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Abstract

Soil microbial organisms are involved in many soil processes including nutrient cycling, impacting
on soil quality and health. Anthropogenic activities such as nutrient addition influence soil
ecosystems and soil environment. It is widely known that the contribution of urease inhibitors (Ul)
e.g. N-(n-butyl) thiophosphoric triamide (NBPT) and nitrification inhibitors (NIs) e.g. 3, 4-
dimethylpyrazole phosphate (DMPP) in reducing N losses is associated with urea hydrolysis (and
ammonia volatilization) and ammonia oxidization processes, respectively. However, little
attention has been given to the understanding of the effect of NBPT on nitrification and urease
producing microbes. Further, although the effects of NIs on ammonia oxidizers have been studied,
there is limited information on how they influence non-targeted microbes or the newly discovered
complete ammonia oxidizers (comammox Nitrospira). Some studies have reported that targeting
mitigation of N losses through one pathway of the nitrogen cycle may lead to losses in another
pathway. Therefore, the use of a combination of mitigation measures was suggested including
combining Uls and NIs. Limited bio-molecular studies have investigated the effect of combined
Uls and NIs on the soil N cycling microbes. In an incubation study on five soils from different
parts of Victoria, Australia, using the terminal restriction fragment length polymorphisms (T-
RFLP) and quantitative polymerase chain reaction (qQPCR) techniques, we reported that the
abundances of ammonia-oxidizing bacteria (AOB) and complete ammonia oxidizers
(comammox Nitrospira), but not ammonia-oxidizing archaea (AOA), were significantly
influenced by the application of NBPT, DMPP, and DMPP + NBPT. The structures and
community composition of both AOA and AOB were influenced by NBPT, DMPP, or their

combination. AOA, AOB, and comammox Nitrospira clade B might be significant contributors to



nitrification in the studied soils. However, the contribution and responses of these microbes to
nutrients, Ul, or NI could be controlled by soil properties like soil pH. This study for the first time
provided some new knowledge about ureolytic microbes and complete ammonia oxidizers
(comammox Nitrospira) as influenced by NBPT and DMPP. However, there is a need for more
information on how to develop a dual inhibitor compound whose individual compounds will work
together effectively to target both hydrolysis and nitrification processes. It is also important to
understand how comammox Nitrospira responds to different Ul and Nls or their combinations, and
the suitable rates of application of the Uls, Nls or their combinations for effective inhibition of
comammox Nitrospira.

Further, more studies have concentrated on understanding the molecular mechanisms of inhibition
of ammonia oxidation by the Nls in short-term laboratory and field experiments. However, little
is known about the effect of DMPP on soil enzyme activities, N cycling microbes (involved in
nitrification and denitrification), or non-targeted microbes in soil following a production period in
repeated chemical fertilizer and NI application regimes. Such a study has great implications for
soil quality and health. Microbial communities were analyzed using Illumina sequencing and
gPCR, from soil sampled 1 week after harvesting from a 4.5-year field experiment with repeated
application of urea (U), urea + DMPP (UE) at 40, 80 and 120 kg N ha*. This analysis revealed
that the AOB gene abundance increased as the N application rate increased (from 0 to 120 kg N
ha™!). The use of DMPP significantly reduced AOB and nirK gene copy numbers compared to
urea alone at an application rate of 120 kg N ha™*. There was no effect on the abundance of either
ammonia-oxidizing archaea (AOA), comammox Nitrospira clade A and B, nosZ, or bacterial 16S
rRNA genes. The community composition of AOB and AOA changed with N addition and use of

DMPP while increasing the N application rate only changed the composition of AOB. Potential



nitrification rates increased after the addition of N at 80 and 120 kg N ha!. There was no
significant treatment effect on the relative abundance of total bacteria at the phylum level,
indicating no residual effects of urea and DMPP at different rates on the non-targeted microbes.
This experiment demonstrated that the application of N (with or without DMPP) at lower than 120

kg N ha™* would not result in a significant impact on soil archaeal or bacterial ecology.

Repeated application or overuse of chemical fertilizer can lead to environmental issues like soil
acidification. The temporal effects of NBPT on soil ureolytic and ammonia-oxidizing microbes,
crop yield, and nitrogen use efficiency (NUE) following repeated applications are not well
understood. A perennial ryegrass (Lolium perenne L.) experimental site, received fertilizer
treatments of urea applied alone at 40 kg N ha* and 80 kg N ha* or urea applied with NBPT (as
Green Urea NV® at 40 kg N hal) in respective plots that had received the same treatments since
2014. The gPCR analysis of soil samples collected on a weekly basis for 45 days confirmed that
the abundance of ureolytic microbes was higher in control (CK) compared to all N treatments on
all sampling days, which was associated with changes in soil pH. Despite the reduced soil pH
following repeated applications of urea with NBPT, ureC gene copy numbers were significantly
reduced in the NBPT treatment plots applied at 40 kg N ha* compared to those in urea alone
applied at the same rate. NBPT had no significant effect on the abundance of ammonia oxidizers.
However, increasing the urea application rate significantly increased the abundance of ammonia-
oxidizing bacteria (AOB) and complete ammonia oxidizers (comammox Nitrospira clade B).
NBPT had no significant effect on pasture dry matter (DM) yield, N-uptake, or NUE. Increasing
N application rate significantly increased pasture DM yield and N- uptake but this did not influence

the pasture NUE.



From the two field experiments, this thesis confirmed that repeated application of urea with NBPT
or DMPP led to changes in soil physiochemical properties which included decreasing soil pH, and
this controlled the response of soil microbes to chemical inhibitor applications. In both
experiments with repeated applications, it was confirmed that AOB could be major players to
nitrification in acidic soils with repeated chemical fertilizer applications with Ul or NI. Future
work should consider understanding the interaction between plants and soil microbial communities
especially around the rhizosphere and how these may influence the efficacy of Ul and NI on a
short and long-term basis. Also, there is a need in the future to investigate how the inhibitor
compounds and enzyme activities in different soils change following the application of these

inhibitor compounds.

Keywords: ammonia-oxidizing bacteria (AOB), ammonia-oxidizing archaea (AOA), N-(n-butyl)
thiophosphoric triamide (NBPT), 3, 4-dimethylpyrazole phosphate (DMPP), comammox
Nitrospira, urea hydrolysis, ureolytic microbes, nitrification, nitrifying microbes, nitrogen use

efficiency (NUE).
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Chapter 1: Introduction

1.1.  Background information

Urea nitrogen (N) is the most preferred form of N in agriculture globally (Khan et al. 2013,
Modolo et al. 2015). However, once applied to the soil, it undergoes microbial mediated
transformations like hydrolysis, nitrification, and denitrification, which are characterized by
leakages, reduced N retention and use by the crop (Rosmarina et al. 2016). This occurs through
gas losses via ammonia (NHs) volatilization (during hydrolysis), nitric oxide (NO), and nitrous
oxide (N20) emission from both nitrification and denitrification apart from the nitrate (NO3)
leaching and surface run-off (Cameron et al. 2013, Chen et al. 2008, Pan et al. 2016). Such losses

have economic (due to lower N retention and use by the crop) and environmental implications.

One of the approaches to reduce these N losses and enhance crop N uptake and nitrogen use
efficiency (NUE) is the use of fertilizers coated with urease inhibitors (Uls) or nitrification
inhibitors (NIs) which work by reducing the activity of ureolytic microbes and ammonia oxidizers
respectively (Akiyama et al. 2010, Cameron et al. 2013). While N-(n-butyl) thiophosphoric
triamide (NBPT) is the only commercially available and efficient Ul (Cantarella et al. 2018,
Trenkel 2010), several Nls are available for commercial use including dicyandiamide (DCD or
cyanoguanidine), Nitrapyrin (2-chloro-6-[trichloromethyl] pyridine), and 3, 4-dimethylpyrazole
phosphate (DMPP), (Doran et al. 2018, Franzen & Committee 2017, Zaman et al. 2008). However,
DMPP could offer some advantages of longer persistence in soil compared to other Nls. A recent
review and a meta-analysis showed the ability of the urease inhibitor NBPT to reduce soil NHs
emissions due to delaying urea hydrolysis (Cantarella et al. 2018, Silva et al. 2017). Moreover,

because NBPT inhibits the urea hydrolysis process, it is likely to influence ammonia oxidation and



subsequent denitrification process (Ding et al. 2011), by controlling the rate of substrate
availability. For example, some studies have shown that NBPT could significantly reduce N.O and
NO emission (Sanz Cobena et al. 2012, Thapa et al. 2016), an indication of its influence on the
nitrification and denitrification processes. Despite the quantified benefits of NBPT in reducing N
losses in some cases, limited studies have investigated the effect of NBPT on the communities of
ureolytic microbes which are associated with urea hydrolysis and NHs losses (Fan et al. 2018).
Further, some ammonia oxidizers have also been reported to possess the urease enzyme and use
urea directly as an energy source. This would then imply that NBPT could influence these ureolytic
ammonia oxidizers directly by inhibiting their intracellular urease. However, the molecular
mechanisms involving urea hydrolysis and its inhibition by NBPT or the influence of NBPT on
nitrification and ammonia oxidizers are not well understood. Few studies have investigated the
effect of NBPT on ammonia oxidizers (Fan et al. 2018, Shi et al. 2017, Xi et al. 2017). Therefore,
there is a need for further investigation to understand the mechanism of NBPT effects on ammonia

oxidizers.

NIs inhibit the ammonia oxidation process and have been reported to significantly reduce N2O and
NO emission (Akiyama et al. 2010, Gilsanz et al. 2016, Lam et al. 2017). However, the use of Nls
could increase NHs losses if used alone due to prolonged retention of NH4" in soil (e.g. Kim et al.
2012, Lam et al. 2017), reducing their anticipated benefits. Therefore, the approaches that target
multiple pathways have been suggested to effectively control N losses (Drury et al. 2017, Lam et
al. 2017), e.g. combining Ul and NI. In line with this suggestion, several studies have been
conducted to investigate the effects of Ul + NI on NH3 and N2O emissions albeit with inconsistent
findings on the efficacy of the individual inhibitor compounds compared to when they are

combined ( e.g. Zhao et al. 2017, Sanz Cobena et al. 2012, Frame 2017, Pereira et al. 2013, Soares



et al. 2012, Ding et al. 2011). Therefore, there is no clear understanding on how the combined
UI+NI influences the N-dynamics once applied with urea on soil and there is a need for further
investigation on this aspect. Moreover, the effects of such combinations on soil N cycling
microbial communities involved in hydrolysis and ammonia oxidation have received little

attention, and more studies are required (Dong et al. 2018).

Previously, studies have investigated the effects of NIs on ammonia oxidizers with emphasis on
ammonia-oxidizing archaea (AOA) and ammonia-oxidizing bacteria (AOB) microbial
communities (Chen et al. 2015, Shi et al. 2016). Recently, complete ammonia oxidation within a
single organism has been shown to be carried out by the complete ammonia oxidizers (comammox
Nitrospira) (Daims et al. 2015, van Kessel et al. 2015). There is still a need to understand the
contribution of these microbes to nitrification, and how they respond to the application of Nls like

DMPP and Uls like NBPT.

Some production systems such as pasture production receive N input throughout the whole year
(Abalos et al. 2014). However, concerns of long-term/ repeated effects of N application on soil
health have been raised (Hartmann et al. 2015). These concerns include changes in soil chemical
properties like soil pH. Such changes in soil chemical properties could influence soil microbial
community (e.g. Geisseler & Scow 2014, Zhou et al. 2015), or determine the extent of inhibition
and contribution of Ul or NIs to reducing N losses in subsequent seasons when used repeatedly. It
is unclear how the repeated use of urea with Uls and NIs affects the soil environment and the
ecosystem. Several studies have investigated the effects of repeated application of N fertilizer on
soil microbial communities (Chen et al. 2016, Hartmann et al. 2015, Wang et al. 2019, Ye et al.
2019). However, the effects of repeated and long-term use of Uls and NIs on N cycling microbes

involved in nitrification, denitrification together with non-targeted microbial communities have



rarely been studied, which justifies further investigation, especially at the end of a cropping season
when these compounds have been used (Shi et al. 2017). Such a study would highlight any

potential effects of repeated use of the Ul and NI on the soil environment and soil health.

1.2. Research aims, questions, and hypothesis

The aims of this thesis study were:

I.  Tounderstand the responses of ureolytic and nitrifying microbes to urease and nitrification
inhibitors;
ii.  To determine the effects of repeated application of urea with DMPP, at different
application rates, on soil N-cycling and non-targeted microbial communities; and
iii.  Toquantify temporal responses of soil microbial communities and pasture yield to repeated

use of urea and NBPT

The thesis answered the following three scientific questions to achieve each of the above aims

respectively:

1) What is the response of ureolytic and nitrifying microbes to the application of the urease
and nitrification inhibitor in selected agricultural soils?

The following hypotheses were tested to answer this research question

i.  Use of NBPT and DMPP will reduce the abundance of N cycling microbes in soil

and alter the microbial community composition

ii.  The performance of these chemicals will vary with edaphic conditions.



2) How does the repeated application of urea with DMPP at different N application rates
influence soil physiochemical properties, the N-cycling and non-targeted microbial

communities?

The following hypotheses were tested to answer this research question: -

i.  Repeated applications of urea and DMPP will significantly reduce soil pH and
increase soil total carbon (TC), total nitrogen (TN).
ii.  The levels increased soil TC, TN, and reduced pH will decrease soil total bacterial
composition and increase gene copy numbers of soil microbial communities.
3) How does the repeated applications of urea alone at different N application rates or with
NBPT influence soil microbial communities, and pasture yield?
The following hypotheses were tested to answer this research question: -
i.  The application of NBPT will reduce ureolytic and nitrifying microbes.
ii.  Use of NBPT will improve pasture dry matter (DM) yield, N uptake and NUE due
to its effects of delaying urea hydrolysis and therefore reducing N losses
iii.  Increasing the N application rate will increase pasture DM yield, the abundance of

ureC, and AOB genes but reduce the abundance of comammox Nitrospira.

1.3. Thesis outline

This thesis is with publication and contains six chapters with three experimental chapters that were
aimed to address the above scientific questions. Two of the experimental chapters have been
published and another one has been submitted to the journal for publication.

Chapter 1. Introduction: This chapter includes background information, knowledge gaps,

research aims, questions, hypotheses, thesis outline, and the significance of the study.



Chapter 2. Literature review: This chapter is a review of the literature on the responses of soil
N cycling microbial communities and crop yield to the use of urease and nitrification inhibitors.

Chapter 3. Responses of ureolytic and nitrifying microbes to urease and nitrification
inhibitors: This is an experimental chapter reporting the results of a microcosm incubation
experiment that was established using five soils from different agricultural farms in Victoria
Australia to address the first research question of this thesis. This study was established with the
following treatments: urea (U), U + NBPT (Ul), U + DMPP (NI), U + NBPT + DMPP treatments.
Urea was applied at 200mg kg™ soil, while DMPP and NBPT were applied at 0.1 % N and 0.5 %
N respectively. During the 28-day incubation period, soil sampling was done to measure mineral
N dynamics, gene abundance, and community structure of ureolytic and ammonia oxidizers. The
study demonstrated that the initial soil pH and organic carbon had the greatest influence on the
effectiveness of both NBPT and DMPP inhibitors and that ammonia-oxidizing archaea (AOA),
ammonia-oxidizing bacteria (AOB) and complete ammonia oxidizers (comammox Nitrospira)
clade B were significant contributors to nitrification. The abundance of AOB and comammox
Nitrospira, rather than that of AOA, were reported to be significantly influenced by the application
of the urease inhibitor N-(n-butyl) thiophosphoric triamide (NBPT) and the nitrification inhibitor
3, 4-dimethylpyrazole phosphate (DMPP). This study highlighted that the contribution of NBPT
and DMPP to N fertilizer efficiency was attributed to their inhibition of the growth of AOB and
comammox organisms in the tested soils. The study further highlighted a reduction in the ureC
gene copy numbers in NBPT and DMPP treatments towards the end of the incubation period in
Dookie wheat (DW) and Clyde vegetable (CV) soils and associated the findings with the reduction

in soil pH resulting from the use of these inhibitors. This chapter has been published.



Luchibia AO, Suter H, Hu H-W, Lam SK, He J-Z (2020): Responses of ureolytic and nitrifying
microbes to urease and nitrification inhibitors in selected agricultural soils in Victoria, Australia.

Journal of Soils and Sediments 20, 1309-1322

Chapter 4. Effects of repeated applications of urea with DMPP on soil microbial
communities. This is an experimental chapter reporting the results of the effects of repeated
applications urea with DMPP at different N rates on soil properties and soil microbial communities
of soil from a field trial site in Queensland Australia. The sampling and analysis were conducted
to address the second research question of this thesis. Soil sampling was done one week after crop
harvesting from a 4.5-year field experiment with plots under crop rotation with repeated
applications of seven treatments, namely control (CK), Urea (U), Urea + DMPP (UE) applied at
40, 80 and 120 kg N ha?l, each treatment with three replicates. Analysis of soil physiochemical
properties; gene abundance of ammonia oxidizers denitrifiers, and total bacteria; and Illumina
MiSeq sequencing of the 16S rRNA gene were performed. The study demonstrated that soil pH
was significantly reduced with increasing application of urea and urea + DMPP. The abundance
of ammonia-oxidizing bacteria (AOB) increased as the N application rate increased (from 0 to 120
kg N hal). Use of DMPP significantly reduced AOB and nirK gene copy numbers compared to
urea alone at an application rate of 120 kg N ha* while no treatment effect was reported on the
abundance of ammonia-oxidizing archaea (AOA), comammaox Nitrospira clade A and B, nosZ and
bacterial 16S rRNA genes. The community composition of AOB and AOA changed with N
addition and use of DMPP but increasing N addition rate changed the composition of AOB only.
Addition of N increased potential nitrification rates at 80 and 120 kg N ha™. There was no

significant treatment effect on the relative abundance of bacteria at the phylum level. This



experiment demonstrated that repeated application of DMPP at lower N rates can be done without
significant impacts on soil microbial ecology. This chapter has been published.

Luchibia AO, Lam SK, Suter H, Chen Q, O’Mara B, He J-Z (2020): Effects of repeated
applications of urea with DMPP on ammonia oxidizers, denitrifiers, and non-targeted microbial

communities of agricultural soil in Queensland, Australia. Applied Soil Ecology 147, 103392

Chapter 5. Temporal response of soil microbial communities and pasture yield to urea and
NBPT: This is an experimental chapter reporting the results of a field experiment that was
established by the application of urea alone at 40 and 80 kg N ha* (40U and 80 U) respectively or
urea with NBPT at 40 kg N ha!as green urea (40 GU), in pasture plots that had received the same
treatments on a repeated basis since 5" October 2014 at Leigh Creek Victoria. The analysis was
done on soil sampled from day 0 to day 45 on 7-day intervals and plant samples collected once at
pasture harvesting time 45 days after treatment application, to address the third research question
of this thesis. Measurements included soil pH, pasture DM vyield, N uptake, and NUE gene
abundance of ureolytic and ammonia oxidizers.

The study reported that NBPT significantly reduced ureC gene copy numbers compared to urea
applied alone at 40kg N ha* on sampling days 7 and 45. NBPT had no significant effect on the
abundance of ammonia oxidizers but increasing N application rate significantly increased the
abundance of ammonia-oxidizing bacteria (AOB) on days 7 and 45, and complete ammonia
oxidizers (comammox Nitrospira clade B) on day 7 compared to urea applied at 40 kg N ha*. The
use of NBPT with urea had no significant effect on pasture DM, N uptake, or NUE compared to
urea alone. Increasing the N application rate increased pasture DM yield but not N-uptake or NUE.

The experiment demonstrated that AOB were the main contributors to nitrification in this



experimental site as compared to AOA, and comammox Nitrospira and could be important players

to nitrification in acidic soils or soils with a history of repeated applications of urea with NBPT.

This chapter has been submitted for publication to the Journal of Applied Soil Ecology.
Luchibia AO, Suter H, Lam SK, Menhenett L, He J-Z (2020). Temporal response of ureolytic,
nitrifying microbes, and pasture yield to urea and NBPT in Ballarat Victoria, Australia. Under

review

Chapter 6. General discussion, perspectives, and conclusions: This chapter presents the
synthesis of the findings from Chapters 3, 4, and 5, and discusses the implications of the research

outcomes.

1.4.  The significance of the study

The results of this research will contribute to the knowledge of understanding how the soil N-
cycling microbial communities contribute to hydrolysis and nitrification processes. Such
information is relevant to understand how to manipulate soil N cycling microbial communities to
minimize N losses and improve the crop N utility. Specific new knowledge contributed by this
study was the investigation into ureolytic microbes (encoded by ureC genes) and complete
ammonia oxidizers (comammox Nitrospira) as influenced by NBPT and DMPP. Previous studies
concentrated on investigating the effects of NIs on AOA and AOB. This study also contributed to
the understanding of the molecular mechanism of NBPT effects on hydrolysis and nitrification, an
area that has received little attention. Studies have previously concentrated on investigating the

effects of NIs but not Uls on N cycling microbial communities.

The information from chapters 4 and 5 of this research involved the understanding of the effects

of repeated field applications of NBPT and DMPP on soil microbial community structure, size,



and function. This information is key to understand how such anthropogenic activities may change
soil properties such as pH, total C, total N, NH4*—N, and NO3 —N, which in turn influence the
function and structure of soil microbial communities that are key to nutrient cycling and soil
functions. This is valuable knowledge to soil health contributed by this research as soil biodiversity

is key to healthy soils.

This study, therefore, has economic and environmental benefits from maintaining soil biodiversity
to controlling the rates of N cycling processes leading to reduced N leakage to the environment.

The saved N may then be utilized by the crop to improve productivity and the farmer’s income.
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Chapter 2. Literature review

2.1. World population and fertilizer use

The world population keeps increasing and is projected to be >9 billion in 2050 (Desa 2009, 2015,
Glennetal. 2007).To keep up with this population increase, food production is expected to increase
by 70 % by the same time (Glenn et al. 2010, Glenn et al. 2011). This increased food production
is expected from the limited and decreasing arable land resource (Malhi et al. 2001, Roberts 2009).
Therefore, the use of modern technologies like high-yielding crop varieties, pesticides, irrigation,
mechanization, plant breeding, and chemical fertilizers among others (Erisman et al. 2008, Matson
et al. 1997) is key to ensuring adequate food productivity.

Global fertilizer consumption has risen from 168.4 Mt in 2007/08 (100.8 Mt N, 38.5 Mt P>0s, and
29.1 Mt K>0) (Heffer & Prud’homme 2013) to 191.5 Mt in 2017/18(107.9 Mt N, 46.7 Mt P20Os,
and 36.9 Mt K>0) (IFA2019). The world fertilizer demand is estimated to reach 203.6 Mt (114.6
Mt N, 49.6 Mt P20s, and 39.4 Mt K>0) in 2023/24, (IFA 2019) (Table 2.1). Of all the nutrients,
nitrogen (N) consumption is highest (Table 2.1), because N is the most limiting crop nutrient

required in large quantities (Grant et al. 2012, Stark & Richards 2008).
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Table 2.1. Global fertilizer consumption (Mt)

Year N (Mt) P20s (Mt) K20 (Mt) Total globally (Mt) Reference

2007/08 100.8 38.5 29.1 168.4 Heffer & Prud’homme 2013

2008/09 98.3 33.9 23.1 155.3

2009/10 102.2 37.6 23.6 163.5

2010/11 104.2 40.6 275 172.2

2011/12 107.8 40.6 21.7 176.1

2012/13 108.6 414 29.2 179.1 Heffer & Prud’homme 2015a

2013/14 109.9 40.5 304 180.7

2014/15 111.8 41.3 315 184.6 Heffer & Prud’homme 2015b

2016/17 107.7 46.0 35.3 189.1 IFA 2019

2017/18 107.9 46.7 36.9 191.5

2018/19(forecast) 119.2 45.7 35.3 200.2 FAO 2015, Heffer &
Prud’homme 2015b

2023/24(forecast) 114.6 49.6 394 203.6 IFA 2019

Urea is the most used form of N in agriculture globally (Khan et al. 2013, Modolo et al. 2015),
accounting for 50% of the world N consumption (Sanz-Cobena et al. 2008, Zaman et al. 2012).
Furthermore, urea use has been increasing in the last 4 decades, a situation that is expected to
continue (Kiss & Simihaian 2013).

The rapid adoption of the use of urea is because of its high (46%) N content, low cost compared
to other N sources, high solubility in water, ease of handling, transport and storage safety,
suitability for production of compound fertilizers, ability to be applied in solid or in liquid forms,
or as a foliar spray in combination with many compatible pesticides (Chen et al. 2008, Khan et al.

2014, Kiss & Simihaian 2013).

2.2. Fertilizer N =Transformations and associated effects.

i. Hydrolysis

Urea applied to soil as fertilizer or via animal urine deposition is hydrolyzed rapidly within the
initial days of application to ammonium (NH4") and ammonia (NHs), hydroxyl (OH), and

carbonate (CO) ions by the urease enzyme (equation 1).

U
(NH,) ,CO + 2H,0 ——5 (NH,),C03 — NH} + NH;(gas) + CO, + OH" )
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The hydrolysis process leads to an increase in NH4"and NHs and a rise in pH around the reaction
site due to OH" and this could increase the loss of N through NHz volatilization depending on the
pH change (Singh et al. 2008a). Losses of applied N due to ammonia volatilization in the range of
20-30% from the pasture system (emissions from urea fertilizer and urine deposition) (Laubach et
al. 2013, Laubach et al. 2012, Schwenke et al. 2014, Suter et al. 2013), 4.8-10% from the cropping
system (Schwenke et al. 2014, Turner et al. 2012) and 24-32 % in flooded rice production systems

(Griggs et al. 2007, Norman et al. 2009, Shang et al. 2014) have been reported.

Volatilization losses could generally be realized from urea fertilizers, ammoniacal fertilizers,
animal urine, manure, ammoniacal wastes, and mineralization of organic matter or plant residues
(Cameron et al. 2013, Laubach et al. 2013). Besides causing a great economic loss to the farmer,
NHs emissions have a negative impact on the environment (Chen et al. 2008, Tian & Niu 2015).
For instance, NHs is an atmospheric pollutant since it contributes to the formation of fine
particulate matter (aerosols) and ground-level ozone which may impact human health negatively
(Bittman & Mikkelsen 2009, Congreves et al. 2016). The NH3 emitted to the environment may
subsequently be deposited on land or water contributing to soil acidification, eutrophication of
water bodies (Bittman & Mikkelsen 2009, Cameron et al. 2013, Sutton et al. 2008), and increased
N20 emission through subsequent nitrification and denitrification (Lam et al. 2017, Rosmarina et

al. 2016).

ii. Nitrification and denitrification

Nitrification involves the microbial oxidation of ammonia (NH3) to nitrate (NO3") by ammonia-
oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA) (He et al. 2007, Subbarao et al.

2013), through a series of steps (equation 2). The first step involves the NH4* oxidation to
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hydroxylamine (NH.OH) catalyzed by the enzyme ammonia monooxygenase (AMO) (equation 2)
encoded by the amoA gene found in both AOA and AOB (Ensign et al. 1993, He et al. 2012a).

The AMO is a membrane-bound enzyme containing copper (Arp et al. 2002, McCarty 1999).

Amonia Hydroxylamine
Monooxygenase Oxidoreductase [
_—

NH, 2229 NH,0H NHO] — NO, — NOs )
2 2

The second step involves the oxidation of NO2" to NOs™ using the nitric oxide reductase (NOR)
(Ruser & Schulz 2015). Complete NH3 oxidization to NO3z™ by the comammox Nitrospira, which
can carry out the oxidation of NH3 to NH2OH and NO2 to NO3z within the same cell could also

occur (Daims et al. 2015, van Kessel et al. 2015).

During nitrification, direct N losses via nitric oxide (NO) and nitrous oxide (N2O) emissions have
been associated with both AOA and AOB, by nitrifier denitrification (e.g. Gilsanz et al. 2016,
Stieglmeier et al. 2014, Wrage-Monnig et al. 2018, Wrage et al. 2001). The incomplete NH.OH
oxidation could also produce NO and N.O under conditions of low oxygen availability (e.g.

Caranto & Lancaster 2017, Stein 2011).

The NO3™ form of N is more mobile compared to NH4* and therefore more prone to leaching (Liu
et al. 2015, Magsood et al. 2016), posing a threat of contaminating the ground and surface waters
which has become an important global environmental concern due to increasing N fertilizer
application (Di & Cameron 2002b, a). This is because the leached NO3™ leads to excessive growth
of aquatic plants and algae, leading to eutrophication in surface waters, and/or to human and animal
health problems in underground and drinking water like methemoglobinemia (reduced oxygen-
carrying capacity syndrome of the hemoglobin) when ingested, and cancer in the gut of mammals

(Camargo et al. 2005, Jadhao 2013).
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Further N-transformation involves the reduction of the NOs™ in the absence of oxygen to NO2,
NO, N2O and dinitrogen (N2), (equation 3), catalyzed by the nitrate-, nitrite-, nitric oxide-, and
nitrous oxide-reductase enzymes and encoded by the napA/narG, nirK/nirS, norB, and nosZ genes
respectively, with N2O as an intermediate product through the process of denitrification (Benckiser
et al. 2013, Di & Cameron 2016, Hallin et al. 2018, Junejo et al. 2013).

nitrate nitrite nitric oxide nitrous oxide
_ reductase _ reductase reductase reductase
5

NO; NO; NO N,0 N, ©)

Therefore, nitrification and denitrification are biological sources of N.O (Bateman et al. 2004,
Butterbach Bahl et al. 2013). Nitrous oxide is a greenhouse gas (GHG) about 310 times more
potent than carbon dioxide, with an estimated lifetime of 120 years and is involved in the depletion
of the ozone layer (Davidson & Kanter 2014, IPCC 2014, Portmann et al. 2012, Ravishankara et

al. 2009, Singh et al. 2008a).

Apart from substrate availability, water-filled pore space (WFPS) is a controlling factor to N2O
emission which determines oxygen availability thereby affecting the microbial nitrification and
denitrification processes (Akiyama et al. 2020, Butterbach Bahl et al. 2013, Dobbie & Smith 2003).
Nitrous oxide production from nitrification occurs when the water-filled pore space WFPS is in
the range of 50- 60%) and adequate air while N.O from denitrification occurs at WFPS of >60 %,
(Bateman & Baggs 2005, Liu et al. 2016, Zaman et al. 2009). Other indirect sources of N2O
include denitrification of the leached nitrate, and the subsequent nitrification and denitrification of

emitted and redeposited NH3 (Di & Cameron 2012, Lam et al. 2017, Rosmarina et al. 2016).

Globally, agriculture is the highest source of N2O, accounting for about 60 % of total gross

anthropogenic emissions (Davidson & Kanter 2014, Reay et al. 2012, Syakila & Kroeze 2011).
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Nitric oxide also accounts for further nutrient losses, although generally small amounts are emitted

from the soil but still, with significant environmental impacts (Cameron et al. 2013).

The estimated total annual denitrification losses from the global agriculture are in the range of

10% to 33% of applied N (Aulakh et al. 2001, Buresh et al. 2008, Hofstra & Bouwman 2005).

Because of these losses, plant agronomic N use efficiency (NUE) (kg yield per kg of applied N in
soil) is low (Khan et al. 2014, Zaman et al. 2010) rarely exceeding 50% (Abalos et al. 2014, Chen
et al. 2008, Huddell et al. 2020, Zhaohui et al. 2012). Because these N leakages account for
environmental degradation and the threat to global biodiversity (e.g. De Klein & Eckard 2008,
Hartmann et al. 2015, Huddell et al. 2020) there is an increasing concern of intensification of
agricultural productivity. Therefore, intensification of agricultural production is occurring at the
same time as increasing awareness of the environmental impacts of for example chemical fertilizer

use (e.g. Johnston & Bruulsema 2014). N should be used more efficiently.

2.3. Mitigation of N losses and improvement of NUE

Nitrogen use efficiency of crops could be improved and N-emissions reduced by the use of the
best management practices (BMPSs) including right rate, right source, right place, the right time
(4Rs), (Ghosh et al. 2015, Harold F. Reetz 2016, IPNI 2016). The right rate involves supplying the
required quantity of nutrients to the crop, but it requires soil testing which requires facilities that
may not be available or accessible everywhere (Ghosh et al. 2015). The right source involves
utilizing formulations that would improve NUE and reduce environmental consequences by
considering the crop needs and the soil properties (Harold F. Reetz 2016, Johnston & Bruulsema
2014, Johnston & Bruulsema 2014). For example, the use of slow-release fertilizers, (which
include polymer and sulfur coated fertilizers), or urease inhibitors (Uls) and nitrification inhibitors

(NIs) (Ghosh et al. 2015, Trenkel 2010). However, most of the slow-release fertilizers are
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expensive and may limit the growth of the fast-growing crops by restricting nutrient availability
(Ghosh et al. 2015, Wade 2010). The right place refers to where the nutrient is placed which
depends on crop type and soil conditions, e.g. banding (Ghosh et al. 2015, Grant & Brandon 2004,
Grant et al. 1996). However, banding may lead to an increased cost of fertilizer application, soil
disturbance in reduced tillage systems, and a possibility of moisture loss and reduced seedbed
quality and may not be applicable in all production systems (Grant & Brandon 2004, Grant et al.
1996, Wade 2010). Right time involves matching nutrient supply with the crop requirement
(Johnston & Bruulsema 2014). This would involve the use of technology that allows prior

determination of the nutrient requirement of the crop (Johnston & Bruulsema 2014).

Uls and NIs seem to be more efficient as they simplify and reduce the number of required fertilizer
applications, which allows flexibility in the timing of fertilizer applications, saving time, fuel and
labour, they allow the application of fertilizer at any time regardless of poor environmental

conditions (Grant 2005, Grant & Brandon 2004, Pasda et al. 2001, Wade 2010)

Urease inhibitors, their interaction with fertilizers, soil and microbial communities

The urease enzyme in soil could originate from soil microbes, plants, or animals (Kiss & Simihaian
2002). The urease enzyme is either bound to the soil particles (extracellular), or within
(intracellular) urease-producing microbes, known as ureolytic and both intracellular and
extracellular ureases are involved in urea hydrolysis (Harder Nielsen et al. 1998, Hasan 2000, Qin
etal. 2010, Sigurdarson et al. 2018, Singh et al. 2009). The active site of the urease enzyme consists
of two nickel atoms which are important for the activity of the enzyme (Benini et al. 1999,
Dominguez et al. 2008, Manunza et al. 1999).

Urease inhibitors are compounds that delay urea hydrolysis to NH4*/NH3 by inhibiting the urease

enzyme, thus prevent localized zones of high pH that favor volatilization (Akiyama et al. 2010,
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Harty et al. 2016, Sigurdarson et al. 2018, Watson et al. 1994b). This allows urea diffusion into
the soil before hydrolysis, which eventually reduces NHz loss and improves crop NUE (Cancellier

et al. 2016, Chen et al. 2008, Hube et al. 2017, Rosmarina et al. 2016, Sigurdarson et al. 2018).

Among the many compounds tested for inhibiting urea hydrolysis, N-(n-butyl) thiophosphoric
triamide (NBPT) is the only commercially available Ul that is most promising and effective in a
wide range of soils (Harty et al. 2016, Khan et al. 2013, Sigurdarson et al. 2018, Zanin et al. 2016)
at very low concentrations of <0.01% of applied Nitrogen (Carmona et al. 1990, Watson et al.
1994c). NBPT can inhibit hydrolysis for 3-14 days based on soil and environmental conditions

(Cantarella et al. 2008, Khan et al. 2013, Trenkel 2010, Wang et al. 2020).

Research findings have shown that NBPT (and other Uls) delayed urea hydrolysis from cattle and
swine waste, cattle urine, urea, and reduced ammonia emission (e.g. Engel et al. 2011, Affendi et
al. 2020, Cantarella et al. 2018, Ni et al. 2014, Sanz-Cobena et al. 2008, Silva et al. 2017, Tian et
al. 2015, Wang et al. 2020, Zaman et al. 2009). However, their effects on N.O emissions are
variable with no effects (Dougherty 2016, Hube et al. 2017, van der Weerden et al. 2016) to
reduced (e.g. Dawar et al. 2011, Sanz Cobena et al. 2012, Singh et al. 2004, Suter et al. 2020), and
increased N2O emissions (e.g. Fan et al. 2018b, Suter et al. 2016). Despite the positive contribution
of NBPT in some cases, the effects of NBPT on yield, N-uptake, and NUE, are variable with some
increase (e.g. Cantarella et al. 2018, Drury et al. 2017, Hube et al. 2017, Silva et al. 2017), to no
significant effect (e.g. Dougherty 2016, Frame et al. 2013, Menendez et al. 2009, Suter et al. 2016,

Suter et al. 2013,) compared to N alone.

The urease enzyme is encoded by the urease gene (ure) which has 3 catalytic subunits ureA, ureB,

and ureC encoding the vy, B, and a subunits (Nim & Wong 2019). The ureC has been used as a
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functional gene marker to study ureolytic microbes since it is the largest subunit with several

conserved regions (Gresham et al. 2007, Nim & Wong 2019, Oshiki et al. 2018, Singh et al. 2009).

Apart from the NH3z derived from hydrolysis being the substrate for nitrification, some ammonia
oxidizers including AOB, AOA, and comammox have been reported to possess the urease enzyme
and the ureolytic capability to use urea as a source of nitrogen (Koch et al. 2015, Koper et al. 2004,
Lehtovirta-Morley et al. 2016, Palatinszky et al. 2015, Pommerening-Roser & Koops 2005,
Santoro 2016, van Kessel et al. 2015). This would, therefore, mean that NBPT could potentially
influence N losses derived from nitrification by influencing the ammonia oxidizers directly
through inhibiting the intracellular urease in these ammonia oxidizers. Few studies have

investigated the effect of NBPT on ureolytic and ammonia oxidizers
Mechanisms of urease inhibition by NBPT

The explanation of the mechanism of NBPT inhibition or other Ul to the urease enzyme activity
is based on the understanding of the active site of the Ul and the urease enzyme. NBPT is converted
to its active inhibitory chemical species, the oxon analog N-(n-butyl) phosphoric triamide
(NBPTO) (Figure 2.1) which then forms a tridentate ligand with the urease enzyme via both nickel
(Ni) atoms of the urease enzyme active site and the oxygen atom of the urea-derived carbamate,
blocking the enzyme and inhibiting urea hydrolysis (Cantarella et al. 2018, Font et al. 2008,
Manunza et al. 1999, Sigurdarson et al. 2018, Watson et al. 2008). Therefore, NBPT inhibits urease
enzyme activity by competing with urea for the Ni active sites of the urease enzyme (e.g. Chien et

al. 2014). This is made possible as NBPT is a structural analog of urea (Chien et al. 2009).
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Figure 2.1. Structure and conversion of N-(n-butyl) thiophosphoric triamide (NBPT) to N-(n-

butyl) phosphoric triamide (NBPTO) (Chien et al. 2014).

Factors affecting the effectiveness of Uls

The effectiveness of NBPT varies with several factors including temperatures, soil pH, organic

matter, soil WFPS, and % clay content. For instance, higher ammonia volatilization is expected in

alkaline soils (Martens & Bremner 1989, Sha et al. 2019, Watson et al. 1994a). This then implies

that the contribution of Uls to reduce ammonia volatilization resulting from urea hydrolysis would

be relatively higher in alkaline soil conditions (Sha et al. 2019). NBPT degradation was shown to

reduce with increasing pH (e.g. Engel et al. 2015, Engel et al. 2013). Similarly, a reduction of

about 17-86 % in urea hydrolysis by NBPT was reported in acidic soil compared to a 53- 92 %
reduction in alkaline soil (Engel et al. 2013). Hendrickson and Douglass (1993) reported that the
reduction of urea hydrolysis by NBPT and its oxon analog (NBPTO), and the disappearance of
these compounds was slower in neutral than in acidic soils. Therefore, soil pH determines the

efficacy and persistence of NBPT.
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Temperature is also an influencing factor influencing NBPT activity and persistence in soil. For
example, one study reported that at 32°C, higher rates of NBPT were needed for effective
inhibition of urea hydrolysis in soils than at 18°C (Carmona et al. 1990). In another study, 55%
urea remained in soil after 2 weeks of inhibition of urea hydrolysis by NBPT at 5-15°C while only
<2% of urea remained in the same soil within the same period of NBPT inhibition at 25°C (Suter
et al. 2011). As temperature increases, urease enzyme activity also increases up to some point
influencing the persistence of NBPT in soil (Bremner et al. 1991, Carmona et al. 1990,
Dharmakeerthi & Thenabadu 1996 and references therein). Therefore, the efficacy of NBPT
reduces at higher temperatures since the rate of hydrolysis could be higher than the conversion of
NBPT to its oxon analog, or there could be increased degradation of NBPT.

At higher WFPS (>60%), the effectiveness of NBPT has also been shown to reduce compared to
lower WFPS (<60%) (Dougherty 2016, Sanz-Cobena et al. 2014). This has been linked to the

inability of conversion of NBPT to its oxon analog NBPTO (Sanz-Cobena et al. 2014).

The recovery of NBPT was reduced by the addition of organic matter and this was linked to its
increased adsorption (Gioacchini et al. 2000). Therefore, the effectiveness of NBPT and other Uls
may be reduced with increasing organic matter (Asgedom et al. 2014, Bremner & Chai 1986,
Carmona et al. 1990, Gill et al. 1999, Watson et al. 1994a, Zhengping et al. 1991). This has been
linked to increased microbial activity, which increases the degradation and reduces the efficacy of

the Uls (Gill et al. 1999).

The other factor that has been suggested to influence Ul activity includes soil texture. For example,
a study reported that NBPT led reduced soil pH and NH4 concentration around the reaction site in
silty loam soil (with 20% clay) allowing diffusion of urea from the placement site, while in clay

soil (with 46% clay), the NBPT effect was low which led to increased NH4 concentration around
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the fertilizer placement site (Christianson et al. 1993). Therefore, soil texture influences the

diffusion of the Ul which is important for its activity in the soil.
Nitrification inhibitors, their interaction with fertilizers, soil, and microbial communities.

Nitrification inhibitors are compounds that delay the first and rate-limiting step of nitrification, the
conversion of NHz* to NH2OH by inhibiting the activity of AMO enzyme (Di & Cameron 2011,
Hube et al. 2017, Vallejo et al. 2005). This results in the accumulation of NH4" that can then be
adsorbed onto the soil cation exchange sites reducing the risk of being lost via leaching, as occurs
with NOs- (e.g. Di & Cameron 2002a, Nair et al. 2020, Qiao et al. 2015). Further, the inhibition
of NHz oxidation by NIs could reduce denitrification losses indirectly by suppressing the substrate
(NOs-) availability for denitrification (Akiyama et al. 2010, Yang et al. 2016, Duan et al. 2017).
For instance, NIs have been shown to significantly reduce N2O, NO emissions in both chemical
and organic fertilizers (e.g. Akiyama et al. 2010, Lam et al. 2015, Lam et al. 2017, Hube et al.
2017). The accumulated NH4" due to NI effect can be utilized by the crop, therefore, NIs can
contribute to improved crop nitrogen use efficiency and productivity in some cases (e.g. Freney et
al. 1993, Zaman et al. 2009, Akiyama et al. 2010, Cui et al. 2011, Di & Cameron 2012, Di &
Cameron 2016, Wallace et al. 2020). Further, the delayed nitrification could allow the crop to
develop and utilize the NO3 better once nitrification takes place contributing to increased crop
productivity. However, in some studies, there were no reported effects of NIs on crop productivity
(e.g. Asing et al. 2008, Huérfano et al. 2015, Misselbrook et al. 2014, Suter et al. 2014, Suter et al.

2016).

Studies have shown that NIs influence the activity and growth of AOB (e.g. Dai et al. 2013, Di et
al. 2010, Fu et al. 2020, Kou et al. 2015, Qiuhui Chen et al. 2015, Shi et al. 2016b), and AOA (e.g.

Florio et al. 2014, Liu et al. 2015), significantly reducing nitrification rates and associated losses
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(Chen et al. 2008, Subbarao et al. 2010). It is however not understood how the available Nls
influence the newly discovered comammox Nitrospira in soil. Nitrification inhibitors have also
been shown to significantly alter soil properties e.g. causing a significant increase in soil pH
relative to fertilizer without NIs (O’Callaghan et al. 2010, Yang et al. 2013, Zaman & Nguyen
2012), which has been linked to their effect to increase NHz loss (Zaman & Nguyen 2012). For
sustainable long-term use of the Nls, there is a need to investigate how their use could influence
the soil non-targeted microbes, especially after the production period. This is important for
understanding the possible soil health implications of their use. However, only a handful of studies
have investigated the effects of long-term use NIs on non-targeted microbes in the long-term e.g.
(Guo et al. 2013, Shi et al. 2017). 3, 4-dimethylpyrazol phosphate (DMPP) and Dicyandiamide
(DCD) are two NIs that have gained commercial application. However, DMPP has some
advantages that make it preferred over DCD e.g. efficacy for about 4-10 weeks, very low
application rate, less affected by temperature, it is less mobile in soil and the fact that it is unlikely
to have phytotoxic effects on crops (e.g. Macadam et al. 2003, Menéndez et al. 2012, Reeves &
Touchton 1986, Wissemeier et al. 2001, Zerulla et al. 2001).

Mechanism of DMPP inhibition

One of the suggested mechanisms of action of several Nls against the AMO enzyme include the
direct binding and interaction with AMO which could lead to inhibition by competing for the
enzyme active site with NHj3, binding at a site other than the AMO active site, or through the NI
acting as metal chelators and removing the co-factors (e.g. Cu) from the AMO, therefore,
inactivating it (e.g. McCarty 1999, Subbarao et al. 2006). DMPP has also been believed to inhibit
nitrification by acting as a metal chelator which removes the Cu co-factor making the AMO

inactive (Ruser & Schulz 2015).
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Factors affecting the effectiveness of Nls.

The extent of inhibition by the NIs depends on several factors e.g. soil pH (Guardia et al. 2018,
Shi et al. 2016a), soil temperature (Di & Cameron 2005, Kelliher et al. 2014, Lan et al. 2018) soil
organic matter (OM) (Fisk et al. 2015, McGeough et al. 2016, Singh et al. 2008b, Zhu et al. 2019),
texture and % clay content (McGeough et al. 2016, Pasda et al. 2001, Sha et al. 2020, Wu et al.

2007), soil aeration (Balaine et al. 2015, Kim et al. 2011, Menéndez et al. 2012).

Soil organic matter (OM) and clay content have also been shown to influence NI efficacy and
persistence in soil with their effects being attributed to the adsorption of the Nls to the OM, which
affects their availability and the fact that soil organic carbon and N are a substrate for soil microbial
communities, increasing their activity and degradation of the NlIs (Asgedom et al. 2014, Asing et

al. 2008, Fisk et al. 2015, McGeough et al. 2016, Shi et al. 2016a).

Soil temperature has been reported to affect the duration and activity of Nls through its influence
on their degradation which could also be indirectly influenced by temperature effect on soil
microbial activity (Di & Cameron 2005, Kelliher et al. 2014, Marsden et al. 2017, McGeough et
al. 2016). Soil aeration also influences the duration and activity of the Nls through its influence on
the microbial activities, affecting the degradation of the Nls (e.g. Balaine et al. 2015, Kim et al.

2011, Marsden et al. 2017, Menéndez et al. 2012).

Soil pH has been shown to influence the distribution and abundance of ammonia oxidizers (e.g.
He et al. 2012a, He et al. 2012b, Liu et al. 2017, Prosser et al. 2020, Prosser & Nicol 2012, Yao et
al. 2011, Zhongjun et al. 2020), which influences the efficacy NIs. Other factors like the uptake of
the NIs by the microbial communities and enzyme activities (e.g. catalase enzyme activity and

potential nitrification activity) (Barth et al. 2001, Marsden et al. 2016), fertilizer application rate
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and N forms (Barth et al. 2001, Barth et al. 2008, Marsden et al. 2016, Yang et al. 2016) have also

been shown to greatly influence the effectiveness of Nls.

Use of combined Uls and NIs

The nitrogen use efficiency of crops can be increased by minimizing N losses. IFA (2007) noted
that minimizing losses through one pathway could increase losses in the other. For example, it has
been shown that when NBPT is used alone, there is inhibition of hydrolysis but the NH4" is exposed
to nitrification and denitrification losses (Dougherty 2016, Lam et al. 2018b). For instance, some
studies reported an increase in N2O emissions with the use of Ul (e.g. Suter et al. 2016, Lam et al.
2018b, Fan et al. 2018b), which could be linked to this phenomenon. On the other hand, when Nls
are used alone, there is prolonged retention of NH4" in soil due to their inhibitory effect on NH3
oxidation and this might increase the chances for volatilization. For example, it has been reported
that NlIs increased volatilization losses compared to N alone (e.g. Soares et al. 2012, Pan et al.
2016, Frame 2017, Lam 2018a, Fan et al. 2018a, Castellano-Hinojosa et al. 2019). This means that
the use of NIs may not be beneficial in areas with concerns about NHs emissions. Therefore, the
use of an approach that simultaneously targets all the N pathways for an overall environmental
benefit has been suggested. A good example is combining the Uls and NIs for use with ammoniacal
fertilizers aimed to simultaneously minimize the losses from the N cycling pathways of hydrolysis,

nitrification, and denitrification (Cantarella et al. 2018, Drury et al. 2017, Frame 2017).

Indeed, some studies have reported the effect of combined use of Ul and NI on N losses and crop
productivity (e.g. Khan et al. 2013, Li et al. 2018, Soares et al. 2012, Zaman et al. 2013). However,
the effects of the combined inhibitor compared to the individual compounds have been variable.
For instance, a study reported that combining NBPT with DMPP reduced the effectiveness of

DMPP to reduce N2O emission (Zhao et al. 2017). Another study showed that NBPT was more
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effective alone than when combined with a NI in reducing N2O emissions (Sanz Cobena et al.
2012) or NHj3 volatilization (Frame 2017, Pereira et al. 2013, Soares et al. 2012). On the other
hand, other studies reported that combining NBPT with DMPP produced better results than NBPT
alone in reducing N2O emission but this combination increased NHz emissions (Ding et al. 2011).
This highlights the need to understand further the effects of the combined inhibitor compounds on
N-dynamics in soil. Further, little attention has been given to the understanding of the effect of
such a combination to N cycling microbes (e.g. Fu et al. 2020) and this warrants an understanding

from such a study.
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Chapter 3. Responses of ureolytic and nitrifying microbes to urease and nitrification

inhibitors in selected agricultural soils in Victoria, Australia.

This chapter is based on an article published in the Journal of Soils and Sediments 20, 1309-

1322.
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Abstract

Purpose Urease mhibitors (Uls) such as A-(s-buty] ghiophosphone tnamide (MBPT) and nitnfication inhibitors (Mls) such as
3 A-dimethylpyrazole phosphate (DMPF) have been reported to improve the etficiency of nitrogen (M) fertilizers. However, ther
effects on the ureolytic and ammonia-cxidizing microbes i agricultural soils are uncertam. This study ammed to investigate the
gffects of DMPF and NBFT on the abundance and community compositon of ureslytic and nintymg microbes in selected
agriculiral soils in Australia.

Materials and methods Soil was collected from five agriculmural farms and used 1w establish an incubation experiment. Urea, urea
+ MBPT, urea + DMPF, and urea + NEPFT + DMPP were applied on the solls which were incubated under 25 °C and 60% water-
filled pore space for 28 days. Sampling was done on difterent days for DMA extracton and measurement of ammonium (NH, )
and nitrate (MOs ) concentration.

Results and discussion NBPT inhibited NH, " accumulation in all the soils but had no significant effect on nitnfication in any soil.
DMPF alone or DMPFP + NBPT significantly inhibited norfication. The abundances of ammonia-oxidizing bactena { ACOB) and
complete ammonia oxidizers (comammoe Nitrogpira ), but not ammonia-oxdizing archaea (AQA), were sigiificantly influenced
by the application of NBFT, DMPF, or DMPP + NBPT. ADA, ADB, and comammox Nigospieg clade B might be significant
contnbuiors o nitntication in the studied sols.

Condusions These findings suggest that NBPT and DMPP can reduce N losses and improve N femtilizer efficiency by directly
mhibiting the growth of AQB and comammox orgamsms in the sols, with mphcations for our mechamstic understanding of the
miclecular mechanisms of wrease and minfication mhibitors

Keywords 3 4-Dimethylpyrazole phosphate (DMPP) - N-(n-Butylphiophosphoric wamide (NBPT) - Ammoniz-oxidizing
archaca - Ammoma-cadizing bactena - Comammaox

1 Intreduction
Responsible edstor: Huaiymg Yao Urea is the most used torm of nimgen (W) fembizers inagn-
Electranic supplensentary material The cmline version of this articke culture globally, accounting tor 50% of the warld N consump-
(hitpsztidot.ong /10, 100751 1 36803012562 -x) contains supplementary thon {Zaman et al. 2012). Soal-applied wrea fertilizer or amimal
material, which is availshle to authorized users. urine is rapidly hydmolyzed to NH;™ and ammonia (NH; ) by
the urease enzyme, leading a pH increase around the urea
& ‘_i'zhﬂ‘E““ ) granule, which drives MH; loss through volatilization.
st P o il Subsequent transformation of NH, or NH,* in the soil in-
' School of Agriculture and Food, Faculy of Veterinary and m_lw:ﬁ nitrification which cmwrls NH_1 to NU;I Via nitrite
Agricultural Scéences, The University of Melboume, (MO ) {He et al. 2002). Nitritication has previously been
Melboume, Wictoria 3010, Australia thought to be a two-step process involving ammonia oxidation

'ﬂSprimgvr
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and nitrite oxidation. Ammonia oxidation to N0, is the rate-
limiting step of nitrification, regulated by the smoed gene
encoding the alpha subunit of the NH; monooxygenase
(AMO) within ammonia-oxidizing bacteria (AOB) and
ammonia-oxidizing archasa (AOQA) (Prosser and Embley
2002; He et al. 2012). Nitrite oxidaton to N0, is the second
step of nitrification and is regulated by nitrite-oxidizing bac-
teria (NOB). Recently, a group of bacteria within the
Nirrospira genus was discovered with the capacity of
completely oxidizing NHy to NOy™ in a single orgamism
(comammox Nifrospira) (Daimms et al. 200135; van Kessel
et al. 2015). These comammox organisms have been shown
to be widely disiributed in smils and water and might have an
advantage over AOB and AQA under substrate liming con-
ditions (van Kessel et al. 2015; Hu and He 2007). The MO,
produced by nitrification provides a substrate for denitrifica-
tion, a biological pathway in which N is returned to the atmo-
sphere from soil through the reduction of NOs ™ or KOs toNa
via mitrous oxide (MO0 maree oxide (MO} by the nitnte reduc-
tase enzyme (Prosser and Embley 2002; Philippot et al. 2007).

Nitrogen use efficiency (NUE) i generally low, rarcly ex-
ceeding 50% (Chen et al. 2008; Khan et al. 2014) as a conse-
quence of N loss mainly via the nitrification and deni-
trification pathways (Hu et al. 2013a). These account
for economic losses to the farmer and environmental
pollution. Technologies developed to improve wrea effi-
ciency and minimize N losses include the use of urea
coated with urease and/or nitnification inhibitors {(Chen et al.
200E). Urcase inhibitors (Uls) are compounds that delay urea
hydrolysis by inhibiting the urease enzyme activity, thus
preventing localized zones of high pH that drive NH; volatil-
ization (Watson et al. 2008; Harty et al. 2006). N-(n-
Butyl ghiophosphone namede INBPT) 15 the only urease in-
hibitor that has been developed for commercial use and s
cffective in a wide range of solls (Watson et al. 2008; Harty
ct al. 2006; Cantarella et al. 2018). Once applbied to the soll,
NBPT is considered to be convened to its oxon analog A-(n-
butyljphosphonc mamede (NBPTOY) (active form). forming a
tndentate ligand with the urease enzyme, inactivating the en-
Fyme, and inhibiting urea hydmlysis (Manonza et al. 1999
Watson et al. 2008). NBPT can inhibit hydrolysis for a period
of up to 2 weeks depending on sml and environmental condi-
tions {Cantarella et al. 2008; Swter et al. 2001).

Ninfication inhibitors (NIs) are compounds that delay the
oxidation of MHs* to NO:, reducing M0O5~ concentration fior
some days (Trenkel 1997) by suppressing the activity of AMO
m AOA and AOB (DN and Cameron 201 1; Florio et al. 20014)
This reduces nitrification rates and associated N losses {(Chen
ct al. 2008; Reco et al. 2018). MNis could also reduce denitri-
fication losses indirectly by influencing substrate availability
(Florio et al. 2004; Ruser and Schulz 2015). DMPP and
dicyandiamide (D) are two Mls that are commercially
avallable. DMPP has some advantages over DCD, g, longer
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efficacy (about 4-10 weeks), lower application rate, no dele-
teripus effects on crops, and less mobile m sml (Wissemeler
et al. 2001; Zerulla ot al. 2001 ). Some factors that have been
reported to influence the effectiveness of Uls and Nis include
soal pH, organic matter content, soil texture, and microbeal
activity (Barth et al. 2001 San Francisco et al. 2011 Thapa
et al. 2006)

The NUE nf::rcrps can be increased by minimizing N losses
but minimizing losses through one pathway could increase
losses of another (IFA 2007). For example, when NBFT 1s
used abone, there 1s inhibrtion of urea hydrolysis which inmial-
Iy reduces the WH,* concentration, but any NH,* formed is
subject to mitnficatton and denrnfication losses (Dougherty
2016). Nls can inhabit MH: ocadatton but this could lead to
prolonged retention of NHy* in soil and increase the risk of
volatilization (Kim et al. 2012). Therefore, n sysiems with
multiple N loss pathways, an approach that simulaneously
targets all N pathways for an overall economic and environ-
mental benefit is required (IFA 2007). Combining Uls and Nis
for use with fertilizers would simultaneously minimize losses
from hydrolysis, nitrification, and denitrification. However,
limited molecular studies have investigated the effect of com-
binzd Uls and Wis on the soil N-cycling microbes. Although
some studies exist on the effect of Mls on nitnfying microbes
(Flomo et al. 2014; Kong et al. 2016), there is limited mfor-
mation on the effect of Nis on the urease producing microbes.
The effect of WNBPT on nitrifying microbes and urease produc-
g microbes has also recerved hittle attention (Fan et al. 200 8).

The objectives of this study were to investigate {a) the
effects of DMPP and NBPT on soil N-cvcling mecrobes and
i) how soil properties influence the efficiency of NBPT and
DMPP. We hypothesized that (a) use of NBPT and DMPP will
reduce the sbundance of M-cycling microbes in sml and alter
the microbial community composition and (b) sodl propertics
will influence the performance of these inhibitors.

2 Materials and methods

2.1 Site description, sampling, and physicochemical
characterization

The =oil was collected mn March 2017 from five agricultural
sites m Victoria, Australia: Dookse (W), 367 227 5 145° 22
E; Horsham (HW) 367 4575, 1427 07" E; Warmambool {WP)
387 247 5, 1427 33" E; Panmure (PP) 387 200 5, 1427 44"E; and
Clyde (CV) 38° 08" 5, 145° 20" E. The DW soil was classified
as sandy loam with a pH of 6.4, HW was classified as clay
with a pH of B8, WP was classified as loamy sand with a pH
of 7.3, PP was classified as sandy loam with a pH of 5.5, and
CV was classificd as boamy sand with a pH of 7.2. At each
site, five soil cores (7.6 cm in diameter and 10 cm in depth)
were homogenzed to a composite sample and transported to
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the laboratory on ice. The soil was air-dned, ground, and
passed through a 2-mm sieve for physical and chemical anal-
yses, (ravimetric water content was determined by oven dry-
ing of sub-samples at 105 °C for 24 h. Soil NHs*-N and MO; -
M were exiracted using a ratie of 1:5 {fresh soul, 2 M KCL wi'v)
by shaking at 175 rpm for | h. The selution was filtered
through a Whatman 42 filter paper and measured by a
Segmented Flow Analyzer (SAN++, Skalar). Details of the
selected soil physical and chemical propertics are shown in
Table 1.

2.2 Microcosm incubation

For each site, sicved (2 mm) soil (35 g air-dried) was placed
mio a 500-ml vial, wetted to 60% water-filled pore space
(WFPS) and incubated at 25 °C for 1 week pnor to the com-
mencement of the experiment to stabilize the microbial activ-
ity. The microcosm incubation experiment was cstablished
with the following treatments with three replicates: control
(CK}, urea (L), urea + NBPT (UN), urea + DMPP (LD,
and urea + NBFT + DMFPP (UND). Urca was applied at
200 mg N kg'] soll as & solution. MBPT and DMPP were
applied in solution form, at a rate of 0.5% and 15 of applied
N, respectively. Two milliliters of each solution were applied
to the soil to make the final WFPS to 60%. The vials were
closed immedeately atter ireatment application and incubated
at 25 *C in the dark for 28 days. Dunng the incubation, the
micracosms were aerated every 3 days and moisture was
replenished as requined. The soils were destructively sampled
atdays 0 (4 h), 1, 2,4, 7, 14, and 21 afier treatment applica-
tion. Om the sampling days, a subsample of 5 g {air-dned
cquivalent) of soil was collected from ecach vial and stored
separately at — 20 *C for DNA extraction while the rest of
the soil {50 g) was used for soil NH.*-MN and NOy -N
exiraction.

2.3 MNet nitrification rate

Soil NH-N and NOy-N were extracted from 50 g soil using
2 M KCl as deseribed above. The eguation developed by
Persson and Wiren (1995) was used to caleulate the net nitn-
fication rates in the first week of incubation (-7 days).

n{d0—d7) = [l.‘h;uj'—m“—[m;—mm,-'?]

where n is the net nitrification (mg N kg | soil day )
within a specified period, (NO; -N)g, and (NOy N} are
the N0, -N concentrations (mg kg ' soil) of the soil on days
0 and 7. respectively.

2.4 Soil DMNA extraction

DMNA was extracted from .25 g frozen sml sample using the
MoBio PowerSoil™ DNA Isolation Kit (MoBio Laboratonics,
Carlshad, CA_ USA) following the manufacturer's instructions
with shight modificattons where a Fastprep beating system
(Bio-101 Vista CA, USA) at a speed of 3.5 m s for30s
was used for the mrtal cell lysis step (Hu ot al. 2015b). The
DNA concentration was assessed photometrically using the
NanoDrop® ND-2000c Spectrophotometer UV-Vis spectro-
phoiometer (ManoDrop Technologies. Wilmingion, DE. USA)

2.5 Quantitative PCR analyses of N-cycling functional
genes

Abundances of the urea-hydrolyzing and nimtying genes in the
soil samples were quantified on a Bio-Fad CFX384 optical real-
time PCE detection sysiem (Bio-Rad Laboratories Inc..
Hercules, CA. USA) using the primer scts and thermal cyeling
conditions shown in Table 2. The [0-pl reaction mixture
contained 5 pl of Sensimix (Biolne, Sydney, NSW, Australia),

Table 1 Busic propertes of the soils used in this shady
Soal property Units Doukie Horsham Warmamshoal Panamure Chyde
whizat (DW) wheat (HW) pasctume (WF) pasture {FF) vegetable (CV)

Location IG72XS, 1457 2TE 367455, 4ZP0TE 387245 142°3R°E 387205 142°44°E IR0 S, 45720 E
Cation exchange Cenol kg ' 21 45 19.4 1.6 1.0

capacity (CEC)
pH (1:5 cacl) 5.7 79 68 a7 6.3
pH {15 warlery f.4 B3 1.3 55 72
Orgamic carbon gkg ! L7 T3 i3 Gl 1B
Notrate-N mg kg ' 32 72 1o 3R 51
Ammoniume: N mghkg ' 59 095 58 16 22
Particle sixe

Sand (0022 mm) % 590 i57 B6.1 6RO BT

Silt & 113 101 63 17.4 1.5

{0L002-0.02 mm)
Clay (<0.002 mm) % 188 542 14 13.7 R

ﬂ Springer
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0.25 pl of cach primer (10 M), and 1 wl of emplae DNAC
Sandard curves were generated using 10-fold serial dihmons of
plasmids contaming comect inserts of the target genes. Melimg
curve analysis was perfisrmed between 72 and 94.5 °C at the end
of cach amplification assay to cvaluate the specificity of quanti-
tative PCR (gPCR) products, and the amplification efficiencies
fior all gPCR nuns ranged between #0:and 1109 with B of 0.99.

2.6 Terminal restriction fragment length
polymorphism (T-RFLP) analyses

T-RFLP analysis was performed to mvestigate the changes in
community structure of nirifying microbes focusing on the
amod genes of ADA and AOB using fluorescently labeled
primers (Hu et al. 2005b) A 25-pl PCR reaction muxture
contained 2 pl of dilutod template DNA (1-10 ng), 0.5 pl of
cach primer (10 uM), 5 ul MyTaq buffer, and 1.5 U of MyTag
polymerase (Bioline, Sydney, Australia). The thermal cycling
conditions for AQA and ADB amod genes were as follows:
95 °C for 5 mm, 35 cycles of 30 s at 95 °C, 30 s at 56 °C, and
60 5 at 72 °C. followed by 10 min at 72 °C. The PCR. products
were purified using the Wizard 5V Gel and PCR Clean-Up
Sysicm (Fromega, San Luks Obispo, CA. USA) and quantifiod
using the ManolDrop ND-2(00¢ Spectrophotometer. The restric-
tion digestion was camed out m a8 10-pl mixture contaming
200 ng of purificd PCR products, 0.1 ul of BSA1 ul of % 10
ME buffer, and 5 U of the restriction enzymes Mspl for AOB and
Rsal (BioLabs, Sydney, Australia) for AOA. The digests were
mcubated at 37 °C for 3 h and denatured for 10 min at 95 °C.
Termmal restriction fragments (TRFs) were size separated with
an ABI PRISM 3300 Genetic Analyzer (Applied Biosystems,

CA, USA) and analyzed usmg a local southemn size-calling
method (peaks > 30 bp) and a peak amplinde threshold serming
of 50, using CreneMapper version 4.0 (Applied Biosysiems).
TRFs with peak height comprising less than 1% of the total peak
height were removed. and peaks that differed by bess than 1 bp
were combined into the same TRF (Hu et al. 2015b). The rcla-
tive fluorescence abundances of all TRFs were exported for

fiurther analysis of the community composition.
2.7 Statistical analysis

Drata are represented as the means of three replicates. The gene
copy numbers were caloulated using the equation descnibed in
Behrens ot al. (2008). Data were analyzed using analysis of
variance (ANOVA) at p < 0.05 followed by the Fisher test to
compare treatment means only where there was a significant
cifizct as shown by ANOVA in the Minitab 13 statistical soft-
ware. Pearson’s correlation was pcrfmmnd to assess the cor-
relation between the amod gene copy numbers and N0y -N
concentrations. Non-metric multidimensional scaling
(NMDS) plots were used to visualize the Bray—Curtis dissim-
ilanty matrices based on the T-RFLP data of ACA and AOB.

3 Results

3.1 Mineral N and net nitrification rate
under different treatments

Urea addition significantly (p < 0.05) increased NH,™-N con-
centration compared to CK i all the soils and the NH*N

Table 2 Primers used for quantification of the key N-cycling functional genes

Frimers Sequence Length (bph Reference Thermocyclmg conditions
el gene
LIF ATHGGYAARGUNGGENAAYCC 300 Garesham et all 20407 10 min at 95 *C, 40 cycles of
LIk GTBEEHNCOOCARTCYTCRTG (30 s at 95 °C, 45 s at 35 °C,
and 45 5 at 72 °C), 10 min = 72 °C
ADA amod
Crenamad-23F ATGOTCTGGCTWAGKCG fi29 Tinerna et al. 2008 10 min &t 93 °C, 40 cycles of (¥ sat 95°C. 45 5
CremamoA-6l6r  GOCATC CATCTGTATGTCCA at 35 °C, and 43 s at 72 *C), 10 minat 72 °C
ADB amad
amadF GGOGTTTCTACT GGTGET 441 Rothawwe et al 1997 10 min at 95 *C, 40 cycles of
ama-2R COCCTOKGEAANGOCTTCTTC (30 s at 95 °C, 30 s at 36 °C, and 30 s
at T2 *C), 10 min at T2 °C
Comammex A
coma: 244F TAYAAYTGGGTSAAYTA 415 Pjevac etal. 2017 10 min at 95 *C. 25 cycles of
comah-655R ARATCATSGTGCTRTG (30 st °C, 45 5 at 42-52 °C, and 6
at T2 *C), 10 min at T2 3C
Comammox B
comall. 244F TAYTICTGGACRTTYTA 415 Fjevac etal. 2017 10 min &t 95 °C. 25 cycles of (3 sat 94 °C 45 5
at 42-52 °C, and s at T2 *C, 10 min at 72 °C
comall 6598 ARATCCARACDGTGTG
@ Springer
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concentration in the U treatment remained significantly higher
than CK for 2 weeks in all soils except in WP and CV (Fig. |
and Fig. 51). Addition of NBPT (UN) significantly reduced
MHs*-N accumulation compared to U {p < 0.05). The reduc-
tion of NH,*-N concentration by MBPT varied with 35—69%,
AT-55%, 47 4%, 26-29%, and 18% m HW, DW, CV. PF, and
WP soils, respectively. Addition of DMPP (UDY) or DMPP +
MBPT (UND) resulted in a significant reduction in NH_,_'*—N
accumulation compared fo U m the imital days for DW and
HW and to a small extent in CV and WP (Fig. 1 and Fig. 51}

The WO -N concentration in the CE treatment remained
almost unchanged 1o all the soils throughout the 28-day mou-
bation peniod. Urea addition significantly mcreased NOy N
concentration compared to CK in all the five sotls. Addition of
DMPP (UD) alone or DMPP + NBPT (UND) significantly
reduced MO, -N concentration compared to U in all the soils.
However, the addition of XBPT alone did not significantly
affiect NOs -N concenimtion in any soil compared io U, The
significant reduction in MO, -N concentration by DMPP
alone (UL and DMPP + NBPT (UND) ranged between 44—
487 and 28.7-46.3% for HW soil, 382 and 23.9-28 9% for
DW soil, 13.2-36.4 and 12.7-34.7% for PP soil, 25.5-39 and
7-38.6% for CV soil, and 13.5-3006 and 11.9-23.6% for WP
soil, respectively (Fig. 1 and Fig. S1).

In the first week, net nitrification rates were significanthy
higher in U treamment of all the soils compared to CK. Use of
DMPP alone (UD) or DMPP + NBPT (UND) significantly
reduced the net nnrification rates by 59.6 and 55.8% in HW
soil, 316 and 31.9% m PP soil. and 33.4 and 2E.4% in WP
soil, respectively. compared to U (Table 3) and 43.4% reduc-
tion by DMPP (UL in OV soil compared to U. In YW soil,
net nitrification rates were not significantly different between
U and UND compared o U during the first week of incuba-
tion. NBPT had no significant influence on net nitrification
rates in all the soils compared to U (Table 3).

Orverall, our results showed that accumulation of NH ™ was
significamtly suppressed by NBPT but stimulated by DMPP
alone or combined with NBPT n all soils. On the contrary, the
nitrification process was suppressed by DMPF alone or com-
hined with NBPT but not by MBPT alone in all the soils. The
efficacy of MBPT and DMPP vaned among the soils.

3.2 Copy numbers of the ureC and amoA genes

The addition of urea with or without inhibitors had no signif-
weant effect on the wrel gene copy numbers in WEP, HW, and
PP soils (p > 0.05) (Fig. 2 and Fig. 52). UN, UD, and UND
treatments had significantly lower gene copy numbers com-
pared to U in D'W and OV soils on the last day of incubation
(p=0.05) (Fig. 2 and Fig. 52).

There was no significant treatment cffect on AOA abun-
dance in all the soils dunng the sampling period (Fig. 3 and
Fig. 53). However, there seemed to be growth of AQA in PP
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s0il during the mcubation period compared with much smaller
or no growth of ADB or comammaex (Fig. S3). Urea addition
significanily increased AOB amod gene copy numbers
(= 0.05) compared to CK on some incubation days in W,
WP, HW, and CV soils. Addition of DMPP alone or DMPFP +
MBPT significanily (p < 0.05) reduced AOB abundance com-
pared to urca on some incubation days i W, WF, HW, and
CV soils compared to U (Fig. 3 and Fig. 53). NBPT addition
significantly reduced AOEB abundance compared to U alone
on day 7 in WP soil (Fig. 3). However, there was no signifi-
cant treatment effect on AOB abundance in PP sodl {Fig. S3).
There was an increase in ADASADB ratio on day 7 with the
addition of DMPP alonc or DMPP + NBPT except in WP soil.

Urea addrion with or without mhibitors had no significant
cffect on comammox Nifrespira clade A amod gene copy
numbers m WP and DW soils on any sampling day (Fig. 4).
MBPT significantly reduced comammox Mimospira clade A
gbundance compared to urea on the last day of incubation
PP =oil (Fig. 54). The addition of NBPT + DMPP significantly
reduced comammox Nirmospiva clade A abundance compared
to urea on some incubation days i the HW, PF, and CV smls
(Fig. 54). Urca addition significantly mcreased comammos
Nitrospira clade B abundance compared to CK on day 7 in
D'W {Fig. 4). Addition of NBPT, DMPP, or DMPP + NBPT
significantly reduced comammox Nirospira clade B abun-
dance on some days in WE, CV, DW, and HW soils compared
tourea (Fig 4 and Fig. 54). However, there was no significant
treatment effect on comammox Nirospira clade B gene copy
numbers in PP soil (Fig. 54) on any day during the mcubation.

Owr results showed that except for AOA, all the treatments
significantly suppressed the growth of ammonia oxidizers in
some soils. A trend of increasing ratio of AQA/AOB was
observed when DMPP alone or DMPP + MBPT were added.
The wreC gene copy numbers were suppressed by all the treat-
ments towards the end of the experiment in most soils.

3.3 Treatment effects on community composition
and structure of AOA and AOE

For the T-RFLP analysis, digestion of AOQA and ADB amod
genes with Rsal and mspl restnction enzymes, respectively,
produced different TRFs in the five soils, suggesting that
AODA and ADB had different responses i freatment applica-
tson on day 7. The changes in the relative abundance of major
fragments were used to depict weatment effects on AOA and
ADEB community composition in the five soils.

AO0A digestion in DW and WP soils produced a tofal of
five and three distinct TRFs, respectively, with TRFs 41 bp
and 36 bp being the most abundant, respectively (Fig. Sk
Three distinct TRFs were produced in HW with TRFs 41 bp
and 56 bp being the most abundant (Fig. 55). Both PP and CV
soils produced five distinct TRFs each with TRF 36 bp in PP
soil and TRF 56 bp in CV soil being the most abundant (Fig.

'ﬂ Springer
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Fig. 1 Soil NH,"-N (top) and NO, -N (bottom) concentrations
during the 28-day mcrocosm incubation in the Dookie wheat (DW)
and Warmambool pasture (WP) soils across the five treatments of CK

S5). In DW soil. the relative abundance of TRF 41 bp was
reduced by U compared to CK, and increased with the addi-
tion of NBPT, DMPP. or NBPT + DMPP compared to U (Fig.
5). In WP soil, the relative abundance of TRF 56 bp was
mcreased by U compared to CK and reduced by the addition

{control), U (urea), UN (urea + NBPT), UD (urea + DMPP), and UND
(urea + NBPT + DMPP). Emor bars represent standard errors from three
replicates

of NBPT or DMPP + NBPT compared to U (Fig. 5). In HW
soil, the relative abundance of TRF 41 bp was increased when
U was added compared to CK but reduced when DMPP +
NBPT was added compared to U. The relative abundance of
TRF 56 bp was reduced by U compared to CK and reduced by

Table3  Net nitrification rates (mg N kg ' soil day ') of Horsham wheat (HW), Dookse wheat (DW), Clyde vegetable (CV), Pannsure pasture (PP). and
Warmambool pasture (WP) soils duning the peniod from day 0 1o day 7. Treatments: control, urea, urea + NBPT, urea + NBPT + DMPP

Soal type Net natrification rate (mg N kg * soil day ')

Control Urea Urea + NBPT Urea + DMPP Urea + NBPT + DMPP
DW 255+ 1.4b 964+181a 11924239 a (NR) 826+ 1342 (NR) 7.14£1.31 ab (NR)
HW 059+0.09b 8441192 798+ 12a(NR) 341 £057 b (59.6) 3.74+1.06b (55.8)
WP 124093 ¢ 17842332 17.09 £0.51 a (NR) 11.85+ 1.64 b (33.4) 1278059 b (282)
PP 065+041¢ 68940752 6.1040.97 3b (NR) 47204 b(31.6) 474064 b(31.9)
cv 1452011 d 9904 1363b 1345+ 1443 (NR) 5.6+ 138 ¢ (434%) 6.782 121 bc (NR)

Values are means + standard erroe (2= 3). Values withm the same row followed by the different ketters indicate a signaficant difference (p < 0.05). The
values in the parentheses show the % mhsbation by NBPT, DMPP, or a combmatson of both used with urea. Assuming mil inhsbation where there s “NR™

in parenthests
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Fig. 2 The wnC gene sbundance durmg the 28-day macrocosm incuba-
ton of Deokse wheat (DW) and Warmambool pasture (WP) soils across
the five treatments of CK (control). U (urea). UN (urea + NBPT), UD
{urea + DMPP), and UND (urea + NBPT + DMPP). Erroe bars represent

the standard ermors of three replicates. Means that do not share 3 letter are
sigmficantly different at any sampling tme at p<0.05 Jevel (Fasher test).
Note that y-axes scales differ between charts. There was no significant
difference between the treatments on all the sampling days in WP soal
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Fig. 3 The abundince of AOA and AOB durmng the 28-day microcosm
incubation of Dookie wheat (DW) and Warrnambool pasture (WP) soils
across the five treatments of CK (coatrol), U (urea), UN {urea + NBPT),
UD (urea + DMPP), and UND (urca + NBPT + DMPP). Error bars
represent the standard erroes of three replicates. Means that do not share
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a letter are significantly different at any sampling time at p <0.05 level
(Fisher test). There was no ssgnaficant difference between the treatments
on all the sampling days in the two soils on AOA gene copy numbers.
Note that yaxes scales differ betwoen charts
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Fig. 4 The abundance of comammox Nitrospirg clade A and clade B
dunng the 28.day microcosm mcubation of Dookie wheat (DW) and
Warmmambool pasture (WP) soils across the five treatments of CK (con-
trol), U (urea), UN {urea + NBPT), UD (urea + DMPP), and UND (urca +
NBPT + DMPP). Error bars represent the standard errors of three

DMPP compared to U (Fig. S5). In PP soil, the relative abun-
dance of TRF 36 bp was increased by U compared to CK but
reduced by NBPT compared to U (Fig. $5). In CV soil, the
relative abundance of TRF 56 bp was reduced by DMPP or
NBPT + DMPP compared to U (Fig. S5).

Similarly, digestion of AOB produced £. 6, 9, 9, and 7
distinct TRFs, with 232 bp: 55 bp and 231 bp: 37 bp. 54 bp,
and 152 bp; 54 bp, 152 bp, and 253 bp; and 253 bp being the
most abundant in DW, WP, HW, PP. and CV soils. respective-
Iy (Fig. 6 and Fig. S6). In DW soil. the relative abundance of
TRF 232 bp was reduced by U compared to CK but increased
by NBPT. DMPP, or DMPP + NBPT compared to U (Fig. 6).
In WP soil, there was no treatment cffect compared to urea on
the TRF relative abundance (Fig. 6). In HW soil, the relative
abundance of TRF 37 bp was reduced by U compared to CK
but increased by NBPT, DMPP, or DMPP + NBPT compared
to U. TRF 152 bp in HW soil was increased by U compared to
CK and reduced by NBPT, DMPP, or DMPP + NBPT com-
pared to U (Fig. S6). In PP soil, the abundance of TRF 54 bp
was increased by U compared to CK and reduced by DMPP or
DMPP + NBPT compared to urea (Fig. S6). In CV soil, the

&) springer
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replicates. Means that do not share a letter are ssgnificantly different at
any sampling tane at p < 0.05 level (Fisher test). There was no sigmificant
difference between the treatments on all the sampling days m the two soils
on comammox Nitrospira clade A gene copy numbers. Note that y-axes
scales differ between charts

relative abundance of TRF 253 bp was reduced by U com-
pared to CK but reduced by NBPT and increased by DMPP
compared to U (Fig. S6).

The NMDS analysis was used to visualize changes in com-
munity structure for both AOA and AOB in the soils follow-
ing treatment application. In DW and WP AOA NMDS plots,
there was no clustenng into different groups based on treat-
ment (Fig. 5). In HW-AOA NMDS plot. UD and UND clus-
tered separately from U. However, there was no clear separa-
tion of CK or UN from U (Fig. §5). PP-AOA NMDS plot
showed that U clustered separately from CK. UN, UD, and
UND treatments (Fig. S5). CV AOA NMDS plot showed that
UND and UD clustered separately from U (Fig. S5). HW, CV,
and PP-AOB NMDS plots showed that U clustered separately
from UD, UND. and CK but not from the UN (Fig. $6). There
was no clustermg based on treatment im DW and WP sails
(Fig. 6).

The T-RFLP results generally indicated that NBPT alone,
DMPP alone, or their combination had an influence on the
structurc and community composition of both AOA and
AOB.
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4 Discussion

4.1 Treatment effects on mineral N dynamics and net
nitrification

The addition of NBPT significantly reduced the accumulation
of NH4"-M (p < 0.05) in the five soils compared to urea alone
in the initial days, indicative of urea hydrolysis (Fig. 1 and Fig.
&1} This is because NBFT inhibited hydrolysis through sup-
pressing the activity of urease enzymes (San Francisco et al.
200 1). Simlar results were reporied by other researchers who
showed that NBPT significantly reduced the accumulation of
soil NH, N (Zaman et al. 2009; Sanz-Cobena et al. 2004)
Ohur results showed varying efficacies of NBPT in inhibiting
hydrolysis across the five soils, indicating that NBPT efficacy
vaned with soil physical and chemical properties. We noted a
general trend of a reduction in WBPT efficacy with reducing
pH except for WF soil, which can be attribited to increased
chemical degradation of NBPT at lower pH { Engel et al. 2013,
2015). In ling with our findings, other studies also reported a
decrease in WBPT efficacy with reducing pH (Frame 2017;

Sunderlage and Cook 2018). Our results also showed that
apart from the pH. other factors also determined NBPT effi-
cacy. For example, both PP and WP soils had the highest OC
compared to other soils (Table 1), which may asccount for
reduced efficiency of NBPT in these two soils compared to
other soils. Moreover, HW soil with the lowest OC
(7.3 g kg ') had the best NBPT performance compared to
other soils. Urease activity has been shown to increase with
mcreasing OO, resulting in reduced NBPT efficacy (San
Francisco et al. 2001; Suter et al. 2001). Thes could be atinb-
uied to increased microbial degradation of NBPT in high OC
soils.

The high WH,*-N concentration in DMPP alone (UD)) or
DMPP + NBPT indicated the suppression of nitrification in
these treatments which showed the effectiveness of DMPP in
retarding the conversion of WH," to N0, . This was also
supponed by the lower NO,™ concentration in DMPP alone
(UD) or DMPP + NBPT compared to U (Fig. 1 and Fig. 51)
and the net nitrification rates (Table 3. An increase in soil
MH,*-N content due to Nls has also been reported by other
rescarches (Zaman et al. 2009; Fisk et al. 2013). Previous
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Fig. 5 Termimal restnction fmgment length polymorphsm fingerpring
TREFs {top) and pon-metric multsdimensional scaling ordinations
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Dookoie wheat (DW) and Warmamboo] pasture (W) soils acmss the five
treatments of CK (controd), 1) {unea), UN (urea + NEFT)L UD (urea +
DMPP), and UND {urea + NEFT + DMPP) on day 7 of meubation
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reports have shown that where a NI was combined with
NBPT, there was cither a reduction in effectiveness of NBPT
for reducing NH,*-N accumulation/NH; emissions compared
to NBPT alone or an increase in NHs*-N accumulation com-
pared to urca alonce (Soares et al. 2012; Pereira et al. 2013).
Therefore, our results for increasing NH,*-N accumulation in
the NBPT + DMPP treatment could be related to the increased
NH,*-N accumulation by DMPP making NBPT to appear
incffective.

The performance of DMPP in reducing NO; -N accumu-
lation in the soils varied among the five soils and reduced with
mcreasing OC. This can be linked to the limited mobility of
DMPP due to increased adsorption in high OC soils (Ruser
and Schulz 2015; Marsden et al. 2016). Other studics have
reported increased performance of Nis when OC was low or
removed from soils (Yan et al. 2012: Fisk ctal. 2015; Shi et al.
2016). We also noted a reduction in DMPP cfficacy with re-
ducing pH except for WP soil. This could be associated with

increased degradation of DMPP at lower pH. The other reason
for the reduced performance of DMPP at lower pH could be
due to heterotrophic nitnification that has been reported to
occur in acidic soils (Li et al. 2018; Zhang ct al. 2018b).
Previous studies have reported an increase in DMPP perfor-
mance or reduced degradation at high soil pH (Yan etal. 2012:
Suter et al. 2016).

4.2 Treatment effect on the ureC and amoA gene
copy numbers

AOA abundance showed no significant response to treatment
addition compared to other ammonia oxidizers. However, the
growth of AOA in PP soil during the sampling period com-
pared to other ammonia oxidizers suggested their potential
contribution to nitnfication in PP soil. Previous studies have
concentrated on studying the effects of fertilizer addition with
nitnfication inhibitors on AOA and AOB abundances. Some
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Fig. 6 Terminal restriction fragment length polymoephism fingerprint
TRFs (top) of AOB and non-metric multxdimensional scaling ordmatons
(bottoms) based on the Bray-Curtis dissmilanty natnoes of the T-RFLP
data of AOB (bottom) genes digested by the mspl restniction erzyme for
Dookie wheat (DW) and Wanmambool pasture (WP) soils across the five
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treatments of CK (control), U (urea), UN (urea + NBPT), UD (urea +
DMPP), and UND (urea + NBPT + DMPP) on day 7 of mcubation. All
the stress values for the NMDS plots were lower than 020, an mdication
that these data were wellrepresented by the two-dimenssonal ordinatins
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studics reported that growth of AOB, but not AOQA, was in-
creased by fertilizer addition (Beockman et al. 2018; Cuyang
et al. 2008} or reduced by DMPP addition {Beeckman et al.
201 8: Zhang et al. 201 8a). (rher smdies, however, reported a
significant reduction in both AOA and AOB abundances by
DMPP (Liu et al. 20015). The significant treatment effoct on
AOE but not ACQA abundance reported m our study could be
due to the structural difference between AOA and AOB and
the potential heterotrophic growth of ADA (He et al. 2002
Ruser and Schalz 2015; Beeckman et al. 200 8; Zhang et al.
2001 8a). This accounts for less susceptibility of ACA to envi-
ronmental changes (" Callaghan et al. 2010). Little = known
about the response of comammox organisms o cither urcase
or miirfication mhibitors but inhibition of nitrification in
comammox organisms by the NI allylthiourea has been re-
ported (van Kessel et al. 2015; Li et al. 2019). Morcover,
DMPP has a similar inhibiion mechanism as allylihiourea,
which inhibits nitrification by kinding to copper, an important
cofactor for the amaA gene (Ruser and Schulz 2015;
Becckman et al. 2018; Li et al. 20019} Therefore, it could be
passible for DMPP to inhibit mitrification by reducing the
growth of comammaox organisms as reported in some of our
soils.

The reported increase in the ratio of ADA/AOB due to
DMPP alone or DMPP + NBPT compared to urea in some
soils on day 7 may suggest that the AOB population in these
treatments was reduced leading fo an inerease in AOA popu-
lation. This s consistent with the findings of other rescarchers
who reported that ACA would thrive when ADB is inhibited
due to niche ditferentiation (Hink et al. 201 8; Fan et al. 20019

The reduction of ADB and comammox Nitrospira abun-
dances by NBFT in this study could be explamed by the fact
that NBPT mhibits urea hydrolysis, therefore, avoidimg the
sccumulation of NH* that is required as a subsirate by these
microbes to initiate the nitmfication process. In addition, some
AOA and ADB may have the ability to wtilze urea as they
possess some urcelytic genes and activities cnabling their de-
pendence on urca as a substrate for hydrolysis and subsequent
nitrification {Burton and Prosser 2001). Ureolytic capacity has
also been reported mosome comammex organisms (Palomo
et al. 20018, Koch et al. 2019). The reduction of comanmmox
Nitragpira and AOB by NBPT would therefore be assumed to
be lmked to the direct effect of NBPT on urcase genes in these
ammonia oxidizers, influencing the degradation of urea a
source of nitnfication. Another possible explanation is that
NBPT could inhibit the intracellular urease m ammona ox-
dizers, blocking hvdrolysis and subsequent niimbication due to
limited NH» avalability (5hi et al. 2001 7). Other studses have
shown that NBPT either inhibited both ADA and AOB or
stimulated AOQA but inhibited AOB or had no effect on am-
momia oxidizers (Shi et al. 2007; Fan et al. 200 8).

Pearson’s comrelation results revealed that significant con-
tributors to nitrification in CV soil might be ADA and
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comammox Nitrospira clade B, while for HW, D'W, and W,
AOB might be a significant contributor to nitrification. For PP
soil. ACKA might be the dominant contributor to nitrification.
Soil pH could be a contributing factor that favored activity and
distribution of ammonia oxidizers in these soils. Our results
agree with previous findings that AOA are an important player
of ninfication in acidic soils compared to AOB which are
dominant in alkaline soils (Zhang et al. 2012; D1 and
Cameron 2016). However, our results also showed positive
significant comelations for AOB with nitnfication n acidic
D'W =oil, which is not unexpected as some acidophilic AQB
strains have also been reported to contribute to nitrification in
acidic soils (Li et al. 2018; Zhang et al. 201%). Distmbution,
abundance, and actrvity of AQB shown in our results could
have also been determined by the soil NHs*-N concentration
which was high for both DW and WP compared to other soils
at the beginnimg of the mcubation

The wrel” gene copy numbers tended to decrease signifi-
cantly in some soils towards the end of the incubation period
in NBFT. DMPP. or DMPP + NBPT, compared to U
(< 0.05). In line with our findings, other researchers reported
a reduction m the abundance of wreC-contaming bactena in
both acid and alkalme soils when they added NBPT to urea in
a 25-day mcubation experiment (Fan et al. 2018). However,
on day 28 of incubation, we expect hvdrolysis to have been
finished in the soils. Urease enzyme has been shown to exist
both inside and cutside the cells on release when the cell dies
(Fisher et al. 20017; Fan et al. 2018). We would speculate tha
mast of the hydrolysis was conducted by extracellular urease
which may absorb and keep NBFT stable in cells for long (Fan
ct al. 201 8).

There is currently no information regarding the effect of
DMPFP on wel genes. However, the significant reduction of
the wreC gene copry numbers by UD and UND compared to U
as reported in some soils i this study could be explained by
the acidic effect of DMPP on soil pH in both treatments. It has
been reponed that wel gene copy numbers mcrease with
increasing soil pH, while nitrification inhibitors increase
MH,*-N concentration which enhances acidification (Smolen
ct al. 200 2; Fisher et al. 2017). Based on these reporis and
given the fact that the reduction occurred towards the end of
incubation, it is possible that the effect of DMPP or DMPP +
MBPT on the wreC gene abundance was because of the effioct
of these treatments on soil pH.

5 Conclusions

We reported a significant increase m WH3 and NOs accumu-
lation due to urea addition. NBFT mhibited NH; accumulation
in all tested soils but had no significant effect on nitnfication
in any soil. DMPP alone or DMPP + NBPT significantly
inhibited nitrification. The abundances of comammox
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organisms and AQB but not AOA were significamly influ-
enced by NBPT. DMPF, or DMPP + NBPT. Soil pH and
organic carbon might be key factors influencing the activity
of urcase and mitrification inhibitors in the swudied soils. We
also fiumd thar AOA. AOB, and comammox Nitrospiva clade
B might be significant contributors to nitnfication in the sud-
fed soils. These findings sugges: thar NBPT and DMPF can
reduce M losses and improve N fertilizer efficiency by directly
mhibiting the growth of AOB and comammox organisms in
the soils, with implications for our mechanistic understanding
of the molecular mechanisms of urease and nitrification
mhibitors.
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Fig. S1 Soil NH4"-N (top) and NO3-N (bottom) concentrations during the 28-day microcosm
incubation in the Horsham wheat (HW) and Panmure pasture (PP), and Clyde vegetable (CV)
soils across the five treatments of CK control, U urea, UN Urea + NBPT, UD urea+ DMPP,

UND Urea + NBPT +DMPP. Error bars represent standard errors of three replicates

Fig. S2 The ureC gene abundance during the 28-day microcosm incubation of Horsham wheat
(HW), Panmure pasture (PP), and Clyde vegetable (CV) soils across the five treatments of CK
control, U urea, UN Urea + NBPT, UD urea+ DMPP, UND Urea + NBPT +DMPP. Error bars
represent the standard errors of three replicates. Means that do not share a letter are significantly
different at any sampling time at p< 0.05 level (Fisher test). Note that y-axes scales differ
between charts. There was no significant difference between the treatments on all the sampling

days in HW and PP soils

Fig. S3 The abundance of ammonia oxidizers (AOA, (top), AOB (bottom), during the 28-day
microcosm incubation of Horsham wheat (HW), Panmure pasture (PP) and Clyde vegetable
(CV) soils across the five treatments of CK control, U urea, UN Urea + NBPT, UD urea+
DMPP, UND Urea + NBPT +DMPP. Error bars represent the standard errors of three replicates.
Means that do not share a letter are significantly different at any sampling time at p< 0.05 level
(Fisher test). There was no significant difference between the treatments on all the sampling
days in the HW, PP and CV soils on AOA, and in PP soil on AOB gene copy numbers. Note

that y-axes scales differ between charts

Fig. S4 The abundance of ammonia oxidizers (comammox Clade A, (top), comammox Clade
B (bottom), during the 28-day microcosm incubation of Horsham wheat (HW), Panmure
pasture (PP) and Clyde vegetable (CV) soils across the five treatments of CK control, U urea,
UN Urea + NBPT, UD urea+ DMPP, UND Urea + NBPT +DMPP. Error bars represent the

standard errors of three replicates. Means that do not share a letter are significantly different at
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any sampling time at p< 0.05 level (Fisher test). There was no significant difference between
the treatments on all the sampling days in the PP soil on comammox Clade B gene copy

numbers. Note that y-axes scales differ between charts

Fig. S5 Terminal restriction fragment length polymorphism fingerprint TRFs (top), and Non-
metric multidimensional scaling ordinations (NMDS (bottom)) based on the Bray-Curtis
dissimilarity matrices of the T-RFLP data of AOA genes digested by the Rsal restriction
enzyme for Horsham wheat (HW), Panmure pasture (PP) and Clyde vegetable (CV) soils
across the five treatments of CK control, U urea, UN Urea + NBPT, UD urea+ DMPP, UND
Urea+ NBPT +DMPP on day 7 of incubation. All the stress values for the NMDS plots were
lower than 0.20, an indication that these data were well-represented by the two-dimensional

ordinations

Fig. S6 Terminal restriction fragment length polymorphism fingerprint TRFs (top), and Non-
metric multidimensional scaling ordinations (NMDS (bottom)) based on the Bray-Curtis
dissimilarity matrices of the T-RFLP data of AOB genes digested by the mspl restriction
enzyme for Horsham wheat (HW), Panmure pasture (PP) and Clyde vegetable (CV) soils
across the five treatments of CK control, U urea, UN Urea + NBPT, UD urea + DMPP, UND
Urea + NBPT + DMPP on day 7 of incubation. All the stress values for the NMDS plots were
lower than 0.20, an indication that these data were well-represented by the two-dimensional

ordinations
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Fig. S1
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Fig. S2
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Fig. S3
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Fig. S4.
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Fig. S5
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Chapter 4. Effects of repeated applications of urea with DMPP on ammonia oxidizers,
denitrifiers, and non-targeted microbial communities of an agricultural soil in Queensland,

Australia

This chapter is based on an article published in Applied Soil Ecology 147: 103392
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ABSTRACT

Nitrifiaton inhibitors have been reported to reduce nitrous axide smission and nitrate leaching in agriculiural
systems. The effects of repeated applications of urea alone or in combination with nitrification inhibitors on
mitragen (M) cyding microbes invalved in nitrification and denitrifimton together with non+targe=esd microbes
are not well understood. Thersfore, the objedive of this study was to nves tigate the effects of repeaied appli-
cation of ur=a and DM PP on sail phy sio-chemistry, ammonia ocidizers and otal bacteria in the soil We collected
sail samples from a 4.5y ear field experiment under crop rotation with repeated application of seven restments,
mameely contral {CK), Urea (U, Ur=a + DMPPF (UE) applied at 40, 80 and 120kg N ha —Y, =ach trestment with
three repli@es. Ammonia-axidizing bacteria (ADOB) gene opy numbers inoessed as the N application rate
inmezsed (from O to 120kg N ha~ 'L The use of DMPP significandy reduced AOE and nirf gene copy numbers
compared to urea alone at an application e of 120kg N ha~". Thers was no trestment =ffect on the sbundance
of ammonis-acidizing archasa (AOA), Comammox dade A and B, nos? and bacterial 185 rRNA genes. The
commamnity compasition of ADE and ADA changed with N additon and wse of IMPPF but increasing W addition
rate changed the compesition of AQOE only. Additon of N incressed potential nitni fication rates at 80 and 120kg
N ha~". There was no significant trea tment «=fect an the relative abundance of bacteria at the phylum level. This
experiment demanstrated that the application of N (with ar without DMPPF) at s lower than 120kgN ha™"
woukl not result in significant impacts on soil archasal and baceTial emlogy.

1. Iniroductdon

oxidation and ndirite (MO, ™) oddation. Ammonda soddation to MO, ™ is
ithe rate-limiting step of nirification, regulated by the anod gene en-

Sodl microrganisms are important players in nuident tansfoma-
tons and maintenance of soll functons (Alslable et al, 2013% Brevik
ef al, 2015 Bel ef al, 2018 However, they are highly sensitive o
agriculieral management practices like applications of fertilizers (Eo
and Park, 2016; Shen et al, 2016; Chen et al,, 2019) and can be used as
indlicat o for soll quality (Sharma et al, 20100

High input of ndiregen (W) fertlizers has been uwed to increase coop
wields (Duan et al, 2014) However, there i3 low crop nitmgen wse
efficiency becawse appled N fertilizer can be lost throwgh ammonda
(MHy) volatlization, ndtmous oxde (MO0 emismions, ndtmte (MOy )
leaching, erosion, and runclf prceses (Chen et al., 2008; Castaldelli
ef al, 201% FueermesMendizibal et al., 2019). Nirilcaton has pre
viously been thought to be a twostep process invelving ammonda

* Correspanding authors.

ooding the alpha subundt of the NH, moncoxygenase (AMO) within
ammonia-oddizing bacterla (AOE) and ammonds-oxidizing amhaes
(ACA) (Gao et al., 2016; Feeres-Mendizdbal et al,, 201%; Miao et al.,
20197 Nitrte oxddation to NOy ™~ s the second step of nitdfication and
iz regulated by mitrte-oxidizing bacterla (NOB)L Recently, a group of
bacteria within the NMirepin genus was discovered with the capacity to
completely oxidize MHy to NOy~ in a single organbEm {comammog
Mitrogpina) {Daims et al., 2015 van Kessel et al., 2015v. Dendirlfication
Involves the conversion of MOy back to MoOand diniiroegen gas (M2 via
N, ~, niiric oxide (MO (Kuypers e al, 2018; Castaldelll ef al, 20149)
Mitrows oodde can alap be femed throwegh ndirifeation by the chemical
decompostion of hydmoxylamine (NHpOH) (Foertes Mendizdbal et al.,
2019 Dendtrification is catalyzed by nitrate reductase encoded by the
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narls gene, nitrte reductste encoded by ndrs ¢ nirk gene, nlirie oxide
reductase encoded by norB and ndimws oxdde reductase encoded by the
e gene (Braker and Tiedje, 2003%; Shrewsbury et al, 2016)

Nitrification inhibitors are compounds that delay the oddation of
ammonium (NHy ') to NOs~ thereby preventing N lodses through nd-
tfcation and denlirification (Suter et al., 2016; Fuertes-Mendizdhal
et al, 2019 3, 4-Dimethylpymazole phosphate (DMPP) is one of the
nitrfcation inhibitors that has gained commercial we (Zemlla of al,
2001).

Fertilizer application has been shown o cause short and long-{erm
affects on soil physdoochemical propertles which in tuern influence soll
micmblal commundtles (Shen et al, 2016; Dal et al,, 201 8L Although
several studies kave investgated the effects of repeated N fertilizer
application on soll micrdbial communities {Gelsseler and Scow, 2014;
Fhow et al, 2015; Shen e al., 2016), livte informaton s avallable on
the response of soll nlirifying, denirifying and mon-targeted microbes
{Le., who are not supposed to involve in nltrogen cycling processes)
following mepeated application of N fertilizers with ndirflcation in-
hibitors {Shi et al., 2017

‘We measured changes in sodl chemical properties, and the structure
and composition of sodl bacterial and N-cycling microbial functiomnal
communites, following the repeated applications of wrea (L), and
Urea + DMPP {UE) at different N mates for 4.5 years The objective of
this study was to investigate the efec is of repeated application of urea
and DMPP on soll physio-chemistry, ammonia oxddizers and total bae-
teria in the soil. We tested the following hypotheses to achieve our
objectives: a) Repeated applications of urea and DMPP will gnificantly
reduce il pH and increase soll total carbon (TC) and total nitrogen
(TH); and b) The levels of soll TC, TN, and pH will decrease bacterial
compodton and increase AOB and nirk gene copy numbers in the sodl.
This study will contribute to our understanding of how agriculaml N
management practices influence soll microblal ecosystems and their
bdadgieal Functons.

2. Materials and methods
21, Site deseription and experimental design

Colonzay experimental ste (27285 151°23E) is situated in the
Formartin  disirict of the Dading Downs, southern Queensland.
Southern Queensland, Australia. The soll in the area was a grey vertisol
(5ol Survey Stalf, 2014). The woil was clamsfied as clay with 30.1 %
snd, 11.4% st and 585 % clay content. The area recelves an average
annsal rainfall of 53008 mm (20132018, Bureau, 2019

The experdment was establihed in 1985, Since 2013 when DMPP
treated wrea (ENTEC) was intmduced into this experdment, the ste kas
been under minfed producton with a crop mtaton of wheat (Trticum
aesthamm L), cotion ((rossyphem hiramem L), grain sorghum (Sorghem
hicalor (L) Moench), munghean (Vigna radiosra) and badey (Hordeum
vulgare L) in that order. The experiment had a completely mndomized
block design with three replicates that kad 7 treaments inchading 3
nltregen rates (40, 80, and 120 kg N ha~ ") with {(as ENTEC®) or without
DMPP, and the contml (o nitrogen, no DMPP), established on 132 m™
plote Nitrogen was applied as urea. Urea + DMPP treatments were
applied a8 fertilizer brand ENTEC® (Incitec Pivot), granulated urea
containing = 0.15% DMPP (based on DMPP: uma N). Before each
cropping season, reatments were applied in the pre-plant season, Le,
on 10th May 2013 prior to wheat sowing; on 22nd July 2014 prior o
cotton sowing; 10th August 2015 prior to grain sorghum; 30th June
2016 prior o mungbean sowing: and on Tth June 2017 prior o the
barley sowing. The plots also meslved 10kg P ha~! as irple super
phosphate applied at the planting date of each season (in the seed
trench in contact with seed). An estimated starting sol water of ap-
proximately 65 mm was recorded from the on-slite rain gavge on &th
June 2017 before barley sowing. Barley was sown on 32 em rows at a
rate of 65kg ha " to a depth of approximately 6.5cm on 7ih Junse
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2017, uwing minimum tllage Janke pamlelogram coulter dise, spear
point tnes, and pres wheel assemblies o small plot equipment. Five
rows of bardey spaced 32cem apart were sown between 2m wheel
centers acmss each plol Post-emergence herbicides were applied on
14th July 2017. The badey crop was harvested on 23nd Movember
2017. The total growing season minfall from planting to harvest was
153 mm

2.2 Soll sompling

Following harvesting, soll samples were collected on 30th
November 201 7 from the treatment plots at a depth of 0-10 cm with an
auger of 7.6 cm internal diameter by taking 5 oores from the plant line
or gubble row per plot and homogenized to form one composite sample
for each plot. After sampling, the s0dl was transported on ice to the lab.
A five (5) g subsample from each soll sample was taken for potential
nitrification rate (FNR) messurement (extraction was done within 1
week of sampling), and 500g of soll for physiochemical analysis.
Subsamples stored at —20°C immediately and wsed for soll DNA ex-
tracton and molecular analyses

2.5 Analsbs of sofl chemical properties

Soll pH was determined at a ratlo of 15 (weight/vdume, sol:
water) with a pH meter { Mettler Toledo Switzerdand). 5ol total carbon
(TC) and total nltrogen (TH) were analyzed on the elemental analyzer
{Leco Trumac CN) wing the Dumas digestion method. Ammonium and
Ny~ -N concentration were extracted at a mitlo of 1:5 (w:v, 5g fresh
soil: 25 ml 2 M KCI). The exiracts were Altered through Whatman paper
{42), after shaldng for one (1) howr at 175 rpm followed by calorimetric
analysk using a segmented fow analyser (Skalar SAN + + L

2 4. Powntial nitrfleaion Fales mes urement

Soll potentlal nitdflcation rates (PNR) were determined according
to the chlomte inhibiton method (Hu et al, 20150 Briefly, fresh sodl
samples (5 g) were placed in S0-mL faloon tubes with 20 ml ammondwm
sulfate (1 mM). Potassium chlorate witha final eoncentra tion of 10 mM
was added to the tubes to Inhibit ndivte ceddation. The faloon tubes
wem covered with parafilm with small holes for seration and incubated
in the dark at 25°C for 24 b, and then niidte was extracted with 10ml
of 2M KCL The supernatant was measured by spectrophotometry at a
wavelength of 540 nm with N-4{1-naphthyl) ethylenediamine and sul-
fonde acld)

2.5 Soll DNA exracton

DMA was extracted from 0.25 g of each individual soil sample uwsing
the MoBio PowerSal™ DMA Ilsolation Kit (MoBlo Laboratories,
Carlshad, CA USA) following the manwfac turer's Instructions with slight
maodifications wherea fast prep beating system (Blo-101 Vista CA, USA)
ata speed of 5.5 ms " for 30 s was used for the indtlal cell lysis sep { Hu
et al, 2015). The DNA concentratlon was assessed photometrically
using the ManoDrop® ND-2000c Spectrophotometer UV-vis speciro-
photometer (ManoDmop Technologies, Wilmington, DE, USA).

2 6. Quandtaive PCR analysls of N—cyeling funcional genes

Abundances of the nitrifying, dendirfying and 165 RNA genes wem
quantified ona Blo-Rad (FX384 optical reabtime PCR detec ton system
(Bio-Rad, Laboratories Inc, Hercules, CA, USA) wing the primer seis
and thermal conditions shown in Table 1. The 10-pl reaction mixune
contained 5yl of Sensimix (Bioline Sydney, NSW Australia), 0.25 pl of
each primer (10pM), and 1 pl of template DNA. Standard curves wene
generated using 10-fold serial dilutlons of plasmids containing comect
inserts of the target gemes. Meliing curve anmalysis was performed
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Table 1
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The primers and thermocycling programs wad for quantification of the N- cyding Functional genes and 168 rRNA gene.

Primers Sequene lengh bp  Rederemces Theermrececye ing, comdivhorns

Bacerial 16 5 FRNA 10minar 9570, 40 cpcles of (302 219570 45 22155 'C, nd45 s @ 7270, 1W0min &
136 GGETEAATACGTTCYORG ] Swukl mal (2000}  72°C

14930 GCTEAATACETTCY 0BG

ACIA avied Tourna et al {2008)

Crenamod- 23 ATGGTCTGGCTWAGACS 29

Crenam oA &16r  GOCATC CATCTGTATGTOOA

ACH amed 10minar 95T, 40 cpcles of (303 a1 95°C 30 32156 °C, and 30 5 @ 7270, 10min &
amad-1F GOGEETTTCTACTGETG GT 1 Rottamee e1al T2'C

ek 2R OCTCHKGSAAGOCTTCTTC (1997

itk

kBT ATY GGC GGV CAY GGC GA 70 Bdna et a (3000}

nirk1 040 GOC TOG ATC AGR TTR TGG TT

Commarem o clade A 10min at 95 70 25 cycles of (305 a1 M°C, 455 & 42-52°C and 605 a1 72 °CL
oo 244F TAY AN TGG GTSAAYTA #15 Fjevac eal @OITH 10minat 72°C

coana B 244F TAYTICTEEACRTIYTA 15 Plovac & al ROVT)
comma B- 6590 ARATOCARACTDGTGTG

MeoaZ 1

noaX1F, WENTGETTOM TORACAGODAG = Henwy o al [(2006)
IR ATCTOGATCARCTGVICRTTYTC

10min @ 95°C, 40 cyces of (153 2195 °C, 155 2160 °C, 305 a1 72 °C, 15 5a182°C),
10minat 72°C

between 72 and 94.5°C at the end of each amplification assay 1o
evaluate the specificity of quantitative PCR (qPCR), and the amplifi-
cation efficlencies for all QPCR runs ranged between B0 and 110% with
R* of 099,

27 Terminal reseiction frogment kngth polymorphism (T-RFLP) analysds

T-RFLP amalysis of the ammon la-oddizing microbes was performed
on extracted DMA using targeted marker gene PCR amplification se-
parately focusing on the onod genes ADA, and ADB wsing the Auor-
espently labeled pimers (Hu et al., 2015).

A 25yl PCR reaction mixtere contaimed 2pl of diluted template
DNA {1-10ng), 0.5 pl of each primer {10 M), Spl MyTaq buffer, 1.5 U
of MyTaq polymerase (Bldine, Sydney, Australia). The PCR reaction
was conducted using the pimer seis and thermal cycling conditions
shown in Table 1. The PCR products were purifled using the Wizard 5v
Gel and PCR Qean-Up System (Promega, 5an luk Obkpo, CA, USA)
and quantifled uwsing the NanoDrop ND-2000¢ Spectrophotometer. The
residction digestion was carrled out In a 10p] mixure containing
200 ng of purfied PCR products, L1 ul of BSA, 1l of =10 NE buffer,
and 5U of the restriction enzymes Mapl for ADR; Rsal (BloLabs, Sydney,
Australia) for AQA. The digests were incubated at 37 °C for 3h and
denatured for 10min at 95°C. Terminal restdction Fagments (THFs)
were size separmted with an ABI PRISM 3500 Genetic Analyzer | Appliad
Blosystems, CA, USA) and analyzed using a local southern skze calling
method (peaks = S0bp) and a peak amplitede threshold setting of 50,
wsing GeneMapper version 4.0 {Applied Blosystems). TRFs with peak
helght comprising les than 1% of the total peak height wem removed,
and peaks that differed by less than 1bp were combined into the same
TRF {Hu et al., 2015). The mlative fluorescent abundances of all TRFs
were exported for Further analysls of the community oompos ton.

28 fhoming sequencing and anolysls of 165 MNA gene

The Vi reglon of hacterial 165 rNA was selected for amplification
with primers 515F (5-GTGOCAGIMGOUGOGEGTAA-F) and BOBR
(5 -GGACTACV SGGETATCTAAT-3) (Capomso et al., 2011 with The-
mina adapter overhang sequences aftached. The reaction was carried
ot i 25 pl mixiures containing 12.5 pl red mix, 0.5pl each primer and
2yl templaie After the inltal enzyme act ivation for 10 minat 95 T, 30
cycles of the following program were wed for amplification (303 at
G5°C, 208 at 55°C and 20s at 72°C), Smin at 72°C, on the Blo-Rad

89

C1000 Towch thermal eycler ( Blo-Rad, Labomiories Inc., Hercules, CA,
LSA). The succes of the PCR was confirmed by 2% gel electrophoresis
and cleaned wdng the Wizard 5V Gel and PCR Clean-Up System (Pro-
mega, San Luls Oblspo, CA, USA). A second POR was condscted using a
50 pl reaction volume containdng 105 pl red mix, Spl each of index 1
and 2, and Spl of the cleansd PCR product as template DNA. The
second PCR was condwe ted under the conditons of 10min at 95°C, &
cyeles of (205 at 95°C, 205 at 55°C and 205 at 72°0C), 5min af 72°C.
The PCR sscoess was agaln conflrmed on a 2% agamse gel and PCR
prodcts purified again veng the Wizard 5V Gel and POR Clean-Up
System (Promega, San Luls Obkpo, CA, USAL The Anal lbrary was
made by mixing all PCR products in equimolar ratlos and quantifled
using the JetSeq lbrary quantification Lo-ROX Kit (Bloline) then se-
quenced on an Mumina MiSeq sequencer. Samples wene rarefled to a
sequence depth of 4806 to ensaure 3 replicates per sample and correc-
ton of the diferences due o sequencing effons before downstream
analysis.

29 Sweticdca analysis

Data are represented as the means of three replicates. Saquence
amalysk was done using Quantitative Insights Into Microblal Ecology
(QIME) software (Caporaso et al., 2010). The gene copy numbers were
caleulated using the equation described in (Behrens o al, 2008) Data
wene analysed using analysk of vadance (ANOVA) ai p < 0.05 fol-
lowed by the Fidher test to compare treatment means only if there was a
signifcant effect as shown by ANDVA in Minitab 18 statistical software.
Pearson’s correlation was performed (o asses the correlation between
the soil micmbial commuem itles and soll physicochemical properties

3 Results

3.1. Effecs of repeated wrea with DMPP applicatons on sofl chemical
properties and potential nderificaion rates

Repeated applications of wea with or without DMPP changed soil
pH, TN, TC, NH,*-N, NOs~-N and PNR {p < 0.05) (Table 2). Soil pH
ranged from 908 to 7.83 Addidon of N dgnificantly meduced soll pH
relative to control. The uwe of DMPP did nat affect pH change with N
alone addition except when N was applied at higher rates (120kg
Mha~ '), Mitrogen addition significantly increased TN compared io
Control. Increasing M application mte and use of DMPP had no effect



AD. Laackdbie, o al

AppEed Soff Ecology 147 (2020) 103392

Table 2

50i]l chemical properties amd potential ninification mies (PNR) aoos the ssven imestmenis.
Threatrisnt X Eouil ATTE Earh) BOTE 1300 1350
pH 08 a’ BE59 b B4l b B2 B34 ¢ TE3d 83
'.ﬁ:ﬂ.l!i(_ﬁlj_-lj osie 090 090 b 090b om0 b 100a 0S0b
Toml C(:a_tg"} 1210 1410 & 1420 a 1250 ab 1210 b 1240 ab 1Z80 0
m—l.."-ﬂ(mgl’g"]- 119k 231 a 28 a IE89a 300 a IS8a 30la
M0, N g kg I]l 142e 129 ¢ 1879 b 35 38 be E2SE5 b 4 a A6ES D
mmm’-ﬂl&"h"} sl e 0E c L5 b 250 a 250 ab Z69a 3.18a

Treastmenis: CK- control; U-Unea, and UE, Ures + DMPP applisd st rates 40, 80 and 12}&3}41-"'. Values are means (M = J).
* Vahies within the same mow followed by the same letier are not signifiantly different atp < (.05 (Fisher Test).

{p = (05) on TN except when N was applied at 120kg N ha ", The
addition of N sgnificantly increased TC and NH,* -N levels comparad
o control but there was no significant effect of N application mate and
e of DMPP on e levals of TC and NH,*-N. Nitrate ¢ omeen traton did
mot change between wrea and wrea + DMPP treatmenis except at the
application rate of 120ke N ha ", Addition of N did not change PNR
excepl at the application mie of 80 and 120 kg N ha ", Use of DMFP
did not change PNR at any applicaton mte melatve o umea applied
alome.

Owverall, repeated applications of N with DMPP significantly reduced
aodl pH and incressed sol nutdent status. Higher application mtes in-
creased PNR.

32 Effecs of repeated wrea with DMPP applications on ammonia
aridizers, deniirifiers, and 165 rRNA gene copy nurshers

AQB gene copy members did not clange with N add idon relative to
control Increasing N application rate to 120kg N ha—" dgnificantly
increased AOB gene copy numbers. The use of DMPP did not change
ADB gene copy numbers compared to wrea alone except at the appli-
cation rate of 120kg N ha " where DMPP significantly reduced AQB

gene copy numbers compared to N alone (Fig. 1a) The addidon of N
did mot change ADA, Comammox clde A and Comammox clde B
genes copy numbers relative to control Increasing the N application
rate or use of DMPP did not change AQA (Fig. 1b), Comammam clade A
(Fig. 1c), and Comammox clade B genes copy numbers (Fig. 1d).

ADB gene copy numbers were dgnificantly negatively comelated
with pH and positvely correlated with TH, NH,*-N, NOy~-N con-
centration, and PNE. Mo sgnificant reladonship was found between
ADA, comammox clade A and B with soll chemical propertes and PNR
at the sampling dme (data not shown).

nirf gene copy numbers did not change with N additlon except at
the application mite of 120 kg N ka ", Usa of DMPP did mot changs nirk
gene copy numbers compared to urea alone except at the application
rate of 120 kg N ha~" (Fig. 2a). The addition of N did not clange mosZ
amnd 165 FRNA gene copy numbers relative to control (Fig 2 band 2c).
Increasing the N application mie or we of DMPP did not change nsZ
amnd 165 rRNA gene copy numbers (Fig. 2 b and 2¢).

These resulis indicated that only ADB and nirk genes were ne-
sponsive to repeated applications or N with DMPP.
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Fig. 1. The abundanc of ADE (A}, AQA (B), Comammox dade A {C) and Comammax clade B {I¥) genes across the seven trestmentx CH, contmol; U, Unex; and UE,
Unea + DMPF applied at rabes 40, 80 and 120 kg N ha ", at Colonsay. Ermor bars represent standard smor of thres replicates. Means that do not shane a letier are
significantly different at p <= (.05 level (Fisher Test). Note that yexes scales di ffer betwesn charis. There were no significim differencess across trestments on ADA

{Al, Comammox clade A {C) and clade B {[F gene copy numbers.
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Fig. 2. The abundance of nirK (A), no<Z (B), and bacterial 165 rRNA (C) genes acass the seven treatments: CK, control, U, Urex; and UE, Urea + DMPP applied at

rates 40, 80 and 120kg N ha™", at Cal

y. Errar bars

=p standard emror of three replicates. Means that do not share a letter are significantly different at

p < 0.05 level (Fisher Test). Note that y.axes scales differ between charss. There were no significant differences acos treatments on nosZ, 16S rRNA gene copy

mumbers.

3.3. Effects of repeated Urea with DMPP application on community
camposition of AOA and AOB ammonia acidzers

Digestion of the AOA amoA gene by the Rsal enzyme for TRFLP
analysis produced 5 specific fragments of which TRFs 34 bp and 36 bp
were the most abundant across all the treatments. The addition of N
reduced and increased the relative abundance TRF 34bp and TRF 36bp
respectively compared to cantrol. Increasing N application rate did not
change the relative abundance of TRF 34 bp and 36bp. The use of
DMPP Increased the relative abundance of TRF 34 bp and 36 bp at all
application rates compared to N alone, and TRF 56 bp at an application
rate of 40 and BOkgN ha ' respectively compared to N alone.
(Fig. 3a).

Digestion of the AOB amoA by the Mspl restriction enzyme for
TRFLP analysis produced 6 fragments with TRFs 37 bp and 55 bp being

the most abundant. The addition of N reduced the relat lve abundance of
TRF 37 bp compared to Control. Increasing N application reduced the
relative abundance of TRF 37 bp. The use of DMPP increased the re-
lative abundance of TRF 37 bp compared to when N was applied alone
at all application rates. The addition of N increased the relative abun-
dance of TRF 55 bp compared to control. The use of DMPP reduced the
relative abundance of TRF 55 bp compared to N alone at all application
rates. High rates of N increased the number of fragments (Fig. 3b)

3.4. Effecss of repeated wrea with DMPP applications on soil baaerial
community composidon

The bacterdal community within all treatments at Coonsay pro-
duced 189,692 sequences (5101-13627 sequences per sample). A total
of 33 phyla, 379 families and 612 genera were shared among the 7
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Fig.3. Te

' length palymarphism (T-RFLP) fingerprints of the AOA amoA gene (A) digested using the Rsal enzyme and the AOB amaA gene

(B) digested using the Mspl enzyme across the seven treatmentss: CK, contral; U, Urea; and UF, Urea + DMPP applied at rates 40, 80 and 120kg N ha™", at Colomsay.
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Fig. 4. Relative abindance of the dominant phyla (with abundance = 1% i at
least one treatment, only identified sequences damified wnder a specific tamon
were considered) across the seven trestments; CK, contmol; U, Lrea and UE,
Urea + DMPF applisd at mies 40, 80 and 120kg N ha™ ") at Calonsay.

treatments. At the phylum level, the microblal community was comr
posed of 10 main phyla that were most abundant across the treatments
(with = 1% mean in relative abundance in at least one ireatment)
(Flg. 41 The most abundant phyla included Actinobacteria which oc-
cupled abowt 25 2-27 6%, and Pratechacteria with 23.0-264% of the
total bacterdal sequences, followed by Acdobacteria (15.0-196%),
hlorgfled  (9.3-11.2%) Plincomyestes  (60-6.7%), Crenorcheota
(3.2-4.1%), Verucomicrohla (3.1-3.6%), Bocteroldetes (4.1-46%),
Crempmatimonadetes (22-2 T%), Nirogpiae (1.1-1.7%) (Fig4). There
were no significant treatment effects on the relative abund ance of soll
milenbial commundtes at the phylem level (Fig. 4). However, analysis
at the class level in the abundant phyla revealed some significant
treatment effects. At the class level, the relative abundance of Acting-
hacteria and Thermolegphdlin clases of phylum Actinobaceris were sig
nificantly influenced by the N application compared to (X (Table 3).

Applsd S0 Ecology 147 {2020) 105392

The additon of N did not change the relatve abundance of Acting-
bacteria class except at the application rate of B0 and 120kg N ha—*
relative to control (Table 31 Increasing the N application rate did not
chamnge the relative abundance of Actinobacteria clas except at the ap-
plication rate of 120kg N ha ", Use of DMPP did not change the -
lative abund ance of Actinobacterts clas compared to N alone except at
the application rate of 120kg N ha-" (Table ). The reltive abundance
of Thermoleophilin clas {of Acinohaceria Phylum) was significamtly
rediced by M addition compared to control (Table 31 Increasing N
addition did not sigificantly change the mlative abundance of Ther-
makeophillin class except at an application rate of 120kg N ha ™", Use of
DMPP did not dgnificantly change the mlatve abundance of Thermo-
Leophilia clas sxcept at an application rate of 120kg N ha— " (Table 31
Class TK10 ((hlorgfled phylum) was significantly reduced by the ap-
plication of N compared to contml (Table 3). There was no significant
effect of increasing N applicaton and use of DMPP on the relative
abundance of TK10 class members relative to wrea (Table 3).

The relative abundance of P hacteria phylum was negatively
cormelated with pH (p = 0.05) and positively cormelated with NOy~-N
concentration (p =< (U05) (Table 4) Ackdohacteria phylum was nega-
tively comrelated to MO, N concentraton (p = 0035) At the cas
lewel, the relative abundance Acinohaderia was negatively comelated to
pHi{p = 0.01), and positively comelated to TM (p = 0.01) and NOy -
N concentration {p = 0L01). The relatve abundance of Thermoleophdia
clas wa paltvely correlated to pH (p < 001) and NH,"-N con-
centratlon {p = (L05), but negatively correlated to TN (p < Q01),
Ny~ -N concentration and TC (p = 0.05) TKIO class (of Chlorolexd
plivlum) was poaltively eorrelated with pH and NH, "M concentratin
but negatively correlated with T (p < (01) (Table 41 Owverall, re-
peated applicatons of N and DMPP did not infleence bacterfal com-
position at the phylum level bt mesulted in such changes at higher
resolut jon taxonomic levels within some members of Actinobacteria and
Chloflexi phyla. These changes in bacterial composton were controlled
by sall pH, TN, NH,*-M, and NO, ~-N concentration.

4. DMscussion

4.1. Effece of repeated wrea with DMPP on soll physicochemieal properties

The reduction in sol pH with N additon increased N application
rate, and the we of DMPP indicated that repeated application of N and
DMPP could lead to sndl acidification. A reduction in soll pH due to
repeated fertilizer application (Guo et al., 2010; Schmder et al, 20113
Dal ef al., 2018) or increasing N application mite in repeated fertlizer
application experiments {Zhou et al, 2015 Shen et al, 2016 Chen

Table 3
The relative abundance of soil microbial commamities scves the s=ven trestments.
Pliylum O [= 4 00 A0UE =00 BOUE 1201 T20UE
Aoty =mTa z4Tm 24483 D26ETa IS5T4a IOz 2605 a
Acgmohsrerhs 1212¢e 1370be 1299c 163 ad 1405 b 1752a T445h:
Thomoloophils 10542 859b 890b B4sbc 93T b Tl A5 b
Prove abvcreris F3a X[E¥a 240132 MA5a 23Ta I56ha 2415a
Ackisbacreria 17962 18552 1798a 1646a 1957 a 1504a TETE &
hloonfle 10882 SuMa 9722 9Tla 60 a a5l a 959a
X1 Z&0a 15 b 157b 15 b 1.7b 178b 153 b
Pl sy e 638 G432 26522 580a a0l a SEda 591a
remarchanie 345a 346 3552 lng="ENALF > 3205 lamg ="FN-AI" > 361 lang="FEN-ALF > 257 a 401 a
alang = EN-ALT 5= lamg ="FEN- A" 52
WeTmcmlrodla 3lla 352a 3032 344a 334 a 3l6a 33a
Beceroddess; 412 4 34a 418 407 L 443 433
RS TR Z40a 260a Z4d4a Z43a 211a Z215a 2135a
Namoipdme 124a 142a 1592 13;ma 140 a 109a 12 a

Trestments: CK- conitral; U<Unea, and UE, Urea + DMPP applied atrmies 40, 80and 120kg N ha™". Only for phyla with relative abundance = 1% shown. Only clasmes
affected by trestment applimtion within the abundant phyla were nchided. Vahies are means (M = T
* Values within the same row followed by the same letier are not significantly different atp < 0,05 (Fisher Test).
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Table 4
Peamson’s cormelation between soil properties and the relative abindance of sod bacterial ¢ ities ot different taconomic kevels.
Friylumn [ P Sl propetis
[ E— Toml Mg kg™' Toml C g kg™ NH," M mg kg~ 05 "N mg kg
Attt —0.30 oz -1z - 029 oz
Ac b —i0 &3 e 012 - 032 T
Thernudaphitic oFoes - —Qame o5 -as1"
Frove abacneia -0 40 014 -1l odEs
Aubiscneris o4l T [ ] 015 -as0"
kol 035 —o28 — 030 0.7 -5
X1 sl —EEe " — 04z 1= -6
Pl sy omes oza —0g o4 o.z4 —0L35
(remarchaen -0z -4 —oos - 015 ooz
VT b —0.08 iEE] o032 - o3 -0
Rucnroddens -0.12 —od - o.10 o7
[t L IRETE R 019 -1l 011 o013 -1z
TG ois —-a17 o0z ] -0

“*significant at the (.01 probability level.

*Significant at the (05 probabidity level. Only classes affected by trestment appli@ton within the abundant phyla wer= inchuded

et al, 2019 has been reported. The significant increase in soll pH level
by DMPP compared to N alone ata rate of 120 kg N ha ", indicated the
ability of DMPP 0 counter the extent of pH reducton by N as reported
by other awthors (Shi et al, 2017).

Application of N alone or with DMPP increased TN, TC, NH4 N,
and MOs~-N and ¢oncentation compared to CH. An increase in MOy~ -
N, and MH, " -N concentration due to increasing N application rate in
repeated exper ments have been reported (Zhow et al., 201 5 Shen et al,
2016; Chen et al, 2019) The significant increase in NOs—-N at only
120 kg N ha™ " could imply that the N applied at the mte of 120kg N
ha " was in excess of the plant equirement a5 compared to other N
rates therefore, there was N budld up inthe system in fom of MO5~-N.

The significant low MO~ N in DMPP treatment at 120 kg N ha®
compared o M alone at the same mie indicated that although nd
rfication continued after the DMPP efficacy period, the NOs™-N re-
mained lower in DMPP treatment compared o wrea alone However,
this may mot be because of DMPP since sampling was done 5 months
alter treatment application, which was longer compared to the reported
100 days of conservation of mineral N by DMPP { Duscan et al., 2017).
Future experiments should include quant fying of the inhibitor com-
pownds toascertain thelr longevity at fleld level as this was not done in
the current expedment .

42 Effecs of repeated wrea with DMP P on the N-cyeling funciional groups

Ammonia oxidizers are key playersto N cycling, involved in the Arst
and rate-limiting step of nitdfcation (Carey et al, 201 6) Ouwr resulis
genemlly indicated that ADB are more responsve o ncreassed N ad-
dithon, or changes in sol pH, TN, and NOy~ sccumulation compared to
ADA, (O'Callaghan et al., 2010; Carey ef al., 2016; Quyang ef al., 2018)
and Comammaox Further, a significant cormelation between NOs~-N
concentration and PHNRE with ADB gene copy members {data mot gown)
implied that AOB could have a greater influence on ndiriflcation in
repeated fertilzer applied sols (nutdent-rich sodls) than AOA and Co-
mammaox Therefore, the significant difference between ADB gene copy
muembers in M alone and M + DMPP at a rate of 120kg N ha™ " would
indicate the ability of DMPP to inhibit nltrification by suppresing the
gmwth of ADB genes under repeated application of N and M + DMPP.
Dther reseanhers reported similar Andings and showed an increase in
ADB gene copy numbers dse to repeated application of urea alone or a
decreaie when urea was applied with DMPP (5hi et al., 20171 How-
ever, ln owr case, the resulis were seen only at a higher application rate
of 120kg N ka ", which could be linked to the fact that, at this ap-
plication rate, the N was more than plant needs a5 explained above.
This would imply that at this mite, there was more N than the plant
needed resulting inmore N buld wp in the system inthe fem of MOs -
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N. DMFP prevented MHy ooddation by inhibiting the activity of ADB.

nirf, genes have been reported to be contained in ADB and are re-
sponsible For the ndtrifier denitrification process, therefore, the nirk
genes amplified in this study could be contained in ADB (Shaw et al,,
2006 Cantera and Steln, 2007; D et al, 2014). This fnding was evi-
denced by the similar trends of AOB and nirk gene copy numbers at an
application rmate of 120 kg N ha ~ " and the fact that only mirk abundasce
was influenced by treatment application bt not nod? gemes.

4.5 The effect of repeated wray with DMPF application on sod bacerial
ot e

The lack of significant treatment efects of N additon, application
rate and DMPP on the relative abundance of soll total bacteria at the
phylum lewel would suggest that repeated application of N with or
without DMPP was not detrimental to soll bactertal oom o ton.

Although no significant reatment effect on the relative abwndamee
of s0il bacterta was refllected at the phylum level correlation asalysis
revealed that aodl NO-MN concentration was sgnificantly negatively
correlated with the relatve abundance of Acidebacteria phylum
(Table 4). Dur resulis are in line with the report of inhibdtdon of A cld-
ohactaris by M application foom a recent review {Dal et al., 20 18], which
supports the theory that considers Acidobacteria to be oligomophic
(Flerer et al, 2007; Ellers et al., 2010; Flerer et al., 2012

The sgnificant negative and positive comrelation of 3ol pH and NOL-
N concentraton respectively with the relative abundance of
Protechacterin phyhmm was in Ine with reports by other researchers that
Protechacierin prefers nutrlent-rich solls (Flerer et al., 2012 Zhow etal.,
2015; Dal et al, 201E)L This is because the increase in N addition in owr
experiment dgnificantly reduced soll pH.

At lower taxonomic levels, we found significant treatment e fects on
the compoation of some members of the major phyla (Table 3. The
increase in the relatve abundance of the members of Acinobacteria
phyla with an increase in N ap plication rates is in lne with te previoes
reports that clasified Acgnobageris as fast-gmowing Coplotrophs st-
mulated in high murient enviconments {Flerer et al., 2007, 201 2L
These resulis were also confirmed with the significant positive corre-
lation of the relative abundance of Actinobocterts clas with TN, and
NQs~-N (Table 4.

The response of Thermolaophilia clas and Acinobacteris class was
different although they are both members of Acinobaceris phylum.
This indicated that the responge to envirommental distramees by the
same members of a given taxon can be different (Zemg, 2016). This
could also be attributed to the specific responses of different subgroups
iy different s0dl chemical properties {Eo and Pad, 2016) In this stady,
for example, corelation analysis showed that the relative abundan ce of
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Thermoleophilin class comelated to soll pH, TH, TC, MHy*-N, and
MO: "M in the opposite way b that of Actinobacreria class. Other re-
searchers lave reported such trends for different lower taxa of other
phyla (Eo and Park, 201& Zeng, 2016 Class TKI0 of Chlonoflexi
phylum decressed when N was added with or without DMPP applica-
ton regardless of the application mate. The negative correlation of the
relative abundance of this subgmuep with TH concentration and Ny~ -
N further indicated the effect of N addition on Chlvnoflect. Our Andings
are in line with the reports of a decrease in the relatve abundance of
the members of the Chlomgled phylum with the additdon of N fertilizer
by oither reseanchers (Flerer et al, 2012 Zhou et al., 201 5 Eo and Park,
2016). The reduction of Chloraler taxa has been speculated to be duoe
o competition from the bacteria that have been stimulated under high
M, or due o the changed spdl chemical properties (Eoand Park, 2016).

It & expected that chamges realized at lower taxonomic level would
be reflected at higher taxonomic levels (Zeng, 2016). However, the lack
of reflection of these changes at higher levek, despite their presence at
lower levels of some taxa, could be due to the lower relative abundance
of the changed groups For instance, at the phylum level, no significant
changes were reflected in the Chlormoflexi and Actinobacteria although
e of thelr membes at lower levels were significantly influenced by
the treat menis.

5. Conclusion

It can be comcluded that the relatively long term between the
treatment applcation and the sampling date was a key player affecting
the soll microblal community composition and dze, a3 Nz and M fer-
tlizer effects on soll physio-chemistry and microblal communites are
arongest shortly after application. Therefore care should be taken while
interpreting our resulisas the foous and owr Andings difer fom those of
dhon-term experimenis

This study revealed that when applied at Jow N rates of 40kg N ha-
1, wrea, and DMPP application did not pose negative effects to sodl
ecpaya ema However, at higherapplicatjon mates of 80 and 120 kg N ha-
1, wrea and DMPP altered soil bacterial composition at higher resolu-
ton taxonomic levels The application rate of N was shown to be an
important factor that contributed o shifing compositon, ske, and
function of N cycling microblal communities { particulady ADB) in re-
peated applications. For sustainable long-term malntenance of sodl
micrblal oomp os ton and function, lower fertllizer mites of 40 kg N ha-
1 should be encouraged in repeated N application experiments. This
study has improved owr wnderstand ing that the application of wrea and
DMPP at lower rates can be wed without negatively affecting microblal

ecology.
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Chapter 5. Temporal response of ureolytic and ammonia-oxidizing microbes and pasture

yield to urea and NBPT at Leigh Creek of Victoria in Australia

This chapter is based on an article that has been submitted to the Journal of Applied Soil Ecology

for possible publication.
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Highlights
o The repeated use of N and Green Urea NV® significantly reduced the abundance of

ureolytic microbes relative to control.

o The addition of Green Urea NV® significantly reduced ureC gene copy numbers relative

to N alone at application rate of 40 kg N ha on sampling days 7 and 45.

o The addition of Green Urea NV® did not significantly affect the abundance of ammonia

oxidizers.

o Green Urea NV® had no significant effect on pasture DM yield, N-uptake or NUE.
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Abstract

The urease inhibitor N-(n-butyl) thiophosphoric triamide (NBPT) has been reported to effectively
reduce nitrogen (N) losses by inhibiting urea hydrolysis. However, the effect of NBPT on soil
ureolytic and ammonia-oxidizing microbes is not well understood, with inconsistent effects on
crop yield and nitrogen use efficiency (NUE). A field experiment was conducted at Leigh Creek,
Victoria at a site with a history of repeated application of urea alone (40U) or with NBPT (as Green
Urea NV® (40GU)) at 40 kg N ha, and urea applied at 80 kg N ha™ (80U), to perennial ryegrass
(Lolium perenne L.). We aimed to investigate the effects on temporal dynamics of ureolytic and
ammonia-oxidizing microbes, pasture dry matter (DM) yield and NUE within a season following
treatment applications. The abundance of ureolytic microbes was higher in control (CK) compared
to all N treatments on all sampling days. The ureC gene copy numbers in 40 GU were significantly
lower than that of 40U on sampling days 7 and 45. NBPT had no significant effect on the
abundance of ammonia oxidizers, but increasing urea application rate significantly increased the
abundance of ammonia-oxidizing bacteria (AOB) on days 7 and 45, and complete ammonia
oxidizers (comammox Nitrospira) clade B on day 7 compared to 40U. NBPT had no significant
effect on pasture DM vyield, N-uptake, or NUE. Increasing N application rate significantly

increased pasture DM yield and N- uptake but this did not influence the pasture NUE.

Keywords: Green Urea NV®, NBPT, Nitrogen use efficiency, comammox Nitrospira, Ammonia-

oxidizing Archaea, Ammonia- oxidizing bacteria.
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5.1. Introduction

By 2050, the world population is expected to increase by 2-3 billion (DESA, 2017; Foley, 2011).
This implies an expected increase in demand for agricultural land and N fertilizers (Tilman et al.,
2001). However, much of the applied fertilizer nitrogen (N) is lost from the plant-soil system
through ammonia (NHs) volatilization and nitrous oxide (N20) emissions (Castaldelli et al., 2019;
Chen et al., 2008; Fuertes-Mendizabal et al., 2019), causing adverse environmental and economic

consequences (Galloway et al., 2008; Stark and Richards, 2008).

The N cycling process is largely microbially mediated. For instance, once urea fertilizer is applied
on soil, it quickly undergoes hydrolysis which is catalysed by the urease enzyme, producing
ammonium (NH4") or ammonia (NHs) depending on pH (Singh et al., 2008). The ureC gene that
encodes the alpha subunit of the urease enzyme has been used to identify and study the functional
ureolytic microbial communities (Wang et al., 2018). The NHs then undergoes oxidation to nitrite
(NO2) by ammonia-oxidizing archaea (AOA) or ammonia-oxidizing bacteria (AOB) using the
ammonia monooxygenase (AMO) enzyme encoded by the amoA gene. The NO>" is then oxidized
to NOz™ by nitrite-oxidizing bacteria (NOB) (Caceres et al., 2018; Hayden et al., 2014; Kits et al.,
2017). Recently, comammox organisms in the NOB Nitrospira were discovered with the ability to
undertake complete nitrification, oxidizing ammonia to NOs (Daims et al., 2015; van Kessel et al.,
2015). However, the contribution of comammox organisms to nitrification in many soils is not yet

investigated.

Urease inhibitors, such as N-(n-butyl) thiophosphoric triamide (NBPT), are developed to minimize
N loss through inhibiting the urease enzyme activity, delaying urea hydrolysis and preventing the

elevated pH that drives NH3 loss (Akiyama et al., 2010; Harty et al., 2016). By inhibiting urea
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hydrolysis, NBPT slows the formation of NH4*-N, a precursor for nitrification, and therefore could

indirectly influence nitrification and subsequent denitrification (Menendez et al., 2009).

Several studies at field and laboratory levels have reported the effect of NBPT on reducing
hydrolysis rate and associated NHs loss, as well as its contribution to reducing the emissions of
N20O (Salazar et al., 2014; Silva et al., 2017). However, few studies have investigated the effect of
NBPT on ureolytic, ammonia-oxidizing, or other N cycling microbes (Shi et al., 2017; Xi et al.,
2017). Conflicting results exist regarding the impact of NBPT on yield and NUE, with no
significant (Abalos et al., 2012; Dougherty, 2016) to positive effect (Dawar, 2011; Vistoso, 2012).
The effects of repeated application of urea and NBPT on soil N cycling; microbial communities

and yield is important as this has implications on soil health.

We investigated the effects of urea application rate and the use of NBPT on a) the abundance of
soil N-cycling microbial communities involved in urea hydrolysis and nitrification, and b) pasture
dry matter (DM) yield, N uptake, and nitrogen use efficiency (NUE). We hypothesized that: i)
increasing the urea application rate would increase the abundance of ureolytic and nitrification
organisms, ii) application of NBPT would reduce ureolytic and nitrification microbial abundance
by inhibiting urea hydrolysis, and iii) use of NBPT would improve pasture DM yield, N uptake,
and NUE by delaying the supply of plant-available forms of N and reducing the risk of N loss as

NHs.

5.2. Materials and methods

The experimental site, soil sampling, and analysis

The field experiment commenced in mid-February 2018 on an established long-term experimental

site with perennial ryegrass (Lolium perenne L.) pasture at Leigh Creek, Victoria (37°55'S,
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143°95'E). The area has a mean annual rainfall of 686.9 mm with a mean maximum and minimum
annual temperatures of 17.4 °C and 7.1 ° C respectively (BOM, 2019). The soil contains 27.1%
clay, 26.7% silt, and 46.2 % sand in the topsoil (0-10 cm) and is classified as a Chromosol (Isbell,
2016). Prior to the commencement of the experiment, the soil properties in the 0-10 cm layer were
measured and are as follows: pHwater 0f 6.0, organic carbon of 3.0 %, NH4*-N and NOs -N of 5.1
and 20 mg kg* soil respectively, cation exchange capacity of 12 cmol(+)/kg. The field experiment
had a history of repeated surface application of urea and NBPT coated urea (Green Urea NV®)
under the treatments of control (CK), granular urea (46% N) applied at 40 kg N ha (40U) and 80
kg N ha* (80U), and urea coated with the urease inhibitor NBPT (as Green Urea NV® at 40 kg N
ha! (Agrotain® @ 5 L t™ urea)) (40GU). The proportion of NBPT in the GU was 0.14% N on a
weight basis. The experiment was established using a completely randomized block design with

each treatment replicated thrice and had the first application of treatments on 5" October 2014.

On 19" February 2018, the plots (4 x 1 m) received the treatments above after pasture had been
harvested to a height of 5 cm. Irrigation was applied on day 0 (19" February 2018), day 2 and day
17 after treatments were applied. Soil samples (0-10 cm) were collected on days 0 (1-3 hours), 1,
2,3,4,5,6,7,10, 13, 17, 24, 31, 38, and 45 by taking 3 cores (7.6 cm-diam. ) per plot to form a
composite sample, and were transported to the laboratory on ice. The collected soil samples were
analyzed for physicochemical properties and microbial composition (stored at -20°C for DNA
extraction). Gravimetric water content was determined by oven drying sub-samples at 105 °C for
24 h. Five grams of soil were used for soil pH determination on a ratio of 1:5 (weight/volume, soil:
water) with a pH meter (Mettler Toledo Switzerland). Soil urea, NH4*-N, and NO3™-N were

extracted from 5 g of soil using a ratio of 1:5 (fresh soil: 2 M KCI- Phenyl Mercuric acetate (PMA),
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wi/v) by shaking at 175 rpm for 1 h. The solution was filtered through a Whatman 42 filter paper
and measured by a Segmented Flow Analyzer (SAN++, Skalar).

Plant sampling and analysis

The pasture was harvested on day 45 (4™ April 2018) from a 4 x 0.7m (2.8 m?) area within each
plot, leaving 5 cm of stubble on the ground. Pasture dry matter (DM) was determined by oven-
drying of the subsamples at 60 °C until constant weight (Rayment and Higginson, 1992). The dried
samples were then ground and passed through 2 mm sieves for analysis of total N to calculate
pasture N uptake and NUE. Shoot total N was determined by the Dumas combustion method

(LECO-Trumac). The shoot N uptake and NUE were calculated using the equations below:

Shoot N uptake (kg N ha!) = Shoot DM (Kg ha*) x N concentration in plant shoots (%)/100 [1]

NUE (%) = (NUs— NUo) / N rate x 100 [2]
where NUr and NUp are the shoot N uptake in the treatments with and without N fertilizer,
respectively (Wang et al., 2019).

Soil DNA extraction

Soil DNA was extracted from 0.25 g of soil sample collected on days 0, 7, and 45, using the MoBio
PowerSoil™ DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA USA) following the
manufacturer’s instructions with slight modifications where a fast prep beating system (Bio-101
Vista CA, USA) at a speed of 5.5 ms™ for 30s was used for the initial cell lysis step (Hu et al.,
2015). The DNA concentration was assessed photometrically using the NanoDrop® ND-2000c

Spectrophotometer UV-Vis spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA).

103



Quantitative PCR analysis of N—cycling functional genes

The abundance of the ureolytic and ammonia-oxidizing microbes was quantified on a Bio-Rad
CFX384 optical real-time PCR detection system (Bio-Rad, Laboratories Inc., Hercules, CA, USA)
using the primer sets and thermal conditions shown in Table 1. The 20-ul reaction mixture
contained 10 pl of Sensimix (Bioline Sydney, NSW Australia), 0.5 pl of each primer (10 uM), and
1 ul of template DNA. Standard curves were generated using 10-fold serial dilutions of plasmids
containing correct inserts of the target genes. Melting curve analysis was performed between 72
and 94.5°C at the end of each amplification assay to evaluate the specificity of quantitative PCR
(gPCR), and the amplification efficiencies for all qPCR runs ranged between 80 and 110% with

R? of 0.99.

Statistical analysis

Data are represented as the means of three replicates. The gene copy numbers were calculated
using the equation described in (Behrens et al., 2008). Data were analyzed in Minitab18 using a
one-way analysis of variance (ANOVA) at p <0.05 followed by the Fisher test to compare
treatment means only where there was a significant effect within each sampling day. Pearson’s
correlation was performed to assess the correlation between the soil microbial communities and

soil physical and chemical properties.

5.3. Results

Temporal changes in soil pH and soil N content during the pasture growth period

Generally, soil pH for the whole period in all the treatments ranged from 5.1 to 6.5. The control
plots had the highest pH which remained relatively unchanged over the 45 sampling days, followed

by 40 U, 40 GU and 80 U (Fig. 1). pH increased in response to fertilizer application over the first
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7 days. Despite the rise in pH, the pH of all the fertilizer treatment plots remained lower for most
of the time during the experiment compared to control (p <0.05). There was a drop in pH after
some days for all the treatments with the highest pH reduction in 80 kg N ha* urea followed by

Green urea NV® (40 kg N hal) and lastly, 40 kg N ha* urea applied alone (Fig. 1).

Urea concentration remained high for all N containing treatments dropping to the control level by
day 5 (Fig. 2 A). NBPT had higher urea concentration compared to 40U but it was only
significantly higher on day 1. There was a significantly higher urea concentration in 80U compared

to 40U for the first 3 days (Fig. 2 A).

The addition of urea significantly increased soil NH4*-N concentration up to sampling day 31
compared to the control. The addition of NBPT significantly reduced NH4"-N concentration
compared to N alone during the sampling period from day 2 to day 4. The NH4"-N concentration
remained lower for 40GU compared to 40U until day 38 when it became higher. Increasing the N
application rate significantly increased soil NH4*-N concentration for the sampling period between

day 1 and day 7 (Fig. 2 B).

Soil NOs-N concentration increased after sampling day 3 to a peak on day 17 before declining.
The NOs™-N concentration was lower than NH4*-N concentration. The addition of N significantly
increased NOs™-N concentration compared to the control from day 4 to 31. The addition of NBPT
did not significantly alter NO3s™-N concentration compared to urea alone. Increasing N application

rate significantly increased NO3s™-N concentration from sampling day 3 (Fig. 2 C).
Temporal changes in N-cycling microbial gene copy numbers

The addition of urea significantly reduced ureC gene copy numbers compared to control on all

sampling days. Increasing the urea application rate did not significantly change ureC gene copy
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numbers. The use of NBPT significantly reduced ureC gene copy numbers compared to urea alone
(Fig.3). Pearson’s correlation revealed that soil pH was positively correlated with the ureC gene

copy numbers on day 7 (p <0.05) and day 45 (p <0.01) of sampling (Table 3).

AOA and comammox Nitrospira clade A were not significantly affected by the addition of urea,
N application rate, or use of NBPT (Fig.4 A and C). AOB was not significantly affected by using
urea alone or with NBPT at an application rate of 40 kg N ha™* but increased with an increasing N

application rate (Fig. 4 B).

The addition of N did not significantly increase comammox Nitrospira clade B gene copy numbers
except for the application rate of 80kg N ha on day 7. The use of NBPT did not influence

comammox Nitrospira clade B gene copy numbers (Fig. 4 D).

Pearson’s correlation analysis revealed that NO3z™-N concentration was positively correlated to
AOB gene copy numbers on day 7 (p <0.01). Soil pH was negatively correlated to the AOB gene

copy numbers on sampling day 7 (p <0.05) and day 45 (p <0.01) (Table 3).
Pasture DM yield, N uptake, and NUE

The addition of N increased pasture DM vyield significantly compared to the control. Increasing
the N application rate significantly increased pasture DM vyield. The use of NBPT did not
significantly change pasture DM yield relative to N alone (Table 2). The addition of N increased
N uptake significantly relative to control. Increasing the N application rate increased N uptake in
the pasture. The use of NBPT did not change pasture N uptake relative to N alone. Increasing the

N application rate or the use of NBPT did not significantly influence pasture NUE (Table 2).
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5.4. Discussions

Temporal changes in soil pH and soil N content

The initial lower soil pH in the fertilizer treatments compared to the control indicated that repeated
applications of urea since 2014 led to acidification, and this was higher with higher inputs of urea.
pH reduction due to N-fertilizer addition results from the release of protons during nitrification,

and when NH4"-N is taken up by crops (Geisseler and Scow, 2014; Tian and Niu, 2015).

The concentration of urea declined quickly in the fertilizer treatments and by day 5, it had reached
background levels. This could be linked to NHz loss via volatilization due to localized pH increase
as a result of hydrolysis. Under acidic conditions, urea can also be taken up preferentially by AOB
(described below) (Allison et al., 1991; Marsh et al., 2005). Other factors that might have
contributed to such a quick decline in urea concentration include to some extent direct urea uptake
by the crop (Dawar, 2011). Although urease enzyme activity was not measured in this experiment,
it may have contributed to the quick decline in urea concentration as pasture soils have been
reported to have high urease enzyme activity (Suter et al., 2011). The unexpected quick drop of
urea concentration in the NBPT treatment could be explained by the rapid degradation of NBPT
in acidic conditions of our soil (Engel et al., 2015; Engel et al., 2013). The effect of NBPT has
been reported to be low in pasture soils as they have high urease enzyme activity (Suter et al.,
2011). However, other factors including the NBPT application rate, soil and environmental factors

could also contribute to reduced NBPT efficacy.

The significantly lower NH4*-N concentration in NBPT compared to urea alone in the initial days
could be attributed to the inhibiting effect of NBPT on urea hydrolysis thereby preventing the rise
in pH in the initial days of treatment application that could otherwise lead to N loss via NH3

volatilization.
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The increase in soil NH4™-N concentration towards the end of the experiment in the NBPT
treatment compared to urea alone could be due to the release of NH4™-N initially preserved due to
the inhibition of the hydrolysis by NBPT as NBPT activity had been finished. It could also be
linked to the lower pH in the NBPT treated soil compared to that of N alone which could influence
the equilibrium between NHs and NH4* in the soil preventing NHs loss as gas and increasing the
NH4*-N concentration (Sigurdarson et al., 2018). This was confirmed by the negative correlation
between soil pH and NH4"-N concentration on sampling days 7 and 45 (p<0.05, n=12 (Table 3)),

which showed that treatments with lower pH had higher NH4*-N concentration.

Generally, soil NH4" concentration was higher than NO3™-N indicating that NOs-N was being

preferentially taken up by the crops.
Treatment effect on N cycling microbes

The reduction of ureC gene copy numbers with N addition is contrary to our expectations but it
could be linked to the soil pH effect as the site had repeated application of urea and NBPT which
had decreased soil pH. This is supported by the lower ureC gene copy numbers in the fertilizer
treatments on day 0, compared to the control (Fig. 3) which corresponded to the lower soil pH
(Fig. 1) that had occurred due to repeated N fertilization on the site. This pH effect was further
confirmed by the positive correlation of ureC gene copy numbers with soil pH on day 7 (p <0.05,
n=12) and day 45 (p <0.01, n=12 (Table 3)). In line with our field results, ureC gene copy numbers
have been shown to be higher in alkaline conditions (Fisher et al., 2017). Compared to urea alone,
NBPT significantly reduced ureC gene copy numbers on both day 7 and day 45. The delay in urea
hydrolysis by NBPT has been reported to last up to 15 days (Cantarella et al., 2018; Khan et al.,
2013). Therefore, the reduction in ureC gene copy numbers reported in this experiment may not

be solely due to the NBPT inhibition to urea hydrolysis as NBPT is not expected to still be active
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in soil by day 45. The reduction in ureC gene copy numbers may be better explained by the decline
in soil pH which was supported by the trend in ureC copy numbers of CK> 40U> 40GU (Fig.3),
that matches the pH trend in these treatments on day 0, 7 and 45 (Fig.1). Our findings that
increasing N rate did not affect ureC gene copy numbers contradict previous work where an
increase in ureC gene copy numbers was observed with increasing N (Zhang et al., 2019).
However, the study of Zhang et al. (2019) was undertaken in alkaline soil (pH 7.2 to 8.4) whereas
our soil was acidic (pH 5.2 to 6.3), indicating that pH had a much greater effect on ureC than N
inputs. Additionally, soil microbial communities could respond differently in different soils,
accounting for different findings. The reduction in ureC gene copy numbers with the addition of
urea compared to control or urea + NBPT compared urea alone could imply that repeated
application of these treatments may reduce ureolytic activity in this soil as ureC gene copy
numbers are positively correlated with ureolytic activity in soils (Fisher et al., 2017; Sun et al.,

2019).

The increase in AOB and comammox Nitrospira clade B gene copy numbers with increasing
application rate (Fig. 4 B and D) indicated that these microbes were more responsive to increased
nutrient availability in this soil environment compared to AOA and comammaox Nitrospira clade
A (Fig. 4 A and C). In line with our findings, other researchers reported an increase in AOB

abundance with increased N input (Jia and Conrad, 2009).

The significant positive correlation between soil NOs-N concentration and the AOB gene copy
numbers and not AOA/comammox Nitrospira implied that AOB were the key players to
nitrification in this soil as opposed to comammox Nitrospira and AOA. Soil pH has been shown
to be a key player in shaping ammonia-oxidizing communities in different environments (Gubry-

Rangin et al., 2010; Li et al., 2018). In this study, soil pH was negatively and significantly
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correlated to the abundance of AOB but not other ammonia oxidizers (Table 3), implying that soil
pH controlled the abundance of AOB and not other ammonia oxidizers. This could be linked to
the preferential uptake of urea under acidic conditions by ureolytic AOB leading to NO3z™-N
accumulation (Marsh et al., 2005). This phenomenon could explain the increased AOB gene copy
numbers in the treatment with an increased N application rate due to increased substrate
availability. This indicated that AOB could be favoured by high N inputs in soils that have become

acidic due to repeated application of urea N and could be key players to nitrification.

NBPT had no effect on the abundance of ammonia oxidizers which is in line with the reports by
other authors (Xi etal., 2017). However, our results contradict the report by Luchibia et al. (2020)
from their incubation experiment that NBPT significantly reduced AOB and comammox
Nitrospira, findings which the authors associated to the inhibition of hydrolysis by NBPT
influencing substrate availability for these ammonia oxidizers or the direct effect of NBPT to the
intracellular urease within these ammonia oxidizers, influencing their growth. The explanation for
the lack of response of ammonia oxidizers to NBPT application on a repeated basis in our study is
unclear but it could be due to the lack of susceptibility of ammonia oxidizers under these conditions

which could be influenced by other soil or environmental conditions.

Effects on pasture DM vyield, N uptake, and NUE

Pasture DM vyield and N uptake increased with increased addition of N as expected. The use of
NBPT did not increase pasture DM vyield, N uptake or NUE compared to N alone, which has
previously been reported (Dougherty, 2016; Suter et al., 2013). A previous study reported an
increase in pasture DM yield, NUE, and N-uptake with the use of NBPT compared to urea applied
alone at two application rates in a pastoral system (Zaman et al., 2013). These authors attributed

their findings to reduced hydrolysis and nitrification by NBPT, but we did not observe any
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significant contribution of NBPT to nitrification despite it having reduced NH4*-N concentration.
NBPT was also reported to increase ryegrass NUE, N uptake and yield compared to urea alone
and this was attributed to the direct absorption of urea and delayed hydrolysis (Dawar, 2010;
Dawar et al., 2012). Some possible explanations for the lack of pasture yield response to NBPT in
our study include: first, the initial soil mineral N level could be high such that the conserved N due
to NBPT was not sufficient to improve crop yield (Cantarella et al., 2018; Li et al., 2015; Suter et
al., 2013). However, the soil N level was unlikely excessive for pasture growth as there was an
increase in DM vyield, N uptake and NUE with increasing N application rate. Secondly, the N loss
in the absence of NBPT could have been small, such that NBPT induced reduction in this loss was
not beneficial to pasture yield. Thirdly, other soil factors like pH, texture, moisture and other
nutrients or environmental factors like temperature may have limited the response of the pasture

growth and yield to NBPT (Lam et al., 2018).

The significant increase in pasture DM yield and N uptake with increasing N application rate was
an indication of increased N supply. Our results are in line with those of other authors who reported
an increased DM yield and N uptake in ryegrass with increasing N application rate of up to 300 kg

Nha! per year (Mora et al., 2007).

5.5. Conclusion

Our results demonstrated that the application of urea with NBPT reduced the rate of urea
hydrolysis and mineral N production but had minimal effect on yield, N-uptake, and NUE.
Increasing the urea application rate increased DM yield and N uptake but not NUE. The study also
reported that AOB were important players to nitrification in acidic soils with a history of repeated
fertilizer and GU application. The recommendation to use urea with NBPT needs further

experimentation under different cropping, environmental and soil conditions to understand the
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possible contribution of NBPT to crop production in the long-term. It is important for future studies
to quantify the effects of repeated /long-term applications of urea applied with NBPT on enzyme

activities.
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Figure Legends

Figure 1. soil pH during the 45-day sampling period across the four treatments: CK, control; 40U,
N applied at 40 kg N ha! as urea; 40GU, NBPT treated urea applied at 40 kg N ha™ as Green
Urea NV®; 80U, N applied at 80 kg N ha as urea. Error bars represent standard errors from three

replicates.

Figure 2. Soil urea (A), NH4*-N (B), and NOs™-N (C), concentration during the 45-day sampling
period across the four treatments: CK, control; 40U, N applied at 40 kg N ha* as urea; 40GU,
NBPT treated urea applied at 40 kg N ha* as Green Urea NV®; 80U, N applied at 80 kg N ha* as
urea. Error bars represent standard errors from three replicates. Note that y-axes scales differ

between charts.

Figure 3. The abundance of ureC genes across the four treatments: CK, control; 40U, N applied
at 40 kg N ha! as urea; 40GU, NBPT treated urea applied at 40 kg N ha* as Green Urea NV®;
80U, N applied at 80 kg N ha as urea, at three sampling days. Error bars represent standard
error of three replicates. Means that do not share a letter within a sampling day are significantly

different at p < 0.05 level.

Figure 4. The abundance of AOA (A), AOB (B), comammox Nitrospira clade A (C), and
comammox Nitrospira clade B (D) genes across the four treatments: CK, control; U, Urea; and
Green Urea NV®, applied at rate 40 kg N ha*, and urea applied at 80 kg N hal, at three sampling
days. Error bars represent standard error of three replicates. Means that do not share a letter within

a sampling day are significantly different at p< 0.05 level.
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Table Legends

Table 1. The primers and thermocycling used for different gene g°PCR amplification

Table 2. Pasture dry matter yield, N uptake, and nitrogen use efficiency (NUE)

Table 3. Pearson’s correlation between soil pH, soil mineral N and soil microbial gene

abundance
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Table 1.

Gene Primer Sequence Length (bp)  Thermocycling conditions References

ureC L2F ATHGGYAARGCNGGNAAYCC 390 10 min at 95 °C, 40 cycles of (30 sat 95 °C, 45sat 55 °C,  (Gresham et al., 2007)
L2R GTBSHNCCCCARTCYTCRTG and 45 s at 72 °C), 10 min at 72°C.

AOA amoA CrenamoA-23f ATGGTCTGGCTWAGACG 629 10 min at 95 °C, 40 cycles of (30 sat 95 °C, 45sat 55 °C,  (Tourna et al., 2008)
CrenamoA-616r GCCATC CATCTGTATGTCCA and 45 s at 72 °C), 10 min at 72°C.

AOB amoA amoA- 1F GGGGTTTCTACTGGTGGT 491 10 min at 95 °C, 40 cycles of (30 sat 95 °C,30sat56 °C,  (Rotthauwe et al., 1997)
amoA-2R CCCCTCKGSAAAGCCTTCTTC and 30 sat 72 °C), 10 min at 72°C.

Comammox Nitrospira clade A comaA-244F TAYAAYTGGGTSAAYTA 415 10 min at 95°C, 25 cycles of (30 s at 94 °C, 45s at 42-52 (Pjevac et al., 2017)
comaA-659R ARATCATSGTGCTRTG °C, and 60s at 72 °C), 10 min at 72°C.

Comammox Nitrospira clade B comaA-244F TAYAAYTGGGTSAAYTA 415 10 min at 95°C, 25 cycles of (30 s at 94 °C, 45s at 42-52 (Pjevac et al., 2017)
comaA-659R ARATCATSGTGCTRTG °C, and 60s at 72 °C), 10 min at 72°C.
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Table 2.

Treatment  Pasture dry matter yield (kg ha!) Shoot N uptake (kg ha') NUE (%)

CK 1696.6+136.5C 32.6x2.7¢C -

40U 2333.1+£112.7b 53.1+#5.8 b 51.8+16.4a
40GU 2661.5+196.5 b 60.8+6.7 b 71.2+10.9a
80U 3564.5+51.8 a 88.4+14 a 70.0%5.1a

Treatments: CK, control; 40U, N applied at 40 kg N ha* as urea; 40GU, NBPT treated urea applied
at 40 kg N ha as Green Urea; 80U, N applied at 80 kg N ha™ as urea. Values are mean (+ standard
error) (N = 3). Values within the same column followed by different letters are significantly

different at p<0.05 level.
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Table 3.

Soil pH NOs-N

day O day7 day 45 day O day7 day 45
NHs™-N 0.44 -0.67* -0.62*
NOs—N -0.64** -0.91** -0.67**
ureC 0.4 0.66** 0.75**
AOB -0.45 -0.77** -0.73** -0.19 0.76** 0.51
AOA 0.47 0.27 0.4 -0.30 -0.17 -0.53
comammox Nitrospira clade A -0.29 -0.13 -0.22 -0.27 0.24 0.22
comammox Nitrospira clade B -0.22 -0.32 -0.47 0.05 0.30 0.56

**significant at the 0.01 probability level.

*Significant at the 0.05 probability level.
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Chapter 6. General discussion and conclusions

6.1. Major findings and general discussion

Most of the studies have not investigated the molecular mechanism of the Ul influence on
hydrolysis and ammonia oxidation. More so, not so much information exists on the abundance and
contribution of the newly discovered comammox Nitrospira microbes and their inhibition. The
current study reported some reductions in ureC gene abundance due to NBPT inhibition but only
towards the end of the incubation experiment which was linked to the fact that extracellular urease
could absorb NBPT making it stable in cells for long. This was because the reduction took longer
than the reported NBPT efficacy period of about 14 days (chapter 3). In the field experiment, the
same trend of the reduction of ureC gene copy numbers due to NBPT inhibition to urea hydrolysis
was also observed to be longer than 14 days (chapter 5) and this was speculated to be due to the
reduced soil pH in the green urea treatment compared to urea alone. This was confirmed by the
fact that the ureC gene copy numbers in all the N treatments were lower than control, a trend that
was similar to that of effects of all the N treatments on soil pH, proving the role played by soil pH
on ureC gene abundance in soil. UreC gene copy numbers have been reported to correlate
positively with soil pH. Therefore, from these two studies, the efficacy of NBPT in soil could seem
to last longer depending on the proportion of the soil microbes controlling the ureolytic activity
e.g. the ratio between intracellular and extracellular urease enzyme; and on the effects of NBPT
on soil pH especially under repeated applications. Therefore, in repeated chemical fertilizer
applications, urea fertilizers used alone are likely to be more efficient and the use of urease
inhibitors may not be very beneficial. This is because low soil pH could reduce the size and activity

of ureolytic microbes. However, lower application rates of urea would be encouraged to avoid
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acidification of soil as a result of high N application. This is because the soil pH reduction levels

dependent on the rate of N application (Chapters 4 and 5).

Comammox Nitrospira and AOB gene abundances were reduced by NBPT (Chapter 3) which was
explained by NBPT inhibition of urea hydrolysis, therefore, avoiding the accumulation of NH3z as
a substrate for the subsequent nitrification. Most ammonia oxidizers including AOB and
comammox Nitrospira could have the ability to utilize urea as they possess some ureolytic genes
and activities, enabling their dependence on urea as a substrate for hydrolysis. Therefore, the
reported reduction in gene copies of these ammonia oxidizers could be linked to the direct effect
of NBPT inhibition on the intracellular urease in the ammonia oxidizers, blocking hydrolysis and
subsequent nitrification due to limited NHz availability (Chapter 3). Only AOB (Chapter 5) or
AOB and comammox Nitrospira clade B (Chapters 4 and 5) increased with increased N addition
in the field experiments with only AOB being reduced by DMPP (Chapter 5) at a higher application
rate of 120 kg N ha™. This was an indication that these ammonia oxidizers were responsive to
nutrient addition compared to AOA and comammox Nitrospira clade A. The soils in the three
studies (Chapters 4, 5, and 6) had different soil pH and this indicated the ability of AOB to survive

well at both alkaline and acidic conditions.

The effects of repeated applications of Ul and NI were reported to significantly reduce soil pH and
the reduction in soil pH was more with high application rates (Chapters 4 and 5). However, the
results of Chapter 5, demonstrated that repeated applications of urea with Entec at different rates
did not affect the relative abundance of total bacteria in the soil at the phylum level. This proved
that such applications could not negatively influence non-targeted soil microbes. However,
changes were apparent in some lower taxa of more abundant phyla which varied with the

application rates, clearly highlighting the effect of application rate of urea and Entec on the non-
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targeted microbes in the soil. Such repeated applications of N treatments could, therefore, change
the composition of soil microbial communities in the long-term, promoting only the microbes that
thrive under high nutrient conditions and eliminating those that cannot survive in such conditions.
Therefore, in such applications, lower application rates of 40 kg Nha* would be encouraged to

promote sustainable maintenance of soil microbial communities and soil health.

Generally, the reduction of soil NH4*-N by NBPT was higher than that of NBPT combined with
DMPP. Likewise, DMPP was more efficient in reducing the nitrates concentration and nitrification
compared to when it was combined with NBPT. The better performance of either NBPT or DMPP
individually in reducing soil NH4"-N and NOs™-N concentration, respectively, compared to their

combination could be due to the negative interaction between the two when combined.

6.2. Conclusions and recommendations

Concerns of repeated/long-term application of fertilizers on soil have been raised. The repeated
use of higher fertilizer rates led to more pH reduction in both field experiments (Chapters 4 and
5). Therefore, repeated application of urea with NBPT or DMPP led to soil acidification and
changed other soil properties which influenced the response of soil microbial communities. Apart
from influencing how the soil microbial organisms respond to the application of fertilizers + Ul
and Nls, the reduced pH and altered soil physiochemical conditions would also change the soil
microbial communities. For repeated applications, lower application rates should be encouraged

to minimize acidification which increases with increasing application rate.

This study has improved our understanding that nutrient application at lower rates can be used

without negatively affecting soil physicochemical properties or microbial ecology.
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In Chapter 3, the use of combined NBPT or DMPP alone was better than when they were
combined in either reducing NHs or NO3z™ accumulation respectively, therefore, combining them
may not be able to give better results. Future research should focus on how to develop a dual

inhibitor compound whose individual compounds work together effectively.

6.3. Suggestions for future research

Several aspects of the comammox Nitrospira are yet to be tested concerning the urease and
nitrification inhibitors, which should be considered in future studies e.g. how they respond to
different Ul and Nls or their combinations, the suitable rates for the inhibition of comammox
Nitrospira as compared to other ammonia oxidizers that have been studied previously using these
inhibitor compounds. This will contribute to the knowledge of manipulating N cycling microbes

in the soil to reduce N losses associated with the N transformation.

Future studies on the effects of Uls and NIs on soil microbial organisms should incorporate the
measurement of the changes of these inhibitor compounds and enzyme activities in different soils
following the application of these inhibitor compounds. This will improve the performance of Uls
and Nls in inhibiting various enzymes in different soils. Such a study will not only quantify the
influence of these inhibitors on soil microbial community sizes, structure, and function but will
also contribute to the understanding of the biological factors controlling the dynamics of the Uls

and NIs once applied to the soil.

Several studies on the use of Ul and NI have only considered the soil environment in determining
their efficacy. However, the interaction between plants and soil microbial communities especially
around the rhizosphere and how these may influence the efficacy of Ul and NI needs to be

understood better especially where the quantification of the Ul and NI is involved.
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Overall, this thesis provides new insights into the effects of repeated applications of Uls and NIs

on soil N-cycling and non-targeted microbes with implications on soil health.
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