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Abstract

Abstract

Paddy rice cultivation isvidely practiced under extensive nitrogen fertilizers application
which in tun causes loss of the applied nitrodsnnitrification process and becaraglobal
concern due to its associated environmental hazards and economic loss. It is therefore
importantto understand the driving factors of soil nitrification and find anféeadly solution

of it. Thus, this thesis aims to better understand the nitrification variation among different rice
cultivated soils by investigating the plant
mi crobi al community as wel |actassassocatednwitthef y i n g
interaction. The study was performed with 56 rice cultiv@syfa satival..), which were

grown in paddy soil microcosenSoil nitrification was determined usiftN pool dilution and
functional microbial population was assessgdreattime-PCR, along with a genome wide
association study (GWAS) talentify the rice genomic linkage with those factors. First, |
demonstrated that, rice cultivars had significant effect on the soil nitrification with a higher
impact in rhizosphere cgmared to bulk soil. Secondlyfdundthatbacterial ammonia oxidizer
population was functionally dominated ovarchaeal ammonia oxidizeend had positive
relationship with nitrification activity. Next, revealedthat rice geneticmarkers were
associatedvith gene loci ofthe following ontology e.g., nitrogen metabolism, signalling,
photosynthesis, retrotransposeic, wherethesegenescan drivethe root exudation of
biological nitrification inhibitors BNIs)andhence, bassociateavith nitrogenuse efficiency

Lastly, in a metanalysis, |demonstrated that there svavariation across different of
nitrification method (i.e., potential, net and gross nitrification method) and differences within
each method. This thegisveals the significance oice cultivar and their interaction the
nitrification dynamics immolecular and genetic context. It alsimedlight on thegenetic link

of root BNI, which can be useful in future developmehimproved rice cultivar for sustainable

agriculture.
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Chapter 1

Chapter 1: General Introduction and Literature
Review

1.1 Nitrogen cycle processes and agricultural sustainability

The population of the world is estimated to be 9.1 billion by ZOBQ 2017) which will cause

an imminent danger to food security and environmental sustainability across thé/goize

et al., 2018k Nitrogen is the most vital nutrient for increasing crop quality and qu{Bttgte

et al., 2018; Djaman et al., 202 8iuxin Guo et al., 2019; Mengel et al., 200&nce, nitrogen
fertilizer application has dramatically increased globally to augment sufficient food production
for the current 7.3 billion global population as well as to fulfil the additional food demand for
more than 2 billion extra population by ZDFFAOSTAT, 2019; Devkota et al., 2019;
Galloway et al., 2004; Peng et al., 201B)yrthermore,HaberBosch process added more
advantage on the availability of inorgamitrogen fertilizer, thus over the timaitrogen
fertilizer application hakugelyincreased worldwidéPeng et al., 2010; FAOSTAT, 201T)

the present trend of -Rertilizer application rate continues then it is predicted to increase to

236x16 MT annually by 2050 across the glofi@iman et al., 2001)

Application of nitrogen fertilizer increased tb®p yield up to aertain amount and in turt

is negeatively associated with nitrogen use efficiency (NUE) of the (&opg & Lin, 2020;
Fischer, 1993; Zhang et al., 202Bronomically,to maximize profit, farmers particularly in
China often apply a very high level of nitrogen fertilizer to the most important crop rice,
routinely exce&dangetal., 2008 Likkeyal., RQidvia &t al., 2019; Dong

et al., 2015) which is higher than theecommended nitrogen fertilizer levels of the
International Rice Research Institute (IRRI) (average ~ 120 Kg-1l (hau et al., 2019; Sarr

et al., 2020)

Pagel of 218



Chapter 1

Balancng the nitrogen nutrient iagricultural systems is important as excessive application of
fertilizer cannotbe @mmpletely utilized by the cropand huge amount of applieditrogen
fertilizer is lost from the agricultural system Ipjtrogen cycleprocessedike nitrification,
whichresults in lower NUE and causes various environmental ha@éietset al., 2019; Singh

et al., 2016; Zhao et al., 201Beng et al., 20)1Moreover,enormousamount of fossil fuel
energy is required for industrial nitrogen fertilizer production by the HBbsch process,
hence loss of fertilizer from the agricultural systems$®an enormous economic wasgtadha

et al., 2016)

The two main evironmental problembBnked to nitrogencycle associated loss of applied N
fertilizer are thdeaching of nitratendemission ofitrous oxide gagCameron & Di, 2002;
Subbarao et al., 2009Ishii et al., 2011; Nasielski et al., 2020; Sapkota et al., 202@)ching

of nitrate isan importantdirect pathway of Noss from agricultural systemshich causes

major environmental concesnincluding groundwater contamination and eutrophication of
surface water¢Di & Cameron, 2006; Jarvis et al., 199%rezLucas et al., 201Xie et al.,

2019) Nitrate is produced by soil nitrificatiowhich is a significant environmerital-cycle
process which is coupled to denitrification in a less oxygenated waters and sediments as well
as it determines the nitrogen availability in agricultural $@iflard, 2018) Moreover, he

nitrous oxide (NO) is a detrimental greenhouse gas which is groguct of nitrification
(Blackmer & Bremner, 1978; GareRuiz et al., 1999; Goreau et al., 1980)d intermediate

or major end product of denitrification procg$zayne, 1981; Smith & Arah, 199@hd has

~300 times higher global warming potentialthanthatofiC@ a 100 vy gRonster6 t i me
et al., 2007; Hungate et al., 2003; Kroeze, 1984pnnabsorb infrared radiation and contribute

to the depletion of theratospheric ozone layéBouwman et a).2013 Cicerone, 987). Soil

nitrification is positively correlated to the-®@ emission in forest ecosystdi@zukics et al.,
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2010)and high solil nitrification rates is responsible for greater amount©friflease across
different types of soil(Maag & Vinther, 1996) Moreover, soil nitrification driven pO
emission has augmentéal 10.0 + 2.0 Tg/yeafTian et al., 2019and almost 40% of global
N20 emission in agricultural sector comesm the usage of synthetic nitrogen fertilizer in the

soil (FAOSTAT, 2017)

Nitrification is an aerobic process and the predominant form-lofshl in dryland ecosystems
(Di et al., 2009;Hu et al., 2016)but largely neglected in submerged environm¢Kkisk &
Kronzucker, 2005)One of the key examples sfibmerged environments is the paddy rice
cultivation system which igreatly linked with nitrification associated hazaftshii et al.,
2011;Liang et al., 2014)Rice is the staple food for more than half of the population of the
world (Fukagawa & Ziska, 2019; Yuan, 2014; Prasad et al., 20idf)roduced bymore thama
hundred countrieacross the globe, with a total harvesteghaof over 167 million hectares
(FAOSTAT, 2018) Approximately 90% of global rice is produced in submerged paddy fields
(Chivenge et al., 2020; GRISR)23; Wang et al., 2017; Wells & Clough, 2014nd itreceives
vast amount of nitrogen fditer frequently more than théRRI recommended nitrogen
fertilizer level (mentioned abovéYXhang et al., 2018; Liu et al., 2d%,6Dong et al., 2015)
Hitherto it was believed thakerobic ammonia oxidation did not occurhie tanaerobic flooded
paddy soil environmentKirk & Kronzucker, 2005) but later it was found that paddy rice
waterlogging stimulates the root formation of aerenchtissieand a radial @loss (ROL)
barrier (Nishiuchi et al., 2012)which help to diffuse oxygen through the root tip into
rhizosphere soil anthaintain aerobic conditiorallowing nitrifying microbial population to

perform nitrification(Kludze & Delaune, 1993; Li et al., 200{Bigure 1.1).
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Drained soil conditions Waterlogged soil conditions

N
02 Stele Cortex

N> 0: OCL Barrier to ROL

b 0;
— Aerenchyma

— OCL 02
o—— Cortex

Stele

Rhizosphere Nitrification
02 / P! u

C) NH,{’WNHZOH WNOZ. ez

AMO=A ium monooxyg

HAO= Hydroxylamine oxidoreductase

NOX = Nitrite oxidoreductase

Figure 1.1: Showing the mechanism of aerobic nitrification in the flooded rhizosphere of paddy soil, where (A)
showing a crossection of a drained rice root system and abphere soil surrounding the compact rice root
(Liesack et al., 2000)(B) rice root aerenchyma tissue in drained and water logged soil condition where
aerenchyma tissue is naturally formed in soil drained conditions, but the formation of aerenchyma increased in
soil water logged conditions which help oxygen diffusion ®rbot apex and in turn increase the introduction of

a barrier to radial oxygen loss (ROL) and maintain aerobic condition in the rhizosphegpéasaduchi et al.,

2013) (C) aerobic ammonia oxidation process showing the enzymes involved in the pathway, where ammonium
is convertedby enzyme ammonia monooxygenase (AMO) to hydroxylamine and then hydroxylamine converted
by hydroxylamine oxidoreductase enzyme (HAO) to nitrite and finally, nitrite converted to nitrate by nitrite
oxidoreductase enzyme (NOX).

Soil nitrification procesasdetermine the soil nitrogen availability aleéching loss of nitrate
as well azmission of NO (Norton & Ouyang, 2019Hence, ontrol of soil nitrification would
allow reductiorof the above mentioned environmental hazarddrapdoved crop NUELI et

al., 2020) It is thus important to study soil nitrification, its controlling factors, problems

associated with it and potential methtmipes to mitigate iagses associated with it
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1.2 Soil nitrification process and its impact on ecosystem

Nitrification is the microbial oxidation of ammonium (MHinto nitrite (NQ") and nitrate
(NOz3) in a three step proce@nley et al., 2018; Robertson & Groffman, 2007; Ward, 2018)
In the first step of nitrificationpxidation ofammonia to hydroxylamine by enzyme ammonia
monc-oxygenase (AMO)XChen et al., 2010)In the second step of nitrifitan, nitrite is
produced from hydroxylamine by theydroxylamine oxidoreductasenzyme(Caranto &
Lancaster, 2017; Norton et al., 2002; Salefra et al., 20213nd then in step 3, nitrite oxidized
to nitrate bynitrite oxidoreductasenzyme(Chicano et al., 2021; Norton et al., 2002; Rani et

al., 2017) Organisms carryout these processes are describetbim bection 1.4.1

The nitrification enebroduct nitrate is negatively charged and therefore usually less tightly
bound to soil particles arektremely mobile within the soil matriandhighly prone tobe lost

from the agricultural system by leachi@houdhury & Kennedy, 2005; Subbarao et al., 2015;
Yingcheng et al., 2019) eaching loss of nitratis the verticadescending movement through
the soil profile by gravitywhich leads to significantgroundwater contamination and
eutrophication of surface watdférezLucas et al., @19; Tanaka et al., 2018je et al., 2019)
N-fertilizer associatetiachinglossof nitrateaccounting foralmost 23% of the total N loss
from the paddy syste®hi et al., 2020)The unaccounted leaching loss causes serious hazards
to environment and became a growing global con@&ameron et al., 2013; Padilla et al.,
2018; Tesfamariam et al., 2014 itrate leaching is considered asevere problem in many
countries, particularly in the areas where high input of misies practiced in the form of
fertilizers (Di & Cameron, 2006) Leached nitrate can enter into the food cycle when
contaminated groundwater used for crop irrigafidiobin et al., 2018; Shrestha et al., 1998)
Moreover, excess nitrate can enter into the human body through the ohtedietaminated

groundwater and foodstyf€ausinglots of uman health problem@iobin et al., 2018)for
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example, consumed NOcontributes to the development of nitrogenous carcinogenic
compounds (nitrosamines) in the body and causes gastric cancer in (Rhaaibul et al.,
2002) Hence,regulation of soil nitrification will offerapproach to improve nitrogen use

efficiency, prevent environment hazards and protect animal and human from harmful effect.

1.3 Approaches for resolving the nitrification associated problems

Nitrification associated Nosses can be reduced by adopting different agricultural approaches
such as crop rotation using cover crops plathit growth stimulating microbé€houdhury &
Kennedy, 2005; Zhang et al., 2@ ¥Hansen & Djurhuus, 1997; PlaBmonilla et al., 2015;
Thapa et al., 2018Rotation cropdike maize and indigo have deepot system which can
uptake N@ from the deep soil level and hence limit the leakafgetrate into the groundwater
(Notaris et al., 2018; Moreau et al., 202Boreover, reduction of N fertilizer loss and NUE
can be increased by using plant growth stimulating microbegikspirillumandRhizobium
(Galindo et al., 2021; Kennedy et al., 200#)was found that noculation ofAzospirillum
(Murty & Ladha, 1988)and Rhizobiumcan increase NH assimilation significantly by rice
plants and reduce loss of nitrog@iswas et al., 2000a; Biswas et al., 200®)wever, the
most effective and popular approaches for reducidgadhing from arable soil atke use of
N-fertilizer management and using nitrification inhibit¢oskun et al., 2017; Sun et al.,

2016)

1.3.1 Management of Nertilizer application

The nitrogen fertilizer management includesdpgplication of reduced rate offdrtilizer, split

dose of Nfertilizer, deep placement of fertilizer arsglow and controlledelease fertilizers
(Choudhury & Kennedy, 2005; Costa et al., 2018; De Datta, 1986; Djaman et ak, 2O

al., 2018; Liu et al., 201 Wei et al., 2@8; Yao et al., 2018)Appling nitrogen fertilizer at a
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lower rate can be useful to augment nitrogen use efficiency and redlass Krom the
agricultural soilRaun et al., 1999; Wu et al., 2016owever, the mostidely used approach
by the farmers is the application of nitrogen fertilizer in split doses which varies with different
plant species, growth duration and growing sedBames et al., 2002; Djamaat al., 2018).
Another widely used approh is the use adeepplacement of fertilizer (DPF) e.g., urea super
granules or briquetteshich is usually fpaced 10 cm deep in the soil teduce the loss of
nitrogen associated with nitrification as welltasmprove the efficiency of N ug€raswell et

al., 1981; Pan et al., 2017he most commonly used-Management approach is the use of
slow and controlleerelease (SCR) Nertilizer whichrelease nitrogen at a reduced rate into the
soil solution and provide an extended period for nitrogen uptake by [fFuntst &, 2018;
Subbarao et al., 2089 Shaviv & Mikkelsen, 1993)SCR fertilizers are manufactured by
encapsulating or providing a protective layer (insoluble in water;pemeable or waterproof
with pores) to theraditional soluble fertilizer forestricting the entry of water anceducing
thedissolution rat€Chandra et al., 2019; Hziz et al., 2@1). The coating is performed with
hydrophobidngredients, mainly polymeroating whichs more tolerant to particular soil and
climatic conditions and fulfils the nutrienéquirements of crops and substantialbcreases
the risk of environmental ploition compared to the commonly used rapid releasdéertiizer
e.g., ammonium nitrate or urea and ammonium phosgBate et al., 2014)SCR slowly
release nitrogen into the soil, which restrictssN$tipply to nitrifiers, and thus reduces nitrogen
losses during and following the nitrificatiand effectively increases crop yields as well as
NUE (Delgado & Mosier, 1996; Fu et al., 2018b; Mikula et al., 2020; Shoji, et al., 2001; Shoji

& Kanno, 1993.

However, the success of these approaches depends on the application method and timing of the

crop-growing sessioas well aghehigher fertiliser price andssociated increased labour cost
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makes them icompatible for sustainablegricultural practicehence lieir use is limited on
global scalgFu et al., 2018; Skiba et al., 201Thereforethe most popular, atictive and
efficient methodfor regulating nitrogen losses from the agricultural fieilsigthe use of

nitrification inhibitors(Fan et al., 2018; Gaihre et &Q20; Sun et al., 2016; Byrne et al., 2020)

1.3.2 Use of nitrification inhibitors

Nitrification inhibitors (NI) are the chemical compounds which impede ammonium™{NH
oxidation by supressing the activitiesrofrifying microorganismgTrenkel, 1997) They are
useful to control leaching loss and denitrification of nitrate as wélicasase the efficiencyfo
applied fertilizer nitrogemuptakeand categorized inttwo types e.g., synthetic nitrification
inhibitors (SNIs) and biologicalitnification inhibitors (BNIs)(Fan et al., 2018; Freney et al.,
1993; Kumaret al., 2015; Pasda et al., 2001; Rodgers, 2008; Skiba et al; 2@hgen &

Kerkhoff, 1984;Meng et al., 2021)

1.3.2.1 Synhetic nitrification inhibitors (SNIs)

Commercially produced chemical compounds us$ed nitrification inhibition is called
synthetic nitrification inhibitors (SNI}Subbarao, et gl200&, Iy Gao et al., 2020)They are
developed antdroadlyused in agricultural systems to lessen the adverse effects of nitrification
processe$Subbarao et al., 20B6Sahrawat, et al., 2013; Tesfamariam et al., 20Rdgently,

use of nitrogen fertilizers together with SNIs is an attractive and effective approach used to
reduce Nlosses in agriculture anborticulture practicéAlonso-Ayuso et al., 2016; Elsaka et

al., 2019; Pasda et al., 200Bpplication of SNIs can improve the crop utilization of N
fertilizer, which leads to greatgrelds and improved qualitfAbalos et al., 2014; Suet al.,

2015. One of the popular synthetic nitrification inhibitor i€gindiamide (DCD), which can
reduce soil nitrification by blocking ammonia monooxygenase enzyme effectively at a higher
dose(Lu et al., 2019)butassociated with the risks of leaching, highersNblatilization, NO
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emissionfood contamination andaterpollution (Abalos et al., 2014; Fillery, 200 Bubbarao

et al., 2008 Gaihre et al., 2020; Lam et al., 2017; Linquist et al., 20ABptherSNI is 3,4
Dimethylpyrazole phosphate (DMPP) which wiasind to block ammonia monooxygenase
enzyme and more potential than DCD in controlling nitrification, but it is associated with
augmentedammoniavolatilization (Abalos et al.2014; Qiao et al., 201%am et al., 2017)
Some SNis like Nitrapyrin and Dinitrophenol (DNP) usually works as metabolic inhibitors
(Knowles, 1982; Matsuoka et al., 201@0itw a s @fféctive in decreasing the nitrate leaching.
The poor effectiveness of SNIs in field conditions are associated with high microbial decay,
leaching and less competent dispersion of Shtke soil as well as expensive in price and
variable function in different soil and climatic environmegiglery, 2007 Gao et al., 2020;
Puttanna et al., 1999; Skiba et al., 20IMherebre, the best alternative is to use the-eco
friendly plantderived biological nitrification inhibitors (BNIs) for effective control sbil

nitrification (Subbarao et al., 2015)

1.3.2.2 Bidogical nitrification inhibitors (BNIs)

Plant derived biological compounds for reducing nitrification is currently getting more and

more attention as an eéwgendly alternative compared to the SNIs, and these plant root
exudated compounds are collectively called biological nitrification irdribBNIs)(Coskun

et al ., 2017; O6Sullivan et al ., a2Gerkem®ly, Subba
N-loss via nitrée leaching and nitrous oxide releassulted irreduced itrogen use efficiency

(NUE) butBNIs inhibit the oxidation from ammonia, hence less nitrate leaching and nitrous

oxide release to the environment plus improMé&tE (Figure 1.3)

BNI was first disovered bySubbarao et a(2006n) in the root exudates of the tropical grass
Brachiaria humidicolaBNIs are inexpensive, environmentally safe and effective at regulating

soil nitrification praess andher mode of actiorof depends otheplant species as well as
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the plantgrowth stage¢Subbaracet al., 2006, b, 2007, 9. BNI compounds are categorised
into hydrophilic and hydrophobic, where hydrophilic BNIs can migrate through water and have
enhanced ability for soil nitrification inhibition of a larger sized area, but the hydrophobic BNIs
areless mobileandadsorbed ird soil organic particles or minerals aheir movement occurs
through the diffusion along the concentration gradients (Zhang et al., 20&l1yveltknown
biological nitrification inhibitors extracted from root exudates are Sorgoleone, Brachialactone
and 1,9 Decanediol fromSorghum bicolgr Brachiaria humidicola and Oryza sativa
respectively(Dayan et al., 2010; Gopalakrishnan et al., 2009; Kodama et al., 1992; Sun et al.,

2016; Nardi et al., 2018

1.3.2.2.1P | a BNI@&msudation mechanism

In natural ecosystems, nitrification associatelb®é is potentially linked to nitrogen starvation
which drive plants to evolve tactics to protect nitrogen (&sbbarao, etl., 2007c, 2009a,
20130. Hence, the evelopment of BNI in plants is an adaptive technique for preserving
nitrogen and it imssociated with natural selection of plant genotyp®esre ritrogen stress is
the driving environmental force for exudation of BN®&ubbarao et al., 206,/2013h. Root
exudation of BNIs in soils is affected byizosphere nitrogen status and a secondary effect of
acidic pH along with aeration in the rooting z¢8ebbarao et al., 2006Bhang et al., 2019,

for example tk exudationof the BNIs isstimulated and sustained by ammonium §§H
availability in the rooting zone ar¢8ubbarao et al., 200Pandincreased root exudation of
BNI occurs at low pH foBrachiaria humidicola(Subbarao et al., 208y, sorghum(Zakir et

al., 2008) and ricg(Zhang et al., 2019.

Usually, root uptake of NH causes strong rhizosphere acidificatiptarschner, 2012; Zhu et
al., 2009)along with aeration in turn stimulates the root cell plasma membrane (PM) H+
ATPase function and hence drives the efficient production of ATP by root Settdarly,

adequate aeration increabe rice root respiration arutovide root energy requireaif the
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exudation of the BNI$ke 1,9-decanediol fIom the root(Zhang et al., 20X9. Moreover, he

high proton gradient through the plasma membrane offers the energy for the exudation of
hydrophilicBNIs via anion channels, however, when the anion channdddked, their
release could also be carried out by active efflux of Airfeling cassette (ABC) transporter.
Whereas, le release of hydrophobic BNIs from plant roots can be facilitated through the

exocytosis and/or vesicle traffic procesgéisang et al., 2021(Figure 1.2).

Cytoplasm :
Yh Rhizosphere
Vacuole

endoplasmic reticulum

ADP + pi

Figure 1.2: Prospective route of plant root cells transportation of BNIs. The acidification of rhizosphere and
production of proton from the assimilation of anman in the root cell cytoplasm, which turn triggeedthe
H+-ATPase activity in the root dgPM. The greater H+ gradient through the plasma membrane offers the energy
for the exudation of hydrophiliBNIs via the aniorchannels. In case of blockeghion channels, the release of
BNIs could also be carried out via ABC transporters, though thepoatation of hydrophobic BNIs can be carried

out via vesicles and gets out of cell by exocyt@gigang et al., 2021)
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1.3.2.2.2Mode of action ofBNIs

The effectiveness of the suppressing activity of BNI compowardslinked to the root
morphological and physiological adaptations degends mostly on the sailoisture content

and bulk densityGopalakishnan et al., 2009; Zhang et al., 202l moisture can influence

the plant growth and microbial function as a resfltthe mobility of various soluble
compounds in so{Havlin, 2020Liu et al., 2017)BNIs are found to have negative relationship
with soil moisture content wherdrier moisture regimes may restrict the mobility of root
exudated BNIs and facilitateeiraccumulation in the rhizosphere whicintherprevenedthe
growth of root and consequenthynderedthe ability of BNI exudation(Sarr et al., 2020)
Whereassoil bulk density (BD) is an indicator of soil pore space which decide the soil water
content and penetration of root into the soil. It also influence the growth of plant root and

microbial activity which in turn can influence the exudation of Bfflam et al., 2005)

The root exudated BNIs canleetively inhibit the nitrifying bacteria, and have no negative
effect on other major soil microorganisms or plant growth promoting microbes
(Gopalakrishnan et al., 2009Yoreover, the interaction between nitrifiers and plant roots
might be facilitated by theroduction of specific chemical signals Bpecific ammonia
oxidizer population such as AO®hich is then sensed by root system, and in turn release BNI
compounds to impede the AOB, which acts like a feedback loop to achieve rhizosphere

homeostasis in regd to rhizosphere cheoal N stability and conversiaiZzhang et al.201<).

Numerous root exudated BNIs can block the enzymatic pathways of both ammonia
monooxygenase (AMO) and hydroxylamine oxidoreductase (HAQure 1.3)which are he
crucial enzymes for oxidation of NH to NO» during nitrification for example, BNI
compound linolenic acid (LN) and linoleic acid (LA) extracted fromBhachiaria humidicola
shoot tissue has the potential to block enzymatic pathways of AMO and HAO in the

NitrosomonagSubbarao et al., 2008jowever, inrice, BNI compounds can specifically block
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only the AMO pathway and the effects af@iBNI inhibitory function observed mainly ftre
ammonia oxidizing bacterigdOB) (Sun et al., 2016)put, no study yet identified the effect of

rice BNI exudate on the ammonia oxidizing archaea (AOA)

Fate of nitrogen in normal condition in rhizosphere soil Fate of nitrogen in the presence of BNI in rhizosphere soil

B)

N,O release

. K X
. i Nitrite ; i Nitrite
Ammonium Hydroxylamine Ammonium Hydroxylamine NI x
monooxygenase oxidoreductase 0’;"3‘327;;:59 monooxygenase oxidoreductase OXidoreductase
(AMO) (HAO) ) (AMO) (HAO) (NOX/NXR)

NH,* = NH, NH,0H NO; NOy NH,* < NW&' NH,OH & NO; ——— NOy
Nitrate leached Reduced amount
to water bodies of nitrate leaching

to the water
bodies

Figure 1.3: Presenting) Fate of nitrogen in normahizosphere soivhere Nloss via nitrate leaching and nitrous
oxide release to the environment as well as reduced nitrogen use efficiency, (BYExte of nitrogen in the
presence of BNI irthe rhizosphere soiwhereBNIs generallyblock the AMO and HAO enzyme function and
inhibit the xidation from ammonia to nitritdyence reducthesoil nitrification anchitrate productionTherefore,
less nitrate leaching and nitrous oxide release to the environment as well as increasenl useogficiency
(NUE).

1.4 Factors affecting soil nitrification
The nitrification rates and amounts of Bl@rmed in soils are typically variable and affected
by combination of different biotic and abiotic factors described béBamuah et al., 2010; Li

et al., 2020; Sahrawat, 2008)
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1.4.1 Organisms
Nitrification is carried out by both autotrophor heterotrophic organisms, batitotrophic
(chemolithoautotroph) nitrification is considered as the main pathwaammoniaoxidation

in arable soilAnderson et al., 1998arweeet al., 2016; Wang et al., 209)8

1.4.1.1 Autotrophic nitrification

Autotrophic nitrification is performed by chenlithoautotrophic ammonia oxidizers and
nitrite oxidizers in soil ecosystems, which gain energy from ammonia and nitrite oxidation
reaction and then grow by the incorporation of inorganic carbon into biofNastn &

Ouyang, 2019; Xia et al., 2011; Li, et al., 2018a)

The ammonia oxidizers germ the first and key stepf ammoniaoxidationby the ammonia
monc-oxygenase (AMOknzymewhich is encoded by the amo oper@hen et al., 2010;
GonzalezCabaleiro et al., 2019; Wright et al., 202Dhis operon contains three genas,

amd, andamdaC; theamoA geneencodes the subunif the AMO enzymeds acti ve
(Musiani et al., 2020; Norton et al., 2002; Ma et al., 20B8¥%ed on the phylogenetic retats

of 16S rRNA gene sequences, ammonia oxidizing bacteria (AOB) are categorized into three
gener a, Ni tprroost cecodbcaccu se r (i @-proteobidtetia) and Nitmosospyas (D
( dproteobacteriajHayatsu et al., 2010Formerly, it was believed thaamoAgenes were

unigue to AOB and solely responsible for ammonia oxidation, but later a metagenomic
investigation of the Sargasso Sea confirmed the presence afh&gene in mesophilic
Crenarchaeot@/enter et al., 2004 Crenarchaeota is one of the four kingdoms of Archaea and
dominant over bacteria in various temperate environn{Bimgim et al., 1997; Buckley et al.,

1998; Chouari et al., 2015; Leininger et al., 2006; Nicol et al., 2005; Oline et al., Z6@§)
areevolutionarily distinctive from the Eukarya and Bacterial doméihesyatsu et al., 2010)

and previously it was thought that Archaea were mostly the inhabitant of extreme environments
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(Konings et al., 20B; Rothschild & Mancinelli, 2001 However high concentrations afitrite

was found from the oxidationf ammonia by marin@mmonia oxidizing archaea (AOA)
(Venter et al.2004) Theyhave been found isoil, sedimentestuarine, marine ariceshwater
(Beman & Francis2006; Frais et al., 2005Park et al., 2006)The AOA amoAgene was

found to outnumber the bacterial counterpart in 12 pristine as well as agricultural soils of three
climatic regions, suggestinigemto be a numerically leading ammo+agidizing microbes in

thesoil (Leininger et al., 2006)

The amoAgeneis present in the genomes of both ammandiaizing bacteria (AOB) and
ammoniaoxidizing archaea (AOAJMing et al., 2020; Chen et al., 200Blpowever there was

very low resemblance @imoAencoding genes betweA®A and AOB, but some substantial
similarities in the conserved amino acid residueanodAencoding genes, indicating that they

are from same protein family and have a common evolutionary origin. In addition to this, there
are a number of differences iveten the Crenarchaeotal and Proteobacterial amo operon where
all the proteobacterial amo clusters found to have a conserved amoCAB operon with no gene
betweenamoA and amoB whilst crenarchaeal amo gene clusters contains an extra gene

betweeramoAandamoBencodinga protein of undetermined functi¢freusch eal., 2005)

Additionally, based on th@hylogenetic relationships of 16S rRNA gene sequences and cell

mor phol ogy, nitrite oxidizing bacteria (NOB)
proteobact er i-prteobadterid), Niirgsd ¢ a u & n ( o {groteobasterip)i na (|
(Teske et al., 1994However, nitriteoxidizing archaea and their contribution in the oxidation

of nitrite is still uncleafHayatsu et aJ 2010)

1.4.1.2 Heterotrophic nitrification
Heterotrophic nitrification is performed by a broad range of bacteria and fungi who gain energy

and carbon sources from the organic substrate oxidation during their growth where they uses
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organic compoundf®r oxidation of ammonia or reduced nitrogen to produce hydroxylamine,
nitrite and nitrate(Li et al., 2018; Verstraete & Focht, 197 Heterotrophic nitrifiers are
comprised ohumerouspecies oéukaryotesndprokaryotes.g.,animal cells, bacterjalgae
andfungi (Boer & Kowalchuk, 2001; Zhang et al., 2@ %Sprent, 1990; Zhong et al., 2017)
Some recognized heterotrophic nitrifiers @eeudomonas putidéDaum et al., 1998)
Paracoccus denitrifican@Moir et al., 1996)Alcaligenes faecali§Joo et al., 2005and a few
other species of bacteria. However, fungi are considered as the dominant heterotrophic
nitrifiers and some of them arkspergillus wentji Penicillium spp.,Absidia cylindrospora
Mortierella spp., Trichodermaspp., Exophialaspp., andAcidomelaniaspp whit found to
carry out oxidatiorof nitrite to nitrate(Hora & lyengar, 1960; Stroo et al., 1986; Zhu et al.,
2015; Verstraete & Focht, 19Y 7However, heterotrophic nitrification is still fragmentary,
hence further studies are neddto assess the drivers e.g., biochemical, physiological
mechanisms and phylogenetic diversity of heterotrophic nitrificefitayatsu et al., 2010;

Zhang et al., 2019).

1.4.2 Soil noisture and aeration

Soil moisture and aeration are the crucial abiotic factors which influbkeodrifier population

and nitrification procesgKillham, 1990; Ma et al., 2020; Power & Prasd®97) Rate of
oxygen (Q) consumption and soil water content connectively regulate thaev@lability in

the soil matrix(Tiedje, 1988) Oxygen is important for aerobic ammonia oxidation due to its
role as the substrate for the AMO enzyaral functionas afinal electron acceptor of the
CytochromeC oxidasegArp et al, 2002; Gilch et al., 2009in et al., 2020; Whittaker et al.,
2000) High soil moisture content restrict the nitrifiers function and affect the nitrification rate
by lowering the oxygen level and producing anaerobic conditiOihse et al., 1997)Most
soils at field capacity have sufficiento@o maintain nitrification, but nitrification rates

generally decline if soil remains wetter for several days than the field cagicitet al.,
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2015 Sexstone et al., 1985; Tan et al., 20H)wever, he maximum amount of nitrifier and
highest nitrification rates were observed in the rainy season and lowermost found in the drier
summer seasomlue tothe significant rise of nitrifier population size during the rainy season
which is linked to the release of nitrogen nutrient g§Hrom the concurrent increase of N

mineralization(Singh & Kashyap, 2006)

1.4.3 Temperature of soll

Temperature is a key factor for the variation of soil nitrifica{iBelser & LW, 1979Liu et

al.,, 201%; Tan et al., 2018; Tourna et al., 2008)il nitrification is directly affected by high
temperature by stimulating enzyme activity and indirectly affected by altering the richness and
compositon of the nitrifying populatior by modifyingthe substrate availabilityHu et al.,
2016;Zhang et al., 201&% Osborne et al., 2016; Schimel et al., 19948mperature shapes the
wide-scale distribution patterns of autotrophic and heterotrophic nitrification process and
influence the community structure in s@@ao et al., 2013; Fierer et al., 2009; Zhang et al.,
201%; Liu et al., 20158). Heterotrophic nitrification was increased and dominant below 15°C,
and autotropie nitrification was dominant betweef5°C to 35 °C(Liu et al., 2018). The
effects of higher temperature on nirifig populations and nitrification are soil specfiitu et

al., 2016) Many experimental studies revealed that significant positive relationship of
temperature and nitrification, where elevated temperature increased the nitrification rates
(Grundmann et al., 1995; Larsen et al., 20Hgwever, somestudies found no relationship
between temperature and nitrification ra@aer et al., 2014; Niboyet al., 2011; Osborne et

al., 2016; Shaw & Harte, 20Q1A study in a geothermally warmed soils revealed that the
nitrification rates and immobilization of ammonium and nitrate were higher and increased with
the upsurge of the temperature in differentl $ayers (Tan et al., 2018)Additionally,
temperatureselects the specifiamoA lineages of ammonia oxidizers and influence their

biogeographical patterrfglawi et al., 2009; Cao et al., 2013; Fierer et al., 2009)
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1.4.4 Soil pH

Soil pH is anotablesignificant factor for microbial activities and biogeochemical processes
like soil nitrification(Jiang et al., 2015; Li et al., 2020; Paul & Clark, 1989; Wang, et al., 2019)
Soil pH regulates the chemical form of substrathsjrtconcentration and availability for
nitrification and affect the nitrifier cell growth and functi@emmitt et al., 2006Jiang et al.,
2015) Ammonia is the substrate of ammonia oxidizers and its ctratiem exponentially
decreases with declining pH through the ionization ot MHNH4" (Allison & Prosser, 1993;
Burton & Prosser, 2001Hence, AOA and AOB function and distribution are influenced by
soil pH (Avrahami & Conrad, 2003; Nicol et al., 2008yhere differential dominance of
archaeal ad bacterialamoA genes have been observed in acidic and alkaline soil pH
respectively(He et al., 2007Shen et al., 2008)n complex soil environments, functionality of
ammonia oxidizer communities are greatly affected by soil pH wherBaaition tends to be
driven by AOB in alkaline Nich agricultural soils(Di et al., 2009; Shi et al., 2019; Jia &
Conrad, 2009; Cao, et al., 201%hereas AOA are the functionally dominate ammonia
oxidizers in acidic and lowmutrient agricultural soil§Erguder et al., 2009; Sun et al., 2019;

Wesséret al., 2011; Li, et al., 2018)

1.4.5 Presence of Plants

Soil biogeochemical processare interdependent on plants as soil formation occurs through
the function of plantJenny, 1941)Plants can influence the soil structure, biological activity
and aeration by their root grow(Bertin et al., 2003)They also determine the rhizosphere
chemicalcomposition by supplying nutrient through rhizodeposition, which is the vital carbon
sources tdfuel microbial growth and activity in so{Hirsch et al., 2013; Nguyen, 2003;
Philippot et al., 2013)For example, plant supply a large proportion of their photosynthetic
products into the rhizosphe(guzyakov & Domanski, 2000and surrounding so{lJones et

al., 2009) in return, rhizosphere microbes support plant growth by supplying nutrients and
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phytohormonegqBreidenbach et al., 2016Pant can also directly impede a soil process
through rhizodepositigrfor example, the plant root release of BNIs into the rhizosphere soil
can selectively affect the nitrifyingioroorganisms and inhibit nitrification process but have
no effect on othemajor soil microbeg¢Gopalakrishnan et al., 2009imilarly, rice plants play

a significant role in controlling microbial nitrification by root exudaBidis to the rhizosphere

soil ard impede the function of AMO enzyme, and inhibit the ammonium oxidation process

(Sun et al., 2016; Tanaka et al., 2p10

1.5 I dentifying plantds genetic | inkac
It is important to understand and exploit the natural genetic variability of crop species in order
to develop improved crop varietiashich will meet food demand as well as improve
environmental sustainabilityGovindaraj et al., 2015; Parmar et al., 20IN9ow-a-days, the
diversity of plant genetic resmes (PGR) offers scope for the development of new and
improved plant variety with desirable characteris{idalewood et al., 2018; Byrne et ,al.
2018) Identification of alleles using association mapping is a powerful approach for the
unveiling the complex agronomic traits, which can offer a very competedt effective
technique to dissetthe genetic regions that contain candidate geneateatify a new gene as

well as provides great opportunity for crop improven{guishwaha et al., 201.7Most widely

used approaches for identifying the genetic basis of phenotypic trait of interestraeptiiag

of quantitative trait locus (QTL)and genome wide association studfGWAS)

(Balasubramanian et al., 2009; Brotman et al., 2011; Dob6n edal) 2

Quantitative trait locus (QTL) mapping istiaditional means to study the genetic basis of
complex quantitative traits in planfgan etal., 201H). QTL analysis uses statistical methods
to link phenotypic data (trait quantity measurement) and genotypic data (typically molecular

genomic markers) to elucidate the genetic basis of the multifaceted(Médés & Wayne,
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2008) However, it offers researchers low resolution with a high statistical power for
identifying a QTL and the main drdack of it is that it offers traitassd at ed genes
point to theprecise genomic loci i.esjngle nucleotide polymorphis(®NP). TheSNPis the
unit of genetic difference which is a single basé deviation in the DNA sequenead

present aa high densityin the organisms genong€onsortium, 2010)

Another powerful approach is tlienomewide association study (GWAS)hich is used to
unveil complex traits by using the naturally existing genetic dive{Gafi et al., 2019; Korte

& Farlow, 2013) GWAS approach offers higher mapping resolution compared to the other
conventional techniques e.g., QTL analy€lsi et al., 2017; Liu et al., 20&6Xu et al., 2017)
GWAS mapping is widely used as a promising method for dissecting out the novel loci
associated with complex phenotypic trafisushwaha et al., 2017and involves the
determination of the population composition of a diversity panel to measureeioenig
linkage ofthe individuals (Korte & Farlow, 2013; Sul et al., 20166WAS depends on the
large number oENP markers which are required for estimation of genetic diversity in the
genome and linking genetic variantsthe phenotypic trait of interegtPavan et al., 2020;
Taranto et al., 2018 SNPs can have functional significances through amino acid changes
including alteration in mMRNA transcript stability and variation in the binding affinity of
transcription factorqGriffith et al., 2008)and facilitate identification of the differences

between closely rated genotypes at a high resolut{@ali et al., 2019)

Formerly, QTL mapping was the popular method, but recently GWAS is becoming a more
promising method for unveil multifaceted tra{tShan et al., 2010; Chan et al., 201Q)TL

method contain numerous connected genes, which are difficult to separate, but GWAS yields
many unconnected distinct genes or even nucleotides used for the orgafiies& Wayne,

2008) More importantly, QTL mapping is ontestricted to a number of recombination which

happened witin families and lineages, but GWAS map the recombination occurred over
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thousands of generatioffghu et al., 2008; Kushwaha et al., 201GWAS have the main
benefits of increasethgoping resolution, time efficiencgnd larger allele numbers over the
conventional QTL mappingAbdurakhmonov & Abdukarimov, 2008; Juan et al., 2019;
Shrestha et al., 201%lowever, the key limitation of GAS involves the requirement lafrger
sample size anduge amount of gen&t data to identify the trait of interest and it is only

possible with the organisms which has enriched genomic resqiaes & Farlow, 2013)

Genetically exploring unique attribute like biological nitrification inhibition (BNI) trait through
molecular and biotechnolagal approaches can facilitate the improvement ofetffieient
nitrogenusing cropgZhanget al., 2021) Furthermore, BNI is a relatively new concept in
agricultural systems for which GWAS will be
genetic linkage with it and understanding the genes associated withiti@avindaraj et al.,

2015; Ronald, 2011)

1.6 Aim and objectives of the thesis

The main aim of the thesistis better understarttie differencesinitrification rate amonghe
different rice cultivar grown soiland enlightenthe interaction between physicochemical,
microbial and plant genetic factors associated with the observed differdtlees. and
microbes interact with each other and influence the soil nitrificdarschner et al., 2001;
Matilla et al., 2010; Paterson &t, 2007; Walker et al., 20D4Soil nitrification isaffected by
pl antdés root exudated i nhi binhitthe soit mtmyng unds |
microorganisms and inhibit nitrificatioprocess(Subbarao et al2006a, b, 200%¢, 2009a
Ishikawa et al., 2003; Lata et al., 2004lescibed in section 1.3.2.2). Aough BNI is an
important issue for sustainable agricultimg there is currently little understanding thfe
effectsof the root exudated BNin the soil microbial communities. The BNI related majority

of research has been carried fautthe relatively minor crops e.@rachiaria humidicolabut
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a very little research investigated BNI in agriculturally important crops such as rice. To date
limited studies have worked on the identification and characterization of different BNI
compound from rice cultivar¢Sun et al., 2016; Tanaka et al., 2040)l investigated the biot

and abiotidactors stimulatinghe release of BNI compoun¢ighang et al., 2019. However,

no genetic and molecular approaches have used yet to identify theagghtfeeir respective
functionlinked with BNI trait. Thus, it is important to unveil how plants stimulbatevariation

in soil nitrification, what gene or gene clusterare associatedwith the trait, how
physicochemicalmicrobial and genetidactors interact teeach other tarive nitrification
variation inthe soil supporting the growth of different rice ietres.BNI can affect microbial
growth and function in paddy soil and the opposite can also be true where microbial community
can affectthe rice rootBNI production(Zhang et al., 20k9. Knowledge ofthis complex
interaction may also heljp advance theurrentunderstandingndwill open a door to a new

field of research for the development of higher NUE rice varieties aneniltoifying
agronomic practiceas well aspotentially driving the generation of eebiendly paddy

cultivation systems.

This thesis willprovide an insight of the interaction dfe rice cultivars with paddy soil
nitrification, soil microbial community, and genetic basis of plant inhibitionitification as
well as shed light on the prospective mechanisms of their interaklémce, the objectives of

the thesis chapters were:

Chapter 2: The main objective of the chapter was to understand whether rice cultivars varies

in their BNI capabilityand to assess if this related to soil factors.

Chapter 3: The key purpose of the chapter was to find out the relationship of ammonia oxidizer
gene copy count with the paddy soil nitrification as well as to find the influence of rieées
on the ammora oxidizer population
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Chapter 4: The main objective was to identify the rice genomic markeked tothe BNI
exudationand low nitrification rate and dissecting them to find out the genes of interest

responsible for the trait.

Chapter 5: The key goal bchapter was to compare between various nitrification assessment
methodby a metaanalysis approach to ass#iss relationship between and within each of the

differentnitrification methods and identify the influential factors affecting them.

Chapter 6: The main purpose of the chapter was to summarize the main research findings of
the above mentioned chapters both separately and in combination as well as suggesting

potential future work that would be needed to better understand or improve the currecihresea
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1.7 Thesis structure and research questions
Presentingthe thesis structurdy outlining the above mentioned six chapters, their

interconnectivityandthe main research quests of each chapterifftire 1.4.

Title of the ThesisUnderstanding the Interaction of Ricé&fyza Sativd..) with Soil Nitrification and
Microbial Community in Paddy Soil

§

Chapter 1: General introduction and literature review

Q1:Does rice cultivar influence Q2:How different rice Q3: DoesGWAS for rice Q4:Does anycorrelation
the nitrification rates in paddy cultivars influence the genome identify the existsbetween different
soil? ammoniaoxidizing significant single nucleotide nitrification determination
populationin paddy sof? polymorp_hism (SNPs) etk are i GEEh o
markers linked tdNI
- : the method?
‘ activity/low soil
Charer 2: Screening of Rice Cultivarg Using nitrification trait?
15N Pool DilutionTechnigues to Determine the
Variation in Soil Nitrification Rates in Paddy So Chapter5: A MetaAnalysis and
Systematic Review of the Key Issues
l Affecting theVariability of Soil
Chapter 3Understanding the Dynamics of Ammonia Nitrification Rates: Rice Cultivation
Oxidizer Population for Nitrification Variation in Paddy So System as a Case Study

Chapter 4: Genome wide assaociation study (GWAS) fo
, Identification of Rice Genetic Markers and Associated Ger
Linked to BNI and Low Nitrifition Rate in Paddy Soll

Chapter 6:General Discussion

Figure 1.4: lllustration of the thesis chapters and the interconnectivity between them along with the main research
guestions, where main thesis titlaspresented in light grey coloured box, research questions were shown in light
orange coloured boxes@each thesis chapter was shown in light blue coloured boxes.
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Chapter 2: Screening of RiceCultivars by Using *°N
Pool Dilution Techniques to Determine the Variation
of Soll Nitrification Rates in Paddy Soll

2.1 Introduction

Nitrification is vital microbial processvhich is considered as one of the key pathways of
nitrogen loss from natural and managed agricultural sys(8uisbarao et al2013; Giles,
2005; Glass, 2003; Gopalakrishnan et al., 2007; Raun & Johnson, 1999; Sun et al., 2016;
Tanaka et al., 2010(Described in general introduction section 1.2). Soil nitrification is
markedly impacted by the presence of plants and signifjcaaties between plant species
through their root interaction with soil nitrifying microbial communitiBswatte etal., 2013;
Hawkes et al., 200%.ata et al., 2004; Osanai et al., 2012ants uses a variety of meclsmns

to influence soil nitrificationprocessand the mairmechanismsare: 1) plants secrete the
inhibitors of enzymes involved in the process, known as biological nitrification inhibitors
(BNIs) (Described in section 1.3.2); 2) plants compete and useitt@ranonium and hence
diminish substrate needed fibve activity of soil nitrifiers(Subbarao et al., 2015, 2007and

3) plants alter the soil condition Inyodifying the soil moiture, aeration and pH whidhrther
markedly affect théunctionalmicrobial community and their nitrification activifgubbarao

et al.,, 2006; Sahrawat, 2008)in like manner, rice plants have been reportetiaee root
exuded BNI compound$un et al., 2016; Tanaka et al., 2QKdbstrate competitiqiti et al.,
2007, 2008)and ability to alter thesoil condition to significantly impact the paddy soil

nitrification (Ghosh & Kashyap, 2003; Li & Wang, 2013)

Some studies have worked on the identification and characterizatii¥l @lompounds from
rice plants and showed their effects oil mdrification. Tanaka et al. (2010) investigatd€

rice genotypes using Yoshida culture solution and collected the root exwdaiteds showed
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differences in BNI activity among different ri¢es where upland traditional varieties had
higher BNI activity compared to the moddowland varieties. Sun et #2016) studied 19 rice
genotypes using Kimura B nutrient solution to identify and characterize BNI compounds from
therice root exudates. They found i¢@canediol fromheroot exudates and concluded them

as the BNI compounds released from rice rootsadoel toblock bacteriabmoAfunction and
inhibit nitrification. All these studies were performed usiitfosomonas europwhich is

the most widely used representative of all soil ammonia oxidizing bacteria (AOB)elgdre

less abundant bacterial species in upland as well as in paddy stfstesfore using them for
suchassay is not very convenigiitu et al., 2015; Habteselassie et al., 2013; Hualying Yao et

al., 2013; lizumi et al., 1998; Padréao et al., 2019)

Additionally, Li et al. (2007 andLi et al. (2008 studiedindicaandJaponicarice varieties and
revealed that rice varieties are significantly linked with nitrogen nutrition wherinthea
varieties extracted nitrate more efficiently thkponicalines and resulted in higher yields as
well ashadsignificant contributionto the rhizosphersoil nitrification. The high yields of
Indica varieties were associated with their ability of exploiting nitrate as a N source when
nitrate was present in abundantbey also showed thaigherrhizosphere nitfication than
theroot surfacesoil dueto therice root uptake of ammonium causes a decline in root surface
associated soil pH and affect nitrification activijurthermoreLi & Wang (2013) showed

that riceradial @ loss ROL) is an indicator of the biological importance of the rhizosphere
oxidised zone formation and high yielding rice cultivars had greater ROL compared to low
yielding rice cultivars.Whereas,Ghosh & Kashyap2003) investgated threelndica rice
varieties and revealed that rice cultivars can alter soil conditions and induce variations in the
rate of nitrification. Rice has variable aerenchyma tissue differentiaharh causes variation

in radial Q supply andirive varidion in the aerobic environments as well as causes differences

Page26 of 218



Chapter2

in ammonia oxidizer population size in respeetsoils of each rice cultivars and hence,

differences in the soil nitrification activity.

The knowl ed g ente@dtionwith miteficatdn wanaticesong with soil microbial

and plant genetic factors paddy rice environment is still fragmentary and no studies so far
investigated large number of rice varieties to accurately assess the variable effect of them on
soil nitrification rateand theassociatedice gene/gene clusters driving the variation. It is also
unclear which mechanisrof the plant driven variation in soil nitrification processes is
dominant, for example, if changes in nitrification rates are due to the root BNI exuttdtio

the rhizosphere soil or by physicochemical and microbial factors or an interaction between
these effects. Thus, to better understand the links between plant genescd aitidfication

we designed a screening study assessing a wide range of lowland rice cultivars from different
low land Asian countries to determine differences in paddy soil nitrification activity and a
second screening experiment to the confirm findingthef ' experiment. The aim of our
research was to unveil the underlying factors and their interaction for the nitrification

differences in different rice variety cultivated soil.

Research Hypotheses
1 Rice cultivars will have significant effect on the pgdbil nitrification rateswhere
rhizosphere compartment nitrification will be higher compared tdk bsoil
compartment.
1 Soil nitrate, ammonium, pH and rice shoot, root and total biomass will significantly

vary across the rice cultivars.
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2.2. Method andmaterials

2.2.1 Paddy soil and rice genotypes

Paddy soil for microcosm establishment was collected from the International Rice Research
Il nstitute (I RRI') far m, in Los Bafo®elRAEhiliprg
farm paddy fieldvas under the standard agronomic practice with urea fertilization and a typical
rice-rice crop rotation. The site has a tropical monsoon climate with a yearly precipitation of
1860.8 mm andwerage yearly temperature of°26 The paddy soils basic properties were as
follows: clay 21.5 %, NW-N 35 mg kg, NOs-N 1.5 mg kg' and pH was 6.5. Our
investigation was carried by two screening experimewitere thefirst screening was
performed with 56 different lowland ric®(yza satval.) varieties an@&xperiment was carried

out betweerpril to August, 2018List shown in appendixable A.1) Theserice cultivars

were selected due to the availability of their genetic information in IRRI database and direct
linkage with IRRI seed collection scheme for genome wide association studies (GT¥aS).

2" screening was performed with 24 rice varietidich wereselected from thetiscreening
(cultivars in bold font in the appendiable A.1) andhe experiment was carried out between
November, 2019February, 2020The 2 screeningice cultivars were selected based 6h 1
screening experiment nitrificatn resultsvith a selection of rice varieties from the top, middle

and low nitrification rates were included. Both screening experiments consisted of four
replicate blocks where each block had rice cultivars at both time 0 and 5 days for the proper

assessent of nitrification rate.

2.2.2 Microcosm design and plant growth

The same microcosm design was used for both experiments, where microcosms were made
with sealed bottom plastic pds.6 cm height x 5 cm diameter, Thermo Fisher Scientific,,UK)
generating a separate rhizosphere and bulk soil compartment (Figure 2.1A and Figure 2.2A).

This was achieved by first packing the rhizosphere compartmenplastic tube lined with
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35um nylon mesh barrier (Plastok, UK), followed by packing of the bulkcempartment

with the rhizosphere compartment in situ. Bulk density of the microcosm soil was 1.08 g cm
andthesesoil microcosms were kept flooded for seven days until seedling transfer. Rice seeds
were germinated by submerging the seeds with 15mbtér in a Petri dish and incubated for

71 8 days in a catrolled growth environment at12 h 26°C: 12 h, 24°C light: dark cy{@aine

et al.,, 2019) Germnated seedlings were transplanted in the centrehefrhizosphere
compartment of the soil microcosms. Both screening experiments were conducted in a
controlled environment in Arthur Willis Envi

1A 29 W) &b aotenperpature light: dark cycle of 12 h, 28°C: 12 h, 24°C, at 65% humidity.

Following standard agricultural practice rice cultivars were fertilised at two time points with
an even split of applied nutrient where the first fertilization was perforabétidays after
transplantation (DATith thenutrient solution mixture of NHNO3 (100 mg N /Kg dry soil);

P.Os (48.9 mg P/ Kg dry soil)rad KCI (43.4 mg K/ Kg dry soil). ie second fertilization was
performed at maximum tillering phase at 35 days aftansplantation (DAT) where
additionally the N fertiliser was 5%N enriched in nitrateGrowth stages of rice cultivars
were shown in figure 2.1B along with DAT ftine 15tand 2¢ fertilization. Both ' and 2¢
fertilization was carried out by injecting an even amount of nutrient into the four cardinal points
(2 ml in each point) in both the rhizosphere and bulk soil compartments (see fertilizer addition
points in figure 2.1A) with a total volume of 8fpbt An unplanted soil microcosm was

prepared and treated identically to the planted soil microcosms.
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A)
Fertilizer addition points
s Rice root
s Rhizosphere soil compartment
s |\/esh cloth to separate the compartments
e B |k soil compartment

2nd fertilization or >N enrichment

1% fertilization

N

DAT=7 days ; i
DAT=20 days Maximum tillering DAT=35 days

Figure 2.1: Diagram of theAj soil microcosm design showiripe rice root, rhizosphere compartment, bulk
compartment and nylon mesh separating both compartmentg alith four cardinal points for thiertilizer
application; B) showing the rice cultivar growth stages along thiglistand 2¢fertilization whererice cultivars

at DAT 7 was subjected tofertilization and rice cultivars from maximum tillering phage at DAT 35 was
subjected to 2 fertilization with 5%*°N enrichment.

2.2.3 Soil sampling and plant material collection

Time zerorice cultivarswere harvested immediately after the second fertilisation at 35 DAT
and the remaining cultivars were harvested after a further 5 days of incubation at 40 DAT. Saill
sampling was performed by separating the rhizosphere and bulk soil compartments from the
microcosm pot (Figure 2.2 B and C) and thsoil from each compartments wasixed
separately by hand for proper distribution'®™. Rice plants shoot and root was collected and
dried to a constant weight at 70°C for 48 hours for measurement of bidaragsnetric soll

moisture content was determined by drying fresh soil at 105°C for 48 hours.
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A) Soil microcosms

Rhizosphere compartmer
Mesh cloth

Bulk compartment

B) Bulk compartment soil C) Root structure and rhizosphere s

Figure2.2: Showing (A) the experimental soil microcosms comprised of rhizosphere and bulk soil compartment
which separated by mesh cloth; (B) harvested soil sample from bulk compartment which was separated from the
rhizosphere compartment soil after it was takat) (C) rhizosphere soil compartment along with root structure
surrounding the rhizosphere soil after soil sampling.

2.2.4 Soil chemical analyses

Soil pH was determined by adding soil to 0.1 M GaGlution(calcium chloride) at a ratio of

1:5 (soil: Cad) in 50ml falcon tube (Thermo Fisher Scientific, UK). Tube was capped tightly
and soil suspension was vigorously shaken over 10 minutes to ensure proper mixing of soil.
Soil mixturewaskept standing for 1Bninutes to stabilize the pH of the soil suspension and
then measured by a pH meter (JENWAY, GCBermer Ltd, UK). Soil inorganic nitrogen
content and gross nitrification rates was determined after separately extracting the bulk and
rhizosphere soils by ugy 2M KCI. Briefly, soil was suspended in 2M KCI solution at a ratio

1:4 followed by shaking at 180rpm for an hour (230VAC Incubated Shaker, Korea). Soil
extracts were then filtered (using Whatman no. 42 filter paper, 110mm, UK) and the filtrate
was usedfor the analysis of soil N&N (section 2.2.4.1and NH-N (section 2.2.4.2)and

nitrate pool dilution assay to ass#$ssoil gross nitrification rates (section 2.2.4.3).
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2.2.4.1 Soil nitrate content analysis

Soil nitrate assessment wasrfprmed based on the principle of the reduction of nitrate by
vanadium(lll) and acidic Griess reactigMiranda et al. 2001) The original assay was
modified to microplate format and volumes was adjusted proportionally. Briefly, a vanadium
cocktail solution was made with VE&(SigmaAldrich, USA), 2% sulphanilamide solution
(SULF) (SigmaAldrich, USA) and 0.1%N-(1-Naphthyl) ethylene diamine -diydrochloride
(NEDD) (SigmaAldrich, USA). Nitrate solution betweeri 0.6 mM was prepared with 2M

KCI as solvent for the standard curve. Soil extracts and standards (100ul) were mixed with the
vanadium cocktail (100pl) o a 96well, flat-bottomed, polystyrene microliter plate (Corning,
USA) and incubated for 2 hours at room temperature. Absorbancéerameasured at 540

nm using Tecan Spark 10M plate reader (Te&avitzerland).

2.2.4.2 Soil ammonium content analysis

The soilNH4-N concentration was determined by colorimetric analysis method relying on the
ammonium ion reaction with weakly alkaline mixture of sodium salicylate and hypochlorite in
the presence of sodium nitroprussi@aethgen & Alley, 1989)The assay was amended to
microplate format where volumes adjusted proportionally. Briefly, a salicylate cocktail
solution was made with sodium salicylate (Sighidrich, USA), (tri)sodium citrate (Sigma
Aldrich, USA), sodium tartrate (Sigm@ldrich, USA), sodium nitroprusside (Sigraldrich,

USA) and hypochlorite/NaOH solution (Sigrddrich, USA). Ammonium solution between
0-1.2 mM was made with 2M KCI as solvent tbestandard curve. Soil extracts and standards
(40ul) along with the salicylate cocktaiblution (80ul) and hypochlorite (80pul) were mixed in

a 96well, flat-bottomed, polystyrene microliter plate (Corning, USA) and incubated at room
temperature for 45 minutes. The almorce was measured at 650 nm in Tecan Spark 10M

plate reader (Tecaswitzerland).
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2.2.4.3 Soil gross nitrification rate determination

Soil gross nitrification rate (GNR) wameasuredoy a modified*>N nitrate pool dilution
methodof Brooks et al., (1989) and Yang et al., (200is method allows estimation of
nitrification ratesdiscounting for losses of the product nitrate through other processes such as

plant uptake, denitrificatioandleaching.

In brief, 25ml ofKCI extract from samples was placedigas leak proof 60 ml plastic bottles
(VWR International, UK) and a besyringe needle was attached in the lid using blue tack to
hold a 6mm glass fibre filter disk (Whatman, GF/A, 6mm, UK) spiked with KHZG®M)
(SigmaAldrich, USA). The pH of the content was increased to ~10 by adding 0.3 g anhydrous
MgO (SigmaAldrich, USA) into the bottles followed by immediate closure of the bottle lid to
prevent loss of volatilised ammonium. The bottles were incubated for 7 days with gentle mixing
for3 times over the di ff @smooiadiffpsedilteraisks weAf t er

removed and placed in tin capsules (Sercon, UK).

After the ammonia diffusionfwo new KHSQ treated filter discs were added using a new
needle and blue tadkr the nitrate diffusion. Theanhydrous MgQ0.05g) (Sigm&Aldrich,
USA) andD e v a r d a(0.2859 éigrhadldrich, USA) wasadded into the sample bottles
along withfew drops of Brij 35 solution (to prevent bubble fatwn) (Thermo Scientific,
USA).HereDevar dads alsltooNHs" andamhydraus MgO iKdPeases the solution
pH which hel to the releasof the ammonia vapour which weegptured by the acidified filter
disk. Samples were incubated for another 7 days with occasional naimahigottles were
immediately closed as before Af t er e thehitraieffilte7disks avgresrénved, placed

in tin cups (Sercon, UK), then dried at°@0for 2 hours and stored in a desiccator prior to

analysis.
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The analysis of°N atom % of thenitratefilters was performed by continuougslow ANCA

GSL 20620 lon Ratio Mass Spectrometer (Sercon HRopa, Cheshire, UK) at the Stable
Isotope Facility at the University of Sheffield. This instrument is an elemental analyser
interfaced with an isotope ratio mass spectrometer and capable of analysing a wide range of
methods. The gross nitrification rat@s calculated using the atom % ratio accordingaiog

et al, (2007equation 1 which is an adjusted equation from Kirkham and Bartholomew (1954).

GNR= ({[NO3]o-[NO#75}/5) x (log {APEd APEs)}/log{[NOs]o/ [NOs]s} é é 6 6 é ( 1)
Where,GNR= gross nitrification rate (mg of N Kgsoil day?)

APE= The atom%#°N enrichment of a nitrate pool enriched wiiN minus the atom%°N
enrichment of b ad gbundancedvhioh was 0.8663zatortid. a | 0 0
APE o= The atom%°N excess of nitrate pool at time 0.

APE s = The atom%°N excess of nitrate pool at time 5.

[NOs “Jo= Nitrate concentration (mg N Kg at timeO;

[NOs-]s = Nitrate concentration (mg N Kg at time5.

2.2.5Statistical analyses

All Statistical analyses were performed by R studio version 4R.2oreTeam, 2015{R

studio, USA), except correlation matrix and principal component analysis which were carried
out by GraphPad Prism Version 8.4.2 (GraphPad Prism Software Inc., San Diego, California,
USA). All the figures in this study were made using GRgd Prism Version 8.4.2 (GraphPad
Prism Software Inc., San Diego, California, USA). The residuals were checked for normality
and homogeneity of variance Bhapiro Wilk test andlevene's test respectively, where the
residuals did not fulfil the assumptiai normality or showed heteroscedasticityen data

were transformedby applyinga log or square root transformation. The analysis of variance

(ANOVA) models of the data were assessed for significant block effect, when analysis
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identified block effect tan ANCOVA (analysis of covariance) was performed by using block

as a cevariate, but when there was no block effect then ANOVA was performed. Data from
the first and second screening were analysed separately for each response variable e.g.,
nitrification rate, ammonium, nitrate content, soil pH by tway ANCOVA or ANOVA,

except plant above (shoot), below (root) and total biomass data for which one way ANCOVA
was used as rice cultivars were grown only
significant differences (LSD) test was preformed to check for quantitative differences between
rice cultivars for each response variable with p<0.05 considered statistically significant and
shown in the respective figures. To assess and understand the relagonshgthe response
variables of 1 and 29 screening experiment, correlation matrix and principal component
analysigPCA)was performed separately for each experimdonteover, omparison between

the two screening experiments using the common rice cultivar was performed to assess the
variability between them by thraeay ANCOVA for all the above mentioned response
variables except rice shoot, root and total biomass for which avtwcANCOVA was used

due to the involvement of only one compartment for rice growth (mentioned albtare).

Fi sher 6s Intedifferénces (LIPh test wasegiormed to check for quantitative
differences between the experiments and compartmengsébr ofthe response variable and

p<0.05 was considered statistically significant which shown in each of the respective figures.
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2.3 Results

2.3.1 Effect of rice cultivar and compartment

2.3.1.1 8reening experimentl

To assess the variation between rice cultivar and compartment, one or two way ANCOVA
analysis was usedue to the significant effect of block (p<0.001) on the response variables
(nitrification rate, nitrate concentration, ammonium concentration, soil péhtshiomass,
below ground root biomass and total biomaglsgreblock considered asco-variate for the

ANCOVA analysis(Table 2.3.1).

2.3.1.1.1Soll nitrification rate

The two way ANCOVA for square root trsfiormed nitrification rateevealed thaboth rice
cultivar and growth compartment had significant effect on the rates in this experimgnt (F
285) = 2.76, p<0.001 and [ 285 = 48.07, p<0.001 respectively) (Figure 2.3A and 2.3B
respectively) with a significant interaction between theseofactF(ss,2s5 = 1.69, p<0.01)
(Figure 2.3C) (Table 2.3.1). Nitrification rate in soil was varied by almasté&sbetween the

rice lines where highest nitrification rate associated rice cultivar was IRGC-13N®. 464)
(original nontransformed mea& SEM: 12.15+ 5.9 mg N/Kg dry soil/day) and lowest
nitrification rate associated cultivar was IRGC 29@0¢NO. 403) (original nottransformed
mean & SEM: 4.1+ 0.4 mg N/Kg dry soil/day). Average rhizosphere compartment soil
nitrification was almost 1.3riies lower (original notransformed mean & SEM: 7.69 + 0.27)
compared to the bulk soil compartment nitrification rate (originattn@nsformed mean &
SEM: 10.14 +0.26). The interaction plot showed that the bulk soil nitrification was higher for
most of tle rice cultivars excephe cultivarlRGC 8741 (NO. 83), IRGC 7884 (NO. 87),
IRGC 716121 (NO. 126), IRGC 71646(NO. 157), IRGC 107021 (NO. 235) and IRGC

143731 (NO. 495), which causes the interaction to be significant.
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Figure 2.3: (A) Modelled mean + SEM from the two way ANCOVAtled SQRT transformed nitrification rate

was used for plotting of the combined rhizosphere and bulk soil compartment nitrification rates in an order of low
to high rates against the riceltivars in the ¥ screening experimenthere n=4 for each compartmentiérice
cultivars. Fisher's least significant difference (LSD) was calculatdtidalifferences of nitrification rate between

the rice cultivars at a significant level of p<0d shown as a filled bar in the left top of the plB) Comparison

of rhizosphere and bulk soil compartmenitrification rates were made by using modelledam + SEM of
nitrification rate of the compartmentahere light grey colour showing thkizosphere compartment and dark
grey colour for the bulk soil compartmeifiisher's least significant difference (LSD) was denoted by different
letters at a significant level of p<0.0&tween the compartments; (Q)dving an interaction plot of rice civar
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and compartment where modelled mean = SEM (n=4) for rhizosphere (light green coloured bar) and bulk soil
compartment (light orange coloured bar) nitrification rate were presented against the rice cultivars in the same
order of plot 2.3A. Fisher's leasignificant difference (LSD) for nitrification rate between the rhizosphere and
bulk soil compartment was calculated at a significant level of p<0.05 and shown as a filled bar in the left top of
the plot

2.3.1.1.2 Soil nitrate concentration

ANCOVA of the log transformed soil nitrate estimates from the first screening experiment
showed that rice cultivar had a significant effect on soil nitrate concentratigyzdd= 2.30,
p<0.001) (Figure 2.4), but there was no growth compartment effectdf= 1.46, p=0.227)

or interaction (kss,301)= 0.08, p=0.527) (Table 2.3.1). Soil nitrate variation was more than 3.5
fold between the rice lines where IRGC 296D4NO. 403) was associated with the lowest
nitrate concentration (original naransformed raan & SEM: 5.85+ 1.15 mg/kg) and IRGC
1070211 (NO. 235) was linked to the highest nitrate concentration (originatraosformed

mean & SEM: 21.26.61mg/kg) in the ¥ screening experiment.

LSD= I

log (mg NO3-N/ kg dry soil)
N

NOs3-N concentration (1st screening)

0 -
SEP SRS APPSO IR SRR USRI R ARSI IRSERARNIAAAS
Rice cultivars

Figure 2.4: Modelled mean 8 from two way ANCOVAoof the log transformed nitrateontentused for
plotting of the combined rhizosphere and bulk soil compartménate contentagainst rice cultivars insl
screening experiment in an order of low to high nitrate content, wherean=ea€h compartment dffie rice

cultivars. Fisher's least significant difference (LSD) was calculated for differences of nitragetbetwveen the
rice cultivars at a significant level of p<0.05 and shown as a filled bar in the left top of the plot.
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2.3.1.1.3 Soil mmonium concentration

ANCOVA of log transformed soil ammonium concentration revealed no significant influence
of rice cultivar on them (kss, 279)= 1.055, p=0.379), however, growth compartment had a
significant effect on soil ammonium content{F79)= 50.04, p<0.001) (Figure 2.5) without
any significant interaction between the factorg{k79)= 0.769, p=0.878) (Table 2.3.1). Soil
ammoniumwas more than 1.5 times higher in bulk soil compartment (originatnaosformed
mean & SEM: 6.13 = 0.33 mg/kg) than the rhizosphere compartment (originttamsformed

mean & SEM: 3.87 + 0.34 mg/kg) in this experiment.

2.0- B Bulk compartment
Rhizosphere compartment

1.54
1.0

0.5

log (mg N-NH4/ kg dry soil)

0.0-

NHa4-N concentration (1st screening)

Figure 2.5: Compara of rhizosphere and bulk soil compartment ammonium concentration were made by using
the two way ANCOVA modelled mean + SEM ftine log transformed soil ammonium content of both
compartmentswhere light grey colour showing the rhizosphere compartmentiarkdgrey colour for the bulk

soil compartment-isher's least significant difference (LSD) veasculated for the ammonium content differences
between the compartments adénoted by different letters at a significant level of p<0.05 between the
compartnents.

2.3.1.1.4 Soil pH

The two way ANCOVA of soil pH revealed that both rice cultivar and growth compartment
both had significant effect on it (§5,301)= 1.58, p<0.001; k&, 301)= 5.70, p<0.01) (Figure 2.6),
with no significant interaction (fs, 301)= 0.768, p=0.881) (Table 2.3.1). The level of variation
between the rice lines reveakbet thenighest soil pH was found for rice cultivar IRGC 79507
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1 (NO.558) (original nottransformed mean & SEM: 6.82+ 0.07) and lowest soil pH was for

cultivar IRGC 14373l (NO. 495) (original nottransformed mean & SEM: 6.52+ 0.08) (Figure

2.6).
6.9
LSD-

2 6.8-
c
[}]
(]
o 6.71
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< 6.6
o
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6.4-

SAPRAPRRANS N SRR EHAARAS AR MRS BL AR RASNS
Rice cultivars

Figure 2.6: Modelled mean + SEM from two way ANCOVA analysishefsoil pH was used forlptting the
combined rhizosphere and bulk scdmpartment soil pH against thiee cultivars in ¥ screening experiment
where n=4 for each compartmenttbérice cultivars. Fisher's least significant difference (LSD) was calculated
for differences of sbpH between the rice cultivars at a significant level of p<0.05 and shown as a filled bar in
the left top of the plot.

2.3.1.1.5 Plant Aove ground, below ground and total biomass

One way ANCOVA was performed for rice above ground biomass (dhootass), below
ground lomass (root biomass) artdtal biomasswhere all of them significantly varied
between the rice cultivaf§ (s 3s8)= 6.3, p<0.001, ks5357)= 5.13, p<0.001 & Fkz5,357)= 6.2,
p<0.001 respectively) (Table 2.3.1). Shoot biomasged by a factor of more than 3 between
the rice lineswvhere the highest shoot biomagas for the rice cultivar IRGC 4386R (NO.
265) (1.41 £ 0.08 g/plant) and lowest shoot biomass was for the cultivar IRGC-¥ 1845
157) (0.43+ 0.08 g/plant) (Figet 2.7A). Root biomass differ by 4.5 fold between the rice lines
where the highest root biomass was observed for thecuitiear IRGC 88551 (NO. 238)
(0.63 £ 0.06 g/plant) and lowest root biomass was for cultivar IRGC 71§ME®. 157) (0.4+

0.04 g/plat) (Figure 2.7B)Thetotal biomass varied by more than 3 times between the rice
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lines where the highest total biomass Wasd for the rice cultivalRGC 438621 (NO. 265)
(original nontransformed mean & SEM: 1.93+ 0.11 g/plant) and lowest total biomass was for
cultivar IRGC 71646l (NO. 157) (original noftransformed mean & SEM:0.57+ 0.1 g/plant)

(Figure 2.7C).
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Figure 2.7: One way ANCOVA modelled mean + SEM4) of the (A) above ground biomass (shoot biomass);
(B) below ground biomass (root biomass) and (C) total biomass was plotted against rice cultivars. Fisher's least
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significant difference (LSD) for shoaiot and total biomass was calculated for the rice cultivars at a significant
level of p<0.05 and shown as a filled bar in the left top of the plot.

Table 2.3.1:Showing he two-way ANCOVA results for the effect of rice cultivar acdmpartment on (A)
nitrification rates (mg N/Kg dry soil/Day), (B) NN concentration (mg/Kg dry soil), (C) NHN concentration
(mg/Kg dry soil), (D) Soil pHOne way ANCOVA analysis results for theffect of rice cultivaron (E) above

ground (shoot) bimass (F) below ground (root) biomass and (G) total Biomass fdf'tf@eening experiments.

Screening experiment 1

Block P <0.001 F(3, 285)= 73.10
(A) Nitrification rates Rice cultivar (R) p<0.001 Fss, 285~ 2.76
(Two way ANCOVA) Compartment (C) p <0.001 F, 2857 48.07

RxC p<0.01 F(55, 2851 1.69

Block P <0.001 F(3, 301)= 63.38
(B) Soil nitrate Rice cultivar (R) p <0.001 Fss, 30,7 2.30
concentration
(TWO way ANCOVA) Compartment (C) p=0.227 F, 3017 1.46

RxC P= 0.527 F(55, 301 0.08

Block P <0.001 F(3, 279)= 75.27
(C) Soil ammonium Rice cultivar (R) p=0.379 Fss, 2797 1.055
concentration
(Two way ANCOVA) Compartment (C) p<0.001  Fg, 2797 50.04

RxC pP= 0.878 F(55, 2795 0.769

Block p <0.001 Fe, 301)= 196.76
(D) Soil pH Rice cultivar (R) p <0.001 Fss, 30,7 1.58
(Two way ANCOVA)

Compartment (C) p <0.01 F, 30157 5.70

RxC ] =0.881 F(55, 301 0.768
(E) Plant shoot biomass  Block p <0.001 F(s,358)= 34.11
(One way ANCOVA)

Rice cultivar (R) p <0.001 Fss, 3587 6.3
(F) Plant root biomass Block p <0.001 F, 357y= 37.78
(One way ANCOVA)

Rice cultivar (R) p <0.001 Fss, 3577 5.13
(G) Plant total biomass Block P<0.001 | Fa, 357= 25.16
(One way ANCOVA)

Rice cultivar (R) P<0.001 | Fs, 357 6.2
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2.3.1.2 Screening experiment 2
A significant block effect was found for all the variables except nitrification rate in the second
screening experimenso where relevant one or two way ANCOVA and ANOVA was

performed to take account of the differences of the block effect (Table 2.3.2).

2.3.1.2.1Soll nitrification rate
Two-way ANOVA was applied othesquare root transformed nitrification rate whicbwsid
rice cultivar and growth compartment having a significant effect on nitrification rate:4b
= 2.80, p<0.001; k,142= 27.81, p<0.001 respectively) (Figure 2.8 A and B), but no significant
interaction was observed @& 142)= 0.852, p=0.659) (Table 2.3.2). Soil nitrification rate varied
by more than 2.5 times between the rice lines where the highest nitrificatianassdaice
cultivar was IRGC 31618 (NO. 342) (original noitransformed mean & SEM: 11.10+ 0.75
mg N/Kg dry soil/day) and lowest nitrification associated cultivar was IRGC 812R8D.
587) (original noriransformed mean & SEM: 4.17 + 0.58 mg N/Kg drif/day). Thepattern
of variation between the compartments was almost similar to that of thecteening
experiment where rhizosphere compartment soil nitrification was around 1.27 times lower
(original nontransformed mean & SEM: 6.81 = 0.25) than th@k soil compartment

nitrification rate (original nofiransformed mean & SEM: 8.68 +0.25) in tHéreening.
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Figure 2.8: A) Modelled mean + SEM from the two way ANCOV At SQRT transformed nitrificatin rate

was used for plottinghe combined rhizosphere and bulk soil compartment nitrification rates in an order of low
to high rates against the rice cultivansthe 29 screening experiment where n=4 for each compartment of rice
cultivars. Fisher's least significant difference (LSD) was calculated for differences of nitrification rate between
the rice cultivars at a significant level of p<0.05 and shown as a filled bz left top of the plot; (B) Comparison

of rhizosphere and bulk soil compartment nitrification rates were made by using modelled man + SEM of
nitrification rate of the compartmentahere light grey colour showing the rhizosphere compartment and dark
grey colour forthe bulk soil compartment-isher's least significant difference (LSD) was denoted by different
letters at a significant level of p<0.05 between the compartments

2.3.1.2.2 Soil itrate concentration
A two way ANCOVA for log transformed sailitrate content revealed that rice cultivar had a
significant effect on soil nitrate concentrationffiz9)= 2.31, p<0.01) (Figure 2.9), however,
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growth compartment had no effect ({(fz9)= 2.68, p=0.103) with no significant interaction
between ricecultivar and compartment (ks,139)= 0.59, p=0.924) (Table 2.3.2). Soil nitrate
concentration was varied by more than 2.5 times between the rice lines where the highest nitrate
was for rice cultivar IRGC 78799 (NO. 215) (original nottransformed mean &EM: 5.07

+ 0.91 mg NG-N/Kg dry soil) and lowest nitrate content was found for cultivar IRGIONO.

21) (original nortransformed mean & SEM: 1.83 £ 0.121 mgNWOKg dry soil).
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Figure 2.9: Modelled mean + SEM from the two way ANCO®Ahelog transformed nitrate concentration was
used for plotting of the combined rhizosphere and bulk soil compartment nitrate in an order of low to high
concentration against the rice cultivardlie 29 screening experiment where n=4 for each compartment of rice
cultivars. Fisher's least significant difference (LSD) was calculated for differensed pitrate contertbetween

the rice cultivars at a significant level of p<0.05 and shown aked filar in the left top of the plot.

2.3.1.2.3 Soil mmonium concentration

Two way ANCOVA on the log transformed ammonium concentration estimates showed that
rice cultivar and growth compartment both had significant effegh (bo)= 2.54,p<0.0001

and F (1,100) = 38.49, p<0.0001 respectively) (Figure 2.10 A caB), but no significant
interaction between the factors4ti00)= 0.74,p=0.789) (Table 2.3.2). Soil ammonium content
varied by a factor of more than 5 between the rice lines withigireest ammonium content
was found for rice cultivar IRGC 82688(NO. 196) (original noftransformed mean & SEM:

18.03+ 2.81 mg NG-N/Kg dry soil) and lowest ammonium content was found for rice cultivar
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IRGC 438621 (NO. 265) (original nottransformed man & SEM: 3.16 1.86 mg NG-N/Kg
dry soil). The average ammonium contenth@arhizosphere compartment was 1.26 fold less
(original nontransformed mean & SEM: 6.8 £ 0.27) than the mdikt compartment (original

norttrangormed mean & SEM: 8.6 +0.27).
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Figure 2.10: (A) Modelled mean + SEM from the two way ANCOVA of the log transformed ammonidemton

was used for plotting of the combined rhizosphere and bulk soil comparamembniumin an order of low to

high concentration against the rice cultivars in tfes@reening experimenvhere n=4 for each compartment of

rice cultivars. Fisher's least significant difference (LSD) was calculated for differene@snoénium cotent
between the rice cultivars at a significant level of p<0.05 and shown as a filled bar in the left toplatf {8 p
Comparison of rhizosphere and bulk soil compartment ammonium concentration with the above mentioned
modelled mean of both compartmentgere light grey colour showing the rhizosphere compartment and dark
grey colour for the bulk soil compartmeifiisher's least significant difference (LSD) was denoted by different
letters at a significant level of p<0.05 between the compartments.
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2.3.1.2.4 Soil pH

Our analysis showed that rice cultivar had a significant effect on soil pH iftlser@ening
experiments (ks 138= 1.66, p<0.05) (Figure 2.1,1Hut growth compartment had no effect (F
@.138)= 1.266, p=0.262) as well as no significant interaction between these faciarsdE
0.763 p=0.770) (Table 2.3.2). Moreover, soil pH was signifigatifferent between the rice
lines with highest soil pH for rice cultivar IRGC 31618NO. 342) (6.0& 0.06) and lowest

soil pH was for cultivar IRGEC1 (NO. 21) (5.8% 0.08).

éHHHHHHHHHHHH

NN o N> N © © >
Vo2 P oS Yo S (OB PP PP D P PR PP PP

Rice cultivars

Figure 2.11: Two way ANCOVA ofhe soil pH revealednodelled mean + SEM of rhizosphere and bulk soil
compartment was plotted against rice cultivars"hs2reening experimenmwvhere n=4 for each compartment of
rice cultivars. Fisher's least significant difference (LSD) was calculated for differencelspdi seitween the rice
cultivars at a significant level of p<0.05 and shown as a filled bar in the left top side of the plot.

2.3.1.2.5Plant above ground, below ground and total biomass

One way ANCOVA of the plant above ground (shoot bishaselow groud (root biomass)

and total biomasshowed that they vary significantly across the rice cultivagg {53)= 8.79,
p<0.001; R23,161)= 3.18, p<0.001 & k23,163)= 4.48, p<0.001) (Table 2.3.2). The shoot biomass
varied by a factor of 1.5 fold between the rice lines with the highest shoot biomass thas for
rice cultivar IRGC 316148 (NO. 342) (1.12 + 0.037 g/plant) and lowest shoot biomass was

Page47 of 218



Chapter2

found for rice culvar IRGC 826881 (NO. 196) (0.75+ 0.037 g/plant) (Figure 2.12A). Rice

root biomass was found to differ between the rice lines by more than 3 times where the highest
root biomass was found for rice cultivar IRGC 787@NO. 219) (0.47 + 0.042 g/plant) and
lowest root biomass for rice cultivar IRGC 576D@NO. 261) (0.15+ 0.042 g/plant) (Figure
2.12B). There was also differendestween the rice cultivars footal biomass by a factor of

more than 1.5 fold between the rice lines where the highest totaabsowas observed for rice
cultivar IRGC 78776l (NO. 219) (1.52 £ 0.07 g/plant) and lowest biomass for rice cultivar

IRGC 576001 (NO. 261) (0.95+ 0.07 g/plant) (Figure 2.12C).
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Figure 2.12: One way ANCOVA modelled mean + SEM4) of 2"¢ screening ofhe (A) above ground biomass
(shoot biomass); (B) below ground biomass (root bionsass) C)total biomass was plotted against rice cultivars.
Fisher's least significant differen¢eSD) was calculated for the shoot, root and total biomass between the rice
cultivars at a significant level of p<0.05 and shown as a filled bar in the left top side of the plot.
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Table 2.3.2: Showing twavay ANOVA results for the effect of rice cultivané compartment on (A)itmification
rates (mg N/Kg dry soil/Day}wo-way ANCOVA results for the effect of rice cultivar and compartmen{B)n
NOs-N concentration (mg/Kg dry soil), (C) NN concentration (mg/Kg dry soil), (D) Soil pHOne way
ANCOVA analysis results for theffect of rice cultivaion (E) above ground (shoot) biomass (F) below ground
(root) biomass and (G) total Biomass fbe 29 screening experiment.

Screening experiment 2

Rice cultivar (R) p <0.001 F(23, 1427 2.80
(A) Nitrification rates
(TWO way ANOVA) Compartment (C) p <0.001 F(l, 142~ 27.81
RxC P= 0.659 F(zg, 142§ 0.852
Block P <0.001 F(3, 139)= 23.38
(B) Soil nitrate _ '
concentration Rice cultivar (R) p<0.01 Fes, 1307 2.31
(Two way ANCOVA)
Compartment (C) p =0.103 F(1, 1397 2.68
RxC pP= 0.924 F(23, 139 0.59
Block P <0.001 F(3, 100)= 10.93
(C) Soil ammonium _ '
concentration Ricecultivar (R) p <0.001 F(23, 1007 2.54
(Two way ANCOVA)
Compartment (C) p <0.001 F, 1007 38.49
RxC pP= 0.789 F(23, 100§~ 0.74
Block P <0.001 F(3, 138)= 8.04
(D) Soil pH _ .
(Two way ANCOVA)  Rice cultivar (R) p <0.05 F(23, 1387 1.66
Compartment (C) p=0.262 F, 1387 1.266
RxC pP= 0.770 F(23, 138 0.763
(E) Plant shoot Block p <0.001 F@, 163= 103.15
biomass _ .
(One way ANCOVA)  Rice cultivar (R) p <0.001 Fe3, 1637 8.79
(F) Plant root biomass Block p <0.001 F, 161y= 63.22
(One way ANCOVA)
Rice cultivar (R) p <0.001 Fs, 16157 3.18
(G) Plant total Block p <0.001 F, 163= 102.25
biomass _ _
(One way ANCOVA)  Rice cultivar (R) p <0.001 F2s, 1637 4.48

2.3.2 Correlation matrix analysis

2.3.2.1 Screening experiment 1

Spearman correlation matrix analysis was performed to the assess the relationships among the
above mentioned response variables (Figure 2.13A). Our results revealed significant strong
positive relationship of soil nitrification rate with nitrate, shooptrand total biomass (r =
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0.26, p<0.001; r = 0.26, p<0.001; r = 0.20, p<0.001 and r = 0.27, p<0.001 respectively),
whereas, no correlation of nitrification rate with ammonium content a was found (r = 0.01, p=
ns (0.86)). moreover, here was significant nagjive relationshipof soil pH with soil
nitrification rate, nitrate concentration, ammonium concentration, root biomass and total
biomass (r =0.18, p<0.001; r =0.18, p<0.001; r =0.31, p<0.001; r =0.34, p<0.001l and r =
-0.10, p<0.05respectively. Soil nitrate and ammoniumconcentrationhad no significant
association witrshoot biomassr (= -0.01, p= ns (0.7% and r =- 0.10, p=ns (0.12))root
biomass (r =0.02, p=ns (0.64and r = 0.14, p= ns (0.0%ndtotal biomassr(=-0.01, p= ns
(0.15)and r=0.02, p= ns (0.62) It was also observed that plant total biomass had very strong
significant positive association with shoot ambt biomass (r = 0.94, p<0.001; r = 0.79,
p<0.001 respectively), and also a positive relatietween shoot ahroot biomasgr = 0.56, p

<0.001).

2.3.2.2 Screening experiment 2

Here the application of Spearman correlation matrix analysis (Figure 2.13B) revealed a
significant positive relationships of soil nitrification rates and ammonium content (r = 0.16,
p<0.09, but negative significant association with soil nitrate content .25, p<0.05). Soll

pH was significantly negatively correlated with soil nitrate and ammonium concentration (r=
0.38, p<0.001 and r .25, p<0.001 respectivelyFurthermore,tiwas found that soil nitrate

and ammonium was significantly positively correlated to each other (r=0.42, p<Oloets.

was no relationship of solil nitrification, soil pH and soil nitrate content with shoot, root and
total biomass (Figure 2.13B), but ammaniwas significantly positively linked with shoot,

root and total biomass (r=0.15, p<0.05; r= 0.25, p<0.001 and r= 0.22, p< 0.01 respectively). As
same as the®screening experiment, plant total biomass had very strong significant positive

linkage with boh shoot and root biomass (r = 0.88, p<0.001; r = 0.87, p<0.001) and also a
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significant strong positive association between shoot and root biomass was found (r = 0.58, p

<0.001).
- o
= = 2 &5 E
[ = —= ©
A) Heat map < 2 g 2 = 3=
. . S ey P
1st screening experiment c 2 = 2 =T 3B
o = B e > s
b — (= (=]
3 ¥ x g § =
= £ E 3 S K]
s " © <+ = =] m
o o <3 - =
= = Z zZ o o -
o o [ [ = o o
(%] n P P n o [
1.0
Soil nitrification rate 00 -0.18 0.26 0.01 0.26 0.20 0.27
*kk *kk *kk *kk *kk
Soil pH| -0.18 Gl 018 | -0.31 | 0.03 | -0.34 | -0.10
Kk Kk Fkk *kk * 0.5
N-NO3 mg/Kg dry soil| 026 | -0.18 ol 007 | -0.01 | -0.02 | -0.01
*x% *kk
N-NH4 mg/Kg dry soil| 001 [ -031 | 0.07 GOl 010 | 014 | -0.02 - 40
*k%k
Shoot biomass (g)/ plant| 026 | 003 | -0.01 | -0.10 00 0.94
*kk
. - 4 -0.5
Root biomass (g)/ plant| 020 | -034 | -002 | 0.14 00 | 0.79
*kk *k%k
Total Biomass (g)/plant| 027 | -0.10 | -0.01 | -0.02 [EeES 0.79 00
*k%k *
-1.0
B) Heat map € y -
. . - < = c
21d screening experiment © = = 3 ) <
- o o ro¥ —
B st » = = £
c (= > 2 - >
2 2 & @ g o
= o o
8 £ £ g & =&
[ =] [=) S £ £
= £ £ S o 9
c T o = p o m
(@] I o - =
= = zZ Z o o -
(=} o 0 0 " — o o
[72] n Z P n o [

1.0

o
o
=)

Soil nitrification rate

Soil pH

N-NO3 mg/Kg dry soil

N-NH4 mg/Kg dry soil

Shoot biomass (g)/ plant

Root biomass (g)/ plant

Total Biomass (g)/plant

Figure 2.13: Heamap showinghecorrelaton matrix analysis for theoil nitrification rate, soil pH, concentran
of NOs-N mg/Kg dry soil, concentration dfiH4-N mg/Kg dry soil, shoot biomass, root biomass and total biomass
of the(A) 15tscreening experiment and (BY &creening experiment. Correlation coefficient (r) were shown by a
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range of colour as well as value presented for each respective variablerafichsice level was denoted as ***
for <0.001, ** for <0.01 and * for <0.05 level.

2.3.3 Principal Component Analysis (PCA)

2.3.3.1 Screening experiment 1

Principal component analysis (PCA) was performed using ANCOVA modelled means for
transformed solil nitrification rate, nitrate concentration, ammonium concentration, soil pH,
shoot, root and total biomass of rice cultivars to understand the patterns and orientation of all
the response variables captured in thesdreening experimenFigure 2.14A). The analysis
revealed the PCA loadings of the most influential variables and their relationship to each other.
The most influential variables were the ammonium content, nitrate content, soil nitrification
rates and soil pH. Solil nitrificatiorate was negatively associated with soil pH, but weakly
positively related to nitrate. Rice shoot, root and total biomass was strongly positively
associated with each other and had negative relation with soil nitrate and ammonium content.
The PC scoresfahe rice cultivars were found to be distributed almost equally over the

dimension one and two.

2.3.3.2 Screening experiment 2

A principal component analysis (PCA) using ANCOVA modelled means with the same input
factors was performed for thé“acreeningexperiment to reveal a summarized visualization

of the pattern and relationship of the variables (Figure 2.14B). The most influential variables
from the PCA loadings were ammonium, nitrate content, soil nitrification rates, soil pH and
total biomass. Heresoil nitrification rate was negatively related to nitrate, but weakly
positively related to soil pH and ammonium. Additionally, ammonium and nitrate were
negatively correlated with each other. There was a strong positive association among plant
shoot, rot and total biomass similarly as th&éexperiment. The distribution of the PC scores

of the rice cultivars were scattered over the dimension one and two.
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Figure 2.14: PCA Biplot made using ANCOVA modelled mean of the respective transformed data of soil
nitrification rate, soil pHNH4-N mg/Kg dry soil,NOs-N mg/Kg dry soil, shoot, root and plant total biomass of

(A) 1%t screening and (B)"2 screening experiment where loadings of response variable of the PCA had an
associated arrow with blue dot at the end and PC scores were shown as black and grey coloured dots for the 1

and 29screening experiment respectively.
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2.34 Comparison between first and second screening experiments

The F'and 29screening experiments were compared by thvag ANCOVAwherecommon
cultivars were usedto assess the effect of the screening experiment, rice cultivar and
compartment on the respse variables. Here block was considered asadate for the
ANCOVA analysis due to its significant effect on the response variables (p<0.001) (Table

2.3.3).

2.3.4.1 Soil nitrification rate between the screening experiments

The three way ANCOVA analysis for nitrification rate revealed that there was no significant
effect of screening experiment on it {Fess= 101, p=0.31), however, rice cultivar and soil
compartment had significant imgtaon nitrification rate (fzs, 264= 2.99, p<0.001; [g, 264=
40.01, p<0.001 respectively) as wellasignificant interaction between rice and experiment
was observedF (23, 264= 2.60, p<0.001) (Figure 2.15) (Table 2.3.3). The average rhizaspher
soil nitrification rates (original netransformed mean & SEM: 7.18 + 0.30) were almost 1.3
times lower than bulk soil nitrification rates (original Amansformed mean & SEM: 9.41 +
0.31). The majority of cultivars had higher nitrification rates inlfhexperiment compared to
the 29 experiment but the significant interaction was driven by a number ofilmelRGC
746071 (NO. 154), IRGC 71646 (NO. 157) and IRGC 2468F (NO. 353) which had
significantly lower nitrification rate irthe 15! scre@ming compared tdhe 2" screening. An
opposite scenario where significantly higher nitrification ratiai' screening compared to
2" screening was found faice cultivarlIRGC 576001 (NO. 261) and IRGC 8122B (NO.

587) (Figure 2.15).

Pageb5 of 218



Chapter2

Significantly higher in 1¥ screening than the 2° screening
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Figure 2.15: Threavay ANCOVA modelled mean (n=4) = SE of log transformed nitrification rate for the common
rice cultivars from both screening experinewas plotted in an order of low to high soil nitrification of tHfé 1
screening experiment. Rice dulirs which were associated with significantly higher nitrification ratesin 1
screening than the'@screening were indicated with light and dark blue colour respectively; cultivars associated
with significantly lower nitrification rate ithe 15! screeing than the % screening were indicated with light and

dark red colour respectively; and cultivars with no significant differences betWweenekning and™screening
nitrification rate were indicated with light and dark orange colour respectivisheirfs least significant difference
(LSD) was calculated for differences of nitrification rate between the experiments at a significant level of p<0.05
and shown as a filled bar in the left top of the plot.

2.3.4.2 Soil nitrate content between the screery experiments

Soil nitrate (log transformed) analysis by thweay ANCOVA showed that experiment,

cultivar and compartment had significant effect on nitrate concentratignesf= 639.63,

p<0.001, R23269)= 2.11, p<0.01 and fr269)= 4.63,p<0.05 respdovely) (Figure 2.16A and

2.16B). Moreover, a significant interaction between experiment and rice was obsepgeaof F

= 1.61, p<0.05) (Figure 2.16CThere was more thanf8ld higher soil nitrate in thes1

screening ¢riginal nontransbrmed mean & SEM9.96+ 0.31 mg/ky than the 2 screening

experiment @riginal nontransformed mean & SEM3.17 = 0.30 mg/kg),whereas both

screening rhizosphere compartmeatiginal nontransformed mean & SEM5.95 + 0.40

mg/kg) had 1.18old lower soil nitrate than bulk compartmentsriginal nontransformed

mean & SEM6.96+ 3.95 mg/kg).
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Figure 2.16: (A) Comparison between the experiments were made using thedlgraBlCOVA modelled mean

(n=4) * SE of logransformed nitrate content frorff and 29 screening experimenwhere grey colour presenting

15t screening and blue colour presentin®§ &creening experiment. Different letters indicating significant
differences between the experiments at level of @0. (B) Comparison between the rhizosphere and bulk
compartment was made using the above mentioned modelled meanz SE of log transformed nitrate concentration
of both compartments from®land 29 screening experimenwherelight green colour presentingrizosphere
compartment and light orange colour presenting bulk compartment; Different letters indicating significant
differences between the compartments at level of p<0.05; (C) Above mentioned modelled meant SE of log
transformed nitrate concentrationfindoth screening experimantas plotted against the common rice cultivars

in an order of low to high soil nitrate concentration of thiestreening experiment. Rice cultivars with
significantly higher nitrate ithe 15! screening than thé®screening were indicated with light and dark blue colour
respectively. Fisher's least significant difference (LSD) was calculated for the differences of soil nitrate content
between the experiments at a significant level of p<0.05 and shown as a filled bar inttpedéthe plot.
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2.3.4.3 Soil ammonium content between the screening experiments

Our three way ANCOVA analysis for SQRT transformed ammonium concentration revealed
that the experiment, rice cultivars and compartment had significant effect on soil ammoniu
content (Fu,223)= 24.26, p<0.001, k3223)= 2.04, p<0.01 and R 223= 63.39, p<0.001
respectively)Table 2.3.3)Moreover, there was a significant interaction between experiment
and rice cultivars (B3,223= 229, p<0.001) (Figure 2.17 As well abetween experiment and
compartment (Ri223)= 9.27, p<0.001) (Figure 2.17 B). Rhizosphere compartment soll
ammonium contentofiginal nontransformed mean & SEM3.71 + 0.47 mg/kg) was more
than 2 fold lower than bulk soil compartmeatigind nontransformed mean & SEM3.03 +

0.46 mg/kg) Moreover, thel® screening ammoniunofiginal nontransformed mean & SEM:
5.22 + 0.502 mg/kg) was 1.24 times lower compared to thexperiment ¢riginal non

transformed mean & SEM.49 + 0.484 mg/kg)
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Figure 2.17: (A) Threavay ANCOVA modelled mean (n=4) + SE tife SQRT transformed soil ammonium
content from both screening experiment was plotted against the common rice cultivars in an order of low to high
soilammonium concentration of th& &creening experiment. Rice cultivars with significantly higher ammonium

in the 1%t screening than the'@screening were indicated with light and dark blue colour respectively; cultivars
associated with significantly lowammonium irthe 15t screening than the®screening were indicated with light

and dark red colour respectively; and cultivars with no significant differences in ammonium content bétween 1
screening and"@screening were indicated with light and darrige colour respectively. Fisher's least significant
difference (LSD) was calculated for the differences of soil ammonium content between the experiments at a
significant level of p<0.05 and shown as a filled bar in the left top of the plot; (B) The aisowi®ned modelled

mean + SE oftand 29screening experiment for SQRT transformed soil ammonium content were plotted against
the soil compartments where grey colour presentifigcteening and blue colour presentiny gcreening
experiment ammoniuroontent respectively. Fisher's least significant difference (LSD) was denoted by different
letters between the compartments at a significant level of p<0.05.
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2.3.4.4 Soil pH between the screening experiments

The three way ANCOVA analysis for soil pH sheavthat it was significantly varied between

the screening experiments and growth compartmeniseg= 1679.91, p<0.001 andf>es)=

4.32, p<0.05) (Figure 2.18 A and B), but rice cultivars had no significant effect opaibddy

= 1.195, p=ns (0.24)) (Table 2.3.3). Moreover, there was no significantf thie@eway
interaction of soil pH between the experiments, rice cultivars and soil growth compartments.
Soil pH was comparatively higher in th& 4creening (6.68 0.013 than the 2 scresning
experiment (5.98 0.013, whereas thehizosphere soil pH (6.320.03 was higher than bulk

soil compartment (6.28 0.03).
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Figure 2.18: (A) Comparison between the experiments were made using thedlgraBlCOVA modelled mean

+ SE ofthe soil pH of the #and 29 screening experiment, where grey colour presentihgcieening and blue
colour presenting™ screening experiment. Fisher's least significant difference (LSD) was denoted by different
letters between the experiments aigaificant level of p<0.05; (B) Comparison between the rhizosphere and bulk
compartment soil pH was made using the thwag ANCOVA modelled meanz SE of both compartments from
1stand 29 screening experiment, where light green colour presenting rhizespbepartment and light orange
colour presenting bulk compartment. Fisher's least significant difference (LSD) was denoted by different letters
between the compartments at a significant level of p<0.05.

Page60 of 218



Chapter2

2.3.4.5 Rice plant biomass between the screeningpeximents

Two way ANCOVA for plant above ground (shoot), below ground (root) and total biomass
was performed to assess the experiment and rice cultivar effébem Our results showed
that both the experiment and rice cultivar had significant effecthot biomass (f,319)=
30.92, p<0.001 and#z 319~ 7.97, p<0.001), root biomasg ki5=52.07, p<0.001 andz,315)

= 4.28, p<0.001) and total biomassi(ki7)= 48.94, p<0.0001 and#z317)= 6.64, p<0.0001)
(Table 2.3.3). Moreovershoot, root and total biomass had significant interaction between
experiment and rice cultivar (£3,319)= 3.20, p<0.001; [3:315= 2.62, p<0.001 & k23317)=

3.09, p<0.001 respectively) (Figure 2.19A, BlaD). Average shoot biomass of rice cultivar
were almost 1.13 times highertime 15 screening compared (1.0%80.02g/plant) to the »
screening experiment (0.952 0.01 g/plant), root biomass was 3.7 times highetha 1
screening compared (0.4240.012g/plant) to the ? screening experiment (0.33#80.116
g/plant) and total biomass was almost 1.2 times hightirein® screening compared (1.50
0.03g/plant) to the % screening experiment (1.270.02g/plant). The interaction plot shew

how the rice cultivars behaved differently for shoot, root and total bionteteeen the
experiments, whergéghe majority of rice lines had no significant difference between the
experiments, but few rice lines had significantly higher shoot/root/total biam#$screening

than the 2¢ screening and couple of rice lines had significantly lower shoot/root/total biomass

in 1'screening than the'@screening
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Figure 2.19: Tweway ANCOVA modelled mearr SE (n=4) for the (A) plant above ground (shoot), (B) below
ground (root) and (C) total biomass was plotted against the common rice cultivatbdbirand 29 screening
experiment. Rice cultivars were presented in an order of low to high shoot, roottanbidgmass of thesl
screening experiment. Rice cultivars with significantly higher shoot or root or total biomhsslthscreening
compared to ? screening were indicated with light and dark blue colour respectively; cultivars had significantly
lower shoot or root or total biomass ifi Screening compared td“creening were indicated with light and dark
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red colour respectively; and cultivars with no significant differences in shoot or root or total biomass bé&tween 1
screening and" screeningexperiment were indicated with light and danangecolour respectively. Fisher's

least significant difference (LSD) was calculated for differences of all types of biomass between the experiments
at a significant level of p<0.05 and shown as a filledit&ine left top of the plot.

Table 2.3.3: Showing thre@ay ANCOVA results for the effect of experiment time, rice cultivar and compartment
on (A) ntrification rates (mg N/Kg dry soil/Day), (B) NEN concentration (mg/Kg dry soil), (ONH4-N
concentration (mg/Kg dry soil), (D) Soil ptrfom both screening experimenta/o way ANCOVA results for the
effect of experiment and rice cultivan (E) above ground (shoot) biomass (F) below ground (root) biomass and
(G) total biomas$rom both screeimg experiments.

Threeiway ANCOVA

Factors (A) Nitrification rates (B) Sail nitrate (C)Soil ammonium (D) Soil pH
(mg N/Kg dry soil/Day) concentration (mg/Kg concentration (mg/Kg
dry soil) dry soil)
Block F@3, 26478.19 | p<0.001 | F3, 269=39.18 | p<0.001 | F3, 223= 28.23 | p<0.001 | F3,268~35.99 | p<0.001
EXpeI‘iment Fa, 264):1-01 p:ns(0.3 Fa, 269):639.63 p<0.001 F, 223)= 24.26 | p<0.001 F(1,258F1679. p<0.001
(E) 1) 91
Rice cultivar F23,26472.99 | p<0.001 | Fp3, 269=2.11 | p<0.01 F23, 223= 2.04 | p<0.01 F23,26871.19 | p=ns
(R) 5 (0.24)
Compartment | Fa264=40.01| p<0.001 | F,269)=4.63 p<0.05 F(, 223= 63.39 | p<0.001 | F1 2687 4.32 | p<0.05
©
ExR F(23, 26472.60 | p<0.001 | F23,269)= 1.61 | p<0.05 F(o3, 223= 2.29 | p<0.001 | F2326871.27 | p=
ns(0.18)

ExC F(1, 353):0.15 p:ns(0.6 F(l, 269) p:0.949 F(l, 223)= 9.27 p<0.001 F(1,268):O-773 pP=

9) =0.0041 ns(0.38)
RxC F(zs, 264):0.96 p:ns(0.5 F(23, 269)= 0.56 p:O.950 F(zg, 223):0.478 P= F(23,268F0.69 pP=

1) ng0.98) | 0 ns(0.85)
ExRxC F(zs, 264):1-23 p:ns(0.2 F(23, 269)= 0.53 p:0.963 F(23, 223):0.977 P= F(23,268):0.54 pP=

1) ng0.49) |3 ns(0.95)

Twol way ANCOVA
(E) Plant above ground (F) Plant belowground (G) Plant total biomass
biomass (Shoot) biomass (Root)

Block F@z.319= 18.47 | p<0.001 F@,315= 32.48 | p<0.001 F@i317= 20.74 p<0.001
EXperiment (E) F1,319= 30.92 | p<0.001 F(,315= 52.07 | p<0.001 F,317)= 48.94 p<0.001
Rice cultivar (R) Fss19=7.97 | p<0.001 Fess15=4.28 | p<0.001 F3,317=6.64 p<0.001
ExR F23 319)= =3.20 p<0.001 F(23 315)= 2.62 p<0.001 F(23 317)= 3.09 p<0.001
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2.4 Discussion

2.4.1 Effect ofrice cultivar and compartment (both screening experimen)

2.4.1.1Soil nitrification rate

Many studies showed the importance of plants and their strong impact on the soil nitrification
rate (Haichar et al., 2014; Hawkes et al., 2005; Herman et al., 2006; Bowatte et al., 2015;
Bowatte et al., 2013)t has been known for over a century that plants can have dramatic effect
on the soil environment and processes through rhizodeposition from their roots, which is also
called rhizosphere effe¢Hiltner, 1904) One of the important rhizodeposition is the root
exudated biological nitrification inhibitors (BNIs) which is exudated from the plant roots in to
the rhizosphere so{lSubbarao et al., 2006a; Skiba et al., 20d1dd regulate the microbial
community in the immediate surrounding area as well as modify the soil physical and chemical
propertiegNardi et al., 2000; Walker et al., 2008)kewise, ricevarieties are known for their

root exudabn of 1,9 decanediol whichmpede nitrification through suppressing the AMO

enzymatic pathwagSun et al., 2016)

In this study, the tand 29screening experiment showed significant influence of rice cultivar
on the soil nitrification rate in pagtldsoil which facilitated tadentify therice cultivar with
contrasting nitrification activity in the paddy soilBigure 2.3A and 2.8A)These cultivars

might have secreted BNIs into the rhizosphere soil and affected the soil ammonia oxidizers
function and hence inhibit soil nitrification. Thus, variable release of BNIs by rice cultivars can
cause variation in soil nitrification rates in different rice cultivar associated soil, where high

BNI exudated rice lines might have lower soil nitrificatiand viceversa.

Usuallyrice rhizospheréave higher nitrification rate than the bulk soil, which is showed by
many studies such as theet al. (2008)revealed thathte nitrification rates was highest in the
rhizosphere soil than the bulk sdile to the oxygen diffusion through the rice root arenchyma
into the rhizosphere soils and subsequently increase the nitrification activities. Moreover, a

Page64 of 218



Chapter2

higher proportion of AOB was observed in the rhizosphere soil than the bulk soil compartment
(Nicolaisen et al., 2004)which can drive higér rate of nitrification in the rhizosphere.
However, Tanaka et al(2010) demonstrated aeclining trend in rhizosphere nitrification
driven by root exudated BNI activity which is similar @ar results where we found lower
nitrification ratesn the rhizosphere compartment than the bulk soil compartment (Figure 2.3B
and 2.8B)suggestingiceroot exudation of BNI into the rhizosphere suaight havanhibited

soil nitrifier and hence there was lower rate of nitrification in the rhizosphere soil. Moreover,
it can also be theesults of the plant and microbial uptake of ammonium substrate or changes
in the envirmment or a combined interactiaf thesefactors.Therefore, the below sections

will unveil the findings and lead towards the main cause of plant driven nitrification variation
in paddy soil In addition to this, the combined interaction of the plant genomics, microbes and

soil factors for nitrifcationvariationwill be discussed in the general discussion (Chapter

2.4.1.2 Soil inorganic nitrogen concentrations

In this present study, differences in inorganic nitrogen content were investigated in paddy soll
Both of our screeningxperiments revealed significant effect of different rice cultivars on soll
nitrate content(Table 2.3.1 and 2.3)2 Several studies have also demonstrated that soil
processes are highly influenced by plant variety and can inducatiearin soil nitrogen
nutrient (De Datta & Broadbent, 1988; Kundu & Ladha, 199There might be marked
differences in soil microbial population and soil nitrogen dynamics of differemtrittivars

(Ghosh & Kashyap, 2003However, there was no significant effect of compartment on soil
nitrate amounts, suggesting the movement of mobile nitrate between the rhizosphere and bulk

compartments soil antis no profound differences of soil nitrate between the compartments.
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In case of ammonium, there was significant effect of rice cultivar on it in"trse2ening but

no effect of cultivar was found in theé' kcreening experimer{ffable 2.3.2 C and 2.3.1 C
respectively)andthere was significant compartment effect on ammonium and an interaction
between the experiments (Table 2.3Mdreover, ve found tke rhizosphere compartment had
lower ammonium than the bulk soil compartment in both experiments (Figure 2.17), which
suggested that there was a strong competition for ammonium substrate betiveirifiers

and plants, thus ammonium might either be ugedy microbes or plants and enter into the
metabolism of the organism, or can serve as a substrate for nitrifichgoefore ammonium

was depleted in the rhizosphere soil compartr{éah, et al., 2016; Verhagen et al., 1995)

Additionally, plant need more energy for nitrate than ammonium uptake pathway therefore for
more energetically efficient assimilation plant prefer ammoniGnaswell & Vlek, 1983; L.
Wang & Macko, 2011; Skiba et al., 2011; Yihlya et al., 2006)Specially in wetter
environments like paddy fields, ammonium rather than nitrate is the méestredesource of
N-nutrition for rice but in the drier ecosystem, nitrate is more preferred than ammonium by
plants(Balkos et al., 2010)Likewise,we found soil nitrate content was consistettigher

than ammonium concentration inthosoil compartment in thecreening experiments (see
2.16B fornitrate and 2.17B for ammonium content), which indicates that more ammonium was
taken up compared to nitrate by rice cultivars or microbes during the experiments. Moreover,
our nitrate pool dilution incubation period was 5 days long which could be a refdsoited
amount 6 leftover ammonium in the soil. Thes@ght have driven the rice cultivar to uptake

nitrate when soil ammonium became limited.
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2.4.1.3 Soil pH

Soil nitrification is a pH sensitive process and it was found that sqilgiéhtially deline due

to the release of hydrogean (H") from the conversion of ammonium to nitrate during
nitrification procesgCaixan Tang & Rengel, 200Xu et al., 2006) Similarly, in this study,

a significant negative relationship of soil pH and nitrification rate in tHescteening
experiment (Figure 2.13 A), as well as there was significantly higheritsidication and lower
pH in bulk soil compartmerdnd viceversa in rhizosphere compartmentboth screening
experiments (See the figure 2.3B and 2.8B of soil nitrification fréfrartl 2¢ screening and

2.18 for soil pHof both screening experiments).

Furthermoreplants uptake of ammoniu(H4") releases a hydrogen ion*)Hand nitrate ion
(NO3) uptake releases a hydroxide ion (QHhence plantsitrate assimilatiorincreases the
soil pH and ammoniunassimilationdecreaseshe soil pH around the rooting zor(&uan,
2016; Raven & Smith,976). Likewisg in this study, higherizosphere soil pH could be due
to the uptake fonitrate by the rice cultivars, particulariyhen there was limitedeftover

ammoniumin the rhizosphere soil (described the reason of ammonium limitat@d.ih.2).

Moreover, soil pH determines the selection of nitrifier archaeal and bacterial microbial
communitieqLi et al., 201%; Lehtovirta et al., 2009; Nicol et al., 2008; Nugroho et al., 2006;
Stephen et al., 1998Ammoria oxidizing archaea (AOA) are the active nitrifier in the acidic
paddy soils and ammonia oxidizing bacteria (AOB) are the major functionally dominated
nitrifying population in alkaline paddy soi(sle et al., 2007; StMarie & Paré1999; Chen et

al., 2010Jiang et al., 20158imilarly, in this study, soil pH was significantly higher in tie 1
screening (pH average range between 6.5 to 7.5) thaff'tser@ening experiment (pH average

range between 5 to 6), which suggests that the near newtadkalinesoil pH in the F
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screening experiment might have driven the soil nitrification agtby the bacterial ammonia
oxidizer population and thé®screening experiment might be driven by the archaeal ammonia
oxidizer population. Thus, it is important to assess the functional microbial population, their
relationshipwith soil pH ofboth screring experiments, which will help teetter elucidate the
complex link of pH and nitfication rates in paddy soil and thaesi# be presented in theext

chapter 3 which will be baseamh thefunctional microbial population study in paddy soil.

2.4.1.4 Plant dove ground, below ground and total biomass

Plant above (shoot) and below (root) ground biomass is an important trait of rice cultivar and
it can vary between the cultivars by the quantity of aerenchyma tissues, ability of plant nutrient
uptake and utilization capaciyviengel, 1983; Nishiuchi et al., 2012; Yamauchi et al., 2013)
Similarly, we found that shoot, root and total biomass were significantly varied between the
rice cultivarsMoreover, ice cultivars are well known for their significant aerenchyma tissue
differentiation in the rice stem and rq&teffens et al., 201 Bnd causes substantial alterations

in the shoot and root biomasichis connected with the variation of soil nitrogen usage b
different rice varietiegDe Datta & Broadbent, 1988; Ghosh & Kashyap, 20DKewise, in

this studythere was significant positive correlation of all types of biomass with each other in

both screening experiments (discusdethilin section 2.4.2)

2.4.2 Relationship analysis and Principal Component Analysis (PCA) of both
screening experiments

In this study, both correlation analysis and principal component analysis (PCA) retieatied
soil pH was significantly negatively linked with soil nitrification in titestreening experiment

and no relationship in the"®screening experiment. Moreover, in both experiments, the
rhizosphere soil pH was higher but nitrification was lower and bulk soil pH was lower but soil

nitrification rate was higher (describeocave in gction 2.4.1.3)suggesnhg that all these things

Page68 of 218



Chapter2

were interconnected to each otivelnere soil pHpotentially decline during nitrification process

and ammoniurmassimilation(Caixan Tang & Rengel, 200%u et al., 2006)which in turn
affectedthe nitrifier activityby changing soil pHBanning et al., 2015; Li et al., 2015a; Jiang

et al., 2015)

Soil pHis the major player fosoil nitrification variation in different agricultural soi{slicol

et al., 2008;Jiang et al., 2015)The degree of root released anions and cations along with the
immobilization of nutrient by microbes can influence the soil(EH et al., 2006)where the
association or dissociation of plant residues increase the soil pH and neutralize the soil acidity
(Tang & Yu, 1999; Sparling et al., 1999)his investigation revealed that rice below ground
biomass (root biomass) found to significantly negatively correlate with soil pH insthe 1
experimentAdditionally, our PCAfindingsand correlation matrix showed that soil nitrate had
significant negative relationship with soil pH in both screening experiments, suggesting that
higher soil pH driven by the uptake of nitrate and caused lower amount of nitrate left in the

soil.

Rice plant work as a ventilator for oxygen supgtpm the atmosphere to root rhizosphere soil
and provides oxygen to the flooded paddy soil and thereby increases activity of the nitrifying
population, suggesting the increase of root/shoot biomass can increased thitrification
activity (Kludze & Delaune, 1993; Li et al., 2008)imilarly, the present investigation revealed

a siquificant positive association between soil nitrification rate and shoot, root and total
biomass in the first screening experiment, but no relationship of biomass and nitrification rate
was observed in theé'®screening experiment. The first screening experiment result suggests
that more shoot biomass helps to diffuse more oxygen into the rooicaease root arenchyma
tissue differentiation, which in turn introduce oxygato rhizosphere soil and increasgeet

aerobic ammonia oxidation
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Moreover,nitrogen is the most important nutrient which significantly impact the biomass and
grain yield(Fageria et al., 2010}herefore its uptake will result in higher biomass. Similarly,

the PCA findingsshowed thasoil ammoniuninitrate content wasegativelycorrelated with
shootfoot biomass in both screemjrexperiments, suggesting high rate of ammonium/nitrate
assimilation by rice cultivareesulted in lower amount of leftover inorganic nitrogen in soil,

but causes an increasethme root and shoot biomass

Our results also revealed a significant correlation between shoot, root and total biomass in
both screening experiment suggesting increased nutrient uptake by root can increase the root
and shoot biomas#id hence increasedhotal biomass (Discussed thgtrient impacbn plant

biomass in section 2.4.1.2).

2.4.3 Comparison between the screening experiments and conclusion
Findings of the soil nitrification, nitrate, ammonium, soil pH, shoot, root an@dltbiomass
from both of the screening experiments weasewdssedn the ébove sections (2.4-2.4.2) and

in this section an overall comparison of the screening experiments will be described.

In the present investigation, we found no significdifferences of soil nitrification rate
between thesland 29 experiment, but a significant effect of rice cultivar and compartment on
the nitrification rate suggested that the ldiéetors behaved significantly different within each
experiment (Table 3.3). Moreover, the" screening experiment was performed to reproduce
the results of the *1Lscreening experiment and both of the screening experiments were
performed under identical experimental setup and within an environmental control greenhouse
chamler, hence we expected uniform findings between the screening experiments.
Contrastingly there wasan unexpected significant variation between the experiniensoil

nitrate, ammonium, soil pH, shoot, root and total biomass (Table 2.3.3).
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The determinabn of nitrification rate was performed by a webBtablished literature of pool
dilution assay¢Brooks et al., 1989; Yang et al., 200Where incubation was for 5 days after
5N enrichment fertilizatiorwas used(described in section.21.2). The duration of soil
incubation period was long enough whitiight havedriven the soiemmonium to be taken
up by plants and/microbes and caused substrate limitation for the soil nitrifiers whiadr furt
influenced the nitrate assimilatiosoil pHchangeand all types of biomasariationbetween
the rice cultivars over the experiments. fidfere, shortening the incubation time to 2 to 3 days

for N incubationassaycan be useful for resolving such situation.

The experimental variation couldlsobe driven by the differences in sampling time, as our
experiments were performed in differeimhé of the year, i.e.,1screening experiment was
conducted in summer season (March, 2018 to July, 2018) and‘bker@ening experiment
which was carried out in winter season (December, 2B&Bruary, 2020). The abundance of
AOB and AOA gene copy cotiis influenced by sampling tinad the experiments, particularly
alteration in AOB community structure is found to be significantly affectetidyariation in
sampling time Azziz et al., 2016) Therefore, to avoid the such variation between the
experiments, performing thewithout any gap or within same seasoight have solved this
issue. Another reason of such variation between the expesmeuld be due to the controlled
environment malfunction, which is common when something gwesg with the control
environment components such as tempeeat humidity, light/dark cycle, wherespeat
experiments are more susceptible to have substaxfi@rimental erroby such malfunction
(Horton & Foley, 1961; Portaat al., 2015)Moreover, in this studykishersLSD wasused to
comparebetweermmultiple meanswhichis usedsimply when amultiple test isconducted and

it is significant However, itcould beassociated witthe enhanced riséf Type lerrorsduring
themultiple range tests withigh numbers of means comparisblence Fishers LSD test has

been criticized for not sufficiently controlling for Type | errblowever, we used it here only
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becausenve checked between multiple means and mdanthem were not significant, thus

Fishers LSDwas the appropriate one to use in this study.

In summary both of aur screening experiments provided an insight into the importance of
effect and interactions between different rice cultivar and growth compartment for soil
nitrification processes along witheinorganic nitrogen contergpil pHandbiomassn paddy

soil. Moreover, our PCA findings showed that th&streening PC scores were clustered
together whereas'@screening PC scoregerescattered over the dimensions (Figure 2.14 A
and B). Moreover, correlation matrix analysis also showed non consistent mEfstitis
response variables in th&8creening experiment (Figure 2.13B). Thusvasconcludedhat

the ' screening experiment results were more consistent and less variable thdfi the 2
screening experiment and hertise P! screening nitrification ta used as a phenotype trait for
the GWAS analysisin chapter 4 Moreover, it is important to investigate the functional
microbial population size in rice rhizosphere soil and then assessment of rice genomics to
determine the complex adlonship ofsoil nitrification andnitrifier with rice genomend their
combined interaction in paddy environment. Herme, next experimental chapter 3 will be
based on the assessment of the functismidmicrobialpopulation associated with rhizosphere
soil nitrification where samples from both screening experiment will be tsduktter

understand thdce intgaction with soil nitrification and microbial community.
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Chapter 3: Understanding the Dynamics of
Ammonia Oxidizer Population for Nitrification
Variation in Paddy Soil

3.1 Introduction

Rice is asemiaquatic crop, widely cultivated in upland, rded lowland and paddy fields
(Muthayya et al., 2014; Saito et al., 201Baddy fields are a unique aquatic ecosystem with
large and stable defined gradients of oxic/anoxic conditions which makes it a highly distinctive
agricultural system, especially in relation to the aerobic nitrification process which can occur
in the suréce layers or an oxygenated rhizosph@mh & Frenzel, 2000; Arth et al., 1998;
Nicolaisen et al., 2004; Wang et al., 2009jtrification is a microbial transformation process
performed by both autotrophic and/or heterotromnganisms, but the autotrophic one is the
leading form in arable so{lAnderson et al., 1993; Bothe et al., 2000; Soeigaan et al.,
2009)(Described in detail in section 1.4.1.Eprmerly, autotrghic bacteria were thought to

be distinctive in their ability to perform the initial step of the ammonia oxidation to nitrite,
however, later metagenomic studies found that the mesophilic Crenarchaeota (AOA) contain
the ammonia monooxygenase gé€Reancis et al., 20b; Treusch et al., 2005; Venter et al.,
2004) and Konneke et al., (20053onfirmed that the Crenarchaeota can perform ammonia

oxidation.

The first and rate limiting step of nitrification is the oxidation of ammonia to hydroxylamine

by amnonia monooxygenase (AMO) enzyitigetails describaéin 1.4.1.1) TheamoAgene is
generally used as the functional target to assess the ammonia oxidizing community due to the
uniqueness of the enzyme to this group of nitrifying microfiestthauwe et al., 1997;
Shimomura et al.2011; Sinigalliano et al., 1995; Sooksguan et al., 2009)Both the

ammonia oxidizing bacteria (AOB) and ammonia oxidizing archaea (AOA) carry out
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autotrophic oxidation of ammonia in various environméftso et al.2011; Francis et al.,
2005; Chen et al., 2008; Jia & Conrad, 2009; Jiang et al., 2013; Lam et al., 2007; Leininger et
al., 2006; Norman & Barrett, 2014; Nugroho et al., 2009; Offre et al., 2009; Wuchter et al.,
2006)andnumerous studies have investeghttheir community composition, abundance and
activity in several ecosysterntBanning et al., 2015; Wang et al., 201hbi et al., 201%; Jiang

et al., 2015; Leininger et al., 2006; Rutting et al., 202lor et al., 2016; Tzanakakis et al.,
2020) Several studies showed that AOA population had a significant positive correlation with
soil nitrification, but no correlationf soil nitrification was observedith AOB population,
suggesting the growth drfunction of theAOA rather tharAOB werethe active nitrifier and
perform the soihitrification (Gubry-Rangin et al., 2010; Yao et al., 2@LZhang et al., 2012)
Whereas, many studies found nitrification rate was positively linked to AOB rather than AOA,
suggestingAOB to have the functional dominant role for the nitrification pro¢etsi et al.,

2013; Offre et al., 2009; Shen et al., 20P812; Sterngren et al., 2015)

Furthermore activity of the microorganisms argreater in the rhizosphere soil due to the
simultaneous microbe and root interaction in the rooting zone which creates a
microenvironment to suppasbil nitrification procesgGhosh & Kashyap, 2003Rhizosphere

mi crobi al communi ty @nabg trigygeriggurélease eof rqotl eauddte8 s f u
(Briones et al., 2003; Gilbe et al., 2002; Zhang et al., 26190ne of the wetknown
environmentally beneficial root exudates is biological nitrification inhibitors (BNI compounds)

which can be secreted from plant root in the preseri low to moderate level aimmonium,

acidic pH and presence of AQBubbarao et al., 2043Subbarao, 20@7 Zhang et al., 2019.

It can block the enzymatic pathwaystbé key enzyme@moAand inhibit the oxidation of

ammoniaSubbarao et al., 2008; Gopalakrishnan et al., 2@Déscribed irdetail in 1.3.2.2).
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Likewise, rice cultivars were triggered for root exudation of BNI due to the presence of
rhizosphere AOB populatiofZzhang et al., 20X, and BNI found to block themoAfunction

to inhibit soil nitrification (Sun et al., 2016)Therefore, the effects of rice cultivar on
rhizosphere soil microbial communities in regard to nitrification and the interaction of soll
factors are of great importance ihet paddy soil ecosystem. Howevéew studies have
explored the interaction between rice cultivars and ammonium oxidizer communities, and these
have been limited to assessments based on two or three vdBeibees et al., 2002; Ghosh

& Kashyap, 2003; Li et al., 2007; Li et al., 200Bpr exampleGhosh & Kashya2003)used

three lowland irrigatedindica rice varieties and demonstrated that AOB population size was
influenced by the rice varieties and strongly associated with root porosity and bibetss.

al. (2007 andLi et al. (2008 compared betweenladicaandJaponicavariety for nitrification
activity and AOB population abundance in rhizosphere soil, where they found a significantly
higher nitrification rate, nitrate condeation and AOB abundance associated Witticathan
theJaponicarice variety They also showed that rhizosphere nitrification is more important for

plant N nutrition and higher nitrification therhizosphere than thaf bulk soil.

Briones et al(2002)used threéndicarice varieties to detect and quantify the number of AOB

on the rice root surface and demonstrated rice variety effect dartbigon and composition

of rootassociated AOB community where they found several magnitudes higher AOB in rice
root surfacesoil (rhizoplanethanthetypical soils. Moreover, in another studdtjones et al.,
(2003)showed a significant relationship of AOB activity and the nitrogen use efficiency (NUE)

of selected rice cultivars and suggested that root exudation helps in the uptake of nitrogen
nutrient. However, no study yet investigated the presence and activity of ammonia oxidizer
population using a broad range of rice varieties in relation to soil nitrification acti8iof (

nitrification activity, soil pH, nitrate, ammonium, shoot, rootdaiotal biomassvas measured
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in chapter 2), nor assesstn effect of rice cultivar on the ammonia oxidizer populaton
identified thenterconnected linkf them with theice genomeéor low nitrification trait or root
BNI activity (rice gene/genes connection to the tmail be shown in next chapter 4).
Therefore, ar research hypotheses of this chapter were:

1 AOB population will significantly vary with rice cultivaras well asfunctionally
dominate angositively correlate with nitrification activityn paddy soil where the
bacterial ammonia mono oxygenaamp@A gene copy count will be highertimehigh
nitrification associated rice cultivars and viersa.

1 The total soil bacterid 6s rRNA population wilhumericallydominateoverthe AOB
population, whereasoil archaeal 16s rRNA populatiovill be numericallylower in
abundancever AOA populationin ammonia spi&d soil.

1 Soil pH and ammonium content will positivedgrrelate with the AOB population and

negatively affect the AOA population.

3.2 Method and materials

3.2.1 Paddy soil sample selection

In this study, 21 common riceultivar grownrhizosphere soils were selected from the two
screening experimentsf the chapter 2. These were selected basethein contrasting
nitrification activity to maxinmse the plant effect on ammonia oxigig communities (shown

in the figure 3.1 A and B)rhefull genomic details and county of origin of the selected rice
cultivars are shown in the appendix table AThe kackground measurements of soil
nitrification rates, soil N@N concentration and N&-N concentration, soil pH, plant above,

below and totabiomass were taken from chapter 2.
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Figure 3.1: Presenting the original nzansformed rhizosphere soil nitrification rates mean (n=4) £ SEM from
(A) 1%t screening experiment and (B)'Zcreening experiment. Th2l common rice cultivararere selectedbr

this studyfrom the chapter creeningexperiments and theyere marked by using blue, red and empty circle for
the high, low and middle nitrification rates associated with rice cultivars.

o

3.2.2 Soil DNA extraction and gantitative PCR (Reakltime PCR)

Microbial genomic DNA was extracted from the selected paddy soil samples in four replicate
blocks by using a NucleoSpin Soil Kit (Machersggel, Duren, Germany) @96 well plate
format(Jeong et al., 2019Briefly, accurate weighing of soil between 0:d%g was performed

and each soil sample weight was noted down for further use of target gene copy/gram dry soil
calculation. The lysis buffer was tested for suitapiéind then spik®NA containing5 x 10

copies of mutatedacteriall6s DNA/ ul was addeiito the selected lysis buffer Si(@aniell
etal.,2012) Extraction of soil DNA was perfor med
the extracted soil DNA samples were used to measure gene copy count of the soil total bacterial

16S ribosomal RNA (rRNA), total arceal 16S ribosomal RNA (rRNA), bacterial ammonia
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oxidizer and archaeal ammonia oxidizer genes abundance by relatienee&CR using a

Light Cycler 480 reatime PCR detection system (Roche 480, SwitzerldBdniell et al.,
2012;Einen et al., 2008; Muyzer et al., 1993; Rotthauwe et al., 1997; Tourna et al., 2008)
Amplification was carriedoutina20l r eacti on mi x including Lig
| Master (10pl) (Roche Diagnostics, Switzerland), bovine serum albunnu( 10 uM of

each primer (1 pl), gPCR grade water and target template (primer and target details were listed
in table 3.1). The gPCR temperature protocol was conducted as follovdemawiration, then

40 cycles of denaturation, annealing and eloogafdetails of the temperatupgofile was
presented in table 3.1). A calibration curve consisted of linearized plasmid containing the target
sequence was used and gPCR negatives were run with g°PCR g@deldteover, melting

curve analysis was carried tolor verification of gecific product amplificationGene copy

count was calculated per dry weight basis consideringddedDNA spike amounfollowing
theequatiors below

For the soil dry weight calculation

=> Fresh weighk (1- (Moisture content/100))

For spike DNA copy number calculation:

5x10’ copies of spikdNA added into 700pl of extraction buffer for the 0.5 g of fresh soil
=> 5x10’ copies of spike per 0.5g fresh soil for each extraction

=> (5x10'x 2) copies of spike per 1g of fresh soil

=>10x10’ copiesor 1x1® copies of spike DNA

For gene copy number / g dry soil calculation:

= (Added pike DNA copies, i.e., 1 A0 copies) x Relative quantification ratio)/dry weight of soil
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Table 3.1: Showing the list of targetres amplified, primer name and sequetiee thermal cycling conditions
and the respective references usethe gPCR experiments.

Target Name of| Sequence (53") Thermal cycling conditions Reference
gene the Primer

Mut-F CCT ACG GGA| Predenaturatiorl5 min at 98C, then 40 cycles
Bacterial GGC AGG TC consists ofa) denaturation: 10 sec at 95°C, (b Daniell et al.,
spike-16S | Mut-R ATT ACC GCG GCT| annealing: 10 sec at 58°C, @pngation5 sec | 2012
mutant GCA CC at 72°C, (d) acquisition: 5 set 82°C.

16SP1 CCT ACG GGA| Predenaturation: 15 min at 96, then 40 cycleq
Bacterial GGC AGC AG consists ofa) denaturationlO sec at 95°Qp) | Muyzer etal.,
16S annealing: 10 seat 58°C,(c) elongation5 sec | 1993
rRNA 16SP2 | ATTACC GCG GCT| at 72°C, (djacquisition 5 secat 82°C.

GCT GG

Arch93%1 | AGGAATTGGCGG | Predenaturationl5 min at 95C, then 40
Archaeal | F GGGAGCA cycles consists of (a) denaturatidf: sec at Einen et
16S ArchM11 | BGGGTCTCGCTC | 95°C,(b) annealing10 sec at 64°Cc) al.,2008
rRNA 00-R GTTRC elongation: 10 sec at 72°C, @gquisition: 5 sec

at 82°C.

amoAlF | GGG GTT TCT ACT| Predenaturation: 15 min at 986, then 40 cycleg
Bacterial GGT GGT consists ofa) denaturation10 sec at 95°Qp) | Rotthauwe el
amoA amoA2R | CCC CTC KGS AAA| annealing 10 sec at 62°C, (&longation 30 sec | al., (1997)

GCCTTCTTC at72°C, (d) acquisition: 5 seat 85°C

CreamoA | ATGGTCTGGCTW | Predenaturation15 min at 98C, then 40 cycleg
Archaeal | 23F AGACG consists ofa) denaturationlO sec at 95°Qp) | Tourna et al.,
AmMOA CreamA | GCCATCCATCTGT/| annealing 10 sec at 57°Qc) elongation 40 sec | 2008

616R ATGTCCA at 72°C, (d) acquisition: 5 set 80°C.

3.2.3 Statistical analysis

All statistical analyses were performed by R studio version 4R.€oreTeam, 2015 R

studio, USA), but the correlation and principal component analysis were executed by GraphPad

Prism Version 8.4.2 (GraphPad Prism Software Inc., San Diego, California, USA) and all the

plots were made using GraphPad Prism Version 8.4.@p{tkad Prism Software Inc., San

Diego, California, USA). The residuals were tested for homogeneity of variance and tyormali

by Levene's test and Shapiro Wilk test respectivelhen the residuals showed

heteroscedasticity or did not comply with the asstimnpof normality then data were

transformed using a logr square root transformatiof.earson correlation analysis was

performed to identify the relationship of AOB and AOA gene copy count with soil nitrification

from chapter 2 and Spearman correlatioalgsis was performei assess the relationship of

AOB and AOA with the response variabligem the screening experiments from chapter 2
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(i.e., soil pH, nitrate content, ammonium content, above ground (shoot), below ground (root)
and total biomass). Prifpal component analysis was performed for screening experiment 1
and 2 separately using the above mentioned response vafrabteshapter Zalong with the

total bacterial 16s rRNA, total archddés rRNA and ammonia oxidizeopulationvariables

of the current study Data was assessed for any significant block effect and if detected then
analysis of covariance (ANCOVA) was performed using block as\wadate and ANOVA

was performed when there was no block effect. Two way ANCOVA was performed to assess
the effect of experiment and rice cultivar on the ammonia oxidizer gene copy count and on the
ratio of different gene targets.i s her 6 s htelifiesehcesgLiSD)nest ivas caaried out

to assesghe differences between the experimentstitd gene darget and the ratios, where

p<0.05 was considered statistily significant andhown in each of the respective figures.

3.3 Results

3.3.1 Correlation analysis between ammonia oxidizers gene copy count and
response variables from chapter 2

3.3.1.1 Relationship between ammonia oxidizegene copy counaind soil nitrification

Pearson correlation analysis was performedssess the functional dominarufebacterial
amoAgene copy count (AOB) and archaaatoAgene copy count (AOA)y checking thie
relationship with soil nitrification rate of the selected rice cultivars from the chapteur2. O
results revealed thagoil nitrification rate had a strong significantelationshipwith AOB
populationin the first screening experimerft=0.40, p< 0.001) (Figure 3.2A), but no
relationship with AOA population (r=0.17, p=ns (0.14)) (Figure 3.2B). Furthermore, we found
no significant relationship of soil nitrification with either AOB or AOA in th&%Zcreening

experimen{(r=-0.14, p=ns (0.21) and r= 0.03, p= ns (0.73) respectively) Figure 3.2 C and D).
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Figure 32: Showing the relationship of SQRT transformed soil nitrification rate with (A) log transformed bacterial

amoAgene copies/g dry soil fof'screening, B) SQRT transformed archamabAgene copies/g dry soil fof'l
screening, C) log transformed bactedaloAgene copies/g dry soil fo@screeningand D) SQRT transformed
archaealimoAgene copies/g dry soil for'®screening experiment. Thercelation coefficient and significant

level were presented by r and duain each plotespectively

3.3.1.2 Relationship of ammonia oxidizers gene copy counwith soil pH, nitrate,

ammonium, shoot, root and total biomass

3.3.1.2.1 Screening experiment 1

Spearmarcorrelation analysis was performed to identify tBkationship of AOB and AOA

population with soil pH, soil nitrate, soil ammonium conesttoot, root and total biomass

results of the selected rice cultivars from the first screening experahingchapter AFigure

3.3A). Results showed that tbeil pH and AOB had no significant correlation @&14, p=

ns (0.24), however a significant positive correlation of soil pH with AOA was observed
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(r=0.23, p<0.05) There was a significant positive relationship of soil nitrate and AOB
population (r= 0.22, p<05), but no significant associatioh AOA and solil nitra¢ was found

(r= 0.14, p= ns (@1). AOB population had significant positive relationship with soll
ammonium content (r= 0.34, p<0.01), whereas, the AOA population was significantly
negatively relaté with it (r= -0.11, p<0.05).Both AOB and AOA had no significant
relationship with shoot (r=0.12, p= ns (0.28) & r=0.21, p= ns (0.08) respectively), root (r=
0.03, p=ns (0.82) & r=0.10, p= ns (0.38) respectively) or total biomass@r89, p=ng0.45)

& r=0.13, p=ns (0.24) respectively).

3.3.1.2.2 Screening experiment 2

Spearmancorrelation analysis of the above mentioned response variables and ammonia
oxidizers gene copy count for thé&®Xcreening experimentFigure 3.3B). The analysis
revealedthat there was nsignificant relationship of AOB and AOA with soil pH was found
(r=0.112, p=ns (0.31) & r= 0.210, p=0.06 respectivaNg significant correlation of AOB
and soil nitrate (r=0.117, p= ns (0.29), whereas, AOA was significantly negistagsocised
with it (r=-0.225, p<0.05). Moreover, there wasaorrelation between AOB population and
soil ammonium concentration (r8.074, p= ns (0.51)), but AOA population was significantly
negatively correlated with ammonium content{@0=377, p<0001).Additionally, there was no
significant relationship of AOB and AOA with plant shoot @139, p= ns (0.214) & =
0.152, p=ns (0.175) respectively) and total biomassQr97, p= ns (0.08) & r=0.212, p=
0.06 respectively), however, root biomagss significantly negatively linked with both AOB

and AOA population (r=0.222, p <0.05 & r=0.215, p<0.05 respectively).
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AOB gene AOA gene
A) copies/g dry soil copies/g dry soil

Soil pH

N-NO3 mg/Kg dry soil
05
N-NH4 mg/Kg dry soil
Shoot biomass (g)/plant

Root biomass (g)/plant

Total biomass (g)/plant

AOB gene AOA gene
B) copies/g dry soil copies/g dry soil

Soil pH

N-NO3 mg/Kg dry soil

N-NH4 mg/Kg dry soil

Shoot biomass (g)/plant

Root biomass (g)/plant

Total biomass (g)/plant

Figure 3.3: Heatnap presenting the relationship AOB and AOAamoAgene copies/g dry soil with soil pH,
concentration of NNO3z mg/Kg dry soil, concentration of NIH4 mg/Kg dry soil, shoot biomass, root biomass

and total biomass for (A)*screening experimentand (B2 cr eening experi ment . Corre
were shown by a range of colour as well as valaspresentedor each respective variable. Thignificance
|l evel O6pd was denoted as *** for <0.001, ** for <0.01

3.3.2 Principal Component Analysis (PCA)

3.3.2.1Screening experiment 1

A principal component analysis (PCA) was performed with the bacéen@hgene copy count
(AOB), archaeabmoAgene copy count (AOA), bacterial 16s rRNA gene copy count and
archaeal 16s rRNA gene copy count along with the resparsables from chapter 2 i.e.,

nitrification rate, soil pH, nitrate concentration, ammonium concentration, shoot, root and total
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biomass of the ®\ screening experiment (Figure 3.4A). Analysis results revealed the most
influential variables were the soiltrate content, ammonium content, archaeal 16s rRNA
population and AOA population followed by bacterial 16s rRNA population, soil nitrification
rate and AOB population. Soll nitrification was closely associated to AOA, but, weakly to AOB
population. The AOAand archaeal 16s rRNA population haakitive relationship to each

other. The effect of pH was very small and it was strongly correlated with AOA. whereas a
weak relationshipf soil pH was observedith AOB population. The bacterial 16s rRNA
population fad negative relation to archaeal 16s rRNA population and AOA. However, plant
shoot, root and total biomass were closely related to each other, and negatively associated with
ammonium and nitrate content. It was also found that the PC scores of thetri@gulere

close together ibothdimensiors.

3.3.2.2 Screening experiment 2

Principal component analysis (PCA) was performed with ghevementionedresponse
variables to understand the relationship and pattern between them if9tBereéening
experiment (Figure 3.4B). The most influential varialolethe PCA loadings were the archaeal

16s rRNA gene copy count, AOA gene copy count, shoot biomass, AOB gene copy count, root
biomass and total biomass followed by nitrate, ammonium ahgtoSoil nitrification rate

was closely related to soil pH and negatively correlated to ammonium and nitrate content. The
AOB, AOA and archaeal 16s rRNA population were closely related to each other but
negatively correlated to soil ammonium and nitaetent. Rice shoot, root and total biomass
were closely related to each other, and had no relationship with soil ammonium and nitrate
content. Our results also revealed that the PC scores of the rice cultivars were distributed in a

scattered pattern ovire dimensions in the"®screening compared to th& dcreening.
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Figure 3.4: PCA Biplot made with AOB, AOA, bacteriths rRNA, archaeal B6rRNA, soil nitrification rate,

soil pH, N\NH, mg/Kg dry soil, NNO3 mg/Kg dry soil, shoot, root and plant total biomass for (A3cteening

(grey coloured PC score) and (BY &reening experiment (black coloured PC score). The arrow with blue dot at
the end was the loadings of each response variable indicating the orientation and level of association of the
variables.
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3.3.3 Effect of experiment and rice cultivar orthe ammonia oxidizer population
Due to the significant effect of block (all at p<0.90Gdn bacterial and archaeal ammonia
oxidizer population size in both screening experiments, ANCOVA analysis was performed

considering block as ewariate(Table 3.2).

3.3.3.1 The effect of experiment and rice cultivar on bacterildmoAgene copy count
(AOB population size)

A two-way ANCOVA of the log transformed bacteri@noAgene (AOB) copycountwas
performed to assess the effeceaperiment and rice cultivam them Our results revealed a
significant effect of experiment (E116)= 270.24, p<®@O01) with no significant impact of rice
cultivar on the AOB population (fo,116)= 1.51, p= 0.07), but a significant interaction between
these factors was observedAfi16)= 1.91, p=0.01) (Table 3.2, figure 3.5). The interaction of

the experiment and rice cultivar was driven by the fact that A@BA gene copy count was

not only lower but also significantly influenced by rice cultivar in the first screening birt not

the second screening experiment. The average AOB gene copy number was lower by a factor
of more than 9 in the first screening (original woensformed mean & SEM:
6.82x10+7.44x16) than the ¥ screening experiment (original noransformed mean &

SEM: 6.36x10+ 9.14x 10).
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Significantly higher in 2* screening than the 1* screening | | No significant differences between 1%'screening and 2% serecning

1# screening 19 screening

B 2 screening 2" screening
§15_ LSDZl
= -
= I & i -
RN I BT R T B
2 .1 IIIIIIIIIIII
] I
> 1
§ I
<
-~
5 5
E -
8
3
e o
_g’ 0 T T

N A D A N DA > D DO >N OO D H PO DD
O RSN K A AR G A AL A S G O Sl

Rice cultivars

Figure 3.5Two-way ANCOVA modelled mean (n=4) + SE of log transforrbedterialamoAgene copies/ g dry

soil was plotted against the rice cultivars frofhahd 29 screening experiment where rice cultivars were ordered

by high to low AOB gene copy count of th& 4creening experiment. Rice cultivars wéignificantly higher

AOB gene copy count in thé%screening compared to th& dcreening was indicated wittue and grey colour
respectivelyand cultivars with no significant differences betwe&sdreening and"@screening experiment were
indicated with light and dark orange colour respectivieisher's least significant difference (LSD) was calculated

for differences between the experiments at a significant level of p<0.05 and shown as a filled bar in the left top of
the plot.

3.3.3.2 The effect of experiment and rice cultivar on archaeaimoAgene copy count
(AOA population size)

The square root transformed (SQRT) AOA gene copy count was analysed by a two way
ANCOVA for the assessment of the influence of experiment and rice cultivilrean Our

results showed a significant effect of expenn@-(1,115)= 280.82, p<0.001) (Figure 3.6), but

no significant influence of rice cultivar on the AOA populatione{fis)= 0.592, p=ns (0.91))

nor any interaction between them was found(fs)= 0.488, p=ns (0.91)) (Table 3.2). It was

observedthat AOA gene copy number was more than 3 fold higher in the first screening
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(original nontransformed mean & SEM: 5.05&40 2.16x 10) than the % screening

experiment (original notransformed mean & SEM: 1.51>8:09.36x10°).

2.5%104 1st screening experiment
— M 2nd screening experiment
2x10%4

1.5%1044
1x104+

5x10°

SQRT(Archaeal amoA gene copies/g dry soil)

Figure 3.6:Comparison betweerftand 29 experiment was made using the tway ANCOVA modelled mean

+ SE of SQRT transformed rataf AOA gene copies/ g dry saihere grey colour presentindt écreening and
blue colour presenting"®screening experiment and diféat letters indicating significant differences between
the experiments at level of p<0.001.

Table 3.2: Showing two way ANCOVA results for the effect of experiment and rice cultivar on bacterial and

archaeabhmoAgene copies/g of dry soil.

Response variables

Bacterial-amoAgene copies/g of dry soil
(Two way-ANCOVA)

Archaeal-amoAgene copies/g of dry soil
(Two way-ANCOVA)

criteria

Block (B)
Experiment (E)
Rice cultivar (R)
ExR

Block (B)
Experiment (E)
Rice cultivar (R)

E xR
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F ratio

F@3, 1167 5.27
Fa, 1167 270.24
F20, 1167 1.51
F0, 11657 1.91
F@, 115 6.59
Fa, 1157 280.82
Feo, 1157 0.592

F(20, 1157 0.488

p value
p<0.001
p<0.001
P=0.07
P=0.01
p<0.001

p <0.001
p=ns (0.91)
p=ns(0.91)
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3.3.4 The effect of experiment and rice cultivar on the ratio of the gene targets

Ratio of the target genes were calculated by dividing agetgene copy count by another.
The ratio of bacterial 16s rRNA/AOB gene copy count was labelled as ratratid, of
AOA/AOB gene copy count was labelled as ratia&io of AOA/ archaeal 16s rRNA gene
copy count was labelled as ratio C aatlo of bacterial 16s rRNA/ archaeal 16s rRg&ne

copy count was labelled as ratio D. To determine the effect of rice cultivar and experiment on
the ratios (e.g., Ratio A, Ratio B, ratio, C and Ratio D), tway ANCOVA analysis was
performed forthe ratio A and ratio B, where block was considerec asvariate for the
analysis due the significant effect @f (p<0.001) and tweavay ANOVA analysis was
performed for ratio C and ratio D (Table 3.8.the ratio values presented in the below section

were from the original non transformed average data.

3.3.4.1 The effect of experiment and rice cultivar on the ratio of bacterial 16s rRNA/
bacterial amoAgene copy count (Ratio A)

A two way ANCOVA analysis for the log transformed ratio of bacterial 16s rRNA/ bacterial
amoAgene copy count revealed a sfgrant effect of experimendF (1, 113)= 81.20, p<0.001)
(Figure 3.7A) andice cultivar(F (20, 113= 1.65, p=0.05), along with a significant interaction
between these factors ¢k 113= 1.8, p<0.05) (Table 3.3) (Figure 3.7B). The avetaayserial

16s rRNA population size was almost 2Xf6ld higher than AOB population size in th& 1
screening experiment and 5%1f0ld higher than the AOB in the"®screening experiment,
indicating heir ratiowas 4 times higher in$lexperiment compacketo the 2 experiment.
Moreover, he interaction plot showed that only few rice cultivars had significantly different
ratio between the experiments and there was no variation aiinerige cultivars in the ®

screening but differences observed in thedreening experiment.
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Figure 3.7: (A)Comparison of the ratio A betweefidnd 29 experiment was made using the tway ANCOVA
modelled mean + SE of log transformed ratfdoacterial 16s rRNA/ bacteriaimoAgene (Ratio Awhere grey
colour presenting®iscreening and blue colour presentiritreening experiment. Different letters indicating
significant differences between the experiments at level of p<0.001; (B)bblve anentioned modelled mean +
SE for log transformed ratiof bacterial 16s rRNA/ bacteri@moAgene (Ratio A)was plotted against the
common rice cultivars in an order of high to low ratio A of thesdreening experiment. Rice cultivars which
were assciated with significantly higher ratio irf'screening compared t6“&creening were indicated with grey
and blue colour respectively and cultivars with no significant differences betWeenekning and"@screening
experiment were indicated withght and dark orange colour respectively. Fisher's least significant difference
(LSD) was calculated fahedifferences between the experiments at a significant level of p<0.05 and shown as a
filled bar in the left top of the plot.
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3.3.4.2 The effect of eperiment and rice cultivar on the ratio of archaeal
amoAbacterial amoAgene copy count (Ratio B)

The log transformed ratio of archaeatoA bacteriamoAgene copy count (Ratio B) analysis

by two way ANCOVA revealed significant effect of experimedE (1, 107y= 794.96, p<0.001)
(Figure 3.8 A), but no effect of rice cultivar on the ratio B was observed, (b7)= 1.30,
p=0.19). Moreover, a significaimteraction between these factors was foungo(ko7= 1.87,
p<0.05) (Table 3.3) (Figure 3.8B). The average AOA population was 7000 times higher than
AOB in the Flexperiment and 290 fold higher than AOB in thés2reening experiment which
suggest the ratio of AOA/AOB was 24 times higher ifit xperiment compared to thé92

experiment.

A)

1st screening experiment

I 2nd screening experiment

gene copy count)

log(Ratio of Archaeal amoA/bacterial amoA

oY)
~

i Lsof}
. 1st screening experiment
11 B 2nd screening experiment

10-_11111111111111111

gene copy count)

log(Ratio of Archaeal amoA/bacterial amoA

P P > oD D> P D N RPN S S S R N N W P\
PP TP ¥ VP TR S PP PSS S

Rice cultivars

Figure 3.8: (A)Comparison betweertland 29 experiment was made using the tway ANCOVA modelled
mean * SE of log transformed ratibarchaeadmoAbacterialamoAgene (Ratio Byvhere grey colour presenting
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1%t screening and blue colour presenting' &creening experiment. Different letters iratiag significant
differences between the experiments at level of p<0.001; (B) The above mentioned modelled mean + SE for log
transformed ratiof archaeahmoAbacterialamoAgene (Ratio Byas plotted against the common rice cultivars

in an order of higho low ratio B of the ¥ screening experiment. Rice cultivars which were associated with
significantly higher ratio in % screening compared td%screening were indicated with grey and blue colour
respectively. Fisher's least significant differenc8[@l) was calculated for differences between the experiments at

a significant level of p<0.05 and shown as a filled im the left top of the plot.

3.3.4.3 The effect of experiment and rice cultivar on ratio of bacterial 16s rRNA/
archaeal 16s rRNA gene quy count (Ratio C)

Two-way ANOVA was performed for the log transformed ratio of bacterial 16s rRNA/
archaeal 16s rRNA gene copy count. Our results revealed a significant experimergEeffect

116)= 106.26, p<0.001) (Figure 3.9), but there wa®fiect of rice cultivar on the ratio (v,

116)= 1.24, p=0.22) and no interaction between rice and experiment {f)= 1.6, p=0.07)

(Table 3.3). The abundance of bacterial 16S rRNA gene copy count was outhnumbered over the
archaeal 16S rRNA gene hg0fold in the F'screening experiment and by 600 fold in th 2
screening experiment, therefore the ratio was 4 times lower irf'tegpkriment than the'2

experiment.

8 1st screening experiment
b Il 2nd screening experiment

log(Ratio of bacterial 16s rRNA/ archaeal 16s rRNA
gene copy count)

Figure 3.9Comparison betweerf'and 29 experiment was made by using th@tway ANOVA modelled mean

+ SE of log transformed ratio dfacterial 16s rRNA/ archaeal 16s rRNA gene (RatioMBgre grey colour
presenting ¥ screening and blue colour presenting' &reening experiment. Different letters indicating
significant diffeences between the experiments at level of p<0.001.
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3.3.4.4 The effect of experiment and rice cultivar on the tatio of archaeamoA
archaeal 16s rRNA gene copy count (Ratio D)

The SQRT transformed ratio of archaaatoA archaeal 16s rRNA was analysed by a-two
way ANOVA which revealed a significant influence of experinanthe ratio (k1, 118= 31.68,
p<0.001) (Figure 3.10), but no effect of rice cultivar-gF118= 1.5,p=0.08) or interaction
between rice and experiment was foundx§f1s= 0.94, p=0.53) (Table 3.3). The average
AOA gene copy count was 4.5 times higher than archaeal 16s rRNA gene copy count'in the 1
experiment and 3.5 times higher than the arch&éalrRNA gene copy count in thé?2
screening experiment, hence the ratio was 1.28 fold higher irf'teeperiment than the"?

experiment.

1st screening experiment
Il 2nd screening experiment

SQRT(Ratio of archaeal amoA/ archaeal 16s rRNA
gene copy count)

Figure 3.10:Comparison betweensland 29 experiment was made by using the tway ANOVA modelled
mean = SE of SQRT transformed ratio of archaeabAarchaeal 16s gene copy count (Ratio D) where grey
colour presenting®iscreening and blue colour presentiri§treening experiment. Differerdtters indicating
significant differences between the experiments at level of p<0.001.
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Table 3.3: Effect of experiment and rice cultiveere checked by two way ANCOVA f@A) ratio of bacterial
16s rRNA/ bacterishmoAgene copy coun{B) ratio ofarchaeahmoAbacterialamoAgene copy courandtwo-
way ANOVA for (C) ratio of bacterial 16s rRNA/ archaeal 16s rRNA gene copy d@)matio of archaeadmoA

archaeal 16s rRNA gene copy count.

Response (A) Ratio of bacterial = (B) Archaeal (C) Ratio of bacterial (D) Ratio of archaeal
variables 16s rRNA/ bacteial amoAbacterial amoA 16s rRNA/ archaeal 16s amoA archaeal 16s rRNA
amoAgene copy count gene copy count rRNA gene copy count = gene copy count
(Two way ANCOVA)  (Two way ANCOVA) (Two-way ANOVA) (Two way ANOVA)
Block (B) F,113y=13.6  p<0.001 Fgao7= 12.05 p<0.001  No block effect No block effect
Experiment F(1, 113) p<0.001 F(1,107): 794.96 p<0.001 F(1, P<0.001 F(1, 118)= p<0.001
(E) =81.20 1167106.266 31.68
Rice cultivar F(20,113) P=0.05 F(zo, 1075 1.30 P= 0.19 F(zo, 115):1.24 P=0.22 F(zo, 118)— 1.5 P=0.08
(R) =1.65
ExR F(zo, 113)= 1.8 p<0.05 F(zo, 107¥ 1.87 P<0.05 F(20,116F1.6 P=0.07 F(zo, 118)= 0.94 P=0.53

3.4 Discussion

3.4.1 The relative contribution ofthe ammonia oxidizersto soil nitrification

The relative contribution of ammonia oxidizing bacteria (AOB) andnama oxidizing
archaea (AOA) tohesoll nitrification process is affected by a number of different factors such
assoil pH (Gubry Rangin et al. 2010), soil ammonia content (Molina et al. 2010; Verhamme
et al. 2011)), dissolved oxygen concentration (Santoro et al. 2008), temperature (Nakagawa et
al. 2007) and soil salinity (Mosier and Francis 2008). Among them, ammonium and soil pH
are the main playsrfor shaping the distinctive ecological niches as well as reggl#te
abundance and activity of AOB and AGAI et al., 201%). Numerous studies hawhowed

their influence orthe numericaland functional dommance of AOB and AOA under different
conditionsin various ecosysten{diang et al., 2015.; Li et al., 203,5Vang et al., 2015b; Hu

et al., 2013; Shen et al., 2012; Chen et al., 2010, 2011; Chen et al., 2008; Yao etfgl., 2011
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Rice cultivation is widely grown under waterlogged environments and under exhaustive
fertilization regimes which forces a dual selection pressures on ammonia oxidizessafat O
ammonia(Wang et al., 2014. Hence the \aailability of oxygen and ammoniare the most
crucial determinant for the ammonia oxidizeopulation as they obtain energy through
oxidizing ammonia and depends on it for determining the metabolic divergence, differential
growth and ecological niches of AOA and AQ@BuU et al., 206; He et al., 2012; Prosser &
Nicol, 2012) Inorganic nitrogen influences tqaantityand activity of AOB and AOAProsser

& Nicol, 2008), such as, after Hertilization the availability of high nitrogen in soil offers
growth advantage to AOB over AOghen et al., 2012)Therefore, it has been found that
AOB amoAgene abundance markedly increases with nitrogen treatments and they found to
dominate as the main ammonia oxidizershi@N-rich agricultural soi(Di et al., 2010; Di et

al., 2009; Verhamme et al., 2011)

However, in nitrogen deficient soil, AOA are the main player for the oxidation of ammonia
where they functionally dominate the environments whera low constant rates of NH
supply instead of applying large amount of inorganic nitrogen fertil{aubry-Rangin et al.,
2010; tHéfferle]| et ialk 2012; Offre et al., 2009Nitrogen amendments can
significantly influence the AOB than AOA population in paddy gdilang et al., 2014;
Samaddar et al., 2021 arey et al., (201&lIso showed that the AOB was found to respond
more actively to nitrogen amendments than AOA and the impact-agpNcation on the
abundance of ammonia oxidizer in paddy soil varies with different fertilizetiggathey also
showed that themoAgene richness of AOB and AOA found to response an average of 326%

and 27% respectively by nitrogen amendments in soil.
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Likewise, we found AOB was significantly positively linked with soil ammonium, whereas
AOA was negatively correlated with ammonium tm in the ¥ screening experiment
(Figure 3.3). Moreover, we found in chapter 2 that ammonia substrate was limited in our
screening experimentglescribed in section 2.4.1.2) and in this chapier ®Was found that

there was huge amount of AOA compite AOB in ourstudy, which indicats that nitrogen

scarcity might have favoured the abundance of AOA population.

However, smetimes contradictorgesults for soihitrification ratecan also be found due to

the use of different approaches ftve measurement of nitrification activity, for example,
excess nitrogen is added during potential nitrification measurement which likely influence the
AOB population positively and AOA populatioregatively(Sterngren et al., 2015)loreover,

soil net nitrification measurement can poorly determine the actual nitrification rates where
nitrate assimilation is rapi(Davidson et al., 1991; Stark & Hart, 199%)us net nitrification
cannot give consistent nitrification activity measurement in soils. However, determination of
gross nitrification rates usingN-pool dilution provides aexactmeasurement of microbial
nitrification as it does not rely on the adeg of NQ consumption and thus it is the most
appropriate approach for linking the ammonia oxidizers abundance with nitrification rates
(More detail about the nitrification measurement methods were discussed in in the chapter 5).
In our present study, Wieund a strong significant positive relationship between bacteriaA

gene copy count (AOB) and soil nitrification rates in tiestreening experiment. Our
nitrification rate was determined using gross nitrification approach, which was an actual rate
and correlation of AOB population with nitrification rate indicates that AOB population was
the active nitrifier inour study This also suggests that the highoacterialamoA gene
abundance was linked with higleil nitrification associated rice cultiveandlower bacterial
amoAgene abundance was linked to ensoil nitrification rate associated rice cultivarsliie

15t experiment. Moreover, based on the findings of ammonia oxidizers contribution to soil
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nitrification and rice cultivar effect on them (discussed in section 3.4.2), it was observed that
the F'screening was more reliable one than the 2nd screening arelfbether discussion will

bemostlybased orthe findings of the Stscreening experiments.

In addition to this,le production and exudation of biological nitrification inhibitdsl(s) of
rice root can be triggered by AOB population in ammonium spskddZhang et al., 2019.
Similarly, in this present investigation, the rhizosphere soil was spAkgtd ammonium
fertilizer and presence of AOB might have triggered the rice cultivars for BNI exudation and

caused nitrification variation among the rice lines.

The diversity, dispersal and activity of ammonia oxidizers is impacted by soil pH variation
(Boer& Kowalchuk, 2001 Guo et al., 2013; Nicol et al., 2008; Prosser & Nicol, 2012; Yao et
al., 201Db) and it determines the setem of ammonia oxidizers over each otfleehtovirta et

al., 2009; Nicol et al., 2008; Nugroho et al., 2006; Stephen et al.,.1®88)oniaoxidizing
archaeaand bacterial have been found in soil pH range betweeto 8% (He et al., 2007
Shen et al., 2008A0A found to play significant role in soil ammonia oxidation in the acidic
soil, where low soil pH favours activity of AOA over AQBle et al., 2012)whereas AOB is
sensitive to acidic pKiGubly-Rangin et al., 2010; Isobe et al., 2012; Wessén et al., 2011; Gao,
et al., 2011) A significant positive relationship between nitrate concentration and AOA
population was detected during the active nitrification at low soi{4itdng et al., 20123nd
greater amount ofhaumarchaeamoAtranscript activity and gene abundance was observed
with declining soil pH(Nicol et al., 2008) However, numerous studies have reported a
significant positive association between AOB and soil nitrification activity in alkaline
agricultural soil, were AOB was the functionally active nitrifier at higher soil @ et al.,
2009; Shen et al., 2012; Sterngren et al., 2015; Verhamme et al., 2011; Shen et al., 2011)

Nitrogen fertilization together withlkaline soil pH favours the growth and activity of AOB
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compared to AOA(Shen et al., 2012whereas acidic pH and-8&ficient soil favours the
growth and etivity of AOA (Chen et al., 2011AO0B had a sensitive relationship with low soil
pH due to the decline theammoniasubstrateluring the iofzation of ammonia to ammonium
and resultingdeceaseof soil pH (Zhang et al., 2012; Suzuki et al., 1978)milarly, in this
study, we found AOB significantly correlated with nitrification rate in tiestreening
experiment when the soil pH was between®5(See chapter 2 section 2.3.1.1.4), indicating

AOB population was functionally active in the neutral to alkaline soil.

3.4.2 Effect of experiment and rice cultivar on ammonia oxidizer population

Plant root surface and rhizosphere soil contains a diverse and vigorous microbial community
(Raaijmakers et al., 2008nhd the composan of thecommunities can be transformed radically

by different plant varietieAzziz et al., 2016; Germida & Siciliano, 2001; Bever et al., 2012;
Lareen et al., 2016; Reichardt et @001) Moreover, he growth rate of microorganisms in
the plant rooting zone varies through the
respamsesfor example plants alter the soil chemistry and nutrient supply to resident microbes
by root exidation of a broad range of compounds into the rhizospher@soier et al., 2012)

A major portionof root exudates consist of secondary metabdlitéalkeret al., 2003which
transform the rhizosphere environment and the composition of microbial communities
(Broeckling et al., 2008)e.g., oot exud#ed carbon compound supply nutrient and energy
sources to autotrophic ameterotrophic organisms amadter the soil environmergHartmann

et al., 2008)The difference# root exudation can be driven by differences in plant genotypes
and such variation can have substantial impacts on the structur@ctwity of microbial

communitiegYang & Crowley, 2000; Lankau, 2011)
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Yang et al(2020)revealed thathe anmoniaoxidizer populations also vary with plant, where
AOB abundance significantly correlate with plant but AOA can weakly correlate with them
Our functional microbial population anyalis concurs with these findings showing that, in the
first experiment, ricgolantshad significant influence on the rhizosphere bacterial ammonia
oxidizer (AOB) population, but no significant effect on archaeal ammonia oxidizer (AOA)

population.

Rice romt surfacesoil (rhizoplane)has been demonstrated to contain a larger population of
bacterial ammonia oxidizers (AOB) than normal g8iliones et al., 2002dnd presence of
AOB can stimulate the rice cultivar to release of BNI compsidbanget al., 2018), which

can inhibit the AOB population, bu impact on the AOApopulationis yet known for rice
Thus, in an ammonium fertilised soil, when rice cultivars are in ammonium limitation then
with the presence of AOB as the active nitrifeNI exudation can be triggered to inhibit soil
nitrification as well ago preserve the available soil ammonium substrate for plant uptake and

microbial use.

3.4.3 Gmparison of ammonia oxidizer populationin relation to total soil bacterial
and archaeal 16S rRNA population

The typical total soil bacterial 16s rRNA gene copgunt 5 between 1810 (Wang et al.,

2015 Ishii et al., 2009) andAOB are present a comparatively very low concentrations in

the environment compared to bacterial 16S rRNA suggesting that the AOB belong to the total
bacterial 16S rRNApopulation(Aakra et al.,2001; Rowan et al., 2008)in et al., 2007)
Likewise, in this study we founthat the bacterial 16s rRNA gene copy count was always
higher tlan that of AOB gene copy counthere bacterial 16s rRNA population was 279K
times higher than AOB in thes'lscreening experiment and 50K times higher tharBAO

population in the 2 screening experiment.
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Moreover the typically soil archaeal 16s rRNA population of-10° (Li et al., 201%) which

is generally lower that theacterial 16s rRNA populatio®imilarly, we foundhat thebacterial
16s rRNA populatiorwas found 150 times and 600 times higher theshaeal 16s rRNA
population in the % screening and "2 screening experiment respectively. This was also
consistent with the finding dflansel et al(2008) where they showed that the amounts of
bacterial 16s rRNA population was constantlghar than those of the archaeal 16S rRNA

gene count in soil.

Interestingly in this study, results revealed that the total archaeal 16s rRNA population size was
lower than AOA population size in both screening experiments which was also supported by
different studies where it was showed that ammonia spikedhadihigher expression of

archaeabhmoAgenethan thearchaeal 16s rRNA gerfPark et al., 2008freusch et al., 2005)

Besides AOA population was foundto dominate numerically over AOB imultiple
environmentgBernhard et al., 2010; He et al., 2007; Leininger et al., 2006; Sterngren et al.,
2015; St opni ,eekwhanthe AOB.were tAedattiDe) ammonia oxidizer in the
agricultural soil(Shen et al., 2008; Jia & Conrad, 2008)fact, there is no common trend for

the abundances of AOA and AOB in paddy swoid tle high dundance of AOA does not
suggest them as the active nitrifiers for nitrification activitigiset al., 2009; Isobe et al., 2012;
Shen et al., 2008; Nicol et al., 200Bgininger et al(2006)showed that theOA amoAgene
copieswere up to 3,00@old greaterthanthe AOB amoAgenes irthe agricultural soilMany
studies found the abundance of AOA was 10 to 2400 fglddnithan AOB population in rice
cultivation systenfAzziz et al., 2016; Wang et al., 2014; Jiang et al., 2013; Chen et al., 2011)

Sometimes a ghificant relation between AOA and soil nitrification rates might be due to the
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lack or lower amount of AOB within an extraordinarily high background of AOA population
(Isobe et al., 2012)

Furthermore,ie comparative abundance of AOA was typically greater &@B in paddy
soilsdue to the oxic/anoxic environment of paddy soil where ADA AOBcompete to each
other for the limited @resource, buAOA found to be better adapted to the microaerobic
niches of the paddy sqBannert et al., 2011; Wang et al., 26818errmann et al., 2011)Vang

et al.(2019) showed that there was a significant positive relationship of AOA/AOB proportion
with the soil oxidation capacity suggesting a greater preference of AOA over AOB under

waterlogged environment.

Similarly, our results showed that AOA had higher abundance than AOB in both screening
experiments where AOA was around 7000 times higher than bacterial counterpartSn the 1
screening ad around 290 times highgr the 29 screening experimeritoreover,low levels

of ammonia substrate in ecosystem can cause an enormous competition for limited substrates
among the ammonia oxidizers population and pldHis, et al., 2015)where AOA can
predominate numerically over AOB in ammonium poor environm@tgry-Rangin et al.,
2010; Hat zenpi chl dlofferie et ala2012; Offrdd d.,.82009; Wechterletn i k
al., 2006) In accordance witkthese findings, our system was ammonia limitedich might

have driven the higher abundance of A@&an the AOB populatiom both of the screening
experiments in paddy sofexplained in above section 3.4.1 and alsohapter 2 section

2.4.1.2)

3.4.4 Conclusion
In summary, this study revealed that AOA wasmerically dominatebut AOB was he
functionally active ammonia oxidizevhich had driven the paddy soil nitrificatiovhen the

soil pH was neutral to alkalinenladdition to this, AOB population was found to vary by rice
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cultivars and significantly depersdon the ammonium substratéurthermore, we found
significantvariation in the functional microbial population skzetween the experiments which
might due to the variation of sampling time of the screening experiments. As the experiments
were performed in different time of the year (Described in chapter 2 section 2.4.3), hence the
abundance adimmoniaoxidizersgene copy count was influenced by thenpling time of the
experimentgAzziz et al., 2016)Moreover, based on the overall analysdishe current study,

it can be said that the results from tResdreening experimentag more reliable and consistent.

The 2" screening experimenshowed norelationship of ammonia oxidizers with soil
nitrification rate (Figure 3.2) and otheorrelaton analysis findings werasonon-consistent
(Figure 3.3) as well athe PC scoreof the biplotwere dispersed antthe loading of the
importantdrivers had less impact (Figure 3.4), along with the ANCOVA findings which
showed no effect of rice cultivaam the ammonia oxidizer populatiofFigure 3.5 and 3.6).
Therefore the 15! screening experiment rhizosphere soil nitrification rate was used in our next
thesis chapter 4 for performing the genome wide analyses study (GWAS) to identify the rice

p | a n teficassagiation to soil nitrification.
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Chapter 4: Genome Wide Association Study
(GWAS) for the Identification of Rice Genetic
Markers and Associated Genes Linked tohe BNI
activity and Low Nitrification Rate in Paddy Soil

4.1 Introduction

Rice is a model cereal plant for genetic study due to its comparatively small sized genome
(430Mb) compared tother major food crops suchmsize(2400 Mb)and whea{16,000 Mb)
(Arumuganathan & Earle, 1991; Eckardt, 2000; Haberer et al., 2005; Tanaka et al. R€4.0)

has the most diverse and largest sirgglecies germplasm collection in the world, which
containghe assemblage of more than 80,@0@racesmodern and archaic rice varieties along
with some breeding varieties (Jackson, Michael 19@rsons et al., 199 Moreover, due to

the globalimportanceof studying the genetic architecture of rice, numerous of genomic
resources for rice extensivgene bank collections have been developed across the globe,
including dense SNP mafisbana et al., 2010; McNally et al., 2009; Huang et al., 201§k

guality genome sequencéSoff et al., 2002)and public databases of genomic information
(McNally et al., 2009; Huang et al., 201@)ll these resources have made the research of the
underlying genetimarkersof important rice traits e.g., biological nitrification inhibiti@&NI)

much more tractable using bioinformatics tools. One of the widedg approaches for rice

trait investigation is the genomwide association study (GWA$McCouch et al., 2016)
(Rationale of using GWAS over other available genetic analysis methods and its advantage and
disadvantage are explained in detail in section GBYAS is a powerful approach $tudythe
genomic variation osignificanttraits from large number of accessiaard it is capable of
genetically map the polygenic complicated plant traitahigh resolutionYang et al., 2018;

Huang & Han, 2014)
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Additionally, rice is predominantly amenable for GWAS analysis largely because of its
domestication and evolutionary histofiylcCouch et al., 2016)ecauseGWAS takes the
advantage of rice genetic diversity which have accumulated theegeneration after
generations by conscious and unconscious domestication and historical recombination events

(Mitchell-Olds, 2010; Sang &e, 2013He et al., 2011)

To increase rice croyeld, a great amount of inorganic nitrogen fertilizer is appdied most

of N-fertilizers are then lost from the agricultural system by soil nitrification, which in turn
causes various environmental hazgiset al., 2012Dong et al., 2015)Described in section
1.1).For ecofriendly rice cultivationimprovement ofrice variety with high BNI activitys a
pressing global demar{dnportance of BNI were described in section 1.3,Atirefore, rice

BNI activity and lower nitrificationrate are the important traits to be studgzhetially
(Described in detail in section 1.3.2.R)ost of the studies so far investigated the idexatifon

and characterization of root exudated BNI compounds and {aibiatic factors affecting the
exudation (described in detail in section Z3)n et al., 2016; Tanaka et al., 2010; Zhang et
al., 201@), but to date no study yet looked for the link of the aforementioned factors with the
rice genome nor identified any QTL associated with the factors for nitrification variation in
paddy soil. Therefore, the aim of the chapter was to identify the signifisargle nucleotide
polymorphism (SNP genetic markers of rice genome associated with rhizospherBNbil

activity and lower nitrification trait

Research questions:

1 DoesGWAS for rice genome identify the significant single nucleotide polymorphism
(SNPs) markers linked to BNI activity/low soil nitrification trait?
1 How to identify the candidate rice genes linked with GWAS significant markers and

how those genes can be lickeith the traitof interes?
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4.2 Methodology

4.2.1 Phenotyping

In Chapter 2, it washowed that the paddy solil nitrification rate was significantly influenced
by the rice cultivars in both screening experiments (See chapter 2 section in 2.3.1.1.1 and
2.3.1.2.1) and there was no significant variatiorthia soil nitrification rates between the
experiments (See section 2.3.4.1). Then in chapter 3, an investigation fizbgphere
ammonia oxidizing population was performed with the selected rice cultivated soil from both
screening experiments, where it wemind thatthe bacterial ammonia oxidiz€§ AOB)
populationwere significantly correlated with rhizosphere soil ifidation andthey were
markedly influenced by rice varieties in th&skreening experiment. Therefore, based on the
analysis ofthe findings of both chaptersve found that theSiscreening results were more
consisteniand reliable to be used in futuidence, in this present study the rhizosphere soil
nitrification rate from the Stscreening experimemtas used as a phenotypic trait of intefest

the genome wide association studies (GWAeT* screening experiment was performed
with paddy soil ad 56 different rice@ryza satival..) varieties(Described in 2.2.1) ansbil

nitrification ratewas measured byN pool dilution technique (Described in 2.2.4.3).

4.2.2 Genomewide association studies (GWAS)

Genome wide association study was perform for rhizosphere soil nitrification using public
genotype datasets includinghagh-density rice array (HDRA) consisting of 700,000 single
nucleotide polymorphisms (SNRgenerated from 1568 diverse rice variefdsCouch et al.,
2016)andanimputed SNPslatabase dRice Reference Panel (RICGEP)consists of 5231433
SNPs from 4591 rice varietieBhe HDRA and RICERP datasets were accessed from the Rice
Diversity website (ricediversity.org)Vang et al., 2018 McCouch et al., 2016)The RICE

RP data is the most densely occupied genotyping arragdent time based on the extent of
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SNPs/kb explored through the rice genofang et al., 2018. The RICERP dataset was
made by inclusion athe HDRA and 3000 Rice Genomes (3KRG) data sets through a shared
imputation ppeline for running GWASThe imputed RICERP dataset was filtered using a
maximum of 5% missing data for each marker and filtered for global minor allele frequency at
0.01 level An summary of used data sets is available inWaag et al(2018)table 1 and
supplementaryidure 1 We usedRICE-RP dataset because it has all the rice varieties used in
our studyand his datasetncludedwith a phenotype file, genotype data and a pipeline for

performing GWAS with a kinship matrix and principle coordinates.

The genomic RICERP data was filtered for the varieties with nitrification data at MAF >0.01

using PLINK toolkit pttps://zzz.bwh.harvard.edu/plink{Purcell et al., 2007)which is an

extensively used toolset for the genetic datdysis. All works were performed in the high
performance computer system (HPC) of university of Sheffield by adingux environment.

A principal coordinatesralysis (PCoA) was performed with the genetic data using R software
(R Core Team, 2@) to generate principle coordinates (PCs)s. The Eigen values for each PC
were plotted to choose the number of PCs with relatively large Eigen values to include as
covariates in the final analysis. Then the pytioded pipeline was used to rGWAS with a

linear mixed model with kinshimatrixand PC covariates hysingthe R package GENABLE
(Aulchenko et al., 20079nd output was plotted as Manhattan and QQ pMisre the palues

were transformed a$0g10(p) so that larger values corresged to stronger associatiom$e

final Manhattan plotvas used to highlight andsualize the distribution of associated@ues

for significant single nucleotide polymorphisms (SNRgheretop hit p-valueof the SNPs
indicates their significant association with BNI activity and low nitrification rate. Moreover,
the quantilequantle (QQ) plot was used to present the variation of detecteduygs from the

null hypothesis of noassociated SNPs and the rafikhe pvalues of each SNP to plot against

a hypot Hdistributicnanithe @&plot.
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4.2.3 Candidate genesglentification

The GWAS analysis provides a summary output file which present simply the most significant
SNPs andhe calculated major and minor allele effe€hen, the GWAS output results of the

top SNPs were investigated by using the online rice genobrewser

(http://ricediversity.org/tool3/to identify the nearby gendmked with the trait of interest

(Figure 4.1 A). We used the chromosome number and SNP position as an input in the genome
browser and thn the SNPs associatgdneloci were captured from £10kéround the SNP
position in the chromosom@igure 4.1 B). Tie potential candidate genegre shoHisted

based on the general gene ontology, then genes were categorized for on their respective

function (Figure 4.3).
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0. sativa (Oryza sativa) Genome Browser Gateway

The UCSC Genome Browser was created by the Genome Bioinformatics Group of UC Santa Cruz
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Oryza sativa, commonly known as Asian rice, is the plant species most commonly referred
to in English as rice. The current version of the Rice assembly (orySat2) is based on the
MSUv7 genome assembly from the Genome Annotation Project. This assembly is divided
into 12 chromosomes plus chrUn and and chrSys pseudomolecules.
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Figure 4.1: Presenting the local mirror of the UCSC Genome Browser Gateway in the rice diversity platform
where (A) GWAS revealed top significant SNPs, their position in the alsome and chromosome number were
submitted into the Gateway of the Genome Annotation Project to find out the SNP associated genes loci in the
respective chromosome; (B) Based on the input locations of the SNPs Brawser Gateway, it provides

numerougyenes loci for a SNP pogith and then SNP associated gt were captured from a +10kyound
the position of the SNP in the chromosome.

Pagel08of 218



Chapter 4

4.3 Results and Discussion

4.3.1 Genome wide association wglies (GWAS) for BNI activity and low
nitrification trait

Our genome wide analysis facilitated the detection of significant genetic associations of single
nucleotide polymorphism (SNP) markers and gave summary output as Manhattan plot and
QuantileQuantile (QQ) plot (Figure 4.2 A and B respectively). The assonibetween the
genetic variants and the trait are shown in the Manhattan plot where a group of outstandingly
significant p values rise ugo thetop of the plot and makes the graph to resemble as a
Manhattan skylinéEhret, 2010)It repiesents the SNP-yalues presented in a genomic order
onthe Xaxi s and t h e-valudsaverd fresentéd int theaXis. (Moreover, the
GWAS output of quantilguantile (QQ) plot revealed that the observed values (black dotted
line) were almost equad the expected values (light grey line) and all points were on or close
to the central line between the X andaXis, but there was a separation of the expected p
values from the observed ones$ laigi0 (4.2). Moreover, the observedvplues shifted towals

the X-axis suggesting less chance of false positive signifiesults The genomic inflation
factor (known as @a&agc) value was 1.012 in the

fitted to the phenotype data and thegbues of most the SNRgre uniformly distributed.

Furthermore, the present GWAS investigation produced a top 1000 SNPs output file, from
which most significant 26 SNPs were selected above the threshidlnbef (4.2) due to their
strongassociation with the BNI activity andw nitrification rate (shown as the dotted line in
theManhattan plot and Q@lot). The selected thresholdidbgio (4.2) was decided based on

the significance level of the SNPs, where below this point lots of SNPs in the Manhattan plot
were clustered tagher (see figure 4.2A) and SNPs behaved differently above this point in the

QQ-plot where observed line separated from the expected line ((see figure 4tz Beldcted
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top 26 SNP data output summary, SNPs name, their chromosome number, positicateassoci

p-value were shown in the table 4.1.

™~ m = N v M~ @ O o o
L B o |

12

Chromosome

-loglo(observed)

-loglo(expected)
Figure 4.2: (A) Presentindpe Manhattan Plot from the GWAS analysis of rhizosphérdication rate where it
showedahe top significant SNPsereabove the majority of SNP clusters along the genome, suggdstisgiop

hits to beassociated with thBNI activity andlow nitrification rate. The plot had-éxis presenting the negative
logio of the pvalue for each SNP and-axis presenting the locatis along the numbered chromosomes of the
rice genome. The lightrange coloured dotted line indicates theeshold atlogio(p) 4.2 above which top hit
SNPs wereselected due to their strong association with the trait of infeBQ-plot showing the distribution

of the olserved against the expectddgio(P) valuefor the SNPs of the rice genome, where tkgeeted logio(P)
values under the null hypothesis are indicated bygtlg straight line andbserved values were shown as the
clusers of dots in black colour. Trec in the plot shows the Genomic inflation of the modéle light aange
coloured dotted line indicates thaeshold atlogio(p) 4.2where observed and expected values got separated.
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Table 4.1: Showing the GWAS outputrsmary of the top hit significarBNPs above the threshold point with
their name, chromosome number, SNP position in the chromosome and assowialiggl fpom the GWAS
analysis.

Rank of significanti SNPname Chromosome  Position p-value
SNPs

1 mlid0084222475 12 19114586 8.95E06
2 mlid0011122428 2 8857905 1.42E05
3 mlid0093911941 9 3525078 1.96E05
4 mlid0041669499 6 8974917 2.25E05
5 mlid0041669507 6 8974950 2.25E05
6 mlid0041669509 6 8974968 2.25E05
7 mlid0041669500 6 8974924 2.25E05
8 mlid0041701088 6 9120900 2.25E05
9 mlid0041666724 6 8962624 3.19E05
10 mlid0004474600 1 19416952 3.24E05
11 mlid0041649107 6 8884901 3.61E05
12 mlid0041669444 6 8974599 3.84E05
13 mlid0041669443 6 8974590 3.84E05
14 mlid0004481128 1 19435790 3.97E05
15 mlid0002305134 1 11179911 4.11E05
16 mlid0041649108 6 8884907 4.76E05
17 mlid0041666435 6 8960416 4.76E05
18 mlid0034356601 5 6622471 4.88E05
19 mlid0041679026 6 9020797 4.96E05
20 mlid0041666374 6 8960133 5.13E05
21 mlid0004599428 1 19867813 5.19E05
22 mlid0084182201 12 18903023 5.19E05
23 mlid0041680112 6 9024493 5.77E05
24 mlid0041663829 6 8948457 5.77E05
25 mlid0041666032 6 8957892 5.85E05
26 mlid0041649000 6 8884009 5.85E05
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4.3.21dentification of genes linked to the trait of interest

Among the top 26 hits, the most significant SN#ere found in chromosome 12 (SN21)
followed by chromosome 2 (SNR=1) and then chromosome 9 (SMR1). However, the rest

of the top list significant SNPs were from chromosome 1 (SNPs, n=4), chromosome 5 (SNPs,
n=1), chromosome 6 (SNPs, n=17) and chromosome 12 (SNPs, In=thjs study, o
significantSNPs from chromosome 3, 4, 7, 8, 10 and 11 vweened in the top list ofhe above

threshold point oflogio(P) 4.2.

We used the annotated rice reference genome from rice diversity website (mentioned in the
above section 4.2.2), from where we identified total 72 gene loci linked with those top
significant SNPESNPsassociatedienes logichromosome number, their associated p value,
loci number, loci name and gene product naveeeshown in appendix table A.3Jhe gene
ontology and relevant rolef each gene loaverestudied Then the high confidence protein

coding genes were shortlisted baseu their expressed function, wheregenes with
hypothetical and unknown functions were excluded. This approach yielded 41 shortlisted genes
which were then categorized based on their gene ontolagthimfollowing functional groups:

(1) Transcription Factors (3 gene loci); (2) Plant hormonal regulation, signalling, stress
responses, nutrient transportation, growth and development (12 gene loci) and (3)
Retrotransposon Protein (26 gene I¢Eigure 43). The gene with expressed function of plant
hormone,signalling, stress responses, nutrient transportation, growth and develog@ent (
gene loci) were further studied thoroughly from the relevant literature and mapped into the
Kyoto Encyclopaedia of Ges and Genomes database (KEGG) based on the availability of

the respective gene function on KEGG systbttpé.//www.genome.jp/kegg/pathway
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Genome wide association study (GWAS)

A /

Top 26 SNPs above -log, P >4.2

v

L

Q

=93 Top SNPs associated 72 gene loci

528

LIRS = S p— '

g g

= . . . . . . .
£ % Shortlisted 41 gene loci were classified into 3 main categories based on broad function
£92

= _% 4 (= v

g~ 2

[5a]

(2) Plant hormonal regulation,
signalling, stress responses, nutrient
transportation, growth and development
(12 gene loci)

(3) Transposon and retrotransposon
(26 gene loci)

(1) Transcription Factors
(3 gene loci)

=== |, Nitrilase protein

E==) ) NB-ARC domain containing protein
mm) 3. NHL repeat-containing protein

mmmm) 4. Cytochrome P450 71A6

w5, Gravitropic in the light (GIL1)

=) (. Ras family domain

s 7 Plastocyanin

mm) 8. Aluminium-activated malate transporters (ALMTs)

m===) 9_Early-responsive to dehydration protein
s | (). Aspartyl protease domain containing protein
mmm) | 1. Zine finger (C3HC4)

) 12. Integral membrane protein

Figure 4.3: Showing flow ahedownstream stepsf the GWAS findings First the SNPs were selected above the
threshold point which yielde26 SNPs, then those SNPs were looked into the genome browser, which yielded 72
associated gene loci. These gene loci were studied and their gene ontology was inveEhigatbdsed on the
relevant gene function they were shortlisighereunknown and hypothetical ontologssociatedjeneswere
excluded yielding a total of 41 genes. Finally, these shortlisted genes were catefjbesed on their function
wheretranscription factors related genes were 3 and plant hormone, signalling, stress response, nutrient transport
and growth related genes were 12 and rest of the genes were associatedtvéatisgioson and retrotransposon
function.
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4.3.3Function of the identified genes

4.3.31 Geneslinked to plant hormonal regulation, signalling, stress responses,
nutrient transportation, growth and development

4.3.31.1 Nitrilase protein

We found anitrilase geng0s129g31780.2) associated witke top SNHn chromosome 12.
Nitrilase is involved imitrogen metabolism functiomitrilase (NIT) genes play a significant
role in the nitrate and ammonium signalling pathwgdsng et B, 2020)as well as irroot
responses to enhance nitrogen acquisif\iller, 2020) Nitrilase is a superfamilgf enzyme
consists ofL3 branches, among them only single branch is identified to hailas@ activity
and others are involved in amidendensation or amieleydrolysis reactiondPace & Brenner,
2001) The substrate specificity and biochemical propertiegesigtheir involvement in
nitrogen utilization, plant hormone synthesis, defence and detoxification mecl{blusmen

& Preston, 2009)

The nitrilase enzyme homologues are widespread in the plant kin@éomch et al., 2007,
Piotrowski, 2008; Piotrowski et al., 2001Rice root was found to express nitrilase gene
(OsNIT1 and OsNIT?2) associated with root architecture system, auxin distribution and nitrogen
signalling pathway$Song et al., 2020 or examplerice roots uptake of inorganic nitrogen

are mostly as nitrate and ammoniutmrough themembrane transporter protdike nitrate
transporter (NRT) and ammoniumansporte(AMT) respectively whereNIT proteins might
function aghe crossing point of nitrate and ammonium signalling pathamalyn turn lead to
nitrogen assimilatiofGoel & Singh,2015; Good et al., 20084iiller, 2020; Song et al., 2020

Yan et al., 2018; Yang et al., 2017

Furthermore, ne of the crucial pathwayf nitrogen assimilation is thelutamine

synthetase/glutamirexoglutarate amotransferase (GS/GOGAT) cyaléhere ammonium is

Pagell4of 218



Chapter 4

assimilated to Glutamate (Glu) and Glutamine (G®Qel & Singh, 2015Yang et al., 2017,
Kojima et al., 2020; Tabuchi et al., 200Mhe GS and GOGAT are the key enzyme for
ammonium assimilation in plants and several isozymes o twe found in rice genome
(Kojima et al., 2020; Tsai et al., 2016; Liu et al., 2020)ese assimilated@ducts are in turn
used for the biosynthesis of nitrogeontaining metabolites to assist in plant development and

growth(Yang et al., 2017)Figure 4.4)

Moreover rice have homolog oinothemitrilases OQSNIT4) gene (Piotrowski et al., 2001),

which play dual role in the nitrogen recycling from cyanide into amino acids and in cyanide
detoxification (Hatzfeld et al., 2000)During thecyaneamino acid metabolism, hyagen

cyanide (HCN)is producedfrom the ethylene biosynthesis, then HCN is converted t
glutamate and ammonia by nitrilag@sotrowski & Volmer,2006) whereas, typically ethylene
biosynthesishappens during the course of rice pla
synthesis increase drastically when plant experience any biotic/abiotic(Seesst al., 2011)

(Figure 4.4)

Therefore, it was observed that the nitrilase activity leads towards the glutamate biosynthesis,
which isassociated with nitrogen eigfficiency(NUE) in rice (Shi et al., 201Q)and NUE in
turn positively linked to root BNI activity (Sun et al., 2016)Hence,it can be said thatce
nitrilase interrelate with nitrogemetabolismand root exudation of BNI compoundgdrthe

rhizosphere soil toeduce soihitrification.
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Nitrilase superfamilyclassified intol3 kranches with 9 characterized substrate specifi

U J

Only one branch has nitrilase activit Other eight branches are
for nitrile hydrolysis involved inamidehydrolysis
or amide condensation

!

Plant identified ftrilaseare: NIT1,
NIT2, NIT3 and NIT4

|

General classification of nitrilase

Rice has nitrilas€sNIT4 Rice have nitrilas€©sSNIT1 and OsNIT2
Cyanceamino acid metabolism NOs and NHy signalling pathway
Biotic/abiotic HCN produced
stress from ethylene

Plastid

GOGAT
2-0G6 Glu

GUU

o AGS2
NiR GDH
NO,—> NH,' +2-06 «—>Glu

HCN to AMT , 68t Gln
glutamate NH,——— NH,

Glu

NRT NR
\:NO,' > NO;

Product glutamate imssociated with nitrogen use efficiency in ri

|

Higher NUE is associated with high BN
and low nitrification trait, hence nitrilase
might be linked to these traits

presence and function of nitrilase in rice

Figure 4.4: Showing the classification of nitrilase superfamily, their branches, functions, presence of nitrilase gene
of rice genome. Thanteraction ofrice nitrilase genewith nitrate and ammonium signalling and further use of
those inorganic nitrogen iglutamate productioiGoel & Singh, 2015; Miiller, 2020; Song et al., 20Z2Dhe

product glutamateés linked with nitrogen use efficiey in rice, wherea8NI activity had positive relationship

with plant nitrogen use efficiency. Thus, rice nitrilasteractwith nitrogenand most likely connected toat
exudation of BNlcompounds in rhizosphere soil to increBd¢E and low soil nitrification
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4.3.31.2 Nucleotidebinding adaptor resistance protein (NBARC)

The NB-ARC domain resistance proteif®@s06915750.1yvas found in the chromosome 6.
The NB-ARC gene has a function@TPase domain and mainly functions in plant disease
defence mechanismvhere they are involved in the recognition of pathogen and activate the
innate immune responsgBang et al., 2020; Ooijen et al., 2008) rice, the NBARC protein

was associated with pathogen/micrdinéed elicited immunity(Jiang et al., 2020)

4.3.31.3 NHL repeat-containing protein
NHL repeatcontaining protein is a RNA binding domain protein which was found in
chromosome 6(s06g15820.1). Along witthe NB-ARC protein, NHL repeat protein gives

insects resistance to rigamolsukyunyong et al., 2013; Satturu et 2020)

4.3.31.4 Cytochrome P450 71A6

Another,gene locusvorth mentioningvas found on chromosome 6 vitags cytochrome P450
71A6 associated prote(®s06g15680.1which regulates and affect the plant development as
well asgrowth and alsonvolved in metabolic pathways. In rice, it catalysesdtstinctive
steps of strigolactondiosynthesiswhich is used for rhizosphere signallingprmonal
regulation induction of shoot tillering or branching and influence the root archite(liaest

al., 2019; Zhang et al., 2014)is also linked to the biosynthesis of secondary metabolites for

protection of rice plant against microbial pathogens attack (KEGG gene ontology).

4.3.31.5 Gravitropic in the light (GIL1)

We found a gravitropism related geri@s(05g11650.1)vhich respond to the gravity stimulus
(Kiss & Hasenstein, 201@nd systematically modifies the root development, influence the
root elongation and lateral root branchifigma et al., 201Q)It is associated with growth
process whichdetermine the ascending shoot growth and establish an acdeaai®

positioning for efficient photosynthesis as well as gas exch@@igen et al., 1999)
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However, plant gravity responses does not work independently and it was found to be
modulated by light signald=irn & Digby, 1997) where it many cases there is an interaction
between gravity and phytochrome signalling pathwAjlen et al, 2006) Plants have specific
photoreceptorg particularto identify the quality, amount and direction of light and use it to
control the plant development, growdls well asinteract with otherenvironmental signals

(Allen etal., 2006; Morita, 2010)

4.3.31.6 Ras family protein

We found aras family domain containing gene (0s01g35850.1), which is a signalling protein
in chromosome .1The asgene family functions as a means of sensory and hormonal signal
transduction acrogke plasma membrane, and is involved in the signal transduction pirocess

rice (Hall, 1990; Sano & Youssefian, 1991)

4.3.31.7 Plastocyanin
A plastocyanin (Os02g15710.1) gene in chromosome 2 was found in our study. It is a copper
containing protein and it is associated with energy metabolism, photosynthetic electron

transport and photosynthegi®edinbo et al., 1994)

4.3.31.8 Aluminium -activated malate transporters (ALMTS)

An aluminiumactivated malate transporteAL(MTY (Os06g15779.1gene was found in
chromosome 6 which functions in response to aluminium (Al) and responsilbihe fefease

of malate as organic acid anions by plant rq&asaki et al., 2004)Aluminium (Al) is
available in abundaedn the earth's crust and, in acidic soil, ionic aluminiung"jAdan inhibit

root growth and reduce crop producti@@asaki et al., 2004; Furukawa et ao07) ALMT
proteins are present in the plasma membi(afanaguchi et al.,, 20059nd works as anion
channels, where they are controlled by diverse signals for different physiological responses

(Furukawa et al., 200%ia et al., 2010)The ALMT geneggives tolerance of aluminium (Al)
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to plant cells whemresence of toxic aluminium (Al) catioms acidic soils can inhibit root
elongatiorandacts a key constraint for plant growBasaki et al., 2004 rice, ALMT genes
arelinked with increase malate efflux (OsALMT{Yamaguchi et al., 20059nd maintains

grain yield (OsALMT7)(Heng et al., 2018)

4.3.31.9 Early-responsive to dehydration
We found an earlyesponsive to dehydration gene in chromosome 1 (0s01g35050.4) which
can be activated swiftly by salt stress and they are supposed to be significantly influenced by

environmental stress respor{@ang et al., 2011)

4.33.1.10 Aspartyl protease domain containing protein

A aspartyl proteas@s069g15760.Jigenewas foundn chromosome 6 which plays significant
role in proteolysis and gives resistance to plant against fungal path@jeriset al., 2004)

Rice aspartic protease gene is important for pollen germination, tube growth and fertility

(Huang et al., 2013)

4.3.31.11 zinc finger (C3HC4)

A zinc finger gene is a C3HC4 type domain containing protein which was found in
chromosome 1 (0Os01g35120.1). They amgolved in the plant growth, development,
photosynthesigghytohormone, abiotic or biotic stress respormsesfertilityin rice (Ma et al.,

2009; Mjomba et al., 2016; Li et al., 2013)

4.3.31.12 Integral membrane protein
An integral membrane protein was found on chromosonleO&_ 0s06915810.1). It was
found to link with signalling function and cellular processes in the KEGG pathway. It also

works as transpters for solute carrier familgnd nucleosidsugar transpaer.
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4.3.32 Transcription factor proteins (TFs)

In this study we also found a few transcription factor proteissy i.e, homeobox domain
containing protein, OSMADS2MADS-box family gene and heliboop-helix DNA-binding

domain containing protein. Widespread genome wide analyses of the transcription factors
associated genes expression revealed that these genes play key role in the metabolic and
regulatory pathway of plant stress, growth and developmanmte (Arora et al., 2007; Li et

al., 2006; Dreisigacke et al., 2016; Lu et al., 2§12

4.3.33 Transposon and retrotransposon

Our results revealed a large amount of transposorretratransposon genes (26 gdoel)
which they were located in chromosome 1 (9 gena)lathromosome 6 (8 gene loci),
chromosome 9 (6 gene loci), chromosome §€ne loci) and chromosome 2 (1 gene ldai).
principle, whentransposon and retrotransposioegrate into the host genome, they can
increase the amount of polymorphisimsrice genomgYamasaki et al., 2016Moreover,
theactivation ofretrotransposodepends on the host adaptation to environmdéutztlations
and thg canjump into the regulatory sequencesptEnt genes and change their expression
(Todorovska, 2007)These genes are important s@me of the plant retrotransposons are
transcriptionally active and structurally intact which can be used as a potent vehicle for
interspecies gene transfer in plants and can drive variation in gene exp(essemt et al.,

2001a; Vicient et al., 2001b; PetersBarch et al., 2000)

4.4 Conclusion

Rice has many multigene traits which wasulted from the interaction of multipgenes and
one of such trait imice is thenitrogen use efficiencyNUE) which is a highly multifaceted
polygenic trait andegulated by multiple gendslan et al., 2015; Hawkesford & Griffiths,

2019;Rasheeet al., 2020; Li et al., 2003RiceNUE is alsopositively linked to roobiological
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nitrification inhibition (BN) activity (Sun et al., 2016nd itis one of the potential factors for
driving the nitrification variation in sb(Described in section 2.1). BNg a root functiorand
numerous factors are associated with BNI exudatind they are alsadriven by critical
environmental stresand plant root artchitecture. It gimulatedby ammonium fertilizer,
acidic rhizosphere soil pH, and presence of ammoxidizing bacteria (AOBYSubbarao et
al., 200, 2009; Tanaka et al., 2010, Zhang et al., 2pMhich indicats that BNI exudation
and activitymight beregulated bythe interaction of multiples genes of the rice genome.
Likewise, our GWAS results revealedlltiple rice genes associated with significant markers
where one of them wasmajor nitrogermetabolism gene i.e., nitrilase along with some other
significant signalling and pathogen resistance genes i.eARIB, GIL1, ras protein, aspartyl
protease, NHirepeat, early responsive protein, integral membrane protein, alurinium
activated malate trapsrters (ALMTs) and fewphotosynthesises related genes like

plastocyanin, zinc finger and cytochrome P450 71A6.

The nitrilase gene is associated wghutamine synthetase (GS) and glutamate synthase
(GOGAT) pathway (Described above in section 4.3.2.¢ure 4.4), whichare the main

enzymes for assimilation of inorganic nitrogen into amino acids and amides into the cell to
connect the carbon metabolism with nitrogen metabo{@mong et al., 2017)Many studies

over the last two decades showed that nitrogen and carbon assimilation are interdépendent

each other where carbon metabolism depends on nitrogen assimilation, due to the involvement

of plantdés nitrogen b udnghebtheohandtaltantinpohsoccartwois y nt h
framework and energy supply is required for nitrogen assimilafi@myer et al., 2001)

Moreover, nitrogen has strong positive relationship with photosynthetic a¢Matino et al.,

2000, 2003) where most of the plant assimilated nitrogen is spent erpliotosynthetic

mechanisnm(NunesNesi et al., 2010)Additionally, nitrogenous compounds play a vitaler
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as signalling molecules wontrol the plant responses in fluctuating environmental conditions
both inside and outside of the pldfojon et al., 2009; Tabuchi et al., 2007Mhe ntrogen
metabolism gendike nitrilase along with the Rasignalling protein, early responsive to
dehydration gene, integral membrane protein and A&Iay role in signalling and transport

of nutrient required for plant metabolism. Moreover, zinc finger, cytochrome P450 71A6 and
plastocyanin genes involved energy and food production throligtosynthesigFigure 4.5)

Thus, plant photosynthesis genes interact with each o#metinterdependentlgontribute to

the nitrogen assimilation as well agrogen use efficiency (NUE) which is further positively
correlated with BNI activityandlower soil nitrification (described in sectidn3.2.1 and shown

in figure 4.4).

Up till now, BNI secretion in relation to rice genetics is an overlooked phenomenon, but the
results of this study for the association of the identified genes with NUE and BNI traits was a
significant step towardstheinght s of rice plantdés genetic
the connection of those genes to BNI and NUE needs to be further explored by gene expression

and metabolomics study.
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Nitrilase NB-ARC and NHL repeat Gravitropic in the Aspartyl protease
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Figure 4.5: Presenting a conceptual diagram illustrating the possible relationships among the identified genes and
their traits in relation to NUE and BNI.
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Chapter 5: A Data Synthesisand Systematic Review
of the Key Issues Affecting the Variability of Soill
Nitrification Rates: Rice Cultivation System as a

Case Study

5.1 Introduction

Soil nitrification is asignificant nutrient cycling proceswhich is associated with various
nitrogenlosses such akeaching loss of nitrate and greenhouse gas nitrous oxide enfissibn

et al., 2011; Sapkota et al., 2020herefore, thaneasurement of soil nitrification rates is
important for determination of environmentddloss (Beeckman et al., 201&pescribed in
section 1.2). There are three main techniques to assess nitrification rates in soil: potential, net
and gross nitrification rate measurement methods. Potential nitrification (RMR) are
determined by shaking Nffand phosphate amended soil slurry on an orbital shaker allowing
optimumdiffusion for maximum aeratiospmetimes chlorate is also added to inhibit oxidation

of nitrite to nitrate(Belser & Mays, 1980)The use of continuous agitation with Alimiting
oxygen and high concentration of ammonium substrate in PNR method is likely to influence
the nitrifying canmunities and can affect the measurement of the final nitrification rate
(Bernhard et al., 2010; Sterngren et al., 20N@t nitrification rate (NNR) measures the net
change of the extractable pool of M@fter addition of NH* in soil under constant temperature

and moisture condition@inkley et al, 1989; Hart, 1994; Stark & Hart, 199 however, this
technique underestimate the actual nitrification rate due to nitrate immobilization by soil
microorganisms or consumption by other processes like denitrification, plant uptake and
dissimilatory NQ reduction to ammonium (DNRADeCatanzaro et al., 1987; Silveral.,

2001) Gross nitrification rates (GNR) are determined®y pool dilution technique using

isotopic dilution to measure the nitrification rate independently from the above mentioned
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consumptive processes of soil nitréBrooks et al., 1989; Davidson et al., 1991; Kirkham &

Bartholomew, 1954)

It is not clear how close NNR can be to GNR, or how close the PNR to the other two methods
(Hart, 1994) Some studies partially looked on different nitrifioa rates in dryland ecosystem,

but the measurement method driven variation in nitrification rats a overlooked
phenomenoifAlves et al., 2013; Sterngren et al., 2015; Verchot et al., 2001; Li et al.,.2020)
Verchot et al(2001)measured the gross and net nitrification rates in soil of different stands
from two forest system, and revealed that gross rates vary from net nitrification rates by an
order of magnitude. Moreovesterngren et a[2015)showed that the additicsf ammonium

during the nitrification method could results in higher AOB abundance and function compared
to AOA, and there was a AOB drivaritrification in N-rich soil but AOA driven nitrification

in N-deficient soil. Hence, when excess nitrogen is added during PNR measurement method
such high substrate concentration is likely to impact the AOB and AOA communities in soil.
Alves et al.(2013) investigateddifferent soil ammonia oxidizers and showed that nitrate
production and consumption process were varied by different level of ammonium addition and
there was no relationship between PNR, NNR and GNR. They also found suaméncases

there was negative relationships between NNR and GNR. A-anelgsis byLi et al. (2020)
investigated the global soil nitrification rate changing pattern and their controlling factors in
the terrestrial ecosystems, where they revealed that total soil nitrogen concentration is a major
determinant along with soil pH for the soil nitrificaticate variation globally. However, these
studies didndédt compare between the PNR, NNR

across the methods.

No research yet compared between the three nitrification methods in rice cultivation system
for the nitrificaton measurement variation or tried to look for the factors that are driving the

variation. Moreover, Different nitrification assessment method uses different approaches to
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measure the rates which can affect nitrifying population and hence nitrificags{Stgrngren

et al., 2015) Therefore, in this study a quantitative synthesis of the literature was performed
assessing the available rice based nitrification studies nifigdéhe variation of nitrification
ratemeasuredby different methods and the significant factors behind the nitrification variation

in the rice cultivation system. Data was compiled from studies that have applied potential, net
and/or gross nitrificatin techniques and a medaalytical approach was used to advance the
current understanding of the reason of the variation between the methods and find out the
factors responsible for the variatidrhe key aims of the research were to: (1) compare between
the PNR, NNR and GNR collected from different studies; (2) assess the relationships across
different studies for each of the method i.e., PNR, NNR and GNR; and (3) determine the most

influential factors affecting the metds across different studies.

5.2Methods and materials

5.2.1 Data search, selection and collection

A comprehensive literature assessment of -pe@ewed publications was performed using

Web of ScienceScience DirecandGoogle ScholarData were collected from the literature

by using the key words: Ani tridf iicatirod, crait ¢
pl ant 0. Studies were included whendethilbey fu
information of ricegenotypeaused in the study; (2ppliedpotential/net/gross nitrification

method; and (3lased omice cultivation systemDocument types were restricted to research

articles and book chapters with the time spatweenl970 to 2020 to get the full benefit of

all relevant publications in the fieldlhe search and data extraction was carried out between
AugustNovember, 202@nd the resulting 3641 hits were checked to remove duplicate studies.

After removing the duplicatge=2520 studiels we retrieved 1121 studies whose abstracts and
methods were screened based on the above mentioned criteria. This filter finally yielded 23

studies with the inclusion criteria of the stuummary of the 23 studies used in théa
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synthesiswas presented in appendbable A.4, wheredetails ofstudy citation, number of
values extracted from each study, nitrification method, experiment type, extraction method,
soil pH, water management, soil origin and rice varadtgach studywere described.The
procedure used for selection of studies wersegted in the PRISMA flow diagram, showing

theof information of each steffrigure 5.1):

Studies identified through Studies identified through Studies identified through
database searching using database searching using database searching using
keywords keywords keywords
finitrification, ri ced ( s t u d Bnitrification rate, rice 0 finitrification, rice plant 0
number, n =1686) (study number, n =911) (study number, n = 1044)

Number of duplicates among the search findings
(study numbem =2520)

Studies after duplicates removed
(study numbem =1121)

\

/ Studies excluded when there
was: 1) no rice genotype detalils;
Title, abstract@nd methods screened 2) no information on soil
(study number, F1121) # nitrification assessment method:
c) not basednrice cultivation
system
\ (Studynumber, n=1098) /

Selected sudiesthat fulfil the selection criteria
for the meta-analysis (study number, n = 23)

| Includedl | Eliqibilitvl Screening | Duplicates check}[ Identificationl

Figure 5.1. Showing the PRISMA flow diagram of how the studies were searched, screened and selected for meta
analysis. The light blue colour indicating the function of each step, the light orange colour presenting the details
of each function and white behowing the exclusion criteria of the studies.

5.2.2 Building the datasets
Data of different categorical and continuous variables were extracted from the different types
of rice nitrification studies, where means, standard error of the mean (SEMarmtard

deviations (SDandreplicate numbers were collected. When means and SD/SEM were not
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provided then data was extracted from the figures of the study. Then the extracted data was
used to make a meta database using Microsoft Access 2016 (MicroSaf), with the
following categorical variables: (lire variety; (2) country of origin of the soil; (3) experiment

type (laboratory/ field/ hydroponic); (4) water management (aerobic cultivation/ continuous
flooding/ rice intensification/ alternate wettiagd drying); (5) soil extraction methods (KCI/
phosphate buffer extractions); and with the following continuous variables: (1) potential
nitrification rates; (2) net nitrification rates, (3) gross nitrification rates (4) soil clay content;

(5) soil organiccarbon content; (6) soil pH; (7) soil ammonium content and (8) nitrate content.

5.2.3 Data analysis

Conversion of different units of the continuous variables from the selected studies was
performed into a respective common unit, for example differatg ahpotential nitrification

rates (PNR) were converted into a common unit of mg/kg soil/h; different units of net and gross
nitrification rates NNR and GNR) were converted into mg/kg soil/day; different units ¢f NO

N and NH-N data were corerted into mg N/kg and various ahits soil organic carbon
converted into g/kg. All data analysis and plotting was carried out @i#gph Pad Prism
Version 8.4.2 (Graph Pad Prism Software Inc., San Diego, California, .U%A3 were
checked for homogertgiof variance and normality by using Levene's test and Shapiro Wilk
test respectively. Due to the raormal distribution of the datdsruskalWallis test was
performedusing mean data of each studtescomparebetween thd®NR, NNR and GNR
method acrosshemandall types of nitrification was converted to mg N/kg soil/Oay the
analysis Principal Component Analysis (PCA) was carried out withividual data points from

each studywhereall the categorical and continuous varialtedped tofind and umlerstand
theimportantpatternsof the data. Correlation matrix analysis was performed for assessment
of statistical associations and to investigate the relationship across the studies in terms of each

of the nitrification methods.
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5.3 Results

5.3.1Comparison between the nitrification methods

Comparison of different nitrification ragdrom the 23 studies was performed by Kruskal
Wallis test to assesbedifferences among them. The analysis detected significant differences
(p<0.001) across differemethod assessed nitrification m{@&able 5.1). Studiesf potential
nitrification rate(PNR), net nitrification rate (NNR) and gross nitrification rate (GNR) were
plotted togetheand themost variablenitrification rates were observed for PN#here rates
varied from Issthan0.01 to more than 1thg N/Kg soil/day The NNR &o varied between

the studies, buthe GNR had no differences between stedies(Figure 5.2).

2222 Phosphate buffer extraction and field study _ KCl extraction and field study
Phosphate buffer extraction and lab study _ KCl extraction and lab study
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Figure 5.2: Showing the comparison among shedies with potential, net and gross nitrification rates (PNR,
NNR, and GNR respectively), where nitrification rates of each type was ordered from low to high and same type
of nitrification associated studies were shown together and indicated"Bipracket at the top. Light brown and

blue colour used for phosphate buffer extraction and KCI extraction respectively, whereas unlined and lined bars
indicate the lab and field experiment accordingiiyet al. (2008)study probably contained a typographical error
relating to the nitrification unit hence instead of mmol/Kg/h unit we used an amended unit which was mg NO2
/Kg /h. Significance level was shown witvpa | ue O 0. 05, O 0.01 antilelyD 0. 001
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Table 5.1:Showing theKruskalWallis test results for the variation amopgtential, net and gross nitrification
method from the selected studies.

Results
Kruskal-Wa l | i s &)t at i s 156.9
df 179
p-value <0.001

5.3.2. Principal Component Analysis (PCA) for potential nitrification studies

Principal Component Analysis (PCAJrfpotential nitrificatiormethod data was performed to
interpret the trends and patterns of PNR data across the studies. Our analysigisiaiverce

was separation of PC scores in the first dimension based on the soil extraction methods, i.e.,
phosphate buffer extraction (PBS) and potassium chloride extraction method and second
dimension separatiowas based onthe experimentypes i.e., la experiments and field
experiments (Figure 5.3A). The loadgygot (Figure 5.3B) suggested that the most influential
variables were the soil extraction method, country of origin of soil, rice varieties, nitrate content
and experiment types. It was alsoufd that PNR had close relationship with water
management and negative correlation with nitrate content, ammonium content and experiment
type. Soil properties like clay content, organic carbon and soil pH found to correlate with each

other.
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Figure 5.3: Showing the PCA analysis results of PNR data from the selected 15 studies where (A) PCA scores
plot and (B) loadings plot of the variables. The PC scores plot presenting the soil extraction i.e., phosphate buffer
and KCI by light brown and blueolour respectively, whereas field study and lab study shown by square and
triangle symbol. Loadingrasshown for @ach response variable with an associated arrow with blue dot at the end.
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5.3.3 Principal Component Analysis (PCA) for net nitrification and gross
nitrification studies

Net nitrification and gross nitrification rates (NNR and GNR respectively) from the selected
studies were analysed by PCA together due to the low number of grogication
publications. It was found that the PC scores of NNR based studies had a separatioft in the 1
dimension based on the soil extraction methods, whereas separation based on experiment types
was observed in the€'dimension. GNR method studies were foumdhe 2% dimensionin

betweerthe NNR of lab and field experiments (Figure 5.4A).

The loadings plot suggested that the most influential variables were the rice varieties, country
of origin of soil, soil extractin method, soil nitrification rate, water management, ammonium
and nitrate content (Figure 5.4B). Soil nitrification rates had strong positive relationship with
water management, soil pH and ammonium content and negative relationship with soil
extraction méod. Soil nitrate content was negatively correlated with soil organic carbon, clay

content, experiment types, rice varieties and country of origin.
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Figure 5.4: Showing the PCA analysis results of NNR and GNR data from the selected studies where (A) a PCA
scores plot and (Bpadingsplot of the variables. The PC scores plot presenting the soil extraction methods i.e.,
phosphate buffer and KCI by lightrown and blue colour respectively for NNR and black colour for KCI
extraction of GNR. The field study and lab study shown by square and triangle symbol and loading were shown
for each response variable with an associated arrow with blue dot at the end.
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