Gopalakrishnan et al., 2007)

Sorgoleone Sorghum root exudate AMOand HAO  (Subbarao et al., 2013)

Methyl 3-(4-hydroxypheny) Sorghum root exudate AMO (Zakir et al., 2008)

propionate (MHPP)

Sakuranetin Sorghum root exudate AMO and HAO  (Subbarao et al., 2013)

1,9-Decanediol Rice root exudates AMO (Sun etal., 2016)

NA Wheat root exudates HAO (Subbarao et al., 2007b)

NA Wheat root tissue extracts ~ NA (O’Sullivan et al., 2016)

Karanjin (3-methoxy furano-  Seeds of Pongamia glabra (Sahrawat and Mukerjee,

2,3,7,8-flavone) Vent. NA 1977)

Isothiocyanate Deg-radation _Of NA (Bending and Lincoln, 2000)
cruciferous tissues

Limonene Pinus ponderosa leaf AMO (White, 1988)

Synthetic nitrification

inhibitors

Dicyandiamide (DCD) AMO (Zakir et al., 2008)

3, 4-dimethylpyrazol-phosphate (DMPP) AMO (Benckiser et al., 2013)
2-chloro-6-(trichloromethyl)-pyridine (Nitrapyrin) AMO (Subbarao et al., 2013)
Allylthiourea (AT) AMO (Subbarao et al., 2013)

NA: not applicable

2.4.2. Methodology for the detection of biological NIs

The oldest method to detect Nls is to grow pure cultures of ammonia oxidising organisms for 5 to
7 days and track their NO,™ production rates in the presence and absence of NIs, but this approach is
labour intensive and time consuming (O’Sullivan et al., 2017). In 1998, a bioluminescence assay using
Nitrosomonas europaea for rapid and sensitive detection of NIs was developed, that involved

introducing an expression vector derived from Vibrio harveyi for the luxAB genes into Nitrosomonas
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europaea; the expressionof luxAB genes produceshbioluminescence which hasa close relationship with
ammonia-oxidising activity (lizumi et al., 1998). Subbarao et al. (2006a) adopted and modified the
bioluminescence assay (developed in 1998) to detect and quantify BNI compounds released from roots
of plants. The amount of BNI activity released by the roots of Brachiaria humidicola ranges from 15-
25 AT unitg*rootdry wtday* (one AT unit: 0.22 M AT containing 18.9 mM of NH,*) (Subbarao et
al., 2006a). A number of species including tropical and temperature pastures, cereals and legumes were
tested for BN I capacity in their rootexudate, andthe specificBNI (AT unitg rootdry wt) ranged from
0 to 18.3 AT units (Subbarao et al., 2007a). This bioluminescence assay to detect and quantify
nitrification inhibition is fast, but it is difficult to obtain and cultivate the genetically modified reporter
bacterium which is not for commercial sale and requires regulated (PC2) laboratory conditions
(O’Sullivan etal., 2017).

In2016, arapid,simpleandaccurate colorimetric microplateassay combined with the Griess assay
was developed to detect and quantify biological Nls in plants (O’Sullivan et al., 2017). The method
uses ‘native’ nitrifier cultures (pure cultures of AOB) and microplate detection to track the rate of NO,
production using a segmented flow analyser in the presence and absence of Nls collected from root
exudates, which indicates the metabolic activity of targeting organism directly. The colour change
reaction in the colorimetric microplate assay is stable, nevertheless, different exudate collection
solutions (NH,CI, NH,CI with methanol, CaCl,, nutrient solution used for hydroponic growth, and
Nitrosomonas europaea growth medium minus NaHCQO;) result in significantly different BNI capacity
of the root exudates (O’Sullivanet al., 2017). Karwat et al. (2019) have verified that nitrate reductase
activity (NRA) data in leaves of Brachiaria humidicola reflects in vivo performance of BNI when

complemented with established BNI methodologies under greenhouse and field conditions.

2.4.3. Factorsinfluencing the release of biological NlIs

Growth stage of plants. For the plants, stages of growth and shoot N content influence the
excretion and activity of biological NIs (Subbaraoetal., 2006a). A bioluminescence assay to detect

BNI activity released from roots of Brachiaria humidicola during 24 h showed that the total BNI
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capacity increased from 14 AT units to 36 AT units between the 10 and 50 days after transferring two
weeks old plants (days after sowing) to hydroponics. However, the specific BNI activity decreased
during this same time period (Subbarao et al., 2006a). Zakir et al. (2008) found that the release of BNI
compounds increased with growth stage using a bioluminescence assay using recombinant
Nitrosomonas europaea.

Added N form. The N formsin the root environment play an important role in the release of BNI
activity (Subbarao et al., 2007c; Zhang et al., 2019). The release of BNI compounds from roots is
enhanced when plants are grown with NH,* (nearly three times greater) compared with NO5 (Subbarao
etal., 2007c). This hasalso been supported by the study of Zhang et al. (2019), in which the release of
1,9-decanediol from the root of rice isenhanced by low to moderate concentrations of NH ;" (<1.0 mM).
In addition, the secretion of 1,9-decanediol was triggered in the whole root system, even though only a
part of the root system was exposed to NH,* (Zhang et al., 2019). The release of BNI compounds from
sorghum isalso stimulated by the presence of NH,*andincreases with the concentration of NH,* supply
(Zakiretal., 2008).

Soil pH. In rhizosphere, the presence of NH,* or low pH of the root environment alone did not
have a major effect on the release of biological NIs, but together have a synergistic effect (Subbarao et
al., 2007c). Low pH stimulates the release of 1,9-decanediol, but NH;NO3z; was applied as a N source
during the root exudate collection fromrice (Zhangetal., 2019). At least three active components have
been identified from roots of Brachiaria humidicola: Type-I is stable to pH changes ranging from 3.0
to 10, which is the major proportion of BNI compounds in the presence of NH,*; Type-I1 temporarily
loses its inhibitory effect at a threshold pH of >4.5 and the inhibitory effect is re-established when the
root exudate pH is adjusted to <4.5; the inhibitory effect of Type-Ill is irreversibly lost if the pH of the
root exudate reaches >10.0 (Type-1l and Type-Ill are major BNI compounds in the absence of NH,)
(Subbaraoetal., 2007c). However, the decrease in rhizosphere pH stimulates the release of hydrophilic-
biological Nls, but has no effect on the release of hydrophobic-BNIs released from sorghum roots (Di

etal., 2018).
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2.5. Knowledge gaps in our current understanding

A bioluminescence assay using recombinant Nitrosomonas europaea has been widely used to
determine the BNI capacity, inhibitory effects (transformation of NH,* to NOj;’) and mode of action
(inhibition of HAO or AMO pathways) of root exudates collected from Brachiaria humidicola
genotypes (Subbarao et al., 2006a), rice varieties (Sun etal., 2016), sorghum (Zakir et al., 2008) and
wheat (O’Sullivan et al., 2016). Specific compounds that have been identified as biological NIs have
been applied at a range of concentration (ranging from 0 to 1000 mg NI kg™ dry soil) to explore their
effects on nitrification rates and ammonia oxidisers, e.g. LA and LN (Subbarao et al., 2008), 1,9-
decanediol (Lu etal., 2019) and MHPP (Nardi et al., 2013), indicating that only higher doses of specific
compounds application (> 500 mg NI kg dry soil or 350 mg NI-C kg* dry soil) result in significant
nitrification inhibition and reduction of the abundance of AOB and/or AOA. In recent years, some
Brachiaria species have been grown to explore their effects on soil N,O emissions, AOB and AOA
abundance when grazed with cattle, indicating the potential of forage grasses with high BNl activity to
reduce N losses in grazed pastures (Byrnes etal., 2017; Simon et al., 2020).

However, little is known about the effects of biological NIs on soil GHG emissions, and N gases
otherthan N,O, e.g. NO and N,. Less is known about the factors thatinfluence the efficacy of biological
NIs on nitrification rates, e.g. biological NIs concentrations and their stability. Moreover, even less is
known aboutthe mechanismofbiological NIsto inhibit nitrification. Hence, the main aimsof this thesis
are to i) determine the effects of biological NIs on soil nitrification and GHG emissions, ii) explore the
factors controllingthe efficacy of biological N1s, andiii) clarify the mechanismof BN I through studying

the microbial populations and using **C-labelling of specific BNI compounds.
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Abstract

Biological nitrification inhibitors (NIs) are considered to be an environmentally friendly and cost-
effective strategy to inhibit soil nitrification and reduce nitrogen (N) losses, and increasing numbers of
biological NIshave beenisolatedandidentified from crops and grasses. In this study, a highly nitrifying
soil (sandy clay loam textured Eutric Cambisol) was used to explore the effectiveness of newly
identified biological NlIs (linoleic acid, LA and 1,9-decanediol) versus a proven synthetic NI
(dicyandiamide, DCD) on soil nitrification and ammonia oxidisers. Results show that DCD application
retained added NH,* in the soil, with inhibited conversionto NO3-, andsignificantly reduced cumulative
nitrous oxide (N,O) emissions (52.3-65.1%). Dicyandiamide also inhibited ammonia oxidising bacteria
(AOB) gene abundance rather than ammonia oxidising archaea (AOA). Linoleic acid applied at a
concentration of 12.7 or 127 mg kg™ dry soil (equivalentto 10 or 100 mg kg* wet soil) had no effect
on both soil nitrification and ammonia oxidiser gene abundance. The 1,9-decanediol application
significantlyreduced soil NO; concentration, butdid notaffectsoil NH,* concentration, N,O emissions
or ammonia oxidiser gene abundance. We conclude that LA or 1, 9-decanediol applied at a
concentrationof12.7 or 127 mgkg* dry soil was ineffective atinhibiting soil nitrificationand ammonia
oxidiser in a highly nitrifying soil.

Key words: biological nitrification inhibitor, linoleic acid, 1,9-decanediol, dicyandiamide, nitrous

oxide, ammonia oxidiser

3.1. Introduction

During the last five decades, the global nitrogen (N) fertiliser supply has increased dramatically,
but the global average N use efficiency (NUE) (percentage of applied N recovered in the crop) is
relatively low, with ca. 53% of the fertiliser being losteitherin gaseous (N emissions) or aqueous forms
(nitrate (NO3") leaching and dissolved organic N) (Gardiner etal., 2016; Lassaletta et al., 2014). These

N losses from the plant-soil system not only result in low resource use efficiency, but also contribute to
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important environmental problems (e.g. eutrophication, global warming, ozone depletion, air pollution)
(Galloway et al., 2008; Schlesinger, 2009).

Nitrification isatwo-step microbially mediated process, whereammonium (NH,*) is first oxidised
to nitrite (NO;’) and subsequently to NO;™ by nitrifying bacteria (Firestone and Davidson, 1989).
Nitrification is a key soil process that controls the supply of NO3 that is then available for plant uptake,
or for subsequent use as a substrate for denitrification and N,O loss or can be lost from the rhizosphere
via leaching (Lam et al., 2017). To increase NUE and minimize N losses, the targeting of chemicals
such as synthetic nitrification inhibitors (NIs) have beenexplored and widely usedto reduce nitrification
in agriculture system (Jumadi et al., 2019; Zerulla et al., 2001).

Dicyandiamide (DCD), one of the most widely used synthetic NIs, has been developed to slow
nitrification and reduce N losses in agriculture system (Monaghan et al., 2013; Robinson et al., 2014;
Sharma and Prasad, 1995). During the nitrification process, NH,* is first oxidised to hydroxylamine
(NH,OH) by ammonia monooxygenase (AMO) (a copper-containing enzyme), and then NH,OH is
oxidised to NO,™ by hydroxylamine oxidoreductase (HAO) (Subbarao et al., 2007a). Research has
shown that DCD only suppressesthe AMO pathway in Nitrosomonas (Zakir etal., 2008), and DCD is
effective in inhibiting ammonia oxidising bacteria (AOB) and archaea (AOA) which are important for
N,O emissions (Robinson et al., 2014). However, the application of DCD suffers from a series of
challenges, including the variable responses to soil types and moisture/temperature regimes (Marsden
et al., 2016b; McGeough et al., 2016; Menéndez et al., 2012), high cost for spatially-targeting NI
application in the field (Luo et al., 2015; Minet et al., 2018; Welten et al., 2014), lack of chemical
stability (Guardiaetal., 2018; Marsden et al., 2016b) and potential food safety risk (Lucas, 2013).

The natural ability of a plant to inhibit soil nitrification by releasing inhibitors from roots is termed
of biological nitrification inhibition (BNI) (Subbaraoetal., 2006a). Brachiaria humidicola, a species
of tropical pasture grass, hasthe ability to produce nitrification inhibitory compoundsin its shoot and
roots tissues, and release biological NIs from its roots (Gopalakrishnan et al., 2007; Subbarao et al.,
2009, 2008). Linoleic acid (LA) and linolenic acid (LN) have been identified as predominant BNI
compounds from the shoot tissue of Brachiaria humidicola (Subbarao et al., 2008). NH,*-N-fertilised
soil treated with LA and LN at a concentration of 50 to 1000 mg kg soil has shown the maintenance
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of soil inorganic N in the form of NH,* and decreased the NO3 accumulation, with a NO4” formation
inhibition rate of 16.6-87.5%and 16.6-90.9%, respectively (Subbarao etal., 2008). Research has shown
thatthe effectiveness of LA and LN isviathe blockingof boththe AMO and HAO enzymatic pathways
in Nitrosomonas (Subbarao et al., 2008). However, little is known about the effectiveness of LA and
LN on greenhouse gas (GHG) emissionsand ammonia oxidisers.

In addition to Brachiaria humidicola, more biological NIs have been isolated and identified in
other agricultural crops. Rice is one of the most important food crops for humans and is grown
worldwide. Sun et al. (2016) have explored the BNI potential of 19rice varieties on the key nitrifying
bacterium Nitrosomonas europaea. A new biological NI, 1,9-decanediol, has been identified and has
shown to block the AMO pathway of ammonia oxidation (Sun et al., 2016). Synthetic 1,9-decanediol
was applied at a range of concentration (100,500 and 1000 mg kg™ dry soil) to explore its effect on
nitrification and ammonia oxidisers (Lu et al., 2019). High doses of 1,9-decanediol application (500
and 1000 mg kg* dry soil) have been shown to suppress nitrification in agricultural soils by impeding
AOA and AOB, with highest inhibition rates shown in the acidic red soil (43.0% and 58.1%), followed
by the alkaline fluvo-aquic soil (25.6% and 37.0%) and then the neutral paddy soil (20.1% and 35.7%)
(Luetal., 2019). In addition, 1,9-decanediol can significantly reduce N,O emissions especially in the
acidic red soil (Lu et al., 2019). Hence there is potential for this BNI to be synthesised and used in other
soils, climates and cropping systems throughout the world.

Previous studies using LA and 1, 9-decanediol have focussed on the transformation of NH,* to
NOgz, but little is known about the effectiveness of these biological NIs on GHG emissions (N,O and
CO,) and especially the ammonia oxidisers. In addition, less in known about the effects of biological
NIs on soil nitrificationin a highly nitrifying soil after N fertiliser application. Therefore, this study
aimed to compare the effect of biological (LA and 1,9-decanediol) and synthetic (DCD) NIs on soil
NH4* and NO;™ concentrations, GHG (N,O and CO,) emissions, and ammonia oxidisers in a highly
nitrifying soil after NH,* fertiliser application. We hypothesised that 1) soils will retain higher NH,*
and lower NO3™ concentrations in the DCD treatments than the LA and 1,9-decanediol; and 2) the
application of LA, 1,9-decanediol and DCD will decrease soil N,O emissions due to the inhibition of
AOA and/or AOB.
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3.2. Materials and methods

3.2.1. Soil sampling and properties

A sandy clay loam textured Eutric Cambisol (moisture content=19.4%; organic matter=6.7%; pH
(H,0)=5.9; EC=125.2 S cm™; total carbon (C)=26.5g kg* dry soil; total N=2.5 g kg™ dry soil; C/N
ratio of 10.6; NH,*-N=1.7 mg kg dry soil; NO3;-N=30.4 mg kg dry soil) was collected from a
fertilised grassland in North Wales(53°24°N, 4°02°W). Thepasture had notbeen grazed for >3 months.
This soil was selected as it is known to have a high nitrification rate (Jones et al., 2004) and it had not
been previously exposed to LA, 1,9-decanediol and DCD. Intact blocks (20>20cm, 0-10 cm depth)
were collectedat 3 locations andretained as three replicates. After sampling, the soil from each replicate
was sieved through a 2 mm sieve and mixed, before storingat4 <C for 4 days in loosely sealed bags

before starting the incubation experiment.

3.2.2. Experimental design and management

To compare the effectsof LA and 1,9-decanediol with proven NI, DCD, on soil nitrification (NH,*
and NOj3™ concentrations), N,O and CO, emissions, and ammonia oxidisers, synthetic compounds were
applied to a highly nitrifying soil at the same concentrations within a 48-d incubation. The soil was
added to containers (400 g field most soil to each container; volume, 850 mL; length xwidth ><height,
137x>104x120 mm). Nitrification inhibitors were applied to the soil at the concentration rate of 0, 12.7
and 127 mg kg dry soil (equivalentto 0 10 and 100 mg kg* wet soil) with N fertiliser applied in the
form of NH,Cl at the concentration of 127 mg N kg dry soil (equivalentto 100 mg kg* wet soil).
Treatments were applied as follow: 1) LA 12.7, 2) 1,9-decanediol 12.7, 3) DCD 12.7 (where LA, 1,9-
decanediol or DCD were appliedat 12.7 mg kg dry soil); 4) LA 127, 5) 1,9-decanediol 127, 6) DCD
127 (where LA, 1,9-decanediol or DCD were applied at 127 mg kg dry soil); 7) control (no Nls, N
fertiliser application only).

To aid uniform application and dispersion of these small doses of inhibitor compounds to the sall,

the compounds were mixed with sand first, as follow. First, LA and 1,9-decanediol was dissolved in a
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small amount of ethanol (50 pi ethanol g* sand), and mixed with sterilised (105 <C, 16 h) fine quartz
sand (0.065 gsand g soil) to ensure the ethanol coated it as evenly as possible. Then, the Nl-labelled
sand was evaporated to dryness under a stream of air, making sure the sand was mixed regularly before
mixingit into the soil. In the DCD treatments, DCD was dissolved in the same amount of distilled water
and mixed with sterilised fine quartz sand as described above. As for the control, no NIswere added to
the soil, but same amount of sterilised fine quartz sand was mixed evenly with the soil.

During the incubation period, the soil water status was maintained at 60% water filled pore space
(WFPS) to optimise conditions for nitrification (Mosieret al., 1996). At the start of the experiment, 127
mg N kgtdrysoilas NH,Clwasdissolvedin distilled water (to maintain 60% WFPS), and then applied
to the surface of soil. Throughout the monitoring period, containers were covered with parafilm, to
allow gas exchange but to retain moisture. Every three days, pots were weighed, and deionised water
was added if itwas necessary to maintain its humidity. Soils were incubated in a temperature -controlled

room (inthe dark)at10 <C, the mean annual air temperaturefor the soil collectionsite (Hill etal., 2015).

3.2.3. Soil sampling and analysis

There were two sets of containers: one set of containers was used for soil sampling, and another
set of containers was used for GHG sampling. Soil samples were collected twice during the first two
weeks aftertreatmentsapplication. Afterwards, soil sampling continuedata frequency of once per week.
At each sampling time, fresh soil (5 g) was extracted with 25 ml of 0.5 M K,SO, in an orbital shaker
(200 rev min, 1 h). The extracts were centrifuged (4000 rpm, 10 min), filtered through a Whatman
No.1filter paper,andthen stored at-20 <T to await foranalysis for NH,*-N (Mulvaney,1996) and NO5
-N (Miranda et al., 2001) concentrations. Inhibition of NO; formation was estimated as Eq. (3.1)

(Subbaraoetal., 2007b).

NO3 —N concentration in treatment

Inhibition of NO3 formation = (1 —

) x 100% (3.1)

NO3 —N concentration incontrol
Subsamples of soil were taken atd 4, d 8, d 21, d 34 and d 48 to determine the AOA and AOB
gene abundance, and stored at -80 °C prior to DNA extraction. Soil DNA was extracted from 0.25 g of

defrosted soil by using the DNeasy PowerSoil kit (Qiagen, Hilden, Germany) according to the protocol
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of manufacturer. The purity and concentration of extracted soil DNA were determined by the Nanodrop
spectrophotometer ND-1000 (Labtech, UK). Polymerase chain reaction (PCR) followed by melting
curve analysis to confirm PCR product specificity were carried out on real-time quantitative PCR
(QPCR) using the QuantStudio™ 6 flex real-time PCR system (Thermo Fisher Scientific, UK). The 10
L reaction mixture composed of 5 L TB Green Premix Ex Taq (TaKaRa, Tokyo, Japan), 0.15 L of
each primer, 0.2 P ROX Reference dye, 1 L template DNA and 3.5 L of sterilised deionised water.
The primers sets and thermal conditions were the same as listin Wang etal. (2017). Standard curves

were generated by using a tenfold serial dilution of plasmids harbouring target genes.

3.2.4. GHG sampling and analysis

Inthe firstweek, the GHG samples were collected every two days,and then ata frequency of twice
per week for the following two weeks. Afterwards, gas samples were collected once per week until the
end of incubation period. Air-tight lids fitted with septum were used to close the incubation containers.
At 0 and 60 min after the lids were closed, gas samples from the headspace were collected using the
syringes (20 ml) fitted with hy podermicneedles, andtransferredto pre-evacuated 20 ml headspace glass
vials fitted with rubber butyl septa crimp caps. Greenhouse gas concentrations were determined by gas
chromatography (GC) (Clarus 580 GC; PerkinElmer Corp., Waltham, MA), which was equipped with
an electron capture detector (ECD) for N,O detection and a flame ionization detector (FID) for CO,
detection. Standardsof N,Oand CO, werecollectedandanalysed atthe sametime asthe GHG samples.
Daily gaseous fluxes were estimated as the slope of the linear regression between concentrations at the
two times taking into account the temperature and the ratio between chamber volume and soil surface
area (MacKenzie etal., 1998). The cumulative gaseous fluxes were calculated as Li et al. (2016).

The gas concentration in the headspace over one hour was assumed to be linear, as linearity was
confirmed before the incubation (see Appendix 1). Four headspace gas samples were taken within one
hour (0, 20, 40 and 60 min after the lids were closed) from 4 replicate vessels filled with same amount

of soil and NH,Cl at the same %WFPS and temperature, and analysed as described above. The N,O

41



(y=0.0025x+0.33, R?=0.995) and CO, (y=10.6 x+533.7, R?=0.997) concentrations (y is ppm) in

headspace were confirmed to be linear over time (x is min).

3.2.5. Statistical analysis

The repeated measurement analysis of variance (RMANOVA) was applied to determine the effect
of the different NIs (LA, 1,9-decanediol or DCD) concentrations on soil NH,*, NOs™ concentrations,
and daily gaseous fluxes (N,O and CO,) throughout the monitoring period. A one-way ANOVA was
used to test the effect of LA, 1,9-decanediol and DCD application on cumulative N,O and CO;
emissions after 48 d incubation, and AOA and AOB gene copieson each sampling day. All statistical

analyses were performed in SPSS Statistics 25.0 (IBM Inc., Armonk, NY).

3.3. Results

3.3.1. Soil ammonium concentrations

The soil NH,*-N concentrations varied significantly with time during the monitoring period in all
LA, 1,9-decanediol and DCD treatments (Py;m.<0.001, Table 3.1). The soil NH,*-N concentrations
increased (peaked at d 8) after N application and then decreased during the incubation in the control,
LA and DCD treatments (Fig. 3.1a, c). In the 1,9-decanediol treatments, the NH,*-N concentrations
decreased after N application, but then increased by d 4, and then decreased again until the end of the
experiment (Fig. 3.1b). The application of LA and 1,9-decanediol did not affect the NH,*-N
concentrations significantly (P>0.05). During the incubation period, the NH,*-N concentrations
decreased from 128.3 mg N kg dry soil to 11.0 mg N kg dry soil (ranging from 9.4 to 12.4mgN kg
1 dry soil) in the control, LA and 1,9-decanediol treatments. In the DCD treatments, soil NH,*-N
concentrations remained significantly higher in the DCD 12.7 (P<0.001) and DCD 127 (P<0.001)
treatments, and increased as the concentrations of DCD increased, reaching 76.1 and97.2 mg N kg?

dry soil respectively at the end of the incubation experiment.
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3.3.2. Soil nitrate concentrations

In the control, LA (Fig. 3.1d)and 1,9-decanediol (Fig. 3.1e) treatments, the NOs™-N concentration
increasedgradually fromd 1 to d 34, decreased duringthe following 7 days, and thenremained constant
until the end of the experiment. During the monitoring period, LA did not affect the NO3-N
concentration significantly (Table 3.1, P>0.05), with the NO5" concentration increasing from 23.11 to
65.3 mg kg! dry soil (ranging from 63.8 to 66.8 mg kg dry soil). The application of 1,9-decanediol
(P<0.01) and DCD (P<0.001) decreased the NO5-N concentration significantly, compared to the
control. The NOs-N concentration increased with the increasing concentration of 1,9-decanediol, with
the average inhibition of NO; formation of 13.0% and 6.7% in the 1,9-decanediol 12.7 and 1,9-
decanediol 127 treatments (Fig. 3.1h), respectively. Dicyandiamide application showed much higher
inhibition of NO3” formation, with the average rate of 46.8% and 68% in the DCD 12.7 and DCD 127
treatments, respectively (Fig. 3.1i).

Table 3.1 Repeated measurement analysis of variance on soil NH,* and NO;™ concentrations, N,O and

CO, emissions in the LA, LN and DCD treatments

NI Time NI < Time

Source o F aif F o F
LA
NH4* 2 02 7 3120 14 45™
NOz 2 47 7 4622 14 367
N0 emission 2 04 10 20.8™ 20 5.7
CO; emission 2 65 10 2217 20 1.8"
1,9-decanediol
NH4* 2 03 7 1307 14 1.7
NOs 2 217" 7 2635 14 40™
N20 emission 2 09 10 657 20 15
CO; emission 2 28 10 17.8™ 20 26"
DCD

NH,* 2 5357 7 4927 14 1.9
NOz 2 67824™ 7  180.8™ 14 78.77
N0 emission 2 823" 10 26.0™ 20 5.0
CO; emission 2 04 10 767 20 1.7

ETT3

"P<0.05, "P<0.01, ™" P<0.001.
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Fig. 3.1 Effect of different concentrations of LA (panels a, d, g), 1,9-decanediol (panels b, e, h) and
DCD (panels ¢, f, i) on soil NH,*-N, NOz-N and inhibition of NO5” formation during a 48-d

incubationat 10 <C. Error barsrepresent standard error of the mean (n=3).

3.3.3. Nitrous oxide emissions

Throughout the incubation period, the daily N,O emissions varied significantly in all treatments
(control, LA, 1,9-decanediol and DCD treatments) (Fig. 3.2, Table 3.1, Pne<0.001). In the 1,9-
decanediol and DCD treatments, the daily N,O emission increased dramatically after the N application,

and decreased in the following 2 days, then remained stable until the end of the experiment. During the
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monitoring period, the application of LA and 1,9-decanediol did not affect the daily N,O emissions
significantly (P>0.05). However, DCD significantly (P<0.001) decreased the daily N,O emissions. The
cumulative N,O emissions followed the order: LA 12.7 (386.2 g N kgt dry soil') > 1,9-decanediol
12.7/127 (296.8/264.7 g N kg dry soil't) > DCD 12.7/127 (156.3/114.5 ;g N kgt dry soil?) (Fig.
3.3a). However, there was no significant difference between the control and LA treatments, or between

the control and 1,9-decanediol treatments.

3.3.4. Carbon dioxide emissions

Inthe LA, 1,9-decanediol and DCD treatments, the daily CO, emissions varied significantly with
the incubation time (Pine<0.001, Table 3.1). The daily CO, emissions increased rapidly to the first peak
after the NIs and N application, and reached another peak betweend 8 and d 16, then remained stable
at a lower emissions rate until the end of the experiment in the LA 127, 1,9-decanediol and DCD
treatments (Fig. 3.4). While in the control and LA 12.7 treatments, the daily CO, emissions decreased
dramatically after the NIs and N application. From d 8 to the end of the incubation period, the daily
CO, emissions showed a similar pattern to the LA 127, 1,9-decanediol and DCD treatments. The
cumulative CO, emissions in the LA 127 and 1,9-decanediol 12.7 treatments was significantly higher
than that in the control and DCD treatments, reaching 301.7 mg C kg* dry soil and 299.9 mg C kg* dry

soil inthe LA 127 and 1,9-decanediol 12.7 treatments, respectively (Fig. 3.3b).
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3.3.5. AOA and AOB gene abundance

Duringthe incubation, therewere nosignificantdifferences in gene abundance betweenthe control
and the NI (LA, 1,9-decanediol and DCD) treatments, except for d 21, when the application of LA,
DCD and higher concentration of 1,9-decanediol (127 mg kg* dry soil) increased the AOA gene
abundance (Fig. 3.5a). Unlike the DCD treatment, the AOB gene copies increased gradually in the LA,
1,9-decanediol treatments during the 48-d incubation (Fig. 3.5b). No significant differences were
observed in the control, LA 12.7 and 1,9-decanediol 12.7 treatments in the AOB gene copies during the
incubation. The application of LA (d 4, 34, P<0.05-0.01) and 1,9-decanediol (d 21, 34, P<0.05-0.01) at
the higher concentration (127 mg kg* dry soil) increased the AOB population growth significantly.
After the 48-d incubation, AOB population growth was significantly reduced in the DCD treatments
compared with the control, and all the LA and 1,9-decanediol treatments , being 2.29108 copies g* dry
soil inthe DCD 12.7 (51.3%, P<0.001) and 2.77x10° copies g* dry soil DCD 127 (48.0%, P<0.001)

treatments. The AOB gene copy numbers were greater than that of AOA during the monitoring period.
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Fig. 3.5 Effect of LA, 1,9-decanediol and DCD on gene copies of AOA (panel a), AOB (panel b)

during a 48-d incubation at 10 <C. Error bars represent standard error of the mean (n=3).
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3.4. Discussion

Dicyandiamide was shownto be much more effectivethan LA and 1,9-decanediol atinhibiting the
transformation of NH,* to NO;™ and suppressing the N,O emissions in this study. The application of
DCD retained high soil NH,* and resulted in low NO3 concentrations (Fig. 3.1c, f), and significantly
inhibited the N,O emissions (Fig. 3.3). The mitigating effect of DCD on soil nitrification and N,O
emissions was consistent with previous studies (Gilsanz et al., 2016; McGeough et al., 2016; Robinson
etal., 2014). Dicyandiamide may be an N source when applied to the soil (66.7% N in DCD), however,
the relatively lower mineralisation (5.5% and 2.7% mineralisation rate when DCD applied at 12.7 and
127 mg kg™ dry soil, see chapter 4, Fig. 4.4) indicated that only 0.5 and 2.3 mg N kg* dry soil may
result from the biodegradation of DCD in the DCD 12.7 and DCD 127 treatments, respectively. This
provided the evidence that the main N source was the NH,* fertiliser application and not the DCD
mineralisation, and that the retained higher soil NH,* concentration wasdueto inhibition of nitrification.
Otherstudies indicate that the effectiveness of DCD is strongly related to the temperature, and that half-
lives of DCD across many soils decrease with increasing temperature (Di and Cameron, 2004; Kelliher
etal., 2008; McGeough et al., 2016). The relatively lower incubation temperature (10 <C) may explain
the stability of DCD in this study.

The majority of N,O is produced by microbial nitrification and denitrification as part of soil N
cycle (Wrageetal.,2001). The relatively high NH,*and lower NO; concentration of the soil, combined
with inhibited AOB amoA gene abundance indicates that the lower N,O emissions in the DCD
treatments were likely due to the inhibited nitrification process. Dicyandiamide has been shown to
inhibitthe AOB by binding to the active sites of the copper-containing AMO metalloenzyme required
by AOB (Amberger, 1989), but recently also to inhibit the AOA in acidic soils (Lehtovirta-Morley et
al., 2013; Zhangetal., 2012). In this study, DCD significantly decreased the AOB gene abundance, but
there was no effect on the AOA gene abundance at the end of the incubation, which was consistent with
studies that have shown DCD inhibits nitrification through influencing AOB rather than AOA (Chen et

al., 2014; O’Callaghan et al., 2010).
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Nevertheless, both LA and 1,9-decanediol had no effect on the soil NH,* concentration, and only
1,9-decanediol decreased soil NO5™ concentration in this study (Fig. 3.1, Table 3.1). In addition, neither
the LA or 1,9-decanediol application affected the daily and cumulative N,O emissions compared with
the control (Fig. 3.2, 3, Table 3.1). The effectiveness of NIs depends on the several key factors,
including concentration, ease of microbial degradation and soil properties (Lu etal., 2019; McGeough
etal., 2016). Previous studies have indicated that LA applied at>200 mg kg™ dry soil retained added N
in the NH,* form, and that LA applied at 50 and 100 mg kg* dry soil had no effect on the NH,*
concentration and decreased the NO3 concentration slightly compared with the control which is
consistent with our results (Subbarao et al., 2008). High application rates of 1.9-decanediol (>500 mg
kg dry soil) have resulted in strong inhibition of nitrification, although efficacy varied significantly
between soil types (Lu etal., 2019). The concentration of LA and 1,9-decanediol applied in this study
(<127 mg kg™ dry soil) was much lower than these effective doses reported.

In addition, the application of LA and 1,9-decanediol at a rate of <127 mg kg dry soil did not
affect the AOA and AOB gene abundance, which may explain the lack of nitrification inhibition. We
hypothesised that the rapid mineralisation rate of LA (46.9-53.2% within 38 d) and 1,9-decanediol
compared with DCD (2.7-5.5% within 38 d) (see Chapter 4, Fig. 4.4) may be an explanation for the
reduced efficacy of LA and 1,9-decanediol. Although **C-labelled 1,9-decanediol was not possible, and
hence we were notable to determine the mineralisationrate of 1,9-decanediol, the higher CO, emissions
inthe 1,9-decanediol 12.7 treatments compared with the controland DCD treatments provided evidence
of the higher mineralisation rate of 1,9-decanediol, due to the positive linear relationship between the

14C-CO, and CO, (see Chapter 4, Fig. 4.4).

3.5. Conclusions

In this highly nitrifying soil, DCD was effective at inhibiting nitrification (soil retained high NH,*
concentration and low NO;™ concentration) and reduced cumulative N,O emission by inhibiting AOB
gene abundance rather than AOA. However, neither LA or 1,9-decanediol applied at <127 mgkg* dry

soil was effective in regulating nitrification, and may potentially increase CO, emissions.

ol



3.6. Acknowledgments

We would like to thank Prof. Weiming Shi (Institute of Soil Science, Chinese Academy of Sciences,
Nanjing, China) who provided the 1,9-decanediol for the research. The study was funded by Bangor
University and China Scholarship Council (Bangor-CSC scholarship), and BBSRC Institute Strategic

Programme S2N 10320.

3.7. References

Amberger, A., 1989. Research on dicyandiamide as a nitrification inhibitor and future outlook.
Communications in  Soil  Science and Plant  Analysis 20, 1933-1955.
doi:10.1080/00103628909368195

Chen, Q., Qi, L., Bi, Q., Dai, P, Sun, D., Sun, C., Liu,W., Lu, L., Ni, W., Lin, X., 2014. Comparative
effects of 3,4-dimethylpyrazole phosphate (DMPP) and dicyandiamide (DCD) on ammonia-
oxidizing bacteria and archaeain a vegetable soil. Applied Microbiology and Biotechnology 99,
477-487. doi:10.1007/s00253-014-6026-7

Di, H.J., Cameron, K.C., 2004. Effects of temperature and application rate of a nitrification inhibitor,
dicyandiamide (DCD), on nitrification rate and microbial biomass in a grazed pasture soil.
Australian Journal of Soil Research 42, 927. doi:10.1071/SR04050

Firestone, M.K., Davidson, E.A., 1989. Microbiologial Basis of NO and N20O production and
consumption in soil. Exchange of Trace Gases between Terrestrial Ecosystems and the
Atmosphere 7-21.d0i:10.1017/CB09781107415324.004

Galloway, J.N., Townsend, A.R., Erisman, J.W., Bekunda, M., Cai, Z., Freney, J.R., Martinelli, L.A.,
Seitzinger, S.P., Sutton, M.A., 2008. Transformation of the Nitrogen Cycle. Science 320, 889
892. doi:10.1126/science.1136674

Gardiner, C.A., Clough, T.J., Cameron, K.C., Di, H.J., Edwards, G.R., de Klein, C.A.M., 2016.
Potential for forage diet manipulation in New Zealand pasture ecosystems to mitigate ruminant
urine derived N20O emissions: a review. New Zealand Journal of Agricultural Research.
doi:10.1080/00288233.2016.1190386

Gilsanz, C., B&z, D., Misselbrook, T.H., Dhanoa, M.S., Cadenas, L.M., 2016. Development of
emission factors and efficiency of two nitrification inhibitors, DCD and DMPP. Agriculture,
Ecosystemsand Environment 216, 1-8. doi:10.1016/j.agee.2015.09.030

Gopalakrishnan, S., Subbarao, G. V.,Nakahara, K., Yoshihashi, T., Ito, O., Maeda, ., Ono, H., Y oshida,
M., 2007. Nitrification inhibitors from the root tissues of Brachiaria humidicola, a tropical grass.
Journal of Agricultural and Food Chemistry 55, 1385-1388. d0i:10.1021/jf0625930

Guardia, G., Marsden, K.A., Vallejo,A., Jones, D.L.,Chadwick, D.R.,2018. Determiningthe influence
of environmental and edaphic factors on the fate of the nitrification inhibitors DCD and DMPP in
soil. Science of the Total Environment 624, 1202-1212. doi:10.1016/j.scitotenv.2017.12.250

Hill, P.W., Garnett, M.H., Farrar, J., Igbal, Z., Khalid, M., Soleman, N., Jones, D.L., 2015. Living roots
magnify the response of soil organic carbon decomposition to temperature in temperate grassland.
Global Change Biology 21, 1368-1375. d0i:10.1111/gch.12784

Jones, D.L., Shannon, D., Murphy, D.V, Farrar, J., 2004. Role of dissolved organic nitrogen (DON) in
soil N cycling in grassland soils. Soil Biology and Biochemistry 36, 749-756.
doi:10.1016/j.s0ilbio.2004.01.003

52



Jumadi, O., Hala, Y., Iriany, R.N., Makkulawu, A.T., Baba, J.,2019. Combined effects of nitrification
inhibitor and zeolite on greenhouse gas fluxes and corn growth.

Kelliher, F.M., Clough, T.J., Clark, H., Rys, G., Sedcole, J.R., 2008. The temperature dependence of
dicyandiamide (DCD) degradation in soils: A data synthesis. Soil Biology and Biochemistry 40,
1878-1882. doi:10.1016/j.s0ilbio.2008.03.013

Lam, S.K., Suter, H., Mosier,A.R., Chen, D., 2017. Usingnitrificationinhibitorsto mitigate agricultural
N20 emission: a double-edged sword? Global Change Biology 23, 485-489.
doi:10.1111/gch.13338

Lassaletta, L., Billen, G., Grizzetti, B., Anglade, J., Garnier, J., 2014.50 Year Trends in Nitrogen Use
Efficiency of World Cropping Systems: the Relationship Between Yield and Nitrogen Input To
Cropland. Environmental Research Letters 9, 105011. doi:10.1088/1748-9326/9/10/105011

Lehtovirta-Morley, L.E., Verhamme, D.T., Nicol, G.W., Prosser, J.I., 2013. Effect of nitrification
inhibitors on the growth and activity of Nitrosotalea devanaterrain culture and soil. Soil Biology
and Biochemistry 62, 129-133. doi:10.1016/j.s0ilbio.2013.01.020

Li, X., Serensen, P., Olesen, J.E., Petersen, S.0., 2016. Evidence for denitrification as main source of
N 2 O emission from residue-amended soil. Soil Biology and Biochemistry 92, 153-160.
doi:10.1016/j.s0ilbio.2015.10.008

Lu, Y., Zhang, X., Jiang, J., Kronzucker, H.J., Shen, W., Shi, W., 2019. Effects of the biological
nitrification inhibitor 1,9-decanediol on nitrification and ammonia oxidizers in three agricultural
soils. Soil Biology and Biochemistry 129, 48-59. d0i:10.1016/j.s0ilbi0.2018.11.008

Lucas, G.N., 2013. Dicyandiamide contamination of milk powders. Sri Lanka Journalof Child Health
42,63-64.d0i:10.4038/sljch.v42i2.5624

Luo, J., Ledgard, S., Wise, B., Welten, B., Lindsey, S., Judge, A., Sprosen, M., 2015. Effect of
dicyandiamide (DCD) delivery method, applicationrate, andseasonon pasture urine patchnitrous
oxide emissions. Biology and Fertility of Soils 51, 453-464. doi:10.1007/s00374-015-0993-4

MacKenzie, A.F., Fan, M.X., Cadrin, F., 1998. Nitrous oxide emission in three years as affected by
tillage, corn- soybean-alfalfa rotations, and nitrogen fertilization. Journal of Environmental
Quality 27, 698-703. d0i:10.2134/jeq1998.00472425002700030029x

Marsden, K.A., Mar n-Mart nez, A.J., Vallejo, A., Hill, P.W., Jones, D.L., Chadwick, D.R., 2016. The
mobility of nitrification inhibitors under simulated ruminant urine deposition and rainfall: a
comparison between DCD and DMPP. Biology and Fertility of Soils 52, 491-503.
doi:10.1007/s00374-016-1092-x

McGeough, K.L., Watson, C.J., Mdler, C., Laughlin, R.J., Chadwick, D.R., 2016. Evidence that the
efficacy of the nitrification inhibitor dicyandiamide (DCD) is affected by soil properties in UK
soils. Soil Biology and Biochemistry 94,222-232. d0i:10.1016/j.s0ilbi0.2015.11.017

Menéndez, S., Barrena, I., Setien, I., Gonzdez-Murua, C., Estavillo, J.M., 2012. Efficiency of
nitrification inhibitor DMPP to reduce nitrous oxide emissions under different temperature and
moisture conditions. Soil Biology and Biochemistry 53, 82—89. d0i:10.1016/j.s0ilbio.2012.04.026

Minet, E.P., Ledgard, S.F., Grant, J., Murphy, J.B., Krol, D.J., Lanigan, G.J., Luo, J., Richards, K.G.,
2018. Feedingdicyandiamide (DCD) to cattle: Aneffective methodto reduce N20 emissions from
urine patches in a heavy-textured soil under temperate climatic conditions. Science of the Total
Environment 615, 1319-1331. d0i:10.1016/j.scitotenv.2017.09.313

Miranda, K.M., Espey, M.G., Wink, D.A., 2001. A Rapid, Simple Spectrophotometric Method for
Simultaneous Detection of Nitrate and Nitrite. Nitric Oxide 5, 62-71.
doi:10.1006/NIO0X.2000.0319

Monaghan, R.M., Smith, L.C., de Klein, C.A.M., 2013. The effectiveness of the nitrification inhibitor
dicyandiamide (DCD) in reducing nitrate leaching and nitrous oxide emissions from a grazed
winter forage crop in southern new zealand. Agriculture, Ecosystemsand Environment 175, 29—

53



38.d0i:10.1016/j.agee.2013.04.019

Mosier, A.R., Duxbury, J.M., Freney, J.R., Heinemeyer, O., Minami, K., 1996. Nitrous Oxide
Emissions from Agricultural Fields: Assessment, Measurement and Mitigation, in: Progress in
Nitrogen Cycling Studies. Springer Netherlands, Dordrecht, pp. 589-602. doi:10.1007/978-94-
011-5450-5 97

Mulvaney, R.L., 1996. Nitrogen—Inorganic Forms, in: Methods of Soil Analysis Part 3—Chemical
Methods. Soil Science Society of America, American Society of Agronomy, pp. 1123-1184.
doi:10.2136/sssabookser5.3.c38

O’Callaghan, M., Gerard, E.M., Carter, P.E., Lardner, R., Sarathchandra, U., Burch, G., Ghani, A., Bell,
N., 2010. Effect of the nitrification inhibitor dicyandiamide (DCD) on microbial communities in
a pasture soil amended with bovine urine. Soil Biology and Biochemistry 42, 1425-1436.
doi:10.1016/j.s0ilbio.2010.05.003

Robinson, A., Di, H.J., Cameron, K.C., Podolyan, A., He, J., 2014. The effect of soil pH and
dicyandiamide (DCD) on N20O emissions andammonia oxidiser abundancein a stimulated grazed
pasture soil. Journal of Soils and Sediments 14, 1434-1444. doi:10.1007/s11368-014-0888-2

Schlesinger, W.H., 2009. On the fate of anthropogenic nitrogen. Proceedings of the National Academy
of Sciences 106, 203-208. d0i:10.1073/pnas.0810193105

Sharma, S.N., Prasad, R., 1995. Use of nitrification inhibitors (neem and DCD) to increase N efficiency
in maize-wheat cropping system. Fertilizer Research 44, 169-175. doi:10.1007/BF00750923

Subbarao, G. V., Ishikawa, T., Ito, O., Nakahara, K., Wang, H.Y., Berry, W.L., 2006. A
bioluminescence assay to detect nitrification inhibitors released from plant roots: A case study
with Brachiaria humidicola. Plant and Soil. doi:10.1007/s11104-006-9094-3

Subbarao, G. V., Nakahara, K., Hurtado, M.P., Ono, H., Moreta, D.E., Salcedo, A.F., Yoshihashi, AT.,
Ishikawa, T., Ishitani, M., Ohnishi-Kameyama, M., Yoshida, M., Rondon, M., Rao, I.M., Lascano,
C.E., Berry, W.L., Ito, O., 2009. Evidence for biological nitrification inhibition in Brachiaria
pastures. Proceedings of the National Academy of Sciences 106, 17302-17307.
d0i:10.1073/pnas.0903694106

Subbarao, G. V., Rondon, M., Ito, O., Ishikawa, T., Rao, .M., Nakahara, K., Lascano, C., Berry, W.L,
2007a. Biological nitrification inhibition (BNI) - Is ita widespread phenomenon? Plant and Soil.
doi:10.1007/s11104-006-9159-3

Subbarao, G. V., Tomohiro, B., Masahiro, K., Osamu, I., Samejima, H., Wang, H.Y., Pearse, S.J.,
Gopalakrishnan, S., Nakahara, K., Zakir Hossain, A.K.M., Tsujimoto, H., Berry, W.L., 2007b.
Can biological nitrification inhibition (BNI) genes from perennial Leymus racemosus (Triticeae)
combat nitrification in wheat farming? Plant and Soil. doi:10.1007/s11104-007-9360-z

Subbarao, G. V, Nakahara, K., Ishikawa, T., 2008. Free fatty acids fromthe pasture grass Brachiaria
humidicolaandoneof their methyl esters as inhibitors of nitrification 89-99. doi:10.1007/s11104-
008-9682-5

Sun, L., Lu, Y., Yu, F., Kronzucker, H.J., Shi, W., 2016. Biological nitrification inhibition by rice root
exudates and its relationship with nitrogen-use efficiency. New Phytologist 212, 646—656.
doi:10.1111/nph.14057

Wang, Q., Hu, H.W., Shen, J.P., Du, S., Zhang, L.M., He, J.Z., Han, L.L., 2017. Effects of the
nitrification inhibitor dicyandiamide (DCD) on N20Oemissions and the abundance of nitrifiers and
denitrifiersin two contrasting agricultural soils. Journal of Soils and Sediments 17, 1635-1643.
doi:10.1007/s11368-016-1633-9

Welten, B.G., Ledgard, S.F., Luo, J., 2014. Administration of dicyandiamide to dairy cows via drinking
water reduces nitrogen losses from grazed pastures, in: Journal of Agricultural Science.
Cambridge University Press, pp. S150-S158. doi:10.1017/S0021859613000634

Wrage, N., Velthof, G.., van Beusichem, M.., Oenema, O., 2001. Role of nitrifier denitrification in the

94



production of nitrous oxide. Soil Biology and Biochemistry 33, 1723-1732. doi:10.1016/S0038-
0717(01)00096-7

Zakir, H.A.K.M., Subbarao, G. V, Pearse, S.J., Gopalakrishnan, S., Ito, O., Ishikawa, T., Kawano, N.,
Nakahara, K., Yoshihashi, T., Ono, H., Yoshida, M., 2008. Detection, isolation and
characterization of a root-exuded compound, methyl 3-(4-hydroxyphenyl) propionate, responsible
for biological nitrification inhibition by sorghum (Sorghum bicolor). New Phytologist 180, 442—
451.doi:10.1111/j.1469-8137.2008.02576.x

Zerulla, W., Barth, T., Dressel, J., Erhardt, K., Horchler von Locquenghien, K., Pasda, G., R??dle, M.,
Wissemeier, A., 2001. 3,4-Dimethylpyrazole phosphate (DMPP) - A new nitrification inhibitor
for agriculture and horticulture. An introduction. Biology and Fertility of Soils 34, 79-84.
doi:10.1007/s003740100380

Zhang, L.M., Hu, H.W., Shen, J.P., He, J.Z., 2012. Ammonia-oxidizing archaea have more important
role than ammonia-oxidizing bacteriain ammonia oxidation of stronglyacidicsoils. ISME Joumnal
6,1032-1045. d0i:10.1038/ismej.2011.168

95



Chapter 4: Relative efficacy and stability of biological and synthetic
nitrification inhibitors in a highly nitrifying soil: evidence of indirect

nitrification inhibition by linoleic acid and linolenic acid

Yan Mat ", Davey L. Jones' 2, Jinyang Wang!, Laura M. Cardenas®, David R. Chadwick*

1 School of Natural Sciences, Bangor University, Bangor, Gwynedd, LL57 2UW, UK
2 SoilsWest, UWA School of Agriculture and Environment, The University of Western Australia,
Perth, WA 6009, Australia
3 Sustainable Agriculture Sciences Department, North Wyke, Okehampton, Devon, EX20 2SB, UK
* Interdisciplinary Research Centre for Agriculture Green Development in Yangtze River Basin,

Southwest University, Chongging, China

“Correspondence: Yan Ma. Email: mtfy@cau.edu.cn.

Running Title: Apparent biological nitrification inhibition

This manuscript has been submitted to the journal of ‘European Journal of Soil Science’.

56


mailto:mtfy@cau.edu.cn

Abstract

Biological nitrification inhibition (BNI) is a plant-mediated rhizosphere process where natural
nitrification inhibitors (NIs) can be produced and released by roots to suppress nitrifier activity in soil.
Although nitrification is one of the critical soil processes in the nitrogen (N) cycle, unrestricted and
rapid nitrification in agricultural systems can result in major losses of N from the plant-soil system (i.e.
by nitrate (NO3") leaching and gaseous N emissions). In this study, we explored the potential efficacy
of biological (linoleic acid, LA and linolenic acid, LN) versus a proven efficient synthetic NI
(dicyandiamide, DCD) on N dynamics, N,O and CO, emissions in a highly nitrifying soil. **C-labelled
LA, LN and DCD mineralisation was determined in a parallel experiment to explore the fate of
inhibitors afterapplication. We found that LA and LN had no effect on soil NH,* concentrations, but
significantly decreased NO3™ concentrations. Soil that received DCD had lower NO; and higher NH,*
concentrations than the control (soil without NIs). Linoleicacid and LN increased the cumulative N,O
and CO, emissions when they were applied at high concentrations (635 or 1270 mg kg* dry soil).
Linoleic acid and LN had a much greater mineralisation rates than that of DCD, 47-56%, 37-61% and
2.7-5.5%, respectively after 38-d incubation. We conclude that in contrast to the direct inhibition of
nitrification caused by DCD, that addition of high concentrations of LA and LN cause apparent
nitrification inhibition by promoting microbial immobilisation of soil NH,* and/or NOs™. In contrast to
DCD, high concentrationsof LA and LN are sources of highly bioavailable carbon (C) in the soil and
they may stimulate N,O loss via denitrification. Future studies on NlIs need to clearly differentiate
between the direct and potential indirect effects which result from addition of these compounds to soil.
Highlights
e We exploredthe efficacy and stability of nitrification inhibitors in a highly nitrifying soil.

e This study supports efforts to mitigate N losses and improve nitrogen use efficiency of inputs.
e Addition of LA, LN and DCD can decrease NO3 concentration, but their mode of action is
different.

e Theapparent ‘inhibitory’ effect of LA and LN on soil NO; concentration could be indirect.
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4.1. Introduction

In the past decades, the global supply of nitrogen (N) fertilisers has increased dramatically, and is
estimated to reach 171 million tonnes in 2020 (FAO, 2017). Chemical fertilisers represent the main
global inputof N to agriculture soils (6 1% of the total), with additional N supplied via livestock manures
(16%), symbiotic and associative N fixation (18%), and atmospheric N deposition (5%) (Lassaletta et
al., 2014). Although the use of synthetic N fertilisers is central to maintaining food security, their use
is also strongly associated with many of the world’s most serious environmental problems (e.g. marine
eutrophication, global warming, ozone depletion and air pollution) (Erisman et al., 2013). These issues
are directly associated with the inefficient use of fertiliser N and large losses of N from agricultural
systems either in gaseous (e.g. ammonia (NHs), nitrous oxide (N,O) and dinitrogen (N.)) or aqueous
forms (dissolved organic N, nitrate (NOj3’)) (Gardiner et al., 2016). The global average N use efficiency
(NUE) (the percentage of applied fertiliser N recovered from the crop) is very low (ca. 47%) with little
improvement seen in the last 30 years (Lassaletta et al., 2014). There is therefore an urgent need to
devise practical and cost-effective solutionsto promote greater capture of fertiliser N by crop plants
and to minimise N loss pathways (e.g. leaching, surface run-off, denitrification and volatilisation). Of
the numerous proposed strategies, one that is particularly promising is the targeting of chemicals to
control critical N transformations in the soil N cycle where large N losses are known to occur (e.g. urea
— NH,*and NH," — NOy).

Nitrification is a key soil process, responsible for the conversion of ammonia (NH,*) to NOs
(Firestone and Davidson, 1989). Itis a two-step microbially mediated process carried out by chemo-
autotrophic nitrifying bacteria, first oxidising NH,* to nitrite (NO,) and then oxidising NO, to NO5
(Firestone and Davidson, 1989). Two groupsof soil microorganisms,ammonia oxidising bacteria (AOB)
(mainly Nitrosomonas spp. and Nitrosospira spp.) and ammonia oxidising archaea (AOA), are largely

responsible for the biological oxidation of NH,* to NO;™ (Beeckman et al., 2018; Leininger et al., 2006;
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Taylor et al., 2010). Nitrification, nitrifier-denitrification and denitrification are primarily biological
mediated processes in soil which are responsible for N,O generation (Gardiner et al., 2016; Hofstra and
Bouwman, 2005; Smith etal., 1997; Tubielloetal., 2013). However, denitrification cannot take place
without the substrate NO3~. Thus, controlling nitrification represents a good potential way to
simultaneously improve NUE, reduce greenhouse gas emissions (GHG) and attenuate NO5 leaching.

Synthetic nitrification inhibitors (NIs), such as dicyandiamide (DCD), 3,4-dimethylpyrazol-
phosphate (DMPP) and 2-chloro-6-(trichloromethyl)-pyridine (Nitrapyrin) have beendeveloped for use
in agriculture to help slow nitrification and reduce soil N losses (Li etal., 2008; Menéndez et al., 2012;
Weiske et al., 2001; WU et al., 2007). The synthetic Nls specifically suppress the ammonia
monooxygenases (AMO) pathway within nitrification (Subbarao et al., 2008). In addition to improving
NUE (Monaghanetal., 2013; WU et al., 2007), the application of NIs may also improve the economic
and environmental footprint of food production, and in some cases improve agronomic yield (Li et al.,
2018D). In the case of DCD, the application of low doses to N-sources applied or deposited to grassland
soils (10 to 50 mg kg soil) has been shown to reduce N,O emissions by 26-82% and CO, emissions
by 7% (Chadwick et al., 2018; Di and Cameron, 2016; Weiske et al., 2001). Despite their proven
benefits, however, synthetic NIs suffer from anumber of challenges thatmay limittheiradoption. These
include: i) lack of chemical stability and variable responses in different soil types and
moisture/temperature regimes (Marsden et al., 2016b; McGeough et al., 2016; Menéndez et al., 2012),
ii) lack of cost-effective and practical delivery strategies to spatially-targeted NI application in the field
(e.g. urine patches) (Ledgardetal.,2008; Luoetal., 2015; Minetetal., 2018, 2016; Welten etal., 2014),
and iii) recent evidence that synthetic Nls (e.g. DCD) can contaminate grazed grass (Kim et al., 2012)
and be taken up by plants (Marsden et al., 2015), finding their way into the human food chain (Lucas,
2013), resulting in negative public perception.

Biological nitrification inhibition (BNI) is a plant-mediated rhizosphere process where Nls are
produced and released from roots that can suppress nitrifier activity in soil (Subbarao etal., 2006a).
Harnessing this potential to promote greater NUE is highly desirable and has several benefits over
synthetic Nls including: low cost, delivery through the entire root zone, continuous production, greater
public acceptability and lower carbon (C) footprint. Most biological Nls released by plants inhibit
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nitrification by suppressing both AMO and hydroxylamine oxidoreductase (HAO) enzymatic pathways
in Nitrosomonas (Table 2.1). Brachiaria humidicola is a common tropical pasture grass that contains
substantial amounts of biological NIs within its root and shoot tissues (Gopalakrishnan et al., 2007;
Subbaraoetal., 2009, 2008). Of these biological Nls, brachialactone has been found to contribute 60-
90% of the inhibitory activity released from the root (Subbarao etal., 2009). In addition, two other
biological Nls (i.e. linoleic acid, LA and linolenic acid, LN) have been identified from the shoot tissue
of Brachiaria humidicola (Subbarao et al., 2008). When applied to soil as pure compounds, LA and LN
have been shown to promote NH,* retention and reduce NOs™ levels (Subbarao et al., 2008). Most
researches have focussed on the effects of biological NIs on soil receiving NH,*-based fertiliser
(Subbaraoetal., 2007a,2013,2008; Sun etal., 2016) or urine (Byrnesetal., 2017). However, little is
known about the effects of BNIs on ‘residual’ soil NH,*-N, especially that produced in strongly
nitrifying soils.

The aims of our study were therefore to: 1) compare the relative effect of LA and LN with DCD
on ‘residual’ NH,*and NOj concentrations in a highly nitrifying soil; 2) evaluate the effect of LA, LN
and DCD on N,O and carbon dioxide (CO,) emissions from soil; and 3) explore the stability
(mineralisation rate) of LA, LN and DCD in soil. In addition, we use our results to explore if reported
nitrificationinhibitionby biological NIs couldactually bethe resultof an indirect effect due to microbial

immobilisation of N, stimulated by the addition of available C in LA and LN.

4.2. Materials and methods

4.2.1. Soil properties

A sandy clay loam textured Eutric Cambisol collected from a sheep-grazed fertilised grassland in
North Waleswas used for thisstudy (53°24°N, 4°02°W) (Table 4.1). Thissoil was chosenas itis known
to possess very high nitrification rates (Joneset al., 2004). The soil had not been previously exposed to
LA, LN or DCD, and had not been grazed for >3 months prior to collection. Four independent replicate

soil samples (0-10 cm depth) were collected, and sieved to pass 2 mm, then stored at4 <C in loosely
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sealed bags for 5 days before the incubation experiment was prepared. Each replicate soil sample
collected was used as an experimental replicate (n=4).

Soil moisture content was determined after ovendrying (105 <C, 24 h), and soil organic matter
content determined by loss-on-ignition in a muffle furnace (450 <C, 16 h) (Ball, 1964). Soil pH and
electrical conductivity (EC) were measured on fresh soil using standard electrodes (1:2.5 (w/v) soil-to-
distilled water). Total soil Cand N concentrations weredetermined on oven-dried soil usinga CHN2000
analyser (Leco Corp., St. Joseph, MI). Extractable NH,* and NO3" concentrations were measured
colorimetrically on 1:5 (w/v) fresh soil-to-1 M KCI extracts, using the methods of Mulvaney (1996)
and Miranda etal. (2001), respectively.

Table 4.1 Properties of soils (0-10 cm) used in the incubation experiments.

Soil property Eutric Cambisol
Moisture content (%) 25.14 +0.06
Organic matter (%) 5.26 +0.29

pH 5.47 £0.01
Electrical conductivity (S cm™)  103.4 £0.49
Total carbon (g kg™ dry soil) 22.13+1.19
Total nitrogen (g kg™ dry soil) 2.33+0.13
NH4*-N (mg kg* dry soil) 4,17 +0.05
NOz-N (mg kg™ dry soil) 21.29 +1.20

Values represent means =standard error (n=4).

4.2 .2. Effect of LA, LN and DCD on soil nitrification

To characterize the effect of LA, LN and DCD on soil nitrification, a soil incubation experiment
was conducted. Pure compounds of LA, LN and DCD (Sigma-Aldrich, Gillingham, UK) were added to
450 g of the sandy loam soil in containers (volume: 850 ml; Length xWidth x<Height: 137 %104 %120
mm) at a range of concentrations. LA and LN were appliedat 12.7,127, 635and 1270 mg kg* dry soil
(equivalent to 10, 100, 500 and 1000 mg kg* wet soil), In this study we included biological NI
treatments at higher application rates than used in Chapter 3. These higher rates of inclusion were
similarto some of thoseusedin previous studiesthat have shown inhibitory effects of specific biological
NIs on nitrification rates, measured as a reduction in soil NO3" formation compared to the control

treatment (Subbarao et al., 2008). Dicyandiamide was added at the concentration of 0 (control), 12.7,

61



63.5and 127mgkg* dry soil (equivalentto 0, 10,50 and 100mgkg* wetsoil) (Subbaraoetal., 2006b),
127 mg kg? dry soil DCD was added to compare its effects with LA and LN under the same
concentration. To ensure uniform mixing of the small quantities of Nls in the soil, the NIs were first
mixed with sterile fine-grained quartz sand. Firstly, LA and LN were dissolved in a small amount of
ethanol, which was then mixed with fine quartz sand (50 i ethanol g* sand) and evaporated to dryness
under a stream of air. The NI-labelled sand was then mixed into the soil (0.065 g sand g wet soil). For
the DCD treatments, DCD was dissolved in distilled water and mixed with the same quartz sand and
add to soil as described above.

The experiment consisted of two sets of containers. One set of containers was used for regular soil
sampling, and another set of containers was used for GHG sampling. Containers (850 ml) containing
the NI-labelled soil (450 g soil container™) were covered with Parafilm® (Bemis Inc, Neenah, WI) to
allow gasexchange butto retain moisture. Everythree days, the containers were weighedand deionised
water was added if it was necessary to maintain soil moisture. The containers were incubated in the
dark in a temperature-controlled roomat 10 <C, the mean annual air temperature in NW Wales (Hill et
al., 2015). The soil water status during the experiment was maintained at 60% water filled pore space
(WFPS) to optimise conditions for nitrification (Mosier et al., 1996). The incubation experiment lasted
38 d. During that time, soil samples and GHG samples were collected every two or three days during
the firsttwo weeks after Nl application. Afterwards, sampling continued ata frequency of once or twice
per week. Soils in the containers were not disturbed when soil samples were collected.

Ateach sampling time, soil (5 g) was extracted with 25 ml of 1 M KCl in an orbital shaker at 200
rev min* (1 h, 20 <C), the extracts were centrifuged (10 min, 3800 g), filtered through a Whatman No.1
filter paper, and stored at -20 <C to await analysis for NH,* and NO; as described above. For GHG
sampling, air-tight lids fitted with septum were attached to the incubation vessels, and syringes (20 ml)
fitted with hypodermic needles were used to collect two gas samples from the headspace (0 and 60 min
after the lids were closed). The increase in gas concentration in the headspace was assumed to be linear
over 1 h, based on headspace gas analysis of replicated vessels filled with the same quantity of soil at
same %WFPS and temperature (see Appendix 2 for details; N,O, R?=0.936; CO,, R?=0.993). Gas
samples were transferred to pre-evacuated 20 ml headspace glass vials fitted with rubber butyl septa
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crimp caps. Gas samples were analysed by gas chromatography (GC) (Clarus 580 GC; PerkinElmer
Corp., Waltham, MA) equipped with a capillary column and an electron capture detector (ECD) for
N,O detection and a flame ionization detector (FID) for CO,. Standards of N,O and CO, were placed

in vials, stored and analysed at the same time as the samples.

4.2.3. Mineralisation of **C-labelled LA, LN and DCD within soil

In a parallel experiment, a *C-labelling approach (Marsden et al., 2016b) was used in the
incubation experiment to assess the stability of LA, LN and DCD in soil, i.e. their mineralisation rate.
14C-labelled LA, LN and DCD (American Radiolabelled Chemical Inc., St Louis, MO) were added to
5 g of soil (collected in section 4.2.1) contained in sealed polypropylene tubes (50 ml) using the same
method described above (section 4.2.2), and at the same range of concentrations (LA and LN applied
at12.7,127,635and 1270 mg kg* dry soil; DCD at 12.7, 63.5and 127 mg kg™ dry soil). Soils were
incubated at 10 <T in the dark for 38 d.

At the beginning of the incubation, the *C activity of substrates solution (**C-labelled LA, LN and
DCD) added to the soil was determined by liquid scintillation counting after mixing with HiSafe 3
scintillant (4 ml) (PerkinElmer Corp.). After adding of the *C-labelled NI to the soil, a vial containing
1 M NaOH (1 ml) was placed above the soil surface to absorb any #CO, evolved (capture
efficiency>95%; Boddy et al., 2007) and the tubes sealed. The **CQO, traps were changed two or three
times in the first two weeks after which they were changed weekly. The *C activity of the NaOH
solution was thendetermined by liquidscintillationcounting after mixing with 4 ml HiSafe 3 scintillant.
After 38 d, the soil (5 g) was extracted by shaking with either 25 ml ethanol or distilled water (1 h, 200
rev min?), the extracts were centrifuged (10 min, 3850 g) and the *C of the supernatant was determined

by liquid scintillation counting as described above.

4.2 .4. Data calculations

The effect of LA, LN and DCD on soil nitrification was characterised after the 38-d incubation

study. Treatment effect on soil NO;™ concentration was estimated as Eq. (4.1) (Subbarao et al., 2007b).
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NO3—N concentration in treatment

Treatment effect on NO3 concentration = (1 - ) x100%  (4.1)

NO3 —N concentration in control
Fluxes of N,Oand CO, were estimated from the slope of the linear regression between headspace

concentrations at the two time pointsas Eq. (4.2) and (4.3) (MacKenzie et al., 1998).

28 dc_ Vx60
Fno =— X — 4.2
N-N20 = 54 Tdat ™ w (4.2)
12 dc_ V60
Fe_ =—X—X 4.3
C=C027 24 " at ™ w (4.3)

Where Fy_,0 is the flux of N-N,Oin pg kg™ dry soil h, Fc_¢q,is the flux of C-CO, in pg kg*
dry soil h, 28 is the molar mass of N in N,O, 12 is the molar mass of C in CO,, 22.4 is the molar
volume of an idea gas at standard temperature and pressure, j—: is the initial rate of change in

concentration with time in ppb min-t, Vis the volume of the headspace in m3, W is the dry weight of
soil added in the container in kg, 60 converts minutes to hours.
CumulativeN,O and CO, emissions, were calculated from estimated mean daily fluxesas Eq. (4.4)

(Lietal., 2016).
Fry1 = %Zlf[AiX (f; + fiy1)] (4.4)
Where Fy,4 is the cumulative flux fromthed 1 tod (k +1) in pg N kg dry soil or pg C kgt dry
soil, A; is the time interval betweenthe d iand d (i +1) in h, f; is the mean fluxon the d i in in pg kg?
dry soil h.
Mineralisation rate of *“C-labelled LA, LN and DCD was determined as Eq. (4.5) (Marsden et al.,

2015).

14C activity of NaOH solution
14C activity of substrate

x 100% (4.5)

Mineralisation rate (%) =

To explore if reported BNI may be indirect, e.g. as a result of immobilisation of N resulting from
the addition of highly available C in the biological NIs, we calculated potential soil microbial N
immobilisationindirectly. We usedthe % C mineralised (from the*CO, measurements) of the N1s (Fig.
4.4) to estimate the total C available to the soil microbial biomass, using the individual C contents (i.e.
based on their molecular structures: LA: C1gH3,0,, LN: C13H3,0,, DCD: C,H;N,4). The microbial N
demand needed to assimilate the C-rich substrates was calculated, in mg N kg* dry soil (predicted

value), using the standard C:N ratio of the soil microbial biomass of 8:1 (G. Chenetal., 2003). Whilst
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we recognise there may be some variation in the C:N of the microbial biomass, we based the choice of
this ratio (value) on the average from Xu et al. (2013), a global analysis of >3000 data points from the
World's major biomass. The observed amount of N immobilisation was calculated indirectly from the
extractable soil mineral N measurementsas Eq. (4.6) shows, in mg N kg dry soil (observed value).
These calculations were made on all concentrations for the LA and LN treatmentsatd 6,d 11, d 14 and
d 35.

N immobilised = (NH;” — N + NO3 — Nin control) - (NH;” — N 4+ NO3 — N in treatment) (4.6)

4.2.5. Statistical analysis

A repeated measurement analysis of variance (RMANOVA) was used to test concentrations of NI
(LA, LN or DCD) on NH,4*, NO3", CO, flux and treatment effect on soil NO5 concentration during the
incubation period. A one-way ANOVA was applied to determine the effect of LA, LN or DCD
concentrations oncumulative N,O, CO, and mineralisation rate. In addition, a linear regression analysis
was undertaken to relate the predicted microbial N immaobilisation (predicted value, section 4.2.4) and
observed N immobilisation (observed value, section 4.2.4) as a result of added available C in the LA
and LN treatments. All statistical analyses were performed in SPSS Statistics 25.0 (IBM Inc., Armonk,

NY).

4.3. Results

4.3.1. Soil ammonium concentrations

During the monitoring period, NH,* concentration varied significantly (P;,m.<0.001, Table 4.2)
with incubation time and showed a similar trend in the LA, LN and DCD treatments (Fig. 4.1a, b, ).
The soil NH,* concentration increased during the first 8 days, then decreased over the following 27
days, with a small additional increase atd 27 inthe LA, LN and DCD treatments. During the incubation
period, there were no significant effects of LA (P=0.804) or LN (P=0.431) on soil NH,* concentration.
The NH,* concentrations in the DCD 10, DCD 50 and DCD 100 treatments remained significantly

higher than that in the control (without NI), reaching 4.7 mg N kg dry soil, 12.4 mgN kg* dry soil,
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and 15.8 mgN kg* dry soil after incubation (in the control, 0.8 mgN kg dry soil). Throughout the
monitoring period, DCD significantly affected soil NH,* concentrations (P<0.001), with soil NH,*
concentrations increased as the concentration of DCD increased at almost all sampling days (with the

exceptionofd 6 and d 11).

4.3.2. Soil nitrate concentrations

Soil NO; concentrations increased slowly during the experimental period, and variedsignificantly
(Ptime<0.001, Table 4.2) with the incubation time in the LA, LN and DCD treatments (Fig. 4.1d, ¢, ).
Compared with the control, the addition of LA (P<0.001), LN (P<0.001) and DCD (P<0.01)
significantly decreased soil NO3™ concentrations. There was almost no effect of the LA 10 treatment on
soil NO;™ concentration (averaging a reduction of 0.6%, Fig. 4.1g). During the monitoring period, the
LA 100, LA 500 and LA 1000 treatments resulted in average reductions in soil NO ;™ concentrations of
16.5%, 63.2% and 93.5%, respectively. The concentration of LN required to reduce soil NOs
concentration was substantially higher than that for LA (Fig. 4.1h), with the LN 100, LN 500 and LN
1000 treatmentsresulting in average reductionsin soil NO 3 concentrations of 11.5%, 36.8% and 50.8%.
For DCD, the effect on soil NOs concentration significantly increased as DCD concentration increased
(P<0.05-0.01, Fig. 4.1i), with soil NO3 concentration reductions of 15.0%, 31.1% and 39.6% for the

DCD 10, DCD 50 and DCD 100 treatments, respectively.
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Fig. 4.1 Effect of different concentrations of linoleic acid (LA, panels a, d, g), linolenic acid (LN,
panels b, e, h) and DCD (panelsc, f, i) onsoil NH,*, NOs concentrations and treatment effect on soil
NO; concentration during a 38-d incubation at 10 <C. Error bars represent standard error of the mean

(n=4).

4.3.3. N,O emissions

Generally, cumulative N,O emissionsinthe LA and LN treatments increased as the concentrations
increased (Fig. 4.2). In the LA 500 and LA 1000 treatments, the cumulative N,O emissions were
significantly higher than that in the control, LA 10 and LA 100 treatments (P<0.01-0.001), and no

significant differences (P>0.05) were observed between the control, LA 10 and LA 100 treatments.
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Similar effects were also observed in the LN treatments. After the 38-d incubation, the cumulative N,O
emissions in the LA 500 treatment and LA 1000 treatment were 201 pg N kgt dry soil and 271 g N
kg dry soil, respectively, whilst the cumulative N,O emissions in the LN 500 and LN 1000 treatments
were 138 g N kg dry soil and 156 g N kg* dry soil. During the monitoring period, there was no
significant effect (P>0.05) of the concentration of DCD on soil cumulative N,O emission (Fig. 4.2).
After 38-d incubation, the cumulative N,O emissions were 58.1 g N kg dry soil, 87.9 pg N kg dry
soil, 95.0 pg N kgt dry soil and 64.7 g N kg dry soil in the control, DCD 10, DCD 50 and DCD 100

treatments, respectively.
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Fig. 4.2 Effect of different concentrations of linoleic acid (LA), linolenicacid (LN) and DCD on
cumulative N,O emissionsduring a 38-d incubation at 10 <C. Error bars represent standard error of
the mean (n=4). Different letters indicate significant differences between treatments at P<0.05 by

LSD test.

4.3.4. CO, emissions

As shown in Fig. 4.3a, b and c, the daily CO, emissions varied significantly (Pyine<0.001, Table

4.2) with incubation time. In the LA, LN and DCD treatments, daily CO, emissions increased rapidly
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fromd 1tod 4, and then decreased gradually. At d 4, the peak CO, emissions in the LA 500 and LA
1000 treatmentswere 1.1 mg C kg* dry soil h*and 1.6 mg C kg* dry soil h, and were 1.4 mg C kg*
dry soilhtand 2.1 mg C kg dry soil h in the LN 500 and LN 1000 treatments, respectively. But in
the control, the CO, emissions declined rapidly fromd 1 to d 6, and then decreased gradually during
the remainder of the 38-d incubation period. During the incubation period, daily CO, emissions were
significantly affected by the application of LA, LN and DCD (P<0.01-0.001).

In the LA 10 treatment, the cumulative CO, emissions was significantly (P<0.01) lower, with a
reductionrate of 27.7% comparedto the control. No significant (P>0.05) effects of LN additionat lower
concentrations (Control, LN 10 and LN 100) on cumulative CO, emissions were observed. LA and LN
applied at 635 and 1270 mg kg* dry soil significantly (P<0.001) increased the cumulative CO,
emissions, with anincrease of 86.5% and 176% in the LA treatments, and 68.5% and 189% in the LN
treatments, respectively. There were no significant differences between the control and DCD 10
treatment (P=0.185), and between the control and DCD 100 treatment (P=0.283). In the DCD 50

treatment, the cumulative CO, emission was significantly lower (P<0.01) with a reduction of 26.8%.

Table 4.2 Repeated measurement analysis of variance on soil NH,* and NO5™ concentrations,

treatment effect on soil NO5 concentration and CO, fluxes in the LA, LN and DCD treatments.

Source NI Time NI <Time
df F df F df F
LA
NH4* 4 04 7 11397 28 1.8
NO3 4 42317 7 2557 28 437
Treatment effect on NO3” 3 27721 7 38" 21 1.7
CO; flux 4  166.3™ 8 508" 32 1057
LN
NH,* 4 11 7 1151 28 3.2
NO3s 4 520 7 3667 28 267
Treatment effect on NO3” 3 6717 7 67 21 22"
CO; flux 4 1484 8 6227 32 1197
DCD
NH.* 3 8737 7 37T 21 427
NOs 3 49.07 7 2657 21 44
Treatment effect on NO3™ 2 8207 7 917 14 47"
CO; flux 3 92" 8 2367 24 457

*P<0.05, " P<0.01, ""P<0.001.
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4.3.5. Microbial mineralisation of **C-labelled LA, LN and DCD

During the incubation period, the overall patterns of LA (Fig. 4.4a) and LN (Fig. 4.4b)
mineralisation were similar. The mineralisation of LA and LN were initially rapid (d 1 to d 6) and
became progressively slower over the 38-dincubation period. After the 38-dincubation period, the total
mineralisation rate averaged 52.6% ranging from 46.9% to 55.7% in the LA treatments, and averaged
50.7% ranging from 36.6% to 60.7% in the LN treatments. In comparison with LA and LN, the
mineralisation rate of DCD was much lower (Fig. 4.4c), with a total mineralisation rate of 5.5%, 2.9%
and 2.7%in the DCD 10, DCD 50 and DCD 100 treatments after the 38-d incubation.

At the end of the 38-d incubation, the amount of **C-labelled LA, LN and DCD remaining in the
soil were quantified by extracting in water or ethanol (Table 4.3). In the water-based extraction, only
2.1-2.6%o0f“C-labelled LA, and2.7-2.8% of the *C-labelled LN remained,compared with 20.6-25.3%
of the **C-labelled DCD. In the LA and LN treatments, the quantities detected from the ethanol
extraction were greater than that of water extractions, viz. 3.9-5.2% '“C-labelled LA, and 4.2-5.5% “C-
labelled LN, with only 3.3-6.8% of the *C-labelled DCD being detected in the ethanol extractions. In
the LA, LN and DCD treatments, 37.2-45.4%, 30.9-55.9% and 64.5-73.2% of the *C-labelled
substrates were not recovered in the water and ethanol extraction, indicating immobilisation of the
remaining *C by the soil biomass. As there is no satisfactory technique (e.g. chloroform-fumigation
extraction) forassessing the quantity of isotope contained in the microbial biomass (Glanville et al.,

2016), this could not be verified.

71



1581 S14AQ G0°0>d e SlusWILaI) UsaMIaq SUBIBLIP JUeIIUBIS 81edIpul SIena| Jualaylq “(f=Uu) ueaw ay} 4O 1048 piepuels
Wwasaldal sieq 1043 ", OT 1 uonegnaul p-g€ e Buiinp j10s wreoj Aejo Apues e ul (9 jpued) o @ pue (g |sued ‘NT) p1oe d1usjoul|

‘(e ]oued ‘1) p1oe 2I8j0Ul| Pa]JaCR|-Dyr 4O 818 UOIRZI[RJaulll U0 SUOITRIIUSIUOI SI0NqIYUl UonealyLIu Jo10ay3 v’ B4

(sfep) awy uoneqnay| (sfep) sy uoneqnoy| (sAep) swn uoneqnouy)|

Or GE 0€ 14 02 Sl 0l S 0 )4 =1y 0e &2 0z Sl 0l S 0 o SE 0e Se 0g Sl 0k S

1 1 1 1 Il 1 1 O 1 1 1 Il 1 Il 1 1 1
000k N1 000k Y1 =
00S N1 00SY1 &
001 N7 00LY1 o©
0L N1 oLyl e
0l
09 2@ > o
‘\.\m\\\\ -
- s T
\\..‘...%. og® \\\\b.. T
Q% SR il e = - 0s
ek i WWWH]\--.-
00L 00O A - | |e .
0500d o .
TR e (2) (@) (®)
02

0L

72

{05} @yel uonezielaully



Table 4.3 1“C-labelled LA, LN and DCD extracted from soil at the end of the 38-d incubation period.
Different lettersindicate significant differences between treatments for each extractant at P<0.05 by

LSD. Values represent means standard error (n=4).

14C-compound in water  **C-compound in ethanol

N (%) (%)
LA
~ LA10 2.620.4¢ 5.140.8 ab
LA 100 21403 ¢ 4.4+1.2 be
LA 500 26407 ¢C 3.9+1.0 be
LA 1000  3.1#02c 5.240.6 ab
LN
T LN10 28402 ¢ 4.740.5 abc
LN 100 28403 ¢ 5.540.4 ab
LN 500 2740.1¢c 4.240.5 he
LN 1000  3.240.4c 5.240.3 ab
DCD
~ DCD10 23.242.9 ab 6.810.4 a
DCD50  20.6425b 3.340.6 be
DCD100 25.2+2.4a 5.020.2 abc

4.3.6. Apparent CO, emissions changes in the total amount of **CO,

During the monitoring period, cumulative CO, emissions above that of the control treatment
(cumulative CO, emissions in the LA/LN treatments minusthat in the control, y in mg C kg* dry soil )
were significantly related with the amount of **CO, (x in mg C kg* dry soil) (P<0.001), as measured
using the **C-labelled LA and LN. The relationship for LA was y=0.62x-27.85 (R?=0.982) and for LN
was y=0.58x-14.44 (R?=0.982). The apparent linear relationship suggests that the additional CO,
emissions in the LA/LN 500 and LA/LN 1000 treatments were mainly associated with the

mineralisation of added LA and LN.

4.3.7. Soil microbial N immobilisation

There was a strong linear relationship between the predicted value (potential soil microbial N
immobilisation asa result of the added available C inthe LA and LN) and observed value (the observed
amount of N immobilization) forthe LA (Fig. 4.5a, P<0.001) and LN treatments (Fig. 4.5b, P<0.001).

This linear relationship between predicted and observed immobilisation value indicates that at high
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concentrations of addition, LA and LN result in microbial N immobilisation of NH,* and/or NO5". This

effect was not observed for DCD addition in this study.
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Fig. 4.5 Relationship between predicted and observed N immobilization in the linoleic acid (LA,
panel a) and linolenic acid (LN, panel b) treatments. LA: y=0.51x+2.67, R?=0.74; LN: y=0.21x+6.24,

R2=0.42.

4.4. Discussion

Nitrification inhibitors are capable of delaying the oxidisation of NH,* to NO;™ effectively to
mitigate the negative impact of NO; on the environment (Guo et al., 2013; Subbarao et al., 2008).
Previous studies, where an additional source of NH,* has been applied, have indicated that LA and LN
show direct nitrification inhibition due to blocking the AMO and HAO enzymatic pathways which play
a critical role in the oxidation of NH,* to NO, in Nitrosomonas (Subbarao et al., 2008). In this study,
with no added NH,* source, and where soil NH,* and NO;™ concentrations were <6 mg kg™ and <24 mg
kg?, respectively, we observed that the addition of high concentrations of LA and LN decreased soil
NO;" concentration significantly, but did not have an appreciable effect on the residual NH;*

concentration in soil (Fig. 4.1). In contrast, the addition of DCD resulted in high soil NH,* and low

74



NO; concentrations, corroborating the direct effect of this NI on NO; formation as seen other studies
(Chavesetal., 2006; McGeough etal., 2016).

The NO; concentration decreased significantly as expected, but the NH,4* concentration did not
increase correspondingly in this study. A decline in NH,* supply rather than toxicity of specific
compounds to nitrifiers have at times explained low nitrification rates (Schimel et al., 1996), and
heterotrophic NO5; immobilisation could occur when NH,* concentrations are low (Rice and Tiedje,
1989). Thus, we hypothesise that the apparent nitrification inhibition (i.e. reduction in soil NOg
concentration) observed when high concentrations of LA and LN are added to a highly nitrifying soil
(with no NH,;* amendment) could be the result of microbial immobilisation of N (i.e. an indirect effect),
in contrast to the direct inhibition proven for NlIs such as DCD (Guo et al., 2013; Subbarao et al., 2008).

The linear relationship between the predicted microbial N immobilisation (predicted value) using
the 4C-labelling method and observed N immobilisation (observed value) (Fig. 4.5) provided evidence
for the immobilisation effect of LA and LN. Numerous studies have shown that the addition of labile
C-rich substrates to soil can increase net N immobilisation, and is an indicator of immediate microbial
response to the C substrate (G. Chen et al., 2003; Magill and Aber, 2000; Vinten et al., 2002). The
addition of organic C stimulates the growth of soil microorganisms until they become limited by N
availability (Garten and Wullschleger, 2000; Martin and Johnson, 1995). The compounds used in this
study contained 77% C (for LA and LN) supporting this theory. Compared with DCD, the relatively
rapid and high mineralisation of LA and LN indicates that the addition of LA and LN representsan
available C source to the soil microorganisms (Fig. 4.4), and the linear relationship between the *CO,
and CO,-C indicates that the mineralisation of LA and LN was the main source of the CO, emissions.

To our knowledge, this is the first study to explore the degradation rates of LA and LN in soil
directly, e.g. using *C-labelled compounds, so the factors that influence the mineralisation of these
specific biological NIs have not been quantified previously. The mineralisation rates of LA and LN
observed in this study provide a reference for future research studies. The relative low mineralisation
rates of DCD are consistent with other studies (e.g. Marsden et al., 2015; Singh et al., 2008). DCD
degrades to CO, and NH,* via guanylic urea, guanidine and urea (Kelliheretal., 2008; Marsden et al.,
2016b). The half-life of DCD is strongly affected by soil temperature (Kelliher et al., 2014, 2008;
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McGeough et al., 2016; Singh et al., 2008). Researchers have quantified the relationship between
temperature (T) and the time (t) taken for DCD concentration in soil to decline to half its application
value (t,,) asty, (T) = 168 09847 (Kelliher et al., 2008). In this study, the soil was incubated at relative
low temperature (10 <C) which may explain the low mineralisation rate of DCD.

In previous studies, researchers have focussed on the effect of LA and LN on soil N
transformations (Lu etal., 2019; Subbarao et al., 2008). This is the first study to determine the effect of
LA and LN on N,O emissions. Our results demonstrated that cumulative N,O emissions were
significantly greater in the higher concentration biological NI treatments. Both nitrification and
denitrification process are responsible for the N,O emissions (Gardiner et al., 2016; Hofstra and
Bouwman, 2005; Smith et al., 1997). These high N,O emissions coupled with the lower soil NO4
concentrations in the 635 and 1270 mg BNI kg? dry soil treatments suggest that denitrification,
stimulated by the large amount of available C added in the LA and LN, may be another soil process
responsible for the apparent nitrification inhibition observed. In this study, DCD did not have a
significant effect on the N,O emissions, which is inconsistent with the fact that DCD can reduce direct
soil N,O emissionsby 26% - 91% (Cameron et al., 2014; Cameron and Di, 2002; Kelliher et al., 2008;
Smith etal., 2008; Weiske et al., 2001; Zaman et al., 2009). This could be because total N,O emissions
were relatively low and DCD can act as a microbial N source (66.7% N in DCD application) when N
inputs are low, as in this study.

High rates of LA and LN application to soil significantly increased soil microbial immobilisation
and decreased NO3 concentration. However, low NO; concentrations may also be the result of
increased N,O emissions, presumably via denitrification, following the supply of sufficient available C
in the two highest additions of the biological Nlis. Since there was such as difference in the apparent
BNI effect (microbial immobilisation and/or denitrification) between the 127 and 635 mg kg BNI
treatments, we suggest that further research is needed to explore the appropriate application rates of LA
and LN needed to inhibit soil nitrification/increase N immobilisation and decrease GHG emissions at

the same time.
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4.5. Conclusions

Our results confirmed that the addition of LA, LN and DCD can decrease soil NO3™ concentration,
but their mode of action is different. Our results suggest that the apparent effect of LA and LN on solil
NO; concentration could be indirect under low-N conditions (no addition of fertiliser NH,*) due to the
addition of sufficient labile C inthe biological Nls stimulating either i) microbial immobilisation of soil
NH,4* and/or NOs™ (under high C/N ratios), and/or ii) denitrification losses, such as N,O. We also
demonstrated that LA and LN were much more rapidly mineralised than DCD in soil. Overall, we
suggest that researchers exploring the effectiveness of biological NlIs, consider whether any observed
effectson NO; concentrationare the resultof direct nitrificationinhibition, ora potential indirect effect
viatheirinfluencein other related processes, as this has implications for developing effective mitigation

strategies for N,O emission and NO;leaching, and is something that has been overlooked.
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Abstract

Brachiaria humidicola (Bh) has the ability to produce biological nitrification inhibitors (NIs) in
the shoot and root tissues and release from the root to the soil. To compare the effects of growing Bh
with Brachiariaruziziensis (Br, which is not able to produce NIs) on soil nitrogen (N) dynamics, N
gases and carbon dioxide (CO,) emissions following sheep urine application, a laboratory incubation
was conducted in a He/O, continuous flow Denitrification System (DENIS). The treatments were as
follow: 1) Bh with water application (Bh + W); 2) Bh with sheep urine (Bh + U); 3) Br with water
application (Br + W); 4) Br with sheep urine (Br + U). Results showed that soil NO ;" concentration
increased significantly in the soil with sheep urine application after the incubation. Soil nitrous oxide
(N20) and nitric oxide (NO) emissions increased immediately after the sheep urine application and
peaked twice during the incubation, whilst dinitrogen (N,) emissions peaked at the moment when the
urine was deposited on the soil. Sheep urine addition did notaffectthe AOA, nirSand nosZ gene copies,
but significantly increased the AOB gene copies. Even though no significant differences were observed
in the total cumulative N,O and NO emissions between the Bh + U and Br + U treatment at the end of
the incubation, during the first peak of N,O cumulative emissions were significantly lower from the Bh
+ U treatment (0.054 kg N ha?) compared with the Br + U treatment (0.111 kg N ha). We conclude
that there is potential for using Bh grass in sheep-grazed pastures to mitigate nitrification rates and N,O
emissions even for a highly nitrifying soil.

Keywords: Brachiaria humidicola, Brachiaria ruziziensis, nitrogen gas, carbon dioxide, nitrifier,

denitrifier.

5.1. Introduction

Nitrification and denitrification are key processes of the soil nitrogen (N) cycle. Nitrification is a
two-step microbially mediated process carried out by chemo-autotrophic nitrifying bacteria, first
oxidisingammonium (NH,") to nitrite (NO,") which is further oxidised to nitrate (NO3") (Firestone and

Davidson, 1989). During the nitrification and subsequent denitrification, other gaseous forms of N are
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produced and lost from agricultural soils, such as nitrous oxide (N,0O), nitric oxide (NO) and dinitrogen
(N,). Nitrous oxide has been attributed to nitrification, denitrification and nitrifier denitrification
processes depending on the soil environmental conditions, such as water-filled pore space (WFPS), O,
availability, soil pH and temperature (Bateman and Baggs, 2005; Lai et al., 2019; Loick et al., 2016;
Wrage et al., 2005). Some studies present NO emitted from soils during nitrification process (Caranto
and Lancaster, 2017; Kangetal., 2020; Wang et al., 2016). However denitrification can also be a major
source of NO from soils at high water content and/or under the presence of a carbon (C) source (Ji et
al., 2020; Loicketal.,2016; Wu et al., 2017), whilst N, is the final product of denitrification (Knowles,
1982).

Synthetic nitrification inhibitors (NIs) have been widely used to inhibit soil nitrification, e.g.
dicyandiamide (DCD), 3,4-dimethylpyrazole phosphate (DMPP) (Chadwick et al., 2018; Chen et al.,
2014; Weiske et al., 2001). Following concems of synthetic NIs passing into human food chains (Lin
etal., 2015; Study et al., 2014; Welten et al., 2016), there has been increasing interest in the role of
biological NIsto reduce N,O emissionsand NO;"leaching. Some grass species (de CerqueiraLuz etal.,
2014; Gopalakrishnan et al., 2009; Subbarao et al., 2008) and crop plants (Hu&fano et al., 2016;
Subbarao et al., 2013; Sun et al., 2016) have the ability to release compounds from their roots to
suppress the nitrifier activity which is termed biological nitrification inhibition (BNI) (Subbarao et al.,
2006a).Brachiaria humidicola (Bh),atypical tropical pasturegrass used forgrazing livestock, hasbeen
reported to release biological NIs from its roots. Active inhibitory compounds have been isolated from
the root tissues (e.g. methyl-p-coumarate and methyl ferulate) (Gopalakrishnan et al., 2007), root
exudates (e.g. brachialactone) (Subbarao et al., 2009), and shoot tissues (e.g. linoleic acid and linolenic
acid) (Subbarao et al., 2008) of Bh.

Previous studies have focused on the effects of pure inhibitory compounds identified from the
pasture grass or the root exudates of Bh on soil NH,* transformation and N,O emissions
(Gopalakrishnan et al., 2009; Meena et al., 2014; Subbarao et al., 2008). Whilst experiments have been
conducted to explore nitrification inhibition and N,O emissions from soil planted with Brachiaria
grasses, including pasture that receive bovine urine deposition (Byrnesetal., 2017; Simon et al., 2020),
there is still a lack of understanding about the residual effects of growing Bh on soil nitrification and
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other gaseous N forms other than N,O, e.g. NO and N, and particularly after sheep urine application.
Also, little is known about the residual effect of growing Bh on soil nitrifiers and denitrifiers.

There is strong evidence that other Brachiaria species, e.q. Brachiariaruziziensis (Br), are not
capable of inhibiting nitrification in the rhizosphere (Fernandes et al., 2011). Thus, this Brachiaria
species was selected to compare with Bh (which has the ability to release biological NIs from the roots)
to: 1) explore the residual effect of Bh and Br on soil NH,* and NO3™ concentrations; and 2) quantify
the N,O, NO, N, and CO, emissions and identify the processes responsible for their production (i.e.
nitrification or denitrification) in soil sown with these two Brachiaria varieties. Based on current
research, we hypothesised that i) soil under Bh retains soil NH,*-N, and results in lower NOs-N
concentrations than soil under Br, ii) Bh results in lower N,O, NO and N, emissions than soil under Br
due to the higher BNI capacity of Bh, iii) soil applied with sheep urine retains significantly higher soil
NH,4*, NO;  concentrations and results in greater N,O, NO, N, and CO, emissions than soil applied with

water.

5.2. Materials and methods

5.2.1. Soil sampling and physicochemical analysis

A sandy clay loam textured Eutric Cambisol was collected from a typical sheep-grazed grassland
in North Wales (53°24°N, 4°02°W). The soil had not been previously grown with Bh and Br. Square
intact turves of soil (30x30 cm, depth of 10 cm) were collected from 3 spatially discrete points (at least
10m apart), which were retained as 3 replicates. Soil was sieved (2 mm) to remove roots and stones
before analysis forarange of chemical properties: 19.4% moisture content (105 <C, 24 h), 6.7% organic
matter (450 <C, 16 h) (Ball, 1964), 2.7% total C and 0.25% total N (CHN2000 Analyzer), pH of 5.9,
1.7 mg N kg* dry soil as NH,*-N (Mulvaney, 1996) and 30.4 mg N kg* dry soil as NOz-N (Miranda et

al., 2001).
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5.2.2. Cultivation of Brachiaria humidicola and Brachiaria ruziziensis

To investigate the residual effect of Bh and Br on soil nitrification, greenhouse gas emissions
(GHG, N0 and CO,), NO and N, emissions after sheep urine application, two varieties of Brachiaria
were sown separately in pots containing the field soil. Seeds of Bh and Br were germinated on wetted
tissue paper in an incubator (20 C). 1.7 kg field fresh soil were added to each pot (diameter: 15 cm;
depth: 15 cm) at the same bulk density as the soil at the field site (1.6 g cm®) (Marsden et al., 2016a),
and 10 geminated seeds were placed onto the soil surface before covering with 100 g soil. There were
12 pots in total, 6 pots were grown with Bhand 6 pots with Br. To stimulate grass growth and promote
the release of the inhibitory compounds (Subbarao et al., 2007c), the plants were cut to 2 cm above the
soil level on d 33 and d 75, and the equivalent of 25 kg N ha* as (NH,),SO, was added to each pot 3
days after each cut. 50 mL of tap water was added to each pot twice perweek to maintain plant growth
prior to the incubation experiment. The incubation experiment (described below) was conducted on d

150 after sowing.

5.2.3. Experimental setup

The 23-d incubation experiment was conducted in the Denitrification System (DENIS) at
Rothamsted Research (North Wyke) (Cadenaset al., 2003), using the top (0-7.5 cm) of the intact (12
cm deep) soils including plants (obtained from section 5.2.2). The soil cores were placed into 12
stainless vessels (diameter: 14.1 cm) and sealed with stainless steel lids fitted with double ‘O’ rings.
The incubation experiment comprised 4 treatments with 3 replicates: 1) Bh with water application (Bh
+ W); 2) Bh with sheep urine (Bh + U); 3) Br with water application (Br + W); 4) Br with sheep urine
(Br+U). The sheep urine used in this experiment had been collected from 6 Welsh Mountain ewes that
had been grazing a permanent pasture at the same site the soil was collected from. The urine had been
frozenimmediately after collection to avoid N losses during storage. The sheep urine was defrosted the
day before application to the soil cores, and the individual urine samples (n=6) were pooled and mixed
to generate one urine source (total C, 25.3 g L*; total N, 11.7 g L%, of which 670 mg N kg dry soil

were added in the treatments).
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The incubation experiment followed a similar approach to previous experiments using this DENIS
system (Loick etal., 2016; Wu etal., 2017). Briefly, to remove the native N, fromthe soil cores and
the headspace, the soil cores wereflushed fromthe base ata flow rate of 30 mL min-t for48hours using
a mixture of He: O, (80: 20), with the outlet flow from each chamber directed to a number of gas
detectors. Once the N,, N,O and NO concentrations had reached very low levels, the airflow was
decreased to 12 mL min! to measure the baseline emissions before being switched from the flow
through the base to a flow over the soil surface. The sheep urine and water amendments were contained
in sealed stainless steel vessels above the lid of each incubation vessel. In previous protocols these
amendment vessels are usually flushed with He/O, (80:20) to remove N, (Cadenas et al., 2003).
However, in this experiment, the vessels containing the urine and water were not flushed with He/O,,
toavoid the N losses (viaNH; volatilisation) from thesheep urine. After the urineand water had attained
room temperature, the amendments were applied to the soil by opening the ball-valve connecting the 2
vessels. Atthe startof the soil incubation, the soil moisture contentwas increased to 65% WFPS, taking
the volume of the urine or water amendments into account. The temperature of the vessels was
maintained at 15 <C during the flushing phase and the 23-d incubation period after the urine and water

applications.

5.2.4. Soil sampling and analysis

At the start and end of the incubation period, fresh soil samples were collected for analysis. Soil
moisture content was measured after oven drying (105 <C, 24 h), and the soil organic matter was
determined by loss on ignition of dried soil in a muffle furnace (450 <C, 16 h) (Ball, 1964). Total soil
C and N concentrations were determined on milled oven dried soil samples usinga CHN2000 Analyzer
(Leco Corp., St. Joseph, MI). Soil pH and electrical conductivity (EC) were measured on fresh soil
using standard electrodes (1:2.5 (w/v) soil-to-distilled water). Extractable NH,*-N and NO;-N were
analysedin the filtratesafter extracting 5 g of fresh soil with 25 mI K ,SO,4 (0.5 M) usingthe colorimetric
methods of Mulvaney (1996) and Miranda et al., (2001), and total dissolved C and N were analysed

with the Multi N/C 2100 (AnalytikJena, Jena, Germany). Data wereexpressed on a per kgdry soil basis.
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At the same time, 5 g fresh soil from each vessel were collected and stored at -80 <C prior to DNA
extraction. Soil (0.25 g) was extracted by the the DNeasy PowerSoil kit (Qiagen, Hilden, Germany)
accordingto the manufacturer’s protocol. After extraction, the purity and concentration of extracted soil
DNA were determined by the Nanodrop spectrophotometer ND-1000 (Labtech, UK). Polymerase chain
reaction (PCR) was carried out on real-time quantitative PCR (QPCR) using the QuantStudioTM 6 flex
real-time PCR system (Thermo Fisher Scientific, UK). The 20 pL reaction mixture comprised 10 pL
TB Green Premix Ex Taq (TaKaRa, Tokyo, Japan), 0.3 pL of each primer, 0.4 L ROX Reference dye,
7 ML of sterilized deionised water and 2 pL template DNA. The primers for quantifying nitrification
and denitrification function genes were the same as those used in previous studies (see more details in

the appendix 4, Table 1) (Robinson etal., 2014; Zulkarnaen et al., 2019).

5.2.5. Gas sampling and analysis

The airflow from each vessel was automatically directed to a valve that directed the sample to
different gas detectors, resulting in one sample being analysed every 8 minutes from each of the 12
vessels. Thus, one measurement was made every 1.5 hours from each vessel. The N,O and CO;
concentrations weredetermined usinga gas chromatograph (GC, Pekin EImer Clarus 500, Beaconsfield,
UK) equipped with an electron capture detector (ECD), and a second GC with a helium ionization
detector (HID, VICI AG International, Schenkon, Switzerland) was used to analyse N, concentrations.
For NO concentrations, a chemiluminescence analyser was used (Sievers NOA280i, GE Instruments,
Colorado, USA). The gas flow rate through each vessel was measured daily to calculate the volume of
gas required for the flux calculation. The gaseous fluxes were corrected for the surface areaand flow
rate through the vessels and are presented in the unit of kg N or C ha d*. Cumulative gaseous fluxes
were calculated by the area under the curve after linear interpolation between sampling points using the

Genstat 19" edition (VSN International Ltd) (Meijide etal., 2010).
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5.2.6. Statistical analysis

One-way analysis of variance (ANOVA) followed by the LSD test at 5% confidence was used to
determine the effect of Bh and Br on soil NH,* and NO;™ concentrations, cumulative gas emissions
(N20O, NO, N, and CO,) and gene abundance (AOA, AOB, nirK, nirS, nosZ) at the start (d 0) and end
(d 23) of the incubation respectively. All statistical analyses were performed in SPSS Statistics 25.0

(IBM Inc., Armonk, NY).

5.3. Results

5.3.1. Soil ammonium and nitrate concentrations

At the start of the incubation, there were no significant differences between all the treatments (Bh
+ W, Bh + U, Br+ W, Br + U) for the soil NH,* and NO; concentrations, with average concentrations
of 3.1 (ranging from 2.7 to 3.3 mg kg soil) and 2.7 (ranging from 1.8 to 3.7 mg kg™ soil) mg kg* soil,
respectively (Table 5.1). In the Bh + W and Br + W treatments, after the 23 d incubation the NH,*
concentration decreased (Bh + W, 3.3to 1.3 mg kg soil; Br + W, 3.1 to 0.15 mg kg soil) and NOs
increased (Bh +W, 3.7 to 16.0 mg kg soil; Br+ W, 2.8 to 17.3 mg kg soil). 23 days after the sheep
urine application, there was a small increase in the NH4* concentration in the urine treatments (Bh + U,
from 2.7 to 3.2 mg kg soil; Br + U, from 3.3 to 3.6 mg kg soil) and a large increase in the NO5
concentration in the same treatments (Bh + U, from 1.8 to 235.7 mg kg soil; Br + U, from 2.6 to 213.9

mg kg soil) (Fig. 5.1).
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Fig. 5.1 Soil NH,*-N (panel a) and NO3™-N (panel b) concentrations before urine application (d 0) and
atthe end of the incubation period (d 23). Error bars represent standard error of the mean (n=3).

Different letters indicate significant differences between treatments at P<0.05 by LSD.
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5.3.2. Gasemissions

Nitrous oxide: N,O emissions increased immediately after the sheep urine application, with
maximum fluxes of 0.12and 0.22 kg N ha* d* in the Bh + U and Br + U treatments, respectively (Fig.
5.2a). These fluxes decreased rapidly within the following 23 h and then reached another peak after d
13, with what seem to be broad peaks lasting up to 9 days (d 10to 19). Fluxes, however, remained high
until the end of the incubation. N,O emissions in the Bh + W and Br + W treatments were much lower
than that in the treatments with sheep urine application, with average fluxes of 0.009 and 0.006 kg N
hat d?, respectively. The cumulative N,O emission for the first peak in the Br + U treatment (0.11 kg
N ha) was significantly higher than that in the Bh + U (0.05 kg ha*) treatment, although no significant
differences were observed in the cumulative N,O emissions for the entire 23-d incubation between the
Bh + U and Br + U treatments (Table 5.2). The cumulative N,O emissions in the Bh + W and Br + W
treatments weresignificantly lower than that from both urinetreatmentsduring boththe first peak period
and the whole incubation period.

Nitric oxide: the pattern of NO emissions was similar to the N,O emissions for all treatments
during the 23-d incubation, with the exception that the maximum NO fluxes in the sheep urine
application treatments occurred during the second peak on d 14-16 (Fig. 5.2b). The first peak of NO
emissions appeared 7.0 h and 10.6 h after the urine application in the Bh + U and Br + U treatments,
respectively, whichwas a little later than the peak time of maximum N,O emissions (3.6 and 5.3 h,
respectively) reaching valuesup to 3 g N ha* dX. Cumulative NO emissions in the treatments with the
sheep urine application including the two peaks (Bh + U, 0.114 kg N ha*; Br + U, 0.103 kg N ha?)
were significantly higher than those in the water only treatments (Bh + U, 0.007 kgN ha; Br + U,
0.003 kg N ha'). Nevertheless, no significant differencesin NO emissions were observed between the
Bh + U and Br + U treatments, or the Bh + W and Br + W treatments during the first peak period or in
the whole incubation period. The second NO peak was broader than the initial one (reached up to ~8 g
N ha? d*) and had not reached background values at the end of the incubation, but clearly showed

fluxes were decreasing from d 16 onwards.
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Dinitrogen: N, emissions increased immediately after the urine or water application and then
decreased rapidly, remaining stable until the end of the incubation (Fig. 5.2c). Dinitrogen was the main
gaseous N form detected during the incubation, with the cumulative N, emissions being significantly
greater than the total for N,O and NO emissions. Cumulative N, detected in the Bh + W, Bh + U, Br +
W, Br + U treatments were 81.3,56.3, 42.2 and 61.5 kg N ha?, respectively. No significant differences
were observed in the cumulative N, emissions between the Bh + W, Bh + U, Br + W and Br + U
treatments during the first peak or entire incubation period.

Carbondioxide: in the Bh + U and Br + U treatments, the CO, emissions increased rapidly and
peaked at 10.8 h after the urine application (similar to the NO peak in the urine treatments), with the
maximum fluxes 0f207.2and 198.9kgCha* d*, respectively (Fig. 5.2d). The CO, emissionsdecreased
afterwards and remained stable (less than ca. 30 kg C ha* h'*) fromd 3.5 to end of the incubation in the
Bh + U and Br + U treatments. The cumulative CO, emissions in the water only treatments were
significantly lower than that in the urine treatments, following the series: Br+ W <Bh + W< Br+ U <
Bh + U, with the cumulative fluxes of 333.5, 428.5,654.6, 768.5 kg C ha*, respectively (Table 5.2).

Table 5.2 Cumulative emissions of NO, N,O, N, in kg N ha* and CO, in kg C ha* after 23d

incubation and during the first peak period.

Gas Bh+W Bh+U Br+W Br+U

N20 (23 d) 0.216+0.026 b 1.73+0.316a 0.128 £ 0.068 b 1.72+0.324 a
N0 (first peak)  0.003 £ 0.000 ¢ 0.054+0.010b 0.004 £ 0.001 ¢ 0.111+£0.017 a
NO (23 d) 0.007 £ 0.001 b 0.114£0.009 a 0.003 £ 0.001 b 0.103+0.015a
NO (first peak) ~ 0.0003 £ 0.0001 b  0.0015+ 0.0001 ab ~ 0.0003 + 0.0001 b  0.0025 + 0.0007 a
N2 (23 d) 81.31+30.46 a 56.25+22.36a 4221+16.22a 61.53+9.84a

N2 (first peak) 19.09+830a 19.13+9.48 a 13.70+5.72 a 23.57+8.74a
CO2 (23 d) 422.0+£10.5¢ 7619+ 15.7a 328.5+134d 649.0+74b
CO; (firstpeak) 97.83+£3.34Db 350.0+£10.28 a 84.56 +3.26b 328.6+12.59a

Values represent means =standard error. Different letters indicate a significant difference between treatments (n=3, P<0.05).
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5.3.3. Nitrifiers and denitrifiers gene copies

At the start of the incubation (d 0), there were no significant differences in the AOA, AOB, nirK,
nirS and nosZ gene copies between the different treatments (Fig. 5.3). After the incubation (d 23), no
significant differences were observed in the AOA, nirS and nosZ gene abundance between the
treatments with the sheep urine application and without urine application (Fig. 5.3a, d, €). The sheep
urine application increased the soil AOB and nirK gene copies at the end of the incubation (Fig. 5.3b,
c). The AOB gene copies in the Bh + U treatment (7.7><L0° copies g soil) were significantly higher
than that in the Br + U treatment (4.7x10° copies g* soil). The nirK gene copies inthe Br + W (2.1>0*
copies g* soil) was significantly lower than other treatments, but no significant differences were
observedinthe nirK gene copies betweenthe Bh +W, Bh + U and Br + U treatments (3.3x104,5.0>.0%,

3.7%10* copies g* soil, respectively).
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5.4. Discussion

5.4.1. Effect of Bh and Br on soil NH,*-N and NO5-N concentrations

The decrease of NH,* and increase of NOj in the treatments without sheep urine application was
caused by the nitrification of residual soil NH,* promoted by the relatively low soil moisture (65%
WEPS). In the treatments with sheep urine application, the slight increase of NH,* and marked increase
in NO;™ (over 200 mg N kg soil™*) were caused by the hydrolysis of urea and further nitrification of the
NH,* from the urine-N applied (Byrnes et al., 2017). After the incubation, soil with Bh retained
relatively higher NH,* and lower NO3concentrations than soil with Br (Fig. 5.1), which may be related
to the biological NlIs released from its root to suppress the transformation of NH;* to NOs
(Gopalakrishnan et al., 2009; Nufez et al., 2018; Subbarao et al., 2007a). Biological Nis released from
the Bh grasses are more likely to block both the ammonia monooxygenase (AMO) and hydroxylamine
oxidoreductase (HAO) enzymatic pathways, which play a critical role in the oxidation of NH,* to NO,

in Nitrosomonas spp. (Subbarao et al., 2009, 2008).

5.4.2. Effect of Bh and Br on soil gaseous N

Nitrous oxide and NO are known products of both the nitrification and denitrification processes,
which dominate under different optimal soil environment conditions such as soil moisture (Loick et al.,
2016; Wu et al., 2017), pH (Robinson et al., 2014), temperature (Lai et al., 2019), O, availability
(Senbayram etal., 2019; Zhu et al., 2013) and C availability (Miller et al., 2008; O’Neill et al., 2020).
At the beginning of the incubation experiment, the initial soil water content was set as 65% WFPS
which would have favoured nitrification of the NH,* from the hydrolysed urea in the urine treatments
causingthe initial observed N,O and NO emission peaks (firstsmaller peak). In addition, the initial CO,
peak coincided with those of N,O and NO, providing evidence of aerobic respiration (Lee et al., 2011).
It is likely that the N, peak that appeared at the moment of sheep urine application, and before the N,O
and NO peaks, was because atmospheric N, was introduced into the system with the application of the

urine and water amendments (the amendment vessels were not flushed with He/O,), as N, is not
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produced during nitrification (which we believe was the dominant soil process during this early part of
the incubation). The second peak of N,O and NO emissions may have resulted from partial
denitrificationofthe NO; produced, following the removal of O, by rapidly respiring micro-organisms.
There is also support by the microbiology data for ourassumption that denitrification occurred during
the second peak of N,O and NO, as there was an increase in nirK gene copies. The lack of change in
nosZ agrees with the absence of reduction of N,O to N,. As a consequence, the N, emissions reported
correspond to background values during the second peak of N,O and NO emissions.

Soil grown with Bh is assumed to have lower cumulative N,O, NO and N, emissions than that
with Br due to the high BNI capacity in Bh (Gopalakrishnan et al., 2007; Subbarao et al., 2008). In this
study, the cumulative N,O in the Bh + U treatment during the first peak was significantly lower than
that in the Br + U treatment, which may be due to the nitrification inhibition caused by the biological
NIs released from the Bh as previous studies reported (Meena et al., 2014; Subbarao et al., 20074,
2006a). In addition, N,O emissions factors (EFs) from sheep urine in the soil grown with Bh and Br
were 0.41% and 0.43%, respectively, which is consistent with reports from L&pez-Aizptn et al. (2020)
(with mean value of 0.39%, range from 0.04% to 1.80%). However, there was no significant difference
inthe cumulativeN,O and NO emissions duringthe wholesoil incubation between the Bh + U treatment
and Br + U treatment. The lack of effect later in the incubation corresponds to an absence of inhibition
during denitrification, a fact that has been investigated before. A recent study by Simon et al. (2020)
suggested that a possible effect of these Brachiaria grasses might be due to lower soil nitrate levels
under these grasses, so the effect on denitrification is of an indirect nature due to a direct effect on
nitrification. Itis also possible that a reason for the short-lived effect of the Bh may have been the death
of the grasses inthe DENIS system (there were nolights presentin the incubationvessels). The residual
BNIs in the soil may inhibit the nitrification temporarily, but may not last for long enough after the
death of the grasses.

Nitrification inhibitors, such as DCD and DMPP, have been confirmed to inhibit the AOA and/or
AOB genes copies, which play an important role in controlling the nitrification rates and dominate at
different conditions (Chen etal., 2014; Liet al., 2019; Shi et al., 2016). Nitrification inhibitors have
also been shown to inhibit denitrifying microbes, nirS and/or nirk and/or nosZ and/ narG (L.i et al.,
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2019; Shietal., 2017; Zhouetal., 2018). The biological NI, 1,9-decanediol (identified fromrice), has
also been shown to suppress the nitrification through impeding both AOA and AOB, when applied at
high concentrations (>500 mg kg*) (Lu etal., 2019). In this study, the controls, Bh and Br (plus water),
did not influence the AOA, nirS and nosZ gene copies, but soil with Bh (with high BNI capacity) with
sheep urine application significantly increased the AOB gene copies (responsible for the oxidation of
NH,*) comparedwith Br (Fig. 5.2), which supports our suggestionthat nitrification was a dominant soil
process. This may be because biological Nls inhibit nitrification rates by reducing the cell-specific
activity of AOA and/or AOB, rather than affecting ammonia oxidiser populations, as well as non-target
soil microorganisms or functions (Kong et al., 2016). Inaddition, because of the need to retain air-tight
seals throughout the incubation for the measurement of soil derived N, emissions, we were unable to
collect soil samples during the incubation period. A greater number of time points to explore the
dynamicsof soil NH,*and NOg, as well as gene copies data during the incubation would have helped
to explain the sources of gaseous N from soil grown with these two grasses, and nitrification inhibition
mechanism of Bh.

To the best of our knowledge, this is the first time that NO and N, emissions have been measured
alongside N,O emissions from soil sown with Bh and Br. Even though there was no significant
differences in the cumulative gaseous N,O and NO emissions between the Bh and Br treatments over
the entire experimental incubation period, measurements indicated nitrification inhibition during the
initial peak of emission in the Bh + U treatment, suggesting a potential mitigation strategy for sheep

grazed pastures in the future.

5.5. Conclusion

In this highly nitrifying soil, N,O emissions dominated rather than the NO emissions, from the soil
sown with Bh and Brafter the sheep urineapplication. We suggest that nitrification generated the initial
NO, N,O and CO, peaks, based on the initial soil moisture content (65%WFPS) and CO, peaks.
Afterwards it appears that incomplete denitrification may generate broad peaks for both NO and N,O,

as evidence by O, consumption by rapidly respiring micro-organisms and the increasing denitrifier
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(nirK gene copies). Even though no significant differences were observed in the cumulative N,O and
NO emissions between the Bh + U and Br + U treatments over the entire 23-d incubation period, Bh
inhibited N,O emissions during the first peak compared with Br. This indicates that there is potential
for future breeding programmes to introduce BNI traits into temperate grasses for ruminant grazing to

reduce nitrification rates and mitigate N,O emissions during nitrification process.
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Abstract

Animal manures areimportantsources of nutrientsforcrop production, buttheyare also associated
with emissions of nitrogenous gases, e.g. nitrous oxide (N,O), nitric oxide (NO) and dinitrogen (N,)
after application to the soil. The relative proportions of these emitted gases depend on the dominance
of nitrification and denitrification in the soil, with denitrification rates being controlled by the lability
of carbon(C) substrates. Six incubations were conducted in a He/O, flow denitrification system (DENIS)
by researchersat Rothamsted Research (NorthWyke) in 2001-2002, to determinethe effects of different
C compounds, identified from fresh and aged cattle slurry, on soil N,O and N, during the denitrification
process (in the presence of nitrate (NO3)). The treatments in this study were as follow: 1) NO3; 2) NOs
+ glucose; 3) NOs + C source (vanillin, cellulose, glucosamine, butyric acid, fresh cattle slurry and
aged cattle slurry; 4) NO3;™ + NH, (to match the NH,* content of the slurry). | obtained the raw GC
results from each incubation and each treatment and calculated the gas fluxes. Results show that the
reactivity order of individual C sources on denitrification can be established as: glucose > glucosamine >
butyric acid > vanillin > aged slurry > cellulose > fresh slurry, indicated by the higher total N,O-N +
N,-N emissions. In addition, the N,O/N, ratio was significantly higher in the NO3™ + NH,* treatments
in the Inc-FSl and Inc-ASl, also with in the glucosamine treatment, due to the additional N application.
We conclude that labile C compounds inputs may stimulate N,O production and emission during
denitrification, and may result in higher N,O/N, ratio.

Keywords: carbon quality, nitrous oxide, dinitrogen, cattle slurry, denitrification

6.1. Introduction

Nitrous oxide (N,O) emissions, one of the greenhouse gases (GHG) with a global warming
potential 310 times greater than that of carbon dioxide (CO;) on a 100-year time horizon (UNFCCC,
2020), havebeen reported from multiple sectors, including industry, energy, agriculture, waste water,
land use, land-use change and forestry (Skiba et al., 2012). The agricultural sector is the largest

anthropogenic source of N,O emissions in the UK (75%), and these losses are associated with direct
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emissions from soil following nitrogen (N) fertiliser and manure applications, and indirect emissions
from nitrate (NO3") leaching (de Bastos et al., 2020; L&ez-Aizptnetal., 2020; Trolove et al., 2019)
and N deposition (Brittonetal., 2019). N,O is generated from both the nitrification and denitrification
processes (He etal., 2020) which are favoured in different soil conditions, such as soil moisture, soil
texture, pH, nutrient availability and form (Robinsonet al., 2014; Wu et al., 2017; Xu et al., 2018).
Nitrification is a microbially mediated process, in which ammonium (NH,*) is firstly oxidised to nitrite
(NOy) and further oxidised to NO; (Firestone and Davidson, 1989). Subsequent denitrification refers
to the dissimilatory reduction of one or both of the ionic nitrogen oxides (NO;"and NO") to the gaseous
oxides, nitric oxide (NO) and N,O, which may be further reduced to dinitrogen (N,) (Knowles, 1982).

Growing populations, economies and individual incomes, as well as other demographic factors
such as urbanization contribute to the increasing livestock food demand (Bai et al., 2018; Enahoro et
al., 2018) and subsequent manure generation, e.g. in China (Chadwick et al., 2015, 2020). The total
annual production of livestock manuresin the UK was estimated to ca. 95.1 million tonnes in 2018,
with 84% arising from the housing of cattle (farmyard manure andslurry) (Defra, 2019), compared with
83.4 million tonnes in 2010 (with 80% arising from cattle) (Smith and Williams, 2016). In cattle
manures, protein contributes to no more than 20% of thedry matter content; in contrast, the fibre content
(cellulose, hemicellulose and lignin) is the highest, accounting for more than half of the dry matter
(Chen et al., 2003). Yamamoto et al. (2008) extracted vanillin, protocatechuic acid, vanillic acid and
syringic acid from livestock excreta. Volatile fatty acids have also been measured in animal slurries,
among which acetic acid is predominant, followed by propionic, n-butyric, iso-butyric, iso-valeric and
n-valeric (Bastami etal., 2018; Cooper and Cornforth, 1978).

Animal manures are valuable sources of macro- and micronutrients for crop production (ADHB,
2019; Moral et al., 2009). In 2018, 68% of farms used organic manures on at least one field on the farm,
amongwhich cattle manure frombeefanddairy farms (cattle farmyard manure, 51%; cattle slurry, 17%)
represented the largest volume of manure type generated in the UK (Defra, 2019). However, manure,
and especially liquid slurry can be detrimental to the environment as they are important sources of
ammonia (NH;) (Bourdinetal., 2014; Ramanantenasoaetal., 2019; Sommer etal., 2019), GHG and
N, emissions (Chadwick etal., 2011; Rodhe etal., 2015; Sokolov et al., 2019) during their storage or
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following application to the field. They are also sources of point and diffuse pollution of water courses
(Trolove etal., 2019; Zanon et al., 2020).

Research has shown that amendments of labile carbon (C) compounds (e.g. glucose, sucrosg,
glycerol and mannitol, ethanol and acetate) (Adouani et al., 2010; Murray et al., 2004; Senbayram et
al., 2012) and plant residues (such as straw, alfalfa) (Beauchamp, 1985; Senbayram et al., 2012) affect
denitrification rates and/or denitrifying microorganism (Henderson et al., 2010; Schipper et al., 2011).
Less is known about the effects of specific labile organic compounds identified from cattle slurry on
soil denitrification rates, e.g. glucosamine, vanillin, cellulose, butyric acid. Furthermore, as slurry ages
(e.g. during storage) the organic matter content, including these C compounds, biodegrades, resulting
in a modified C composition and the loss of NH;and GHG emissions (Moset et al., 2012; Rodhe et al.,
2009).

In Chapter 4, | highlighted that at high rates of biological nitrification inhibitor (N1I) application,
e.g. >635 mg kg* dry soil, the apparent ‘inhibitory’ effect observed (via measurements of soil NOy
concentration) may be the result of the application of available C affecting two key soil N processes: i)
this additional available C may have stimulated microbial immobilisation of NH," and/or NO;3", and ii)
the additional available C promoted denitrification. Both processeswould have resulted in a reduction
inthe pool of NO; inthe soil. Therefore, in this Chapter | explorethe effects of a series of C compounds
with a range of lability on denitrification products.

Specifically, the aims of this study were to determine the effects of different C compounds
(previously identified inanimal slurry), cattle slurry (fresh and aged) and NH,* application on soil N,O
and N, emissions during the denitrification process. We hypothesised that, 1) the addition of easily
decomposed C compounds would increase the N,O and N, emissions from soil via denitrification; 2)
soils receiving cattle slurry may result in relatively lower N,O and N, emissions compared with soil
with easily decomposed C compounds; 3) N, from soils receiving slurry may be the predominant gas

due to complete anaerabic denitrification.
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6.2. Materials and methods

I was provided with the raw data of six incubations by my co-supervisor, Dr Laura Cardenas,
which included daily N,O and N, emissions from each chamber, soil NH,* and NO3 concentrations in
the unitof mgN L. The details of the six incubationsare presented in the appendix4. | was responsible
for the 1) calculation of the average daily N,O and N, emissions from each treatment, cumulative N,O
and N, emissions and soil NH," and NOs™ concentrations in the unit of mg N kg* dry soil, 2) subsequent
processing of these data, 3) statistical analyses, and 4) interpretation of the results presented in this
Chapter. Gas concentrations were corrected for surface area and the flow rate through each vessel
(measured daily by means of glass bubble meter), and fluxes calculated in the units of kg N or C ha' d
!, The cumulative gas flux was calculated using Genstat (the 19t edition, VSNI, UK) using the

Trapezoidal rule (Meijide et al., 2010).

6.2.1. Statistical analysis

The effect of C source treatments (C compounds and cattle slurries) on soil cumulative N,O and
N, emissions, NH,* and NO;™ concentrations in each incubation was carried out by one-way analysis of
variance (ANOVA) followed by the LSD test at 5% confidence. One-way ANOVA was carried out to
compare the initial soil NH,* and NO3 concentrations from each incubation, respectively. One-way
ANOVA was also performed to compare the effects of NO3/NO;™ + glucose/NO;™ + C sources on soil
cumulative N,O and N, soil NH,* and NO;™ concentration from different incubations after the
incubation. All the statistical analysiswas performed in the SPSS Statistics 25.0 (IBM Inc., Armonk,

NY).

6.3. Results

6.3.1. N,O and N, emissions

Figure 6.1 shows the N,O and N, emissions in the NO;  only (Fig. 6.1a, d), NO;™ + glucose (Fig.

6.1b, e) and NO3 + C source/NH,* treatments (Fig. 6.1c, f) during the incubations. The N,O emissions
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increased rapidly after amendments in all cases, but after a few days decreased to background levels. In
the case of the NO;™ only treatment this took about 4 days, whilst in the NO5 + glucose treatment it took
2 days. Inthe NO3 +C source/NH,* treatments, N,O emissionswere more variablewith levels reaching
background between 3-10 days. The maximum N,O fluxes in the NO;™ only treatment ranged from 2.2-
4.8 kg N had? The maximum fluxes of N,O in the NO; + glucose, NOs™ + glucosamine, NO;3 +
butyricacid, NOs +vanillin treatments were higher than that in the NO5 only treatment, with maximum
fluxes of 18.3 (ranging from 14.0-24.2 kg N ha d!), 19.6, 9.1 and 7.2 kg N ha* d*!, respectively. The
N,O emissions in the NOs™ + cellulose treatments, the NO3™ + fresh and aged slurry treatments were
similar to the NOs™ only treatment. The maximum N,O emissions for all the treatments occurred
between d 0 and 2.

The N, emissions showed a similar trend to the N,O emissions during the incubation, but levels
reached background levels much later than for N,O, at about 8 days after the application of the
treatments. The appearance of the N, peak was slightly later than that of the N,O in all treatments, on
day 3 for NO3 only treatment, day 2 forthe other treatments. The maximum values of N, fluxes in the
NOs + glucose in the Inc-Van, Inc-Cel, Inc-Gluand Inc-But were frequently higher than that in the
NOj; only treatment from each incubation. Except for the maximum values of N, fluxesin the NOs +
glucosamine and NO;™ + butyric acid treatment which were higher than that in the NO;™ only treatment,
the maximum fluxes of N, in other NO; + C sources and NH,* treatments were similar to the NO3 only

treatment.
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Fig. 6.1 N,O and N, emissions in the NO3 only (panels a, d), NO4 + glucose (panels b,e) and NO;™ +
NH,4* or C sources (vanillin, cellulose, glucosamine, butyric acid, fresh slurry and aged slurry) (panels
c, T) treatments during the incubation. Error bars are omitted for clarity of presentation, except the
error bar of N,O emissions in the NO;™ + glucosamine treatment to show the size. Note the different

y-axis scales for the N,O and N, graphs.

6.3.2. Cumulative N,O emissions

The cumulative N,O fluxes in the NO3 only, NO3™ + glucose, and NOs;™ + NH,* or C sources
treatments are shown in Fig. 6.2a and Table 6.1. In the Inc-Van, Inc-Cel, Inc-Glu and Inc-But, the
glucose application significantly increased the cumulative N,O compared with the NO3 only treatment.
There was no significant difference between the NO5 + vanillin treatment and the NO;™ only treatment
in the Inc-Van, and also between the NO;™ + cellulose treatment and the NO5 treatment in the Inc-Cel.
The cumulative N,O in the NO;™ + glucosamine treatment was significantly higher than that in the NOs
+ glucose treatment in the Inc-Glu. The NO;™ + butyric acid resulted in a cumulative N,O flux of 16.2
kg N ha'lin the Inc-But, which was significantly greater than that in the NO," treatment, however, no

significant differences were observed between the NO; + butyric acid and NO3™ + glucose treatment.
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In the Inc-FSI, the cumulative N,O flux in the NO3™ + NH,* treatment (15.1 kg N hat) was significantly
higher than that in the NO3; only and NO3 + fresh slurry treatments. Nevertheless, there was no
significant differences in the cumulative N,O flux between the NO; , NO3;™ + NH,*and NO;™ + aged
slurry treatments in the Inc-ASl.

Results showed that there wereno significantdifferences in the cumulative N,O emission between
the NOjs™ only treatments in the Inc-Van, Inc-Cel, Inc-Glu, Inc-But, Inc-FSI and Inc-ASlI, with the
average cumulative N,O flux of 11.6 kg N ha* (ranging from 9.6-15.0 kg N ha). In addition, there was
no significant difference in the cumulative N,O between the NO;™ + glucose treatments in the Inc-Van,
Inc-Cel, Inc-Glu and Inc-But, ranging from 19.1-27.3 kg N ha. Thus, we were able to explore the
effectsof differentC sourceson N,O and N, emissions, using data fromthe NO; + C sources treatments
in the Inc-Van, Inc-Cel, Inc-Glu, Inc-But, Inc-FSI and Inc-ASI. The cumulative N,O in the NO;™ +
glucosamine treatment was significantly higher than other NO;™ + C sources treatments, except for the
NOj; + vanillin treatment. There were no significant differences in the cumulative N,O between the
NO;™ + vanillin and NO;™ + butyric acid. In addition, no significant differences were observed in the
cumulative N,O between the NOs + butyric acid, NO;™ + cellulose, NO3™ + fresh slurry and NO5™ + aged

slurry treatments.

6.3.3. Cumulative N, emissions

Figure 6.2b presentsthe cumulative N, in the treatments from the six incubations. In the Inc-Van,
Inc-Cel, Inc-Butand Inc-FSlI, there were no significant differences in the cumulative N, between the
NO;", NO; + glucose and NO;™ + C source treatments (Table 6.1). The glucose application significantly
increasedthe cumulative N, emissions compared with the NOs onlyand NO;™ +glucosamine treatments
in the Inc-Glu. In the Inc-ASlI, the cumulative N, emission from the NO;™ + aged slurry treatment was
much higher than that in the NO5™ + NH,* treatment, however, the aged slurry or the NH,* application
did not affect the cumulative N, emissions compared with the NO; only treatment.

The average cumulative N, flux in all the NO3™ only treatmentswas 23.3 kg N ha't, ranging from

15.0-30.9kg N hal. The NOs + glucose treatments in the Inc-Van, Inc-Cel, Inc-Glu and Inc-But gave
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averages of 33.4 kg N-N, ha (ranging from 27.7-37.0 kg N hat). The effect of NO5 + C sources on
cumulative N, emissions was compared between all the incubations. The results showed that only the
cumulative N, emission fromthe NO3 +butyric acidtreatment (34.9kg N ha) was significantly higher
than that in the NO;™ + fresh slurry treatment (15.7 kg N hat). No significant differences were observed
in cumulative N, emission between the NOs;~ + butyric acid treatment and NO; +
vanillin/cellulose/glucosamine/aged slurry treatments, or between the NO4 + fresh slurry treatment and

NO;™ + vanillin/cellulose/glucosamine/aged slurry treatments.

Table 6.1 Cumulative N,O and N, emissions in the NO3, NO3™ + glucose, NOs + C sources
(vanillin, cellulose, glucosamine, butyric acid, fresh slurry, aged slurry) treatments after the
incubation, in kg N ha. Lowercases indicate the significant differences between the NO;, NO; +
glucose/NH,* and NOs + C source treatments at P<0.05 by LSD in the Inc-Van, Inc-Cel, Inc-Glu,
Inc-But, Inc-FSland Inc-ASl, respectively. Capital letters indicate the significant differences between

the NO3/NOj3™ + glucose/ NO;™ + C source treatments from different incubations (n=4).

Incubation
Inc-Van Inc-Cel Inc-Glu Inc-But Inc-FSI Inc-ASI

Treatment

N-O
NO;s 15.0+1.9b* 10.743.1b"»  13.242.0ch 10.740.7b” 10.5+1.3b"  9.640.9a"
'g'rolj'H}g'ucose 27.342.0a" 2104258  19.3+15b"  19.1+48a  151+1.0a  13.743.8a
NOsz +C 21.023.3ab"®  9.5+1.3p° 25.2+1 5% 16.242.7a%¢  11.4+1.2b¢ 11.3#.6a°

N2
NO3 22.343.1a5C 30.943.2a"  26.3#0.9b"®  23.442.9a"F  15.040.6a° 22.0+2.4ab%¢
'g‘r(ﬁHZP'“wse 27741528 37.044.1a" 3414062 3464342 143418  16.335b
NOs + C 28.443 53”8 29.647.1a"®  28.242.4b"%®  34.946.1a" 15.7+1.8a°®  27.742.8a"B
N20 + N2

NO3s 37.343.6¢7B 4164410  39542.1b"B  34.142.4b"%¢ 255+1.33° 31.642.4a°C
'gmh}g'“cose 55.041.7a"  58.0+1.82" 53.4415a"% 529403a8° 2944252  30.046.3a
NO3z +C 49.445 7ab” 30.147.00%¢  53.443.7a" 51.145.4a" 27.1+1.7a°  39.043.2a5¢

6.3.4. Cumulative total N,O-N + N,-N emissions

The NO;™ + glucose treatment had significantly greater cumulative total N,O-N + N,-N emissions
compared with the NO3 only treatment in the Inc-Van, Inc-Cel, Inc-Glu and Inc-But (Table 6.1). The
cumulative total N,O-N + N,-N emissions in the NO; + vanillin/glucosamine/butyric acid
(49.4/53.4/51.2 kg N ha't) treatments were significantly higher than the NO3™ only treatment in the Inc-
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Van, Inc-Glu and Inc-But, however there were no significant differences between the NO only and
NOs + cellulose treatment (39.2 kg N ha?) in the Inc-Cel. In addition, no significant differences were
observedin the cumulative N,O-N + N,-N betweenthe NO;", NOs;™ + NH,* and NO; + cattle slurry
treatmentin the Inc-FSland Inc-ASl. The cumulative N,O-N +N,-N in the NO5; + C sources treatments

were ranked as: NO;™ + vanillin/glucosamine/butyric acid > NO3™ + cellulose/ aged slurry/fresh slurry.

6.3.5. N,O/N,

Table 6.2 presents the cumulative N,O-N, N,-N and total N,O-N + N,-N as a percentage of N
applied, and the N,O/N, ratio in all incubations. The NO3 + glucosamine, NO3™ + butyricacid, NOs +
glucose treatments showed the highest percentage of N,O-N, N,-N and N,O-N+N,-N, reaching 34.0%,
46.5% and 73.4%, respectively. When taking the N supplied by the glucosamine into account, the
highest percentage of N,O-N to N applied was observed in the NO; + glucose treatment. The
proportions of N, and total N,O-N+N,-Nto N applied in the Inc-FSland Inc-ASl were relatively lower
compared with that in the Inc-Van, Inc-Cel, Inc-Glu and Inc-But. The N,O/N, ratio in the NO3™ + NH,*
(Inc-FSI and Inc-ASI) and NO3s™ + glucosamine treatments were relatively high compared to other
treatments, being 1.66, 1.32 and 1.40, respectively. The lowest N,O/N, ratio was observed in the NO5

+ cellulose treatment, with the ratio of 0.50.
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Fig. 6.2 Cumulative N,O (panel a) and N, (panel b) fluxes after the application of NOg, NO; +
glucose, NO; + NH,* or C sources (vanillin, cellulose, glucosamine, butyric acid, fresh slurry and

aged slurry). Error bars represent the standard error of the mean (n=4).
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Table 6.2 Total fluxes of N,O and N, in kg N ha.

Total Total N2O-N Total Total N2-N ) Total N

. . . Total emitted . N20

Treatment emitted emitted / N2-N emitted / emitted /N .
. . ) N20-N+N2-N . IN2
N20O-N N applied (%) emitted N applied (%) applied (%)

NO3s 11.640.8 155 23.3%2.2 311 34924 46.6 0.78
NO3 + glucose 21.7+41.9 28.9 33420 44.5 55.1#+1.1 734 1.02
NOs™ + vanillin 21.043.3 28.0 28.443.5 37.9 49.445.7 65.9 1.16
NO3 + cellulose 9.541.3 12.7 29.647.1 39.5 39.147.0 52.2 0.50
NO3 + glucosamine 25.241.5 34.0/16.3" 28.242.4 37.6/18.2" 53.443.7 71.6/345° 140
NO3™ + butyric acid 16.242.7 21.6 34.946.1 46.5 51.1454 68.1 0.73
NOs™ + fresh slurry 11.4+1.2 11.2 15.7+1.8 154 27147 26.6 1.14
NOs™ + aged slurry 11.3H.6 12.0 27.7+2.8 29.5 39.043.2 415 0.64
NOs + NH4* (Inc-FSI) 15.1+1.0 19.9 14.3+.8 18.8 29.442.5 38.7 1.66
NOs + NH4* (Inc-ASl) 13.743.8 17.1 16.3483.5 204 30.046.3 375 1.32

Total N applied in the NO3 + C compound treatment: 75 kg N ha™* (“taking account of the N in the glucosamine (80 kg ha™%)).
Total N applied in the NOg + fresh slurry treatment: 102 kg N ha™* (37 kg N ha was supplied by the fresh slurry application).
Total N applied in the NO3™ + aged slurry treatment: 94 kg N ha'* (19 kg N ha™ was supplied by the aged slurry application).
Total N applied in the NO3 + NH,* (fresh) treatment: 76 kg N ha® (1.1 kg N ha' was supplied by the NH," application).
Total N applied in the NO3 + NH4" (aged) treatment: 80 kg N ha™ (4.7 kg N ha'* was supplied by the NH4* application).

“the mole fraction ratio

6.3.6. Soil ammonium and nitrate concentrations

Before the soil incubations, the soil N in the form of NH,* concentrationsin all incubations, ranged
from 2.0to 7.1 mg N kg dry soil (Table 6.3). The soil NO3;™ concentrations were much lower, ranging
from 0.05t0 0.26 mg N kg dry soil. After the incubations, in the Inc-Van, Inc-cellulose and Inc-FSl,
no significant differences were observed in the soil NH,*-N and NO;-N concentrations between the
NO; only, NO;s™ + glucose/NH,* and NO3 + C source treatments. Glucosamine application resulted in
significantly higher soil NH,*-N and NO;™-N concentrations compared with the NO; only and NO5 +
glucose. However, soil NOs-N concentration in the NO;™ + glucose and NO3™ + butyric acid was
significantly lower than the NO;™ treatment. There were no significant differences in the NH,*-N
concentration between the NO3", NO3™ + glucose and NO;™ + butyric acid treatments. (There are no soil
NH,4*-Nand NOs™-N concentrations from the Inc-AFl due to the missingdata). In general, soil inorganic
N was mostly in the form of NH,*-N, ranging from 4.9 to 49.3 mg N kg dry soil; and much less in the
NOs™-N form, which ranged from 0.3 to 6.2 mg kg™ N dry soil.

There were no significant differences in the NH,*-N concentration between the NO; treatments

from all the incubations, and between the NO;™ + glucose treatments in the Inc-Van, Inc-Cel, Inc-Glu
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and Inc-But. The resulting averages for NH,*-N in the NO;™ treatments from all the incubations, and
NO; + glucose treatments from Inc-Van, Inc-Cel, Inc-Glu and Inc-But were 15.5 and 19.0 mg N kg?
dry soil, ranging from 10.1to 21.5,and 11.5t0 23.9 mg kg* N dry soil (Table 6.3). The averages NOs
-N values in the NO3; and NO; + glucose treatments from all incubations were 3.4and 0.7 mg N kg*
dry soil, respectively. The NH,*-N concentrations in the NO;™ + glucose and NO3;™ + C sources
treatments followed the order:

NOj3 + glucosamine>NO; +glucose/cellulose >NO; +fresh slurry >NO; +butyric acid, (values
were:49.3>19.0/20.2>11.6>4.9 mgN kg dry soil, Fig. 6.3a). No significant differenceswere observed
in the NH,*-N concentration between the NO;™ + vanillin (15.7 mg N kg* dry soil) and NO; +
glucose/cellulose, andalso between the NOs +vanillinand NO; +fresh slurry. Soil NO3-concentration
in the NO;™ + fresh slurry treatment (5.8 mg N kg dry soil) was significantly higher than that in the
NO; + glucose/vanillin/butyric acid/cellulose (0.7/1.4/1.8/2.5 mg N kg dry soil, respectively), except
for the NO;™ + glucosamine treatment (3.8 mg N kg* dry soil) (Fig. 6.3b). It was also higher than the

initial soil NO3  content.

Table 6.3 Soil NH,* and NO;™ concentrations before and after the incubation, in mg N kg* dry soil.
Error bars represent standard error of the mean (n=3 before incubation, n=4 after the incubation).
Different letters indicate significant differences in the soil initial NH,* and NO5 concentration
between each incubation at P<0.05 by LSD. After the incubation, different letters indicate the
significant differences between the NOs, NO5™ + glucose/NH," and NO;™ + C source treatment in the

NH,4*and NOs concentration, respectively.

Incubation Inc-Van Inc-Cel Inc-Glu Inc-But Inc-FSI Inc-ASI

Initial soil NH4" and NO3 concentrations

NHs* 3.640.43bc 2.040.19c 2.940.52¢ 5.1+1.2ab 5.040.79ab  7.140.03a
NO3z 0.2640.06a 0.1140.04bc  0.1540.02abc  0.21#0.05ab  0.0540.00c  0.13#0.04bc
Treatment Soil NH4" concentration after the incubation

NO3z 11.2+1.8a 21.543.3a 19.346.1b 10.143.9a 15549.8a /

NOs3 +glucose or NH4* 11.5+1.6a 18.9+1.5a 23.949.3b 21.749.5a 11.6H.6a /

NOs3™ + C source 15.7+2.7a 20.2+2.1a 49.3+1 .4a 4.9+ .1a 11.682.7a |/

Treatment Soil NO3™ concentration after the incubation

NO3z 1.740.6a 3.9+.7a 0.840.1b 6.2+1.3a 4.4+ .6a /

NOs3 +glucose or NH4* 0.420.0a 1.340.5a 0.340.0b 0.940.5b 4.140.6a /

NO3 + C source 1.440.7a 2.5+1.6a 3.84l.2a 1.840.5b 5.840.9a /
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6.4. Discussion

6.4.1. Effects of C compounds on soil denitrification

Glucose, vanillin and butyric acid application significantly increased soil total denitrification
process, as indicated by the higher total N,O-N + N,-N emissions and relatively lower soil NOy
concentrations after the incubation (Table 6.1, Fig. 6.3). During denitrification, NO; is denitrified in
the sequence NO,—~NO—N,O—N, by corresponding reductase enzymes (Zumft, 1997), resulting in
NO;" consumption, NO and N,O emissions during partial denitrification, and N, emissions due to total
denitrification (Knowles, 1982). In this study, glucosamine application increased the N,O emissions
and total N,O + N, emissions, more than the other C compounds except forglucose. In addition, the
final soil NOs™-N and NH,*-N concentrations with glucosamine application were higher than other C
compounds, probably due to also being a N source (-NH,, which we estimate the N input via the
glucosamine and KNO;was 80 and 75 kg N ha* respectively) (Currey etal., 2010). This extra N would
have also stimulated the observed emissions, although the NH,* provided with glucosamine needed to
be nitrified before becoming available for denitrification. Denitrification has shown to be stimulated by
a series of C substrates, including plant residues such as alfalfa, red clover, soybean and barley straw
(DeCatanzaro and Beauchamp, 1985; Gillam et al., 2008; Henderson et al., 2010), and also organic
compounds e.g. glucose, mannitol, sucrose, methanol, ethanol and cellulose (Hendersonetal., 2010;
Lescure etal., 1992; Srinandan et al., 2012). Our results showed however that cellulose application had
no effect on denitrification rate, which is likely due to the low microbial availability of this C source.

Organic C is a substrate for the growth of denitrifying bacteria, a source of energy and an electron
donor, which is one of the most important factors to affect soil denitrifying activity (Schipper etal.,
2011; Tiedje, 1988). Based on the same amount of NOs concentration application, the availability of C
compounds or rapid decomposition of soluble C in soils after application may affect denitrification
(Miller et al., 2012, 2008). More readily decomposed compounds, such as glucose and glucosamine
have been found to stimulate denitrification more than complex carbon compounds, such as cellulose

and lignin (DeCatanzaro and Beauchamp, 1985), which may be one of the explanations for the

120



variability in the effecton soil denitrification. In addition, the physical properties of organic compounds,
such as solubility may affect the availability of C to the denitrifying microorganisms under anaerobic
conditions (Miller et al., 2008). Among the C compounds applied in this study, glucose, vanillin,
glucosamine and butyric acid are soluble either in water, ethanol, acetic acid or benzoyl, however,
cellulose is insoluble in any of the solvents described before (data from the handbook of chemistry and
physics). In addition, potential enzyme activities involved in breakdown of more complex forms of C
or nutrient acquisition decreased slightly or remained unchanged with N amendments (NH,* or NOy)
(Currey etal., 2010). This may also result in the relatively lower N,O emissions in the NOs™ + cellulose
treatment compared with other C compounds treatments. The total N emitted from all the C compounds
treatments suggest that the ranking of potential for N losses can be established as:

glucose > glucosamine > butyric acid > vanillin > cellulose.

6.4.2. Effect of cattle slurry on soil denitrification

In this study, the application of fresh or aged cattle slurry + NOs~ had no influence on the N,O or
N, emissions compared withthe NO3 only treatment (Table 6.1). Therelatively lowertotal N emissions,
combined with the higher soil NO3™ concentration in the NO3™ + fresh cattle slurry compared with that
in the NO;~ + C compounds treatments (except for the NO;~ + cellulose treatment), indicates
significantly lower denitrification rates in the cattle slurry application treatments. Nitrous oxide
emissions from the denitrification process and CO, evolution in manure-amended soil was closely
related to both water-soluble C and volatile fatty acids concentrations in the manures (Paul and
Beauchamp, 1989). Volatile fatty acids measured in stored cow slurry were less than those from pig
slurry (Cooperand Cornforth, 1978). In addition, previous studies show that the fibre content (cellulose,
hemicelluloseand lignin) is greatestin cattle slurry comparedto swine and poultry,accounting for more
than half of the dry matter (Chen et al., 2003). Indeed, a great proportion of slurry-derived N was
probably lost through the NH; volatilisation process, before even penetrating the upper soil layers,
which subsequently would have decreased the soil N pool available to both nitrifying and denitrifying

microorganisms (Bourdinetal., 2014). These may explain whythe freshcattle slurry + NO5 application
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did not affect the soil N,O or N, emissions compared with the NO3™ only treatment, and why the
cumulativeN,O and N, was relatively lower thanthatin the NO;™+C compounds treatments, indicating
that C availability in the cattle slurry limited denitrification of the added NO5 (Firestone and Davidson,
1989; Gillam et al., 2008).

We would expect that the aged slurry would generate more emissions compared to the control and
fresh slurry, based on the fact that the intractable C in the fresh slurry undergoes changes due to
microbial activity during ageing which mineralises C and N and which become available (Bastami et
al., 2018; Bertora et al., 2008; De Vries etal., 2012). Although this did not happen for N,O, it did for
N,, the relatively higher N, emissions observed in the NO3™ + aged slurry treatment than NO3™ + fresh
slurry (Table 6.1). Ammonium application significantly increased the cumulative N,O emissions
compared with the NOz and NO; + fresh slurry treatments, which may result in N,O emissions directly
from nitrification and/or denitrification of the NO3 produced from nitrification.

Thesoilinitial NH,* (< 7.1 mgN kg* dry soil)and NO; (<0.26 mgN kg dry soil) concentrations
were relatively low before the applications of C and N. After the incubations, the soil NH,* increase
may have been the result of the mineralisation of soil organic matter stimulated by the C compounds
application or compounds existing in the cattle slurry (Sutton-Grier etal., 2011), which is consistent
with Dlamini et al. (2020). The slight increase of soil NO;  was most likely the result of the NO3
application itself, or produced from the mineralisation of soil organic matter (Zech etal., 1997) which
was not denitrified. The significant increase in soil NOs™ in the fresh slurry incubation treatments (NOs,
NO; + NH,*and NO;™ +slurry) (ca. a factor of 10*) indicates nitrification is likely to have occurred in
these highly denitrifying conditions. Increases in the other incubations although smaller, particularly in
NO; and NO; + C compound treatments supports this assumption. The smaller increasesin the NOs
+ glucose treatments could have been due to the larger consumption of NO; due to removal by
denitrification. Simultaneous or possible concurrent occurrence of denitrification and nitrification has

been observed before (Owusu-Twum etal., 2017).
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6.4.3. Effects of carbon sources on N,O/N, ratio

Large denitrification rates might not result in higher N,O emissions due to a change in the split
between N,O and N,. Some authors use the ratio of N,O/N, others N,O/(N,+N,0O) to express this split.
It has been reported that this ratio dependson C quality or the proportion of NO3; and C quality (in
arable soils) (Weier etal., 1993b). Senbayram et al. (2012) reports higher N,O/(N,+N,O) at high NO;y
concentrations due to inhibition of N,O reduction. Scholefield et al. (1997) also reports high ratios
N,O/N, with high NO3" due to preference of microbes for this electron acceptor. At high soil moisture
(Weieretal., 1993a) and with long term organic matter application (Senbayram et al., 2012) the ratio
decreases. However, it seems this relationship changes (it does not apply) if NO; is high. Cardenas et
al. (2007) reports different N,O/N, ratios from application of slurry to incubated soils depending on the
pasture fed to the sheep that generated the excreted material. Values for the ratios were highest for the
pasture that produced slurry with the lowest soil organic carbon, volatile fatty acids and carbohydrate
contents indicating that lower available C promoted higher N,O. The N,O/N, ratio was >1, indicating
that most emissions occurred as N, O in these treatments, except for the NO3", NOs™ + cellulose, NO; +
butyric acid and NO3 + aged slurry (Table 6.2). Previous studies have shown that increasing soil NOz
concentration may result in an increased N,O/N; ratio asa result of: 1) the inhibition of N,O reductase
activity; and 2) the greater affinity of NO; relative to N,O as terminal electron acceptor for their
respective reductase enzymes (Firestone etal., 1979; Knowles, 1982; Ruser etal., 2001; Weier et al.,
1993a). This may explain the relatively high N,O/N, ratio in the NO3 + NH,* (Inc-FSl and Inc-ASl)
and NO; + glucosamine treatments. Ammonium application and additional N supply by the
glucosamine application (80 kg N ha), resulted in a greater soil NO;” pool compared with the NO5
only, NO3z +C compound (except for the glucosamine) and NO 5 +cattle slurry treatments. In this study,
the N,O/N, ratio in the easily degradable C compounds treatments (e.g. glucose, glucosamine) was
significantly greater than that in the NOj;™ + cellulose treatment (similar N, but lower N,O emissions),
indicating the lower denitrification rates in the NO3™ + cellulose treatment, which was also supported
higher soil NO3™ concentration after the incubation with cellulose application. The microbial preference

for electron acceptors during the denitrification process followsthe order: O, >NO; > N,O (Firestone
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and Davidson, 1989). Therefore, the low N,O/N; ratio (<1) in the NO;" + aged slurry treatment (similar
N,O, but higher N, emissions compared with the fresh slurry treatment) suggests that the NO5 supply
may not meet the demand for electron acceptors, thus inducing N,O reduction and resulting in N, the
primary product of denitrification. It also agrees with further reduction of N,O to N, probably due to
the dry matter added with the slurry that would have favour anaerobic conditions and restricted diffusion

of N,O out of the soil (Chadwick et al., 2000).

6.4.4. Implications for agriculture

The study of the reactivity of individual C compounds, although useful to determine the potential
for N losses, needs to be related to the practical context, i.e. on what is expected to occur when slurry
is applied to soil. There are strong interactions between C and N, but also between the various types of
C (and N). The application of fresh slurry to soil intuitively suggests that there is potential for larger
losses as nutrients are in their original forms and nothing has been lost. During ageing, compounds
change becoming more available to microorganisms, but also nutrient losses would have occurred
duringstorage, so less N isavailable. Takingthis into consideration, itwould be possible to use different
aged slurries and assess their effect on emissions after application to soil; but also measuring the losses
during storage so the full account of GHG emissions is taken (Chadwick et al., 2011).

In addition, we provide new data for the cumulative N,O to N, ratio following manure spreading
to land. In our study this ratio is close to 1:1 for fresh cattle slurry. This ratio is often a fixed value in
models and N balances irrespective of manure type. For example, Nicholson et al (2013) use a ratio of
1:3forallmanure types in the MANNER-NPK decisionsupport system. After storage, the N,O/N; ratio
was <1 in the aged slurry treatment, as a result of additional N, emissions compared with the fresh
slurry treatment.

Thessignificanthigher soil N,O and N, emissions in the labile C compoundstreatments, may imply
that the easily mineralised biological Nls identified from plants may stimulate soil NO;™ consumption
via denitrification, but appear as nitrification inhibition. Thus, this study reinforces the need to consider

whether any observed effects on NO3™ concentration following the addition of biological Nls are the
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result of a direct inhibition of nitrification, or a potential indirect effect via their influence in other
related soil N processes, as this has implications for developing effective mitigation strategies for N,O

emission and NOj;"leaching.

6.5. Conclusions

The reactivity order of individual C sources on denitrification can be established as: glucose >
glucosamine > butyric acid > vanillin >aged slurry > cellulose > fresh slurry, indicated by the higher
total N,O-N + N,-N emissions. Fresh and aged cattle slurry applications did not affect the soil N,O and
N, emissions compared with the NO3 only treatments, with only the NH,* application increasing N,O
emissions in the Inc-FSI. Nitrous oxide is the predominant denitrification product (compared with N,)
in the labile C compound and NH,* application treatments, which may be because of the high NOs
concentrations and high C availability. We conclude that labile C compounds inputswould increase

soil N,O emissionsand result in higher N,O/N, ratio.
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Chapter 7: Discussion and outlook

7.1. Introduction

Since the experimental chapters (Chapters 3-6) are presented in the forms of journal articles
manuscripts, discussions have been conducted in each relevant chapter. In this Chapter, | return to the
three objectives of the thesis: 1) to determine the efficacy of the biological nitrification inhibitors (NIs);
2) to assess the factors controlling the efficacy of biological Nls; 3) to clarify the mechanism of the
biological NlIs on soil nitrification inhibition. In addition, this chapter provides recommendations for

future research.
7.2. Efficacy of biological NIs

Synthetic Nls, e.g. dicyandiamide (DCD) (Cameron and Di, 2002; Cardenas et al., 2016;
Monaghan et al., 2013) and 3, 4-dimethylpyrazole phosphate (DMPP) (Gilsanz et al., 2016; Nair et al.,
2020; Shietal., 2016), havebeen well understood and widely usedto reduce the soil nitrousoxide (N,O)
emissions and/or nitrate (NOjz) leaching in agriculture. In recent years, some pasture grasses
(Brachiaria humidicola) and crops have been confirmed to have the ability to release biological Nls,
with more newly identified biological NIs from Brachiaria humidicola (Gopalakrishnan etal., 2007;
Subbaraoetal., 2009, 2008), rice (Sunetal., 2016), sorghum (Subbarao et al., 2013; Zakir et al., 2008).

In Chapters 3 and 4, biological Nls identified from Brachiaria humidicola (linoleic acid, LA and
linolenic acid, LN) and rice (1,9-decanediol) were applied (from synthetic production) to a highly
nitrifying soil to compare their effects on soil nitrification and greenhouse gas (GHG) emissions (N0,
and carbon dioxide (CO,)) compared with the proven synthetic NI, DCD. Results in these two chapters
showed that DCD retained relatively higher ammonium (NH,*) and lower NO;" concentrations in the
soil (Fig. 3.1, 4.1) and reduced cumulative N,O emissions (Fig. 3.3, 4.2) compared with biological Nis
(LA, LN and 1,9-decaneidiol) appliedatthe same concentrations (12.7 and 127 mgkg* dry soil), which

is consistent with the first hypothesis of the thesis that the effective dose of LA and LN to reduce soll
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NOjs concentration was found to be much higher (>635 mg kg™ dry soil) than that of DCD (12.7-127
mg kg? dry soil).

Previous studies compared the effects of biological NIs (Lu etal., 2019; Nardi et al., 2013) or root
exudates containing biological nitrification inhibition (BNI) activity (Gopalakrishnan et al., 2009;
Meena et al., 2014; Souri and Neumann, 2010) and Nls (e.g. DCD, DMPP, Nitrapyrin, as a control) on
soil nitrification, N,O emissions and nitrifiers. Dicyandiamide applied at a concentration of 10-20 mg
kg* dry soil showed similar inhibition of nitrification rates with 1,9-decanediol applied at 500 mg kg*
dry soil (Luetal.,2019) and methyl 3-(4-hydroxyphenyl) propionate (MHPP, identified from sorghum)
appliedat350mgCkgdry soil (Nardietal., 2013). Rootexudates from Brachiariahumidicola applied
at least 30 Allylthiourea (AT) unitg? dry soil (ATU, the inhibitory effect of 0.22 uM AT in an assay
containing18.9 mMof NH,*isdefinedasone AT unitof activity) (Subbarao etal., 2006a), or extracted
by higher concentration of ethyl alcohol (70%, BNI activity in freeze-dried shoot tissue extracted with
70% methanol was 215 ATU) (Subbarao et al., 2008) showed close or even higher nitrification
inhibition rates compared with DCD applied with 10-50 mg kg dry soil (Gopalakrishnan et al., 2009;
Meenaetal., 2014). The relatively lower mineralisation of NIs compared with biological NIs may be
one of the explanations for the higher nitrification inhibition rates in NIs application than BNIs

application, which is described in Section 7.3.1.

7.3. Factors controlling the efficacy of biological Nls

7.3.1. Howbiological Nls stability affect soil nitrification?

The mineralisation rates of LA, LN and DCD were determined by using the 1*C-labelling methods
(Chapter 4). Linoleicacid and LN mineralised much more rapidly than DCD, with mineralisation rates
of 47-56%, 37-61% and 2.7-5.5% (Fig. 4.4), respectively, after a 38-d incubation. Due to the high cost
of the 1“C labelled 1,9-decanediol, the mineralisation rate of this compound was not explored in this
study, instead, the cumulative CO, emissions were assessed when it was applied at a rate of 12.7 and
127 mgkg?dry soil. The emissions weresignificantly higher thanthosein the DCD treatments (applied

at12,7and127mgkg? dry soil), indicating higher mineralisation rate of 1,9-decanediol than DCD (Fig.

131



3.3b). Combining the higher soil NH,* and lower NO3~ concentrations, and/or reduced soil N,O
emissions with the lower mineralisation rates in the DCD treatments compared with biological Nls,
confirms the initial hypothesis that the rate of nitrification inhibition would decrease as the increasing
mineralisation rate.

The efficacy of Nls is largely related to their mineralisation rate or hydrolysis rate, which are
strongly influenced by temperature (Guardiaetal., 2018; Kelliher et al., 2008; Marsden et al., 2016hb)
and soil aeration (Balaine etal., 2015). This is the first time the stability of biological NIs has been
determined, and results showed that with increasing application rates of LN the mineralisation rate also
increased. Further studies need to be conducted to explore the factors controlling mineralisation rates
of the range of biological Nls that have been identified. The relatively higher mineralisation rate of
biological NIs (LA, LN and 1,9-decanediol) compared to DCD may result in lower nitrification
inhibition rates, because mineralisation of biological NIs may stimulate soil N immobilisation or

denitrification (see detailed in section 7.4).

7.3.2. Howbiological NI concentrations affect soil nitrification?

Nitrification inhibitor concentrations have also been shown to be one of the factors limiting the
efficacy of NlIs (Brath et al., 2008). In previous studies, biological NIs were applied at a range of
concentrations (0-1000 mg kg* dry soil) to explore their effects on soil nitrification and N,O emissions
(Lu et al., 2019; Nardi et al., 2013; Subbarao et al., 2008). In Chapters 3 and 4, BNI compounds
(synthetic LA, LN and 1,9-decanediol) were applied at a concentration of 0, 12.7, 127, 635 and 1270
mg kg? dry soil. Results showed that LA and LN applied at higher concentrations reduced soil NO3
concentration (Fig. 4.1), and LA, 1,9-decanediol applied at rates lower than 127 mg kg dry soil was
infective at inhibiting soil nitrification (Fig. 3.1), which supports the hypothesis that nitrification
inhibition would increase with increasing biological NI application rate. This agrees with previous
studies that found that the nitrification inhibition rate increased as the LA and LN application rates

(ranging from 0 to 1000 mg kg dry soil, or 0.05-0.5% of NH,* application) increased (Souri, 2016;
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Subbaraoetal., 2008). In addition, 1,9-decanediol showed significant nitrification inhibition when it
was applied at rates>500 mg kg* dry soil (Lu etal., 2019).

Root exudates from grasses or crops that contain BNI activity have also been applied in previous
studies to determine the potential of plants to inhibit soil nitrification (Souri, 2016; Subbaraoet al.,
2006a). In Chapter 5, soil grown with Brachiaria humidicola was used to compare the residual effect
of grass with and without BNI activity. Results showed that soil grown with grass containing BNI
activity (Brachiariahumidicola) retained higher NH,4* concentrationand lower NO4™ concentration than
when grass had no BNI activity (Brachiaria ruziziensis). Additionally N,O emissions were reduced
during the first peak after the application of a N source (sheep urine application in this case) in the
presence of BNI activity (Fig. 5.1, 5.2), which indicated that nitrification could be inhibited when
biological Nls are applied under certain concentrations. In the study of Gopalakrishnan et al. (2009),
root exudates from Brachiaria humidicola applied at a range of 10-40 ATU g* dry soil resulted in the
inhibition of soil nitrification rates, and the inhibition rates increased with increasing concentrations
(reaching 95% inhibition when applied >30 ATU g dry soil). The inhibition activity of root exudates
from Brachiaria humidicola is largely associated with BNI compounds identified, e.g. LA, LN
(Subbarao et al., 2008), brachialactone (Subbarao et al., 2009), methyl p-coumarate and methyl ferulate
(Gopalakrishnan etal., 2007), whichblock the ammonia monooxygenase (AMO) and/or hydroxylamine
oxidoreductase (HAO) pathways. The presence of NH,*, low pH and aeration of the root environment
were confirmedto stimulate the release of biological NIs from its roots (Subbarao et al., 2007¢; X.

Zhangetal., 2019).

7.4. Mechanism of biological NIs on soil nitrification

7.4.1 Do biological NIs act asa direct nitrification inhibitor of soil nitrification?

In Chapter 4, soil NO3™ concentration significantly decreased as biological NIs (LA and LN
identified from Brachiaria humidicola) concentration increased, however, no significant differences
were observed in the soil NH,* concentration with increasing BNIs concentrations (Fig. 4.1). 1,9-

decanediol (identified from rice) application also resulted in decreased NO;™ concentration, but the
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inhibition of NO3 formation decreased as concentration increased (Chapter 3, Fig. 3.1). In Chapter 5,
soil grown with Brachiaria humidicola (with ability to release biological NIs) retained higher soil NH,*
and lower NOs™ concentrations compared with soil grown with Brachiaria ruziziensis (not able to
release biological NIs) after sheep urine application. The cumulative N,O emissions during first peak
in the soil grown with Brachiaria humidicola was significantly inhibited compared with soil grown
with Brachiaria ruziziensis after sheep urine application (Chapter 5, Table 5.2). This could be partly
due to direct soil nitrification inhibition by the biological NIs, which inhibit the transformation of soil
NH,4* to NOs and reduce soil N,O emissions during the nitrification. A second N,O peak as a result of
denitrification was not affected by the Nls application. In addition, the biological Nls did not affect NO
emissions.

A useful approach to test the direct effect of biological NIs on nitrification rates, is via analysis of
the nitrification gene abundance. During nitrification, NH,* is first oxidised to nitrite (NO,") catalysed
by the AMO and HAO, which is then oxidisedto NO;" (Firestone and Davidson, 1989). Most biological
NIs have been confirmed to inhibit both the HAO and AMO enzymatic pathways, suchas LA, LN and
brachialactone identified from Brachiaria humidicola (Subbarao etal., 2009, 2008), sorgoleone and
sakuranetin identified from sorghum (Subbarao et al., 2013). There are also some biological NIs that
inhibit only the AMO, e.g. biological Nls identified from sorghumand rice (Sunetal., 2016; Zakir et
al., 2008), or the HAO, such as wheat root exudates (no identified biological NIs) (Subbaraoet al.,
2007b). In contrast, synthetic Nls inhibit only the AMO pathway (Benckiser etal., 2013; Subbarao et
al., 2013; Zakiretal., 2008).

The abundance, diversity and structure of ammonia oxidising bacteria (AOB) and archaea (AOA)
responding to the application of NIs have been shown to be highly variable, and controlled by soil type
(Gongetal., 2013; Liu et al., 2015), soil pH (Robinson et al., 2014), soil temperature (McGeough et al.,
2016), and soil water content (Barrenaetal., 2017). Lu et al. (2019) confirmed that the 1,9-decanediol
application significantly inhibited the abundance of AOB and AOA in an acidic red soil, paddy soil and
fluvoaquic soil, however,the community structureof AOA and AOB wassignificantly differentin these
three typical agriculture soils. Dicyandiamide was effective at inhibiting nitrification (soil retained high
NH,* concentration and low NO;™ concentration) and reduced cumulative N,O emission by inhibiting
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AOB gene abundance rather than AOA (Chapter 3). No significant differences were observed in the
AOA and AOB abundance afterthe LA and 1,9-decanediol (Chapter 3), and may be due to the lower
biological NIs application rate (<127 mg NI kg dry soil), which is consistent with previous studies (Lu
etal., 2019; Nardi etal., 2013). A relatively high dose (350 pg C g* soil) of BNI compound (identified
from sorghum, 3-4-hydroxyphenyl propionate (MHPP)) application significantly reduced the

abundance of AOB and AOA (Nardietal., 2013).

7.4.2 Do biological NIs act as C sourcesto stimulate N immobilisation?

Nitrification inhibitors suppress soil nitrification, resulting in higher soil NH,* and lower NOy
concentrations (Lu et al., 2019; Subbarao et al., 2008; Xu et al., 2019). However, only significantly
reduced soil NOs” concentrations were observed in this study after the applicationsof LA, LN and 1,9-
decanediol, but there was no increased/retention in the soil NH,4* concentration, which disproves the
initial hypothesis that biological NlIs application would retain higher soil NH,* and lower NOy
concentration. In addition, low nitrification rates sometimes have been attributed to a decline in NH,*
availability rather than to the toxicity to nitrifiers (Schimel et al., 1996). Labile carbon (C) rich
substrates have previously been shown to increase net N immobilisation in soil (G. Chen etal., 2003;
Magill and Aber, 2000; Vintenetal., 2002). In Chapter 4, the nitrification inhibition mechanism of the
biological NIs seemed to differ from DCD. In the case of LA and LN, an indirect effect under low soil
N conditions could be due to the addition of labile C promoting microbial immobilisation of soil NH,*
and/or NO3™ (under high C/N ratios), and/or denitrification losses (Chapter 4). We did not measure solil
microbial immobilisation of NH,* or NO3™ using **N-labelling technique directly, but we determined
the linear relationship between the predicted microbial N immobilisation (predicted value, using the
standard C:N ratio of the soil microbial biomass of 8:1 to evaluate the microbial N demand needed to
assimilate the C-rich substrates) using the *C-labelling method and observed N immobilisation
(observedvalue, (NH4*+ NOg3Y) in control minus (NH,* + NOy3") in treatment) (see details in section
4.2.4). This provides evidence to support the initial hypothesis that the reduced NO5"concentration after

application of the biological NIs, LA and LN, could have been partly due to soil microbial NH,* and/or

135



NOs" immobilisation. This is also supported by the significantly higher mineralisation rates of *4C-
labelled LA and LN comparedto DCD (Fig. 4.5). Inaddition, mineralisation rate waspositively linearly
correlated to cumulative CO; emissions (Chapter 4).

The study of Nardietal. (2013), suggestedthat the Biological NI, MHPP, would limit NH,* supply
(NH,4* immobilisation) and indirectly reduced soil nitrification, due to the BNI compound actingas a C
source for soil microorganisms, favouring heterotrophs that are better competitors for NH,* than
autotrophs. Nevertheless, it has been argued that the influence of MHPP on NH,* immobilisation is of
minor importance and the MHPP shows a more direct effect on ammonia oxidisers (Nardi et al., 2013).
This was also supported by Lu et al. (2019), who indicated that the high doses of 1,9-decanediol

application suppress soil nitrification by inhibiting AOB and AOA but not NH,* availability.

7.4.3 Do biological NiIs act as C sources to stimulate denitrification?

Denitrification refers to the dissimilatory reduction of NO3;—NO, —->NO—-N,0—N, by
corresponding reductases (Knowles, 1982; Zumft, 1997). In Chapter 4, higher concentration of LA and
LN application significantly increased soil N,O emissions compared with the control without biological
NIs application, which may result from their role as C sources (significant higher mineralisation rate of
LA and LN) stimulating soil denitrification of residual NO3 and/or NO5 produced via soil nitrification.
Soil Cavailability has been confirmedto be one of the mostimportant factorscontrolling denitrification
rates, due to its role as a substrate for the growth of denitrifying bacteria, a source of energy and an
electron donor (Henderson et al., 2010; Schipper etal., 2011; Tiedje, 1988). The effects of C sources
on soil denitrification have been explored in Chapter 6, the study confirmed that labile C compounds
stimulated soil N,O emissions and NO3 consumption during the denitrification process, e.g. glucose
and glucosamine compared with relatively stable and complex C compounds such as cellulose (Table
6.2, 6.5), resulted in greater N,O emissions, and a higher N,O/N, ratio. This provides evidence for the
initial hypothesis that biological NIs may act as a C source to stimulate soil denitrification, especially
at high applicationrates. Eventhough the effect of the biological NIs, LA, LN and 1,9-decanediol, were

not explored in this DENIS study. To our knowledge, this is the first time to mention that biological NI
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may act as C source to stimulate soil denitrification. Further research needs to be conducted to confirm

the effects of easily mineralised biological NIs on denitrification.

7.5. Conclusions

Biological Nls, such as LA, LN and 1,9-decanediol, were able to reduce soil NO3 concentration
after application to a highly nitrifying soil with or without chemical N fertiliser applications. However,
the required doses of LA, LN and 1,9-decanediol to inhibit soil nitrification were significantly higher
than the application rates of the proven synthetic NI, DCD. The efficacy of biological NIs were largely
related to the initial biological NI concentration and stability in soil, which increased as the increasing
of BNI concentration and decreasing mineralisation rates. The apparent reduction of soil NO3
concentrationafter theapplication of biological NIs may result from biological NIs 1) directly inhibiting
thee nitrification process; 2) providing a C source to stimulate soil NH,* and/or NO3" immobilisation;
3) providing a C source to promote soil denitrification. The synthetic NI, DCD, was confirmed to
suppress the transformation of soil NH,* to NO3, and inhibit soil N,O emissions by impeding AOB but

not AOA directly in a highly nitrifying soil.

7.6. Recommendations for future studies

This thesis has identified that biological NIs can appear to result in direct nitrification inhibition,
but at high concentrations they may also provide a suitable C source that stimulates microbial
immobilisation and/or denitrification, both of which resultin a reductionin soil NO;". However, the
thesis has also highlighted some important gaps in our knowledge, which are summarised in the
following section, and in Fig 7.1.

1. The study in Chapter 4 provided evidenceto support the possibility that biological NIs may

indirectly inhibit soil nitrification by N immobilisation, using the **C-labelling method and
indirect calculation. But we did not directly measure soil microbial immobilisation of NH,* or

NOs- using **N-labelling technique. Further studies could be conducted to measure the effects
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of biological Nls on direct soil microbial immobilisation to provide more evidence for the
mechanism of biological NIs on soil nitrification.

In Chapter 3, we only explored the effects of BNI compounds applied at doses <127 mg BNI
kg! dry soil on soil nitrifiers and denitrifiers. However, the effects of higher concentration of
BNI compounds application on soil nitrifiers and denitrifiers were not determined. In addition,
BNI compounds were notincluded in the series of experimentsto determine the effect of C
lability on soil denitrification. Thus, further studies could be conducted to explore the effects
of biological NIs on soil denitrification and denitrifier populations, to verify the possible
mechanism of being a C source to stimulate denitrification.

In this study, we did notinclude glucose as a reference C source alongside the biological Nis
treatments to compare their effects on soil nitrification, immabilisation and denitrification. In
addition, biological NIs were applied at the same mass but not the same amount C content in
this study. Including glucose as C reference at the same level of C addition or adding the same
number of moles, to compare with LA, LN and 1,9-decanediol in the future, may resultin a
better understanding of the efficacy and mechanism of biological Nls.

Due to the high cost of **C-labelling 1,9-decanediol molecule, the mineralisation rate of 1,9-
decanediol was not determined in this study, further studies could be conducted to explore the
stability of 1,9-decanediol (by measuring its disappearance in soil, or measurements rates of
14C0O, emissions, after 14C labelling this biological NI, which may improve our understanding
of the factors affecting the efficacy of 1,9-decanediol.

This study focused on soil N,O, NO, N, and CO, emissions during nitrification and
denitrification processes. Ammonia (NHs) emissions were not included in this study. However,
previous studies showed that the Nls application retains higher soil NH,* concentrations, thus
increasing NH; emissions (Lam et al., 2017; Sénchez-Rodr guez et al., 2018; Soares et al.,
2012). Attention should be paid to NH3; emissions when biological Nis are applied in future
studies.

Inthis study, we only exploredthe effects, efficacyand mechanismofthe BNI compounds, LA,
LN and 1,9-decanediol, and the root exudates of Brachiaria humidicola on soil nitrification. In
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recent years, more and more plants have been confirmed to have the ability to suppress the solil
nitrification,andmoreand more BNI compoundshavebeen identified. A greater understanding
of the efficacy of these newly identified biological NIs could support more sustainable N use,
improve NUE and reduce N lossesin the future.

7. Biological NlIs, LA, LN and 1,9-decanediol, and synthetic NI, DCD differ in their water
solubilities. Future research, identifying the effects of leaching on the efficacy of Nlis will
improve our understanding of their fate in the soil and guide better management of NIs in

agricultural systems.

AMO HAO
NH;+0,+2H* x—_> NH20H+HZOx—_' NO,+5H"+4e"

Findings in this study —» T N immobilization
A Stimulatin
Biological Nls application |ﬂ>| Carbon source lig

Denitrification

]

1. Determine the role of biological NIs on N immobilisation, e.g. using >N labelling method
2. Assess the importance of biological NlIs on denitrification processes and denitrifier populations
3. Consider including reference treatments in experiments for 1) and 2) (above) of i) glucose applied at the

same C addition as the biological Nls, and ii) a synthetic NI, e.g. DCD, to aid comparison with a NI that

v directly effects nitrification

Future research — | 4. Explore the factors controlling the mineralisation rates of new biological Nls, including 1,9-decanediol, e.g.
using *C-labelling

5. Determine the effects of biological NIs on NH; emissions

6. Identify and explore new biological NI compounds from plants and other organic sources

7. Assess the effects of leaching, and spatial dislocation of NI and NH,* in the soil profile, on the efficacy of

biological and synthetic NIs

Fig. 7.1 Summary of the thesis. Note: red arrows represent new knowledge developed in the

thesis.
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Appendix 1: Supplementary material for Chapter 3
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Appendix 2: Supplementary material for Chapter 4
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Appendix 3: Supplementary material for Chapter 5
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Fig. 1 The experiment setup of the Denitrification system (DENIS)
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Table 1 Primer sets used for the real-time PCR

Targeting gene  Primer set  Sequence (5'-3) Reference

AGA Arch-amoAF STAATGGTCTGGCTTAGACG Robi t al.. 2014
Arch-amoAR  GCGGCCATCCATCTGTATGT (Robinson et al., 2014)

AOB amoA-1F GGGGTTTCTACTGGTGGT (Robinson et al, 2014)
amoA-2R CCCCTCKGSAAAGCCTTCTTC

» FlaCu ATCATGGTSCTGCCGCG - ol 2016

nr R3Cu GCCTCGATCAGRTTGTGGTT (2ulkamaen etal., 2019)

o cd3aF GTSAACGTSAAGGARACSGG - ol 2015

nr R3cd GASTTCGGRTGSGTCTTGA (ulkamaen etal., 2019)
oF CGCRACGGCAASAAGGTSMSSGT

nosZ (Zulkarnaen et al., 2019)
2R CAKRTGCAKSGCRTGGCAGAA
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Zulkarnaen, N., Zhang, Y., Zhang, P., Liu, Y., Cheng, Y., Zhao, J., Zhang, J., 2019. Abundance of
AOA, AOB, nir S, nir K, and nos Z in red soil of Chinaunder different land use . IOP Conference
Series: Earth and Environmental Science 393, 012007. doi:10.1088/1755-1315/393/1/012007
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Appendix 4: Supplementary material for Chapter 6

Details of six denitrification incubations used in Chapter 6

The 6 incubations referred to in this Chapter were conducted by Dr Laura Cardenas and other
researchers at Rothamsted Research (North Wyke) in 2001-2002. I was not involved in the
experimentation, but was responsible for taking the raw data and calculating fluxes, cumulative fluxes,
the statistical analyses and interpretation of the results. Below, | summarise the experimental details

(for completeness).
1. Soil site and sampling regime

Soil samples used in this study were collected from an experimental site at Rothamsted Research
(North Wyke, 5046™N, 34 °E). The site was a plot belonging to the Rowden experiment (Blackwell
etal.,2018), which had notreceivedinorganic N fertiliser for atleast 60 yearsanddid nothaveartificial
drainage. The climate at this site is cool temperate with an average 30-year annual temperature of
10.1 <€ and an annual average total rainfall of 1040 mm (Orr et al., 2016). The soil is a clayey
pelostagnogley of the Hallsworth series (Clayden et al., 1984), or a FAO dystric gleysol (FAO, 2006).

Intact soil cores (0-10cm depth) were collected using stainless steel rings (diameter: 14.3 cm). Soil
cores were carefully dug up and vegetation was trimmed off. The base of each soil core was pared
carefully to avoid smearing using a sharp blade, until it was level with the edge of the corer. The top 10
cm was characterised by 36.6% clay, 47.7% silt, 13.9% fine sand and 1.8% coarse sand in the inorganic
fraction (Harrod and Hogan, 2008; Schnirer et al., 1985; Scholefield et al., 1997), with the soil organic
C content of 5.3% and a soil pH of 5.7. The intact soil samples were watered twice with 100 ml
deionisedwater eachpriorto incubation and leftto drain for two hours to ensure they were at maximum

soil water holding capacity (~90% water filled pore space, WFPS).

2. Carbon sources and experimental design
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Toexplore the effectof C qualityon N,O and N, emissions, a series of incubations were conducted
in the Denitrification System (DENIS) (Cadenasetal., 2003). In each incubation, the intact soil cores
were engineered to fit tightly within 12 incubation vessels (143 mm diameter, 120 mm height). The
vessels were then sealed with stainless steel lids that incorporated two ‘O’ rings. In order to purge the
N, from the soil atmosphere, headspace and all gas lines, a mixture of He: O, (80: 20, each of 99.999%
purity) was passed through the inlet at the base of the vessel at flow rates of about 200 mI min-! per
vessel, with the outlet from each vessel passing through a 16-port VValco valve (flow-through mode) to
N,O and N, detectors. Once baseline N, concentrations were achieved in the airflow from all vessels,
the He + O, mixture was directed to the vessel viathe lid of the vessel, in a flow-over mode. The flow
rate of the mixture was decreased to about 38 ml min-* with 16% O,. After replacement of the
atmosphere within the soil cores, the corresponding amendments (C and N sources) were added from a
He/O, flushed vessel fitted to the lid of the intact soil cores, by turning a ball valve. During the
incubation, the temperature of the vessels was kept constant at 15<€.

Six incubations were conducted in this study: 1) Inc-Van; 2) Inc-Cel; 3) Inc-Glu, 4) Inc-But; 5)
Inc-FSI; 6) Inc-ASI (vanillin, cellulose, glucosamine, butyric acid, fresh cattle slurry and aged cattle
slurry were applied as C source in each incubation respectively) (Table 1). The treatments in each
incubation were 1) NO;37; 2) NO; + glucose; 3) NO3™ + C source (Inc-Van, Inc-Cel, Inc-Glu, Inc-
But)/NH,* (Inc-FSl, Inc-ASl). C was added at an equivalent rate of 396 kg C ha*. NO;  was also added
to each vessel, at 75 kg N ha*in a volume of 50 ml deionised water, to provide a source of N for the
denitrifiers. Four incubations (Inc-Van, Inc-Cel, Inc-Gluand Inc-But) were carried out to assess the
specific C compounds (vanillin, cellulose, glucosamine and butyric acid) on soil N,O and N, emissions
during denitrification. Each of these 4 incubations contained a NO; only treatment (as a reference or
zero control) and a NO3™ + glucose treatment (as a positive control). The NO;™ + glucose treatment
would also provide information on the denitrification potential of the soil (Dendooven and Anderson,
1994). Two further incubations (Inc-FSI and Inc-ASI) were carried out to assess the effect of cattle
slurry on denitrification losses. Inc-FSl and Inc-ASl also had a NO;™ only treatment, butthe NO3 +
glucose treatment was replaced with NO3 + NH,* as slurries retain inorganic N in the NH,*-N form but
not the NO5™-N due to the anaerobic condition (Bastami et al., 2018). The same amount of NH,* as that
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containedin the cattle slurrieswas applied, in order to account for the NH,* content presentin the slurry
that could affect the production of N,O (either during nitrification or following subsequent
denitrification) (Table 2 shows the N and C rates in kg ha). Each treatment had 4 replicates, so the
inclusion of the NO3  only and NO; + glucose treatments, resulted in sufficient vessels (12 in total) in
the DENIS system for one of the C sources in each incubation.

Table 1 Treatments in the six incubations (n=4).

Incubation Incubation name Treatments

1 Inc-Van NO3’, NO3 + glucose, NO3™ + vanillin

2 Inc-Cel NOs’, NO3™ + glucose, NO3™ + cellulose

3 Inc-Glu NOs’, NO3™ + glucose, NO3™ + glucosamine

4 Inc-But NOs’, NO3™ + glucose, NO3™ + butyric acid

5 Inc-FSI NOs, NOs + NH4", NO3 + fresh cattle slurry
6 Inc-ASlI NO3", NOs + NH4", NO3 +aged cattle slurry

Table 2 Rates of N and C applied in the NOs + glucose, and NO5;™ + NH,* treatments.

NOs + glucose NOs + glucose NO3 + NH4* NOs + NH4*
Treatment  treatment, nitrate treatment, C added,  treatment, nitrate treatment, ammonium
added, kg Nha' kg Cha? added, kg N ha® added, kg N ha
Inc-Van 75 396 na na
Inc-Cel 75 396 na na
Inc-Glu 75 396 na na
Inc-But 75 396 na na
Inc-FSlI na na 75 11
Inc-ASlI na na 75 4.7

na: notapplicable

Cattle slurry was obtained from the reception pit (fresh) and the slurry tank of a commercial beef
farm (aged). The cattle slurry was sieved through a 670 pm mesh to ensure that it went through the ball
valve connectingthe amendment vessel to the incubation vessel. After sievingthe slurry,approximately
50 ml were frozen at -20 <C and freeze-dried for 24 hours before being ground in a pestle and mortar
in preparation for total C and N analyses in an elemental analyser (Carlo Erba). The slurry NH 4" and
NO; concentrations were extracted (freshslurry: 2M KClI, 1:5 (w/v)) andthe filtrate was analysed using
acolorimetric technique in a Skalar Sansplus segmented-flow analyser linkedto a model 1050d diluting
auto-sampler (Kamphake etal., 1967; Searle, 1984). Theseanalyses were completed prior to application
to the soil in order to provide the same C: N loading as in the C compound experiments. Sieved fresh

and aged cattle slurry has 4.6% and 3.2% dry matter, 37.7% and 39.0% total C, 3.5% and 1.9% total N,
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0.1% and 0.46% NH,* in dry basis, respectively. According to the result of the analysis, 35.3 g sieved
fresh slurry and 53.7 g sieved aged slurry were applied to each vessel, which supplied 0.61 g C
(equivalentto 396 kg C ha't), 1.6 mg NH,*-N and 56.8 mg total N for the fresh slurry experiment, and
0.61 g C (equivalentto 396 kg C ha), 7.9 mg NH,*-N and 32.6 mg total N per vessel for the aged

slurry experiment, respectively.

3. Gas measurements and soil analysis

During the pre-flush period and experimental incubations, the N,O and N, concentrations were
analysed automatically every 8 minutes, which result in a measurement every 1.5 hour foreach vessel
(12 vessels in total). N,O and N, were quantified by Electron Capture Detection (ECD) and He
lonisation Detection (HID), respectively (Cadenaset al., 2003). The separation of N,O and N, was
achieved by a stainless steel packed column (2 m long, 4 mm bore) filled with ‘Porapak Q’ (80-100
mesh) using N, as the carrier gasanda PLOT column (30 m long, 0.53 mmi.d.) with He as the carrier
gas, respectively (Cadenasetal., 2003). Gas concentrations were corrected for surface area and the
flow rate through each vessel (measured daily by means of glass bubble meter), and fluxes calculated
in the units of kg N or C ha* d%. The cumulative gas flux was calculated using Genstat (the 19" edition,
VSNI, UK) usingthe Trapezoidal rule (Meijide etal., 2010). At the end of each incubation, soil was
removed from the stainless-steel incubation vessels and sieved before KCI (2M) extraction and analysis

of the filtrate for NH,* and NO;" using the same methods described above.
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