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Abstract

The soil microbiome is a dynamic and complex environment tfiatsonumerous ecosystem
services. Beneficielseudomonaspp. are agriculturally relevant bacteria with a plethora of
plant growth promoting (PGP) traits, making them desirable targets for microbial inoculant
development. Microbial inoculants have typigafiailed to produce reliable results, which can
be attributed to the introduction of microbes into ecologically unsuitable environments. Its
therefore important to better understand factors that can alf@seudomonaspp. community
structure and functiomg. Crop domestication and land management have both played
important roles in the development of agriculture over the last 10,000 years, however they
have been associated with negative impacts on the soil microbiome. Here, the impacts of

these agricultual components on soil pseudomonads was investigated.

The study of 17 domesticated and ancestral wheat genotypes cultivated in a grassland soil
revealed no clear difference in pseudomonad community structure within rhizosphere or bulk
soil. The Highfieldx@eriment at Rothamsted Research tests the impact of land management
and revealed various impacts to soil properties, wheat physiology and total microbial
abundance across grassland, arable and bare fallow managed soils. However, pseudomonad
abundance wasot found to significantly differ in bulk soil and rhizosphere communities.
Additional studies looking at the more closely associated root compartment of wheat grown in
soils from distinct land uses, revealed differences in abundance and phylogeny\atediti
pseudomonads. A range of PGP genetic and functional potentials including siderophore
production, antifungal activity and phosphate solubilisation differed in isolates according to
land use. The presence of theAminocyclopropand-carboxylate ACCYleaminase gene

(acdg was of particular interest, due to its potential to reduce levels of stress ethylene in
plants by degrading its precursor ACC. IntriguiregidSgene abundance, phylogeny and
functional activity appeared to differ in pseudomonads@sated with the different land uses.
The rhizosphere and root compartments of wheat had a higleeiSgene abundance,

particularly in the bare fallow soil which is known to have degraded soil properties. This
suggests factors associated with wheat grawuifferent land managements were driving the
selection of ACC deaminase producing pseudomoriadstroattempts to promote wheat

growth under salt stress by applying ACC deamitas¢aining isolates was not successful.
Overall this thesis evidencdsd functional potential of pseudomonads for use in microbial

inoculants, whilst providing an insight into the complexity of-ptaht-microbe interacions
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1.0 General introduction
1.1 The global food system and its stability

1.1.1The global food system

The global food system isgily complex and interconnected, with various pressures and
interactions that can affect food security. Broadly, five main factors constitute the food
system, these are the environment, technologyustry, governance and consumers

(Lindgren 2018)The sability of the food system relies on a balancing of these factors, which
can each drive impacts at various points along tralfohain Its therefore important when
addressing issues of food security, that the wider context is considered with a systems
perspective. This comes with its difficulties since food systems have constantly been evolving

since the birth of agriculture.

Agriculture began over 10,000 years ago when human civilisation transitioned away from a
hunter-gather lifestyle, to living in perament settlements which centred around farming
(Doebley, Gaut, and Smith 2006)he targeted ctivation of crops selected by humans,
consequently gave rise to domesticated descendants which differ in their genetic and
phenotypic makeup. The crude selection of desirable aboveground traits has since developed
into more precise genetic selections angbhidizations. Thanks to the technological
advancements equipping the crop scientist of today, agricultural outputs have been
dramatically increased through deliberate genetic breedPiggali 2012) Other components

of importance have focused on agronomic managet strategies to enhance yields, through

a combination of increased irrigation, fertilizer and pesticide application. Food productivity is
one of the main aspects of achieving food security, but the processing, transport, storage,
consumption and disposaf food are also crucial factors wheewing the modern food

system.

The development of agriculture is one of the greatest successes for our civilisation, with a



focus on productivity, a yieldentric approach has provided for billions. Despite thaicle
advantages for human sustenance, the food system can bear negative social, political,
economic and environmental implications. Conversely, there are many factors that can have
negative impacts to agriculture, a threat that is predicted to become wdosesxample with
climate change. This brings into question the stability of our current food system and whether

it can sufficiently pvide for future generationéLindgren, 2018)
1.1.2 Risks relating to food security

Producingenough food forthe worl@d LJ2 Lddzf | A2y A& | NBHtrfaod @ 2y S
security With an annual 1% populatiorincrease yielding an extra 83 million people each

year, the global population is expected to reach over 9 billion by 206@ed Nations 2017)

As highligked in figurel.l, an increase in population in most continents will mainly be

attributed to an aging demographic, with improvements in healthcare and nutrition

significantly extending human lifespans. This has obvious implications to food productivity

levels, with studies indicating that the world would need to increase crop production by 26%

68% from 2014 baseline levéldunter et al. 2017) Such predictions also acknowledge

increasing sustainability issues, entand for crops utilized as animal feed in the meat and

dairy industry, along with the production of bawops for alternative energy sources and

pharmaceutical uséHunter et al. 2017; Lam 2011)
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Figurel.1: UN 2012 population projections by continentThe United Idtions population
projections from 2012 highlights a growing population, with highest increases in birth

rates occurring in African and Asian contine@erland et al. 2014)

Decreases in land allocated for food production is further compounded by soil erosion, which
can occur from climatic events, poor agricultural practices and deforestation. A healthy soil is
vital for agriculture and greatly befits crop production through various ecosystem services.
Soil degradation however can result in reduced soil fertility, increases in compaction,
salinization and acidification which negatively impacts productivity. Additionally, soil erosion
affects watersecurity, energy security (bicrop production), biodiversity protection and can
contribute to climate change through destruction of carbon sifMeBratney, Field, and Koch
2014) Further agricultural contributions to climate change occur through meatdainy
production, which have been shown to produce higher emissions of greenhouse gases

compared to crop productiodPCQ018)

Reducing impacts and adapting to climate change will be vital for agriculture, particularly with

predicted increases in the occurrence and duration of drought and flooding events. Future



temperature and precipitation trends have been associateith weéduced crop production and
yields, with wheat and maize likely to be the most negatively affefitetell, Schlienker, and
CostaRoberts 2011)Future crops will therefore need to be resilient toywiag climatic
stressors. Resilience in ecosystems is commonly associated with higher levels of biodiversity,
however our current food system has replaced many native crops, for relatively few staple
crops. Additionally, the process of crop domestications baused a genetic bottlenecking in
modern crop varieties, reducing genetic variability when compared to ancestral genotypes
(Doebley, Gaut, and Smith 200€romotingbiodiversity in agriculture is essential, since it
preserves genetic variability which can aid in resilience towards various environmental
stressors. Additional impacts surround peisticuse, which can affect the diversity of wild
plants and animal species, particularly birds and invertebrates. Agricultural intensification has
therefore been described as the biggest contributor to biodiversity loss glqtRBC 2018)

An additional concern with the widespread and excessive use of pesticides, is the
development of resistance in target pests and pathagemhich creates complications forgie
control.

Achieving sustainability whilst competing with increaseg@ply demand is a challenging task.
The use of fertilizers is of high importance in crop productivity, particularly in intensive
systems that readildeplete soil nutrients without quick replacememitrogen is the primary
limiting factor in crop productiorhowever, increasedse of fertilizer is pushing the nitrogen
cycle beyond its boundaries of sustainabi({Bein and Klotz 2016Jhe production of nitrogen
fertiliser via the HabeBosch process is very energy intensive and its skaapplication to
fields can contribute considerably to rising contations of the greenhouse gastrous oxide
(Vitousek et al. 1997Another concern is the sustainability of mining phosphate rock to
produce phosphorous fertilizers. The predicted depletiongtdbalphosphatereservesvaries
according tadifferent studies, with totalexhaustionthought to occur sometimavithin the

next 56600 yeargSharma et al. 2013Valther and Kragler 2016)\dditionally, both nitrogen
4



and phosphorous application can have detrimental effects to the environment, particularly
when applied in excessive amounts. Leaching and runoff can cause contamination of ground
and surface waters,fecting biodiversity as a result of eutrophication in freshwater

ecosystems, in addition to reducing drinking water quglityang et al. 2017)

z
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the dominance of unsustainable agriculture are inadequate or inappropriate policies which

include pricing, subsidy and tax policies that have encouraged the excessive, and often

uneconomic use of inputs and the overexploitatiodafd (FAO 1995)Changes in policy could

make a real contribution to food security, but a continued need to focus on encouraging

sciertific innovation, to progress technologically and for stakeholders to work collectively is

also required. The achievements of modern agricelthavehelped to increasgields,

however with a better knowledge of the factors that govern our food systenhrelogy now

focuses on increasing efficiency and reducing environmental impacts. Food security, as
RSTAYSR o6& (KS ! YAGSR blriGA2yad 6!b0 NBFSNE G2
have physical, social and economic access to sufficientasdfautritious foodhat meets

their dietary needsand 2 2 R LINSFSNBy OSa T2 NBAO 1096)AchievingS | y R
global food security therefore requires a transdisciplinary approach. The UN sustainable
development goals (SD®@x 2030, call for urgent action by member states in various areas to
recognize the challenges of ending poverty and other deprivations, in addition to improving

health and education, reducing inequality, and promoting economic growth, whilst tackling

climae change and protecting biodiversity. There are 17 SDGs as seen inlfiyusith many

of these goals requiring changes in the food system to better achieve sustainability.
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Figure 1.2 UNsustainable development goal# collectionof 17 global goalset by the
United Nations General Assembly in 2015 for the year 20%&My of which cover issues

relating to the global food systeN 2015)
1.1.3 Sustainable alternatives to conventional farming practices

Addressing issues of sustainability in agriculture is a challenging task, but researchers globally

are exploring variousptions to tackle this mue.Widening the global use of native crop

genotypes for cultivation, along with a focus on crop genetics to improve resilience and input
efficiency is likely to play a central role of importance for food sec(vigughan, Balazs, and
HeslopHarrison 2007)Genetically engineered (GE) crops make use of biotechytdog
AYGNRBRdzOS yS¢ GNFXrAdGa GKIFIG FNBYyQG yI GdzNF £ & LIN
used to improve productivity and tolerance to a variety of abiotic and biotic stre€desrops

have the potential to promote sustainable agriculture thrbugduction of pesticides, fossil

fuels, C@emissions in addition to conserving soil hedliames 2011}or example, the

mitigation of chemical applications such as bregctrum pesticides, has clear toxicological

benefits to biodiversity and health. Despite this, GE crops are yet to rewadespread



acceptance with the technology remaining controverdrgasons for this are complex with

fears surrounding both the cultivation and consumption of crops leading to issues with human
health, biodiversity loss and the social economic downfall oflidnoéd farmergMaghari and
Ardekani 2011; Pixley et al. 2019)

Another promising areds agroecology, which utilises the natural ecology of a system to
encourage ecosystem services that benefit crop productibilsivminimising the negative
sociceconomic and environmentaipacts oftraditional agriculture(Wibbelmann 2013)For
example, focusing on practices which encourage sailthesuch as organic matter inputs and
minimum tillage for sustainable productivity. Additional examples include integrated pest
management, which focuses on understanding pests such as pathogenic microbes, insects,
weeds and their interaction with crop$his allows for the deployment of techniques to
manipulate pesthost relationships, whilst minimizing economic, environmental and health
risks. The main approaches include chemical (e.g. pheromones), physical (e.g. inversion tillage,
aeration), cultural€.g. crop rotations) and lastly biological controls (e.g. natural enemies of
the pest)(Trematerra 1997)

A growing area of agroecology is the use otdiimulants, which are a class of crop
management products that contain substances and/or miorganisms to stimulate natural
processes to enhance nutrient uptake and efficiency, tolerance to abiotic stress, in addition to
crop quality(Calvo, Nelson, andd€pper 2014)Biostimulants govern a range of categories,

in which classification varies, however Cattal settled on the following 5; (i.) microbial
inoculants, (ii.) humic acids, (iii.) fulvic acids, (iv.) protein hydrolysates/amino acids, and (v.)
seaweed extract§Calvo, Nelson, and Kloepper 2018hese products are gaining increased
attention due to the sustainability that they can offer, with market growth rate forecast to
increase by around 2 annuaif (Calvo, Nelson, and Kloepper 2014)

The microbial inoculants category utilizes naturally occurring, soil dwelling microbes such as

Rhizobiunspp.,Azotobacterieand Pseudomonas fluorescetwshelp contribute tocrop



productivity, stress resilience, crop defence and an environmentally benign system
(Bhattacharyya and Jha 201R)icrobial inoculants have immense potential for an increased
role in agricultural practices, haver they have often yielded inconsistent resifksnkel

1997; Joyner and Lindow 200@his lack of reliability has naturally seen interest in bio
inoculants fade. The inherent variability of agricultural systeim addition to the high
complexity of the soil biology means that predicting inoculant use in different agricultural
settings is difficult. Therefore, a better understanding of soil microbial communities and their
interactions with crops is vital in asssing the real potential for bimoculants m future

agricultural systems.
1.2. Sodmicrobe interactions in agriculture
1.2.1 The microbiome

The microbiome refers to the total microbial community associated withravironment This
includes all bactea, fungi, archaea and viral species found in different niches such as humans,
animals, plants, water and soil. Many consider such-haistobiome relationships a product

2F S@2tdziA2yFNE AYUGS3INIGA2Yy > NB & SEUTAID) Ay
This extension of the host has been shown to be beneficial, whether that be through
promotion of health and development in humans, animals and plants, or the ecosystem
services provided bsnicrobes in the environment. Focusing plant health and development,
the transfer ofmicroorganisms from the soil can shape the microbiome present on plant
surfaces in addition to plant internal tissu@ordovez et al. 2019Both the below and above
ground parts of a plant can be influenced by the soil, with numerous niches for microbes to
colonise, namely the rhizosphere, endosphere phllyosphergBodenhausert al. 2013,

Franket al.2017) Although the focus here is dhe soil microbiome and its relationship with

the root microbiome of plants, soil microbiology is also of interest to human and animal
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pathogenic microbes between humaranimals, and the environme(itrinh et al. 2018)The
food system offers a multitude of opportuigs for such transfers to arise, including the
transfer of microbes present on the surface of fruits and vegetibte the human gu(Al-
Kharousi 2018)Thus, the use of microbial inoculants shoulddpproached with care, since
manipulation of the soil ecology for agricultural purposes could have consequences for the

humangut microbiome.

1.2.2Soil heterogeneity

To better understand how tatilise the soil microbiomeahe complexity of soifirst needs to
be consideredThe global sbmap in figure 1.3hows the distribution of the 12 soil orders
according to the United States Department of Agriculture (USBIigh groups soils with
distinctcharacteristics and ecological significance. The map highlights the scale of soil
variability, which can be influenced by many factors including parent material, topology,

climate, biota and timéEgli, M et al. 2018)

Soil Orders
1 Ocean [J4icerciacier [l 7 Histosols | ] 10 Oxisols ] 13 Uttisols || 16 Inceptisols
[ | 2 Shifting sand I 8 Spodosols Il 11 Vertisols | | 14 Mollisols [l 17 Entisols

[ 3Rocky land | |6 Gelisols [ 9 Andisols 12 Aridisols [l 15 Atfisols

Fgure 13: The global soil maprhe Global soil map is based on a reclassification of the FAO
UNESCO Soil Map of the World combined with a soil climate map. The soil map shows the

distribution of the 12 soil orders according to Soil Taxon@rAOGUNESCO 2005)

Not only is variability observed laterally across the globe, but a geitical profile can also
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differ significantly, with layers defined by distinct horizons. Amongst the various ecosystem
services soils can provide, perhaps the most important layer of soil from an agricultural
perspective is that of the A horizon (top§oHere, crop productivity relies heavily on the vast
chemical, physical and biological interactions. These properties constantly fluctuate both
temporally and spatially with differences observed not only globally, but also regionally and
even across theame field Sun, Zhou, and Zhao 2003is is because of the complex and
non-static nature of soils which can be shaped by numerous environmental and anthropogenic
factors, including season and land management. Soil is consequently a dynamic and
interconnected ecalgical system which is incredibly difficult to unravel from both a short and
longterm perspective. When trying to manipulate the soil microbiome to enhance agricultural
0SYSFAGAY AGQa RAFTFAOAA G (2 1y2¢ ésKdaribusTl Ol 2 NER
studies have therefore focused on trying to understand how the soil microbiome can differ
both structurally and functionally across soils with different properléssch et al. 209,

Lundberg et al. 2012, Seaton et al. 2019)

1.2.2 The rhizgshere, rhizoplane and endosphere.

A hotspot for microbiome research within agriculture is the rhizosphere. The rhizosphere can
be defined as soil which is in close proximity to plant roots and is thereby rich in plant rhizo
deposits(Bakker et al. 2003 The inherent diversity across plant genotypes means that there
is no singular definable size or shape for the rhizosphere, rather it is a gradient in chemical,
biological and physical properties which change along the (feageria and Stone 2008) is
estimated that 520% of a plantphotosynthetically derived carbos exuded via the roots.

thus providinga rich environment that can attract andstain a range of soil dwelling
organismgHutsch, Augustin, and Merbach 2002; Marschner 198%)lant is therefore

capable of partially shaping its own root microbiome via root secretions. To date the

rhizospherds perhaps the most studied niche compartment of importance to phaitrobe

10



interactions, howeveincreasing attention is now focused on the rhizoplane (root surface) and
the endosphere (intenal root) as seen in figure 1(¥an der Heijden and Schlaeppd15
FernandezGonzalez et al. 20)9Theseniches can be considered to host microbial
communities that are more closely associated to the root and thus the plant itself.
Additionally, endophytes have been found colonisimgrnal tissues in the aeriglarts of

plants, in addition to the plant surfacknown as the phyllospher@’ao et al. 2019)The soil
microbiome and endophytes present in seeds, can migrate over the surface of growing
seedlings to then colonise the above ground areas, thus playiolg & shaping the
phllyosphere microbiomé@-rank et al.2017) Microbes which have esvolved with plants to
enable such colonisation include pathogens, symbionts and commensals alike. Hence, the soil
microbiome can have deleterious, beneficial or a maLimpact on plant health.

The concept of the microbiome has received much attention in recent years, with many
studies moving away from single organisms, and attempting to identify the structural
andfunctional properties of the soil ecology. Metagenoraitalysis has proved extremely
insightful, showing clear changes in microbiome structure from bulk soil though to the
endospherg Edwards et al. 2015; Lundberg et al. 2012; Schlaeppi et al. 2014; Gottel et al.
2011) Generally, studies have found that bulk soil comprises lower bacterial species
abundance, but higher levels of diversity compared to the rhizosphere and rhizoplane
microbiome of different crops; conversely eukaryotic diversity tends to increase in the
rhizosphere compared to bulk séilurner et al. 2013; Poole 201 Despite lower bacterial
diversity the rhizosphere is more active, with copiotrophic bacteria such as those belonging to
the genusPseudomonaand Bacillus being prolific colonisers of the nutrient dense
environment(Timm et al. 2015; Pandey and Palni 1997].BKoo 2005)0n the other hand,

the slow growing oligotrophs that grow optimally in low nutrienvéonments, tend to be
outcompeted in the rhizosphere due to their low reactivity to nutrient buftispezGuerrero

et al. 2013) Despite decreases in diversity compared tikisoil, it is estimated that ongram
11



of rhizosphere can contain up to “Bacterial species with aabundane of 10 bacteriain

total (Poole 2017; Turner et al. 2013; Weinert et al. 20Thhat is not to forget the diverse
archaeal and eukaryotic populations which include fungi, nematodes and mites that also thrive
on pant exudates. Conversely, the endosphere has been shown to comprise microbial species
in less abundance, with dominant phyla being less diverse compared to bulk soil, rhizosphere
and the rhizoplan€Turner et al2013) Endophytic bacteria are thought to be a sub

population of the rhizosphere microbiome however some have distinct characteristics,
suggesting that a specialized selection takes pl{ele@doim, van Overbeek, and van Elsas

2008) This likely includes mechanisms needed to pass the physical barriers of the root and to
sunive the direct threat of immune attack by the plant. Additionally, endophytic bacteria
wheninside their hosts may change their metabolism, thereby becoming more adapted to the
internal root environmen{Monteiro etal. 2012; Compant, Clement, and Sessitsch 2010;

Sessitsch et al. 2012)

3 Root
hair

Vascular
Tissue

Figurel.4: Niche ompartments of the rhizosphereSchematic of a root section showing the
structure of the rhizosphere. Here the endosphere and rhizosphere as descrithedrimain

text is referred to as the endorhizopshere and ectorhizosphere respec{iMelMear Jr. 2013)
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1.2.2.1 Plant genotype and root architecture

Various studies agree that soil properties appear to be the dominating factor that drive
alterationsin microbiome assembly, with plant genotype associated with small but significant
community shiftPeiffer et al. 2013; Bulgarelli et al. 2012; Micallef, Shiaris, and Colon
Carmona 2009)Variations in plant exuwdion concentration and composition, as well astroo
structure are thought to shapsuch changes in the microbiome. Firstly, plants exude a variety
of compounds including organic acids, amino acids, proteins, sugars, phenolics and other
secondary metabol@s which are considered low molecular weight compounds, in addition to
high molecular weight compounds such as celluldéeNear Jr. 2013A portion of these
exudates can act as rhiattractants, whereas others can act as antimicrobials and quorum
sensing inhibitors, thereby excluding certain microbial genera from colonisation. The
molecules exuded by plants can differ in addition to the quantity and rate at which they are
released. This can be influenced according to plant genotype, developnstagal, edaphic

factors and climatéNuccio et al. 2016)

Root exudates are not the only component of rhizodeposition. The sloughigiocells and

the release of mucilage deposits a large amount of material into the rhizosphere, including
plant cell wall polymers such as pectin which can again influence the microizenais,

Miller, and Hirsh 2010; Turner et al. 2013)\dditionally the physical exploration of roots in

soil can also play a role in the rhizosphere and root microbiome. Root architecture can vary
greatly between different plant genotypes, which can thereby impact the volunseibf

explored. As soil is heterogeneous, the point of contact of a growing root with soil microbes is
likely random. Therefore, microbial root colonisation can be limited to temporal and spatial
elements of the surrounding soil biota, where rapid probfigon of species occurs from those
present and able to capitalise on nutrients being exuded at the {iieton 2007)On the

other hand, roots better capable of searching for nutrient fluxes or exploring deeper into the

13



soil for pockets of water are motikely to encounter hotspotsfanicrobial life, thereby
indirectly shaping their root microbiome furthéBao et al. 2014)Understandinglifferences
in the structure and stability of soil microbial communities in the rhizosphere and root
compartments may offeindicators of plant hedh in addition to plant diseasprogression.
This is useful information when considering microbial inoculant application and whsilbr
a product will be able to establish, persist and provide a beneficial function to aveitbp

apredefined soil eclogy.

1.3 Agricultural inputs and the soil microbiome

1.3.1 Fertiliser application

Farming inputs intended to increase crop productivity include fertiliser applications to
enhance the nutrient content of soil. Although intended to promote crop growthh suc
applications can dramatically change soil properties, including the soil microbiome. Various
macro and micro nutrients are applied to agricultural land to encourage optimal crop growth,
but Nitrogen (N), Phosphorous (P) and Potassium (K) applicatigpedraps the most well
known. Use of inorganic NPK fertilizers have been associated with increases in soil microbial
biomass, which is thought to be a result of increases in soil organic carbon (SOC) promoted
through increased plant exudatiqZhu, Vivanco, and Manter 2018)prganic fertilisers are

also associated with increased soil microbial abundance, but they can additionally promote
increases in species richness, diversity and overall enzyme activity compared to inorganic
fertiliser applicationgWang et & 2016; Garciduiz et al. 2008; Moeskops et al. 2010)

Nutrient fluxes in the soil alter the microbiome both structurally and functionally but perhaps
the most well studied application altering the soil microbiology is N fertilisation.

Although N addibns to soil have been shown to increase microbial biomass, studies have
found negative shifts in the microbiome under high levels of N, with reduced microbial

richness and diversity in both the rhizosphere and bulk(kaVamura et al. 2018; Dai et al.
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2018) Such shifts in community structure can result in the domination of species specialised in
multiple aspects of the Mycle. Indeed, the abundance ofd)icling genes have been shown to
increase significantly witnitrogen application in a dosgependent mannefZhu, Vivanco,

and Manter 2016)Denitrifying bacteria tend to be more numerous in soil than any other
functional groups involved in thid cycle and can include up to five pent of all soil bacteria
(Philippd, Hallin, and Schloter 2007; Clark et al. 20Hyh denitrification activity can be of
concern due to decreases in soil available N for crop uptake but also due to the release of
nitrous oxidea greenhouse gas contributing to climate change. Incrgasifertilizer

applications have been reported to favour abundance and diversity of the denitrifying gene
nirKin agricultural soilg¢Jones and Hallin 2010; Smith and Ogram 20@8&hough studied
extensively, thee is currently no unified view on the effects of N application and the soil
microbiome due to inconsistent patterns in the negative/positive shifts observed. This is likely
due to various factors such as soil type, management regime, crop type, fedjtigkcation

rate, and other biotic and abiotic factors such as soi(lgartmann et al. 2015; Lupwayi et al.

2011)

1.3.2 Soil pH

Obtaining aroptimal sol pH appropriate focrop genotypes can be vital for fopadoductivity.

There are various factors contributing to differences in soil pH, for example acidification can
occur as a result of protons (H+) being released during the transformation and cycling of C, N,
and other fertilizer reactionéBolan et al. 2015Farmers can try to counteract decreases in

soil pH through techniques such as liming. Conversely, soil alkalinity can occur frem over
liming in addition to alkaline water aped via irrigation systemdut thiscan be adjustedvith
applications of sulplr or acidic organic materiaDifferences in soil pH not only affect crop
growth but area consistent driver in shifts within microbial communities. Varioudisgihave

F2dzy R U KI G-diverkity ahdli§ mosticabesirichness across soil microbiomes, can be
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partly attributed to soil pH at a national and global sq@elgadeBaquerizo et al. 2018;

Lauber et al. 200Fierer and Jackson 2006; Dequiedt et al. 20Higher microbial diversity is
often observed in neutral pH soils, with lower diversity found in acidic and alkaline soils that
select for specialised species capable of adapting to such condik@sr et al. 2007; Buee et
al. 2009; Bates et al. 2013)he effect of pH changes on nspecialised bacteria has been
shown to induce stress response regulons and alteration in motility, thereby impacting
potential plantmicrobe interactions. A low pH has been found to accelerate acid consumption
and proton export in bacteria, whilst énducing oxidative stress and heat shock genes
(Maurer et al. 2005)A high pH on the other hand, can accelerate proton import, in addition to
repressing flagellar and chemotaxienegMaurer et al. 2005)Limitatian in bacterial motility
under different pH levels in soil, can therefore impact accessibility to nutrient fluxes and

impede rhizosphere colonisation.

1.3.3 Soil moisture content

Soil moisture content can vary dramatically in different soils and is anrtargdactor for
crop productivity. Depending on the climate, season and precipitation rates of an area,
farmers may need to irrigate land to ensure an appropriate soil moisture content is
maintained throughout the growing season. The consequences of kerwontent can
result in drought stress, with both short and long periods of drought negatively impacting crop
productivity and the soil microbiome alikBlaylor et al. 2017)Rerturbations in the
environment alter plant physiology and metabolism which can further affect plant
microbiome interactions in the rhizosphere. general, total bacterial biomass has been
observed to decline undergpiods of drought, with diversity remaining relatively stable
(Hueso, Garcia, and Hernandez 2012; Alster et al. 2013; Allastanez et al. 2014)A
recurring finding in various studies is an enrichment of thetdrgal taxa Actinobacteria in

droughttreated soils across a range of environmefBsuskill et al. 2013; Bouskill et al. 2016;

16



Kavamura et al. 2013; Taketani et al. 20THis could be a result of differing Ig&ategies,
specifically, the sporéorming ability of Actinobacteria, which allows entry into a stable and
quiescent state during periods of environmental strésaylor et al. 2017)interestingly,
Actinobacteria are commonly found to hold amiegclopropane carboxylate deaminase

(ACCd) genes, encoding for an enzyme that breaks down asyahapropane carboxylate

(ACGCYhe immediate precursoto ethylene (plant stress hormoné@)ascimento et al. 2014)

ACC exudation can occur under a variet stress related processes, such as in drought and

salt stressed environments which both reduce soil water availability. ACC can thereby act as a

chemoattractant for £Cd bacteria in the rhizosphere under stress related conditions.

1.3.4 Tillage practies

Mechanical tillage of soil is a conventional farming practice used to reduce topsoil compaction
and thereby change the structure and aeration of soil for crop production. It can also reduce
the need for herbicides as crop residues and weeds are ploughedinto the soil. A growing
body of research now suggests that minimising soil disturbance by no till or minimum till
practices is sustainably beneficial since it can decrease soil erosion, nutrient runoff and reduce
the energy needed to power heavy veles used to till the lan{DeFelice, Carter, and Mitchell
2006) Compaction of arable soils has been associated with wheel traffic, where heavy
machines are used in unfavourable conditions such as when a soil {(slalensson 1994)

Such practices are usually associated with increases in subsoil compaction whereas no tillage
can see increases in topsoil compaction along with increased herbicid&asemehll978;
Hakansson, Voorhees, and Riley 198&®)il properties can change vastly between no till and
tilled soils and so too this can alter microbial communities through habitat modifications
including pore space, the loss of connectivity of species anditinaption of physical

networks of nutrient passaggroung and Ritz 20Q0)/hen lookingat the soil microbiome, no

till farming practices have been shown to result in higher microbial biomass within the top soill
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layer when compared to standard tillag@ovaerts et al. 2007; Madejon et al. 2007; Lialet
2016) Additionally, bacterial community structure can change with tillage, shifting microbial
communities towards fast growing copiotrophs, whiletilbpractices have been found to
support slow growing oligotroph&Schmidt et al. 2018)This is likely due to nutrient fluxes
released under tillage, whiccopiotrophs quickly exploit. Additionallyhe diversity of

bacterial species has been shown to increase ungelll practices, whist conventional tillage
appears to reduce diversity in line with a selection for copiotrophic bac{&chmidt et al.

2018)

1.3.5 The Highfielegtxperiment

The Highfield experiment at Rothamsted Research UK, is ddangexperiment initially set

up to look at the effects of converting permanent grassland into arable (1949) and bare fallow
(1959) on soil properties. The bare fallow plots have baaintained plantfree for over 50

years by regular tilling and the occasional use of herbicides, whilst the arable plots have been
cultivating winter wheat for over 60 years receiving regular NPK inputs in addition to
herbicides, liming and tillage. Marteleclines in C, aggregate structure and microbial and
mesofaunal abundance has been demonstrated in the bare fallow and arable plots compared
to the grassland treatment&Coleman et al. 1997; Watts et al. 2001;sdir et al. 2009)

Additional findings include declines in soil pH, N and P in both arable treatments and bare
fallow compared to continuagigrasslandAlthough the longerm effects on SOC across
contrasting treatments was apparent, little was known e shortterm changes of SOC. In
2008, reversion subplots on previously managed permanent grassland, arable and bare fallow
treatments at the Highfield experiment were each converted into the two alternatives, to
better understand the shofterm effects ofland change. Four years after conversion, SOC in
arable and bare fallow soils converted to grassland had increased significantly, whilst

decreasing in plots converted to bafallow and arable from the previous grassland treatment
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(Hirsch et al. 2017Yhe Highfield experimens ia valuable resource to investigate the impacts

of land use intensitpn the soil microbiomendependent of soil type and climate.
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Figure 1.5The random block design of the Highfield experimeRothamsted research

The Highfield experiment at Rotharest Research is split into four blocks, with individual plots
randomised within this block design. Additional bare fallow plots were established in 1959 to

the left of the four block design, along with the plots in the Geescroft field (far left).

1.4.0 Plant and microbial phytohormones

Root secreted phytohormones are increasingly being realised as potential rhizosphere

attractants for the associated soil microbiome, although to date studies have mostly focused

on carbon sources and other exudates that attrenicrobes. Since plantseasessile

organisms, they are requirdd rapidly perceive and adapt to changing enviramtal

conditions. This utilisesomplex signalling systems, which elicit various adaptations to help

combat abiotic and biotic stresses emcourage optimal growth and development when

favourable conditions arisgcgamberdieva et al. 201/hytohormones modulate multiple
physiological and biochemical processes at low concentrations and thereby play a critical role
inenablingaplanttoadap (2 &dzOK OKIlIy3Sad ¢KSNBE I NBE FTAOQS
auxins, abscisic acid (ABA), gibberellins (GA), cytokinins (CK) and ethyl¢bie I(EBnd Smith
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2017)with more recent characterisation of other compounds including
brassinosteriodgasmonatessalicycliacid and wrigolactones(Li, Li, and Sniit2017)
Phytohormones play multiple physiological rolegplanta with effects varying across plant
species, developmental stages and environmental conditions. Despite generalised functions
associated with individual hormones, the importance of crokdtatween these compounds

on the whole plant system is now becoming more apparent. Typically, the five classical
phytohormones have been characterised as either growth promoters or growth inhibitors as
shown in figurel 6. To combat various environmentatesses, phytohormone engineering
could be a potential to improve crop productivity since they are key regulators of plant growth
(Wani et al. 2016)Various microbial species also produce phytohonas as secondary
metabolites andare therefore a focusoi microbial inoculant development, as well as targets
for fermentation processes to synthesize phytohormones on a large @egdenberdieva et al.

2017)

Auxins ]

Cytokinins

Growth promoters
Growth inhibitors

Figurel.6: Classical plant hormones as growth promoters or growth inhibitoBenerally,

Gibberellins

Ethylene

Abscisic acid ]

Plant Hormones

phytohormones have been characterised for their activity as either promoters or inhibitors of
plant growth. Despite this, new research suggests that expanded roles exist beyond these

singular characterisations.
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1.4.1 Auxins

Auxin was the first phytohormonte be identified within plants where its importance in the
signalling of leaf curvature towards light (phototropism) was confirfWwtippo and

Hangarter 2006)Auxins are generally known to promote growth and development and
include compounds such as indeédébutyric acid, phenyl acetic acid, anetHlorol acetic acid,
however the best characterisembmpound is the pmary auxin,ndole-3-acetic acid (IAAMa,
Grones, and Robert 2018AA is associated with various functions, influencing cell division,
cell elongation and cell differentiation, in addition to greatly impacting the final shape and
function of cells and tissues in higher plaiftgung 2013)There are at least five known
biosynthesis pathways of IAA, including thdadle-3-acetamide (IAM) pathway, the indoi8-
pyruvic (IPy) pathway, thedole-3-acetonitrile (IAN) pathway and the tryptamine (TAM)
pathway which all utilize the amino acid precursor tryptophan. Enzymes utilized in each of
these pathways have been obsed in various microbial specié€Spaepen and Vanderleyden
2011b) A fifth pathway that is independent of trymphan utilisation has been identified
however the genes and proteins involved in this pathway have yet to be determined
(Woodward and Bartel 20057 hisis more commonly associated with plants, however it has
beensuggested that a strain @fzospirillum brasilends capable of producing IAA via this
pathway(Prinsen et al. 1993; Spaepen and Vanderleyden 2011b)

It has been assumed that >80% of cultured rhizosphere baatanaynthesize IAA, often
resulting in a genetic redundancy of IAA biosynthesis in some mic(Blagten and Glick

1996) Although a large majority of microbes appear capable of utilizing the IPY, TAM and IAN
pathways, phytopathogens are better characterised for auxin production via the IAM pathway.
Phytopathogens such @grobacteriunspp. andPseudomonas syringgathovarscontain
genes on virulence plasmids for tryptophammonoxygenaseigaM) and indole3-acetamide
hydrolase igaH)- key enzymes in the IAM pathwéiragon et al. 2014)Generally, these

pathogens produce high levead$ IAA and specific type 3 secretion system effectors such as
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AvrRpt2, which can disturb normal plant auxin levels causing tumour and gall formation that

contributes to their pathogenicit{Cui et al. 2013)

IAA is often reported as a PGPR trait capable of promoting crop grelik et al, 2007)
Conversely, there isvidence that IAA production does not necessarily exert positive effects
on root architecture Dobbelaereet al.,showed that wild type IA4roducing strains of.
brasilenseSp245 and Sp7 when applied to wheat resulted in a strong decrease in root length
but an increase in root hair formatio(Dobbelaere et al. 1999However, applying KO

mutants of these strains (disruption of thigdCgene encoding for indot8-pyruvate
decarboxylas@ key enzyme in the IPy pathway) increased wheat root length and decreased
root hair formation(Dobbelaere et al. 19997F his ndicates thatefficient concentration of
bacterial auxin may be in a narrow ran@xhwachtje et al. 2012pverall, microbial IAA
production and its effect on plant physiology is varied, this seems to depend on various factors
including the pathway of beynthesis, the concentration of auxin produced and in the case of

phytopathogens, certain effector proteins which further alter the balance of plant I1AA.

1.4.2 Cytokinins

Cytokinins were first discovered when an adenine derivative, knowrfaduéylaminopurine,
was found to stimulate the proliferation of cultured tobacco pith cells in the 1950s; the
molecule was named kinetifiKieber 2002; Miller et al. 1955)his study inspired the search
for a naturally occuing molecule similar in activity, which was later found in the extract of
immature endosperm oZea maysn 1960(Kieber 202) This compound was identified and
named Zeatin in the 1970s which is now knownrass-zeatin. In addition to the role that CKs
play in cell proliferation, these molecules promote differentiation of plant cells, delay
senescence, control root/shodiialance, increase crop productivity and are involved in the
transduction of nutritional signalé&Eckardt 2003)Following the initial discovery of trans

zeatin, numerous molecules have since been characterised for their CK activity. Naturally
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occurring CKs are adenine derivatives, which can have either an isoprene derared or
aromatic side chain, known as isoprenoid CKs and aromatic CKs respékiveipek et al.

2000) In both groups the physiological significance of small variations in these side chains has
not yet been fully determine@Kieber 2002)Originally it was thought that CKs were only
produced in the roots and then translocated to other areas of the tplenthe xylem; more
recently it has been shown that CKs can be synthesized in aerial parts of the plant and
transported to the root through the phloerfKudo, Kiba, and Sakakibara 2010)

Since CKs exhibitlodgA 2 G yOS O2YYdzyAOIFI GA2y S AGQa LRaaAroft
influence plant physiology in different tissues. Perhaps the best studied bacterial CKs are
those produced by phytagthogens, in which the phytohormone has beengested to alter

host physiologyo facilitate maximum access to nutrients during early interactions
(Grosskinsky et al. 2011jlteration of CKs by microbes and irtsetave also been identified

to cause green island formation, galls, growth abnormalities and modulation of primary
carbon metabolisnfLara et al. 2004; Morris et al. 1991; Grosskinsky et al. 2Q4hversely,
other studies have looked at CK production in beneficial bacteria and identified multiple CKs
within cell free cultures in addition to growth promotion when applied as inocul@@gscia de
Salamone, Hynes, and Nelsb®01; Sturtevant and Taller 1989; Patel and Saraf 2@&ypite
this, the elucidation of CK biosynthesis and regulation pathways in bacteria is currently not
well characterised, with few studies directly showing CK bactpldait interactionsin planta.
Grof3kinskyet al studiedcytokinindeficient mutants of beneficidblseudomonaspp. G26€18,

which exhibited impaired biocontrol activity against the pathogseudomonas syringae A.
thalianawhen compared to its wildtypéGrosskinsky et al. 2016he authors restored
biocontrol function within the G2@8 strain by rentroducing cytokinin biosynthetic genes

into the bacteria. This study highlights the inoculant potential for CK producing PGPRs,

K2 ¢S @S Nithaiin@ researd is needed to confirm the role of such bacteria in

promoting crop benefits.
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1.4.3 Gibberellins

The function of gibberellic &t (GA)was initially discovered in 1912 as a secondary metabolite
produced by the pathogenic funGiibberek fujikuroi,which cause8akanaeor foolish

seedling disease in rice plar{SalazaCerezo et al. 2018Notably, the pathogen was
responsible for inducing uncontrollable growth in rice, in which the plant eventually falls under
its own weight resulting in death (Sawadeha v 0 @ LG 6l ay Qi dzyidAf GKS
from fungi was purified and thereby received the name of Gibber€élliryabuta 1938GAs

were later found to be ubiquitously present in higher plants where they can have various
physiological effects. Perhaps their mestll-knownfunction isthe stimulation of organ

growth through enlancement of cell elongation and in some casel division, but they are
additionally involved in processes such as starch hydrolysis during germination and fruit
maturation (Hedden and Thomas 201Z)ollectively, there are 136 GAs currentlgritified.
However the true number is likely to be higher since the low abundance and diffioult
chemical characterisatiocan make identification of new GAs a rafiyfedden and Thomas
2012)

Gibberellins have also been found in bacteria thought to offer plant growth benefits. The
production of GAs and growth promotion by bacteria in plants is still very much in its infancy
compared to other phytohormones, with few studies highlighting plant benefits. Symbiotic
nitrogenfixing and legum&ssociated rhizobia, includif@radyrhizobiumgponicumand
Sinorhizobium fredidontain a putative GA biosynthetic operon which encodes the enzymes
necessary to produce GANett, Dickschat, and Peters 201Bhizosphere and endophytic
bacteria such agnterobacter ludwigiGAK2 and@acillus amyloliquefacie®WI-1 both

isolated from rice, also prodecvarious GAs in different quantiti€Shahzad et al. 2016;
GutiérrezMafiero et al. 2001; Lee et al. 2019Yhen these bacterial strains were applied as

inoculants to rice plants, plant growth increased. Additibnaéhahzaeét al, found significant
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up-regulation in plant endogenous GA1l, GA4, GA7, and GA9 compared to the positive
(chemical GAS3 application) and negative (water) treatmégtshzad et al. 2016)t's
unfortunate that the growth promotion results obtained in both of these studies are slightly
undermined by a lack of appropriate controls, in which the negative standard of water is not
comparable to a bacterial culturinat can provide nutrients and stimulatenaultitude of
signalling responses within plants. Although it is interesting thatpethogenic bacteria are
able to produce GAs, more research is clearly needed to identify the role of GAs interacting

with the plant phytohormone system and potential grdwibenefits.

1.4.4 Abscisic acid

The discovery of abscisic acid (ABA) occurred in the 1960s, where it was first linked to leaf
abscission in fruits and leavédthough it was later discovered that the primary signal
regulating leaf abscission initiatewl inost plants is by ethylene, not ABf&osket 1994)
Nevertheless, the phytohormone is involved in several important aspects of plant growth and
development including the initiation of seed and posslalgl dormancy, the control of

stomatal closure and the initiation of senescerfEesket 1994)Unlike the phytohormones
discussed previously, ABA is often associated with plant stress, as it is sythiesgsponse

to decreased cell turgor under variety of environmental stresses such as drought, salinity and
extreme temperatures. Roegourced ABA is considered a legigtance chemical signal that
triggers physiologicaksponses, including stomatdbsure and decrease in leaf growth for
example in response to soil dryiifardieu, Lafarge, and Simonneau 1996; Zhang and Davies
1990) Conversely, shoot sourced ABA can regulate physiological responses irHalbte®g¢k

et al 2002, McAdam et al 201@)gain, this makes microbial species capable of ABA
production and colonising the roggotential modulators of physiology in aerial parts of the

plant.
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As with GAs, the production of ABA by bacteria is not as extdpstudied compared to

other phytohormones. The first discovery of microbial production of ABA occurred in 1977 in
Cercospora rosicol@ssate et al. 1977, since then there have been other examples of fungi
producing ABA, namely those thate plant @mthogens. Elevated ABA levels in rice plants have
been associated with increased disease severity of rice blast caused by the fungus
Magnaporthe oryza@as well as bacterial blight causedXgnthomonas oryzagpene et al.
2015; Koga, Dohi, and Mori 2004; Jiang et al. 2010; Xu et al.. Zi8)cest alreported the
biosynthesis of ABA by. oryzaein knockout mutants was impaired and thus unable to form
lesions on rice compared to the wildtyg8pence et al. 2015l is thought that endogenous
fungal ABA affects plamtefenceby acting antagonistically on salicylic acid, jasmonic acid, and
ethylene which are key signals required in plant immune responBemovet alisolated

ABA metabolising bacteria, which increased shoot growth and decrgaiedry root growth
(Belivmowet al2014).Despite this, more research is requireditetter eludeto aclearrole for
microbial ABAmetabolism in promoting beneficial plamicrobe interaction§Shahzad et al.

2017).

1.4.5 Ethylene

Ethylene is a simple hydrocarbon present in gaseous form within plants, making it freely able
to diffuse across membrangBleecker and Kende 200@)nlike other phytohormones, it is
thought tobe synthesized at or near its site of acti@ongdong Hao 2017} he biological

activity of ethylene was first discovered within illuminating gas, which caused premature
senescence and defoliation of plants in greenhouses eswktnear gas lines; in 1901 the

active component in illuminating gas was identified as ethylgkizles F. B. 1992; Schaller

and Kieber 2002)The phytohamone regulates many aspects of plant life including seed
germination, root initiation, root hair development, flower development, sex determination,

fruit ripening, senescence, and responses to biotic and abiotic strésse¥hong, and
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Grierson 2009)Although ethylene is produced by cells during various stages of plant
development, the highest rates of ethylene production are associated with meristematic,
stressed, or ripening tissues, which makes the manipradif this hormone interesting in
agricultural application§Abeles F. B. 1992%imilarly to AB, ethylene is most studied for its
role as a growth inhibitor under plant stress responses, but evidence is accumulating that
ethylene can also promote growth. Piedkal proposed a biphasic model of ethylene, with
low levels of ethylene promoting groWwiand high levels inhibiting grow{Rierik et al. 2006)
The exact rage of stimulatory or inhibitory concentrations of the hormone is thought to be a
result of environmental conditions, internal signals (e.g. other hormones) and sypgmEesic
characteristicgPierik et al. 2006)This means that modulation of ethylene by microorganisms
could be in a narrow range and needs to be extensistlglied before release within a

bioinoculant.

Along with IAA, modulation of plant ethylene by microorganisms is commonly cited in the
literature for potential PGPR traits. Although some microbes produce ethylene, the enzyme
amino-cyclopropane carboxylatdeaminase (ACCd) has been most studidstescu et al.
2002) ACCd can modulate plant ethylene levels through degradation of atgitiopropane
carboxylate, which is the immediate precursor to ethylene in its biosynthesis patfiesyma
and Shimomura 1978y arious microorganisms possess the ACCd structuralapeise

however to enable optimal activity the regulatory gesedRis thought to be essential

(Grichko and Glick 2000a)t is thought that microorganisms utilize plant ACC as N and C
sources, which gives a competitive advantage overAG&d producers in the rhizosphere.
Indeed, enrichments of ACCd bacteria surrounding the root have been obsparédularly
under stressed conditions such as that imposed from drought, where plant ACC exudation may
be higher(Nascimento et al 2014, Timmusk et al. 20Migrobial inoculation with ACGd

containing bacteria has alleviated the growth inhibition stiatatl by plant stres@Penrose
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and Glick 1997; Ali and Kim 2018Bhe root colonizing bacterRseudomonas putid@R122

and Pseudomonasp. UW4 were no longer able to promote canola root elongation after their
acdSgene was knocked olfLi et al. 2000; Glick et al. 1994dditionally Chenet alinoculated
ACCd producingariovorax paradoxusG2 ontoA. thalianawild type and several ethylere
related mutants €trl-1, ein21 andetol1-1) (Chen et al. 2013Bacterial inoculation promoted
leaf area and shoot biomass along with enhanced floral ignition of wikl pjgnts by 2.%5lays,
whilst inoculation of the ethylene insensitive mutardisplayed no growth promotion after
inoculation withV.paradoxu$G2. Despite these results, iemainsunclear whether

application of ACCd bacteria could help alleviate symptoms of plant stress in the field. What
does appear to be more certain, is thidluence of plant ACC exuded from roots on the
structure of the soil microbiome, particularly under environmental factors causang ptress

(Bouffaudet al2018).

1.5.0 Pseudomonas fluorescena candidate for microbial inoculants

1.5.1 The importane of the Pseudomonaspp. genus

The taxonomic class of the gamma proteobacteria comprises a multifarious and large
repertoire of environmentally and medically important bacterial members, isolated from a
range of environments. The genbseudomonasf the family Pseudomonadaceae is
taxonomically very diverse and the classification of species within this genus has a complex
history. The number of species being assigned to the genera grew rapidly to an unmanageable
number, until the 196080s when reclassdation of thePseudomonagenus began with the

advent of biochemical characterisation and DNA techno(&ggnier, Palleron.Nj, and

Doudorof.M 1966; Palleroni 1984ylembers that are still classified as belonging to
Pseudomonamcludean array of functionally diverse bacterigesies, which have been

isolated from various environmental habitats including soil, water, animals, insects and
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humans. Some isolates have been found in the low temperatures of Antarctic ice in addition to
the hightaltitude soils of Gangotf{Dziewit et al. 2013; Kumar et al. 201B¥eudomonas
fluorescenss best known agriculturalfipr the beneficial role it can play ingmoting crop

growth and health. Bhough in rare occasions it has been implicated in huinéctions in

addition to beingdentified at low levels in the indigenous microbiota of the human body
(Scales et al. 20147 fluorescenspecies have been found to perform a range of benefits

when viewed in terrma of their plant inoculant potential including bfertilization, bic

regulation, bioremediation and bioontrol. Figurel.7 highlights the genetic complexity of this
species, where Garrid8anzt alfound 9 subgroups through phylogenetic analysis, they

named this theP. fluorescensomplex(GarrideSanz et al. 2016)
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Figurel.7. Phylogeny cﬁle P. fluorescens complex inferred by ML&Ahylogenetic tree of
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127 sequenced and type strains belonging to Bhéluorescensomplexbased on
concatenated partial sequences of the 16S rRiNAB, rpolandrpoBgenes(GarrideSanz et
al. 2016)
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1.5.2 Efficient colonisation of the root and rhizosphere

Although PGPR traits are of importance when formulating microbial iants)lbacterial

candidates must also be capable of establishing themselves in the species rich and competitive
rhizosphere. An appropriate population density and close vicinity to roots of the target crop is
needed to achieve growth benefiBfluorescenstrains are abundantly present within
rhizosphere soil and can also be found on both the root surface and in endophytic
compartments; however, colonisation ability can vary across strains and under different
environmental conditions. Flagella can be ddased as an early stage colonisation factor,
facilitating a bacterium to actively seek out favourable conditions such as in the rhizosphere
(Rossez et aR015) Alsohimet al (2014) found that flagella presence is essential for horizontal
root surface migration b¥. fluorescenSBW?25, but th bio-surfactant ¥scosin which

increases surface spreading over the plant root is also required for optimal satiom

(Alsohim et al. 2014)n addition to motility, positive taxis towards a chemoattractant is also
needed, this occurs via stimulation of the sensory Methyl Acceptor Proteins (MCPs), which are
responsible fothe detection of various chemotactic ligands. Stimulation of MCPs in turn

results in the expression @hegenes, which can initiate flagella assembly and alter flagella
NRGFGAZ2YS LXF@AYy3 Iy AYLRNIFYd NRftriaAy GKS
towards chemeattractants(Magariyama et al. 2005 study by Muriegt alhighlights this

with competitive assays of the wild type fluoresceng113, against its motile buion-
chemotacticCheAlmutant (Muriel et al. 2015)They found that th&€€heAImutant was

displaced from the rhizosphere, indicating the importance of the chemotactic system for
colonisationP. fluorescenstrain F113ipon rhizosphere colonisation from bugkil, has also

been found to undergo a genetic phase variation in response to environmental sighall, w

in turn stimulates hypermadlity. These variants usually harbour mutations in the Gac two

component systenfRivilla 2013)In contrast, other studies have found that motility has an
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insignificant role in the movement from bulk soil towards roots, sugggstiat motility serves
a more prominentole inthe movement along roots, perhaps due to a hindrance from soil
structure(Toyota and Ikeda 199.7n addition to motility and gpwth density, adherence to
seedsor to plant roots is thoughto be an important factor, particularly for retaining microbial
species on the seed after inoculation. Certain bacterial species can achieve this through

flagella mediated adherence or from the presence of(Rbissez et al. 2015)

The ability to detect and utilize a range of root exudates, naturally plays some role in
determining rhizosphere competence. Varididluorescenstrains have been shown to
metabolise a range of different carbon sources, highlighting their ability to colonise a variety
of different plant specieéSimons et al. 1997; Timm et al. 2018% psudomonads are known
copiotrophs, opportunisti increases in population density within the rhizosphere may play a
beneficial role in outcompeting other microbes. Additionally, siderophores which have a high
affinity for iron and are produced by varioBseudomonastrains, may be of importance in
rhizosphere competence through the chelation of insoluble iron and its sequesti(@larma
and Johri 2003)lron is a vital nutrient and is utilised in varbiological processes; its
sequestration byP. fluorescentherefore puts the bacterium at a competitive advantage in
conditions of low iron availability. Similarly, varid@seudomonaspp. have been shown to
utilise plant ACC and IAA as a carbon atrdgen source as previously discusg8dott,
Greenhut, and Leveau 2013his can additionally be an advantage for colonisation,
particularly under stressed conditions in which theigation of plant ACC &ssociatedvith.
Although particular traits may be deemed as beneficial for colonisation, the context of the
environment which promotes the expression of such traits must be appreciated before

advantages in colonisation may be seen.

1.5.3 Biocontrol

Aside from indirectly competing with pathogens for nutrierR®s fluorescenbas the ability to
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actively compete with pathogens within the rhizosphere by producing antimicrobial secondary
metabolites, such as hydrogen cyanide, phenadiwarboxylic acid and,2-
diacetylphloroglucinolAPG)Siddiqui et al. 2006; Mavrodi et al. 200By dominating the
rhizosphere and suppressing pathogen colonisatiorfluorescensan play a positive role in
maintaining plant health against pathogenic invaders, hence the interest for its use-in bio
control agentgFrapolli et al. 2012) For example, takall disease which is caused by the soil
borne fungusGaeumannomycegraminisvar. tritici is one of the most important root diseases

of wheat worldwide. Suppression of this fungus in a phenomenon referred to astiake

5&c
inducedbyO2 y Ay dz2dza Y2y 2 Odzf (G dzNB I T (i B\elletet aii B0dPS NB
Weller et al. 2007)Pseudomonads have been associated with the natural suppression of
fungal takeall disease in wheat, but ondfter a period of yield losses that can last between 4

6 cropping seasons. Some studies have directly correlatedaiakiecline to the buildip of P.
fluorescenstrains that produce the broadpectrum antibiotic 2,9DAPGRaaijmakers and

Weller 2001, 1998; Weller et al. 2007)

PGPRs are also known to interact more directly with the plant immune system to cause an
induced systemic resistance (ISR); in which priming of the plants immune system produces a
weak, transient and localized defensive response. This later provokes an eetharpression

of immune defenceelated genes upon pathogenic recogniti@fieterse et al. 2014 he
mechanisms as to how beneficial rhizoba@anducelSR yeevade the host immune

response are not well understood. There is a clear correlation betwedlnorescens

colonisation and ISR with plant production of the phytohormones jasmonic acid and ethylene,
which leads to activation of transptional caregulator proteins important for switching on

genes involved in immune defen{@&u et al. 2012)Additionally, Spencet alfound thatP.
chloraphisEA105 reduced virulence of the pathogenic furgioryzaeby mechanisms that

appeared to counteract the effects of pathogenic ABA biosyntt{&gisnce et al. 2015As
32
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previously discussed, ABA production is often seqgrathogenic fungi and contributes to

virulence. Other studies have focused on uncovering the mechanisms of plant immune

evasion by colonising rhizobacteria. The possession of type Il secretion syS&fosnd in

beneficialP. fluoresceneave been gggested to dampen the plant immune response after

Microbial Associated Molecular pattern (MAMP) detection. This involves the injection of

effector proteins that can modulate plant signallifidavrodi et al. 2011)L G4 Qa Of S+ NJ G K
are various ways in which beneficial PGPR can interact with plants to help in biocontrol of

pests and pathogens, with various examples of such traitsmonly found in peudomonad

strains.

1.5.4 Bioregulation

Many variations haveden observed in the physiological responses of plants to different
environmental stresses, this can make some plant species naturally more tolerant to stress
than others. As previously discussed, phytohormones are produced by plants and function as
regulaors in crop growth. PGPRs capable of the production and metabolism of
phytohormones are therefore of interest as potential bioregulators of plant physiology. So far,
the only phytohormones characterised in pseudomonads are IAAJ AQCcytokinins, with a

lack ofevidence to support GA and ABA production to date. The roles of these phytohormones
have previouslyeen discussed in section 1 Although more commonly identified

biochemically in bacteria, studies have begun to characterise the genes involtred i
biosynthesis of these phytohormones. ACCd was first characteris&sbirdomonas putida

UW4, with the structural genacdSand regulatory genacdRfound to be essential for the

optimal functionality of the enzymgGrictko and Glick 2000a)dentification of genes

encoding for IAA production has proven to be more difficult, since there are 5 different
oA2aeyiKSara LI GKoleaod LIQE (GK2dAKGE GKFG YdA @

in which acomplex multiroute system protects against the loss of one particular pathway, via
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the option of an alternate circuft_ehmann et al. 2010Pucaet al studiedP. putidaUW4, and
identified amino acid sequencedt and nthABencoding for the enzymeisidole-acetonitrilase
and nitrilase respectively; both aiavolved in the IAN biosynthesis pathw@uca, Rose, and
Glick 2014)Studies have also suggestamme PGPRspudomonads have IAA genes more
commonly associated with othealoterial species or pathogenisgudomonads, such as the
geneipdCencoding folindole-pyruvate decarboylasein the IPA pathway andaM, iaaH
genes utilized in the IAM pathwédlatten and Glick 2002b; Kochar, Upadhyay, and Srivastava
2011) The genes involved in Ckodynthesis in bacteria are natell characterizd, with the
only known biosynthetic gene iRseudomonastrains beingniaA encoding fotRNAdelta
(2)-isopentenylpyrophosphate transferag&rosskinsky et al. 20163lthough
pseudomonads possessing the abiliyrbodulate plant hormone levels are of interest for
inoculants, there is a need to better characterise pathways of biosynthesis further, whilst
understanding the range in which bacterial phytohormones effect plant physiology under

different variables.

1.5.5 Biofertilisation

Accessibility to nutrients can greatly benefit plant growth and one of the main ecosystem
services provided by soil microorganisms is the cycling of nutrients. Pseudomonads capable of
indirectly enhancing plant nutrition through the sillisation of nutrients in soil are therefore

of interest for inoculant development. Phosphorus (P) is an essential nutrient required by all
living organisms and although organic and inorganic P is abundant within soils, the total P that
is available foplant uptake is restricted due to poor solubility and P fixation, this can

markedly reduce plant size and grow{tBharma et al. 2013Y he ability to mineratie insoluble
organic phosphatesuch as phytates, phosphomonali and triesters and

organophaphonates via the actions of various phosphatases, phytases and phosphonatase

enzymes, has been studied in sevétakudomonaspeciefRehm 2008)Miller et al studied
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variousPseudomonaspp. and their ability to liberate soluble phosphate from the insoluble
Ca(PQ). as the sole phosphate source and glucose as the sole carbon gblillee et al.

2010) AllPseudomonastrains caild solubilize G#PQ)., however four of theP. fluorescens
strains (P, CHAO, Pf153 and F113) were observed to be the most effective. When tasting
planta, Samavaet al (2012) found that cenoculation ofP. fluorescenstrains withRhizobium
spp.saw an increase in phosphate which correlated with an iasesin plant growth and yield
(Samavat et al. 2012T here is also some evidence to suggest that the production of
siderophores is effective in nutrient solubilisation, by solubilising phosphate from the
inorganic mineral FeR@Ghosh, Rathinasabapathi, and Ma 201%jlisation of PGPRs capable
of sdubilising P would be of great benefit since it could improve efficiency of P fertilization,
thereby increasing crop growth and reducing P application to help conserve phosphate rock

reserves.

1.56 Bioremediation

Bioremediation is ann-situ technologyfor the clearrup of environmental pollutants that
utilizes biological organisms such as plants or microorganisms. Soil and water can be
contaminated with various toxic compounds particularly as a result of the gapigth of
industrialization and the usef aromatic compounds in dyestuffs, explosives, pesticides and
pharmaceutical¢Singh and Jain 20033romatic hydrocarbons, polycyclic aromatic
hydrocarbons, polychlorinated biphenyls, dioxins and their derivatives are highly toxic,
mutagenic and/or carcinogenic to surrounding biology and also present health ro@nice
humans(Pashin and Bakhitova 19). Microbes capable of degrading such toxic compounds
are therefore of inérest to agriculture. Variousspudomonads have been isolated and
studied for bioremediationPseudomonas rhizophilia S2thich was isolated from pesticide
contaminatedagriculural soil, was found to have a wide spectrum of PGPR genes involved in

biocontrol, biofertilization and rhizoremediatigitiassen et al. 2018%iderophores produced
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by P. aguginosaRZS3 strains were shown to cltelsarious heavy metal ions including ZznCl
CuCland CoG) with their bioremediation potential deemed superior over chemical ion
chelators likeethylenediaminetetraacetic aciEDTAand citric acidPatel, Shaikh, and Sayyed
2016) Another example include®. citronelloli$®3B5, in which genome exploration found
genes encoding for enzymes that degrade laamgd vel longchain alkanes, and terpenes
making it a candidate for phyH@mediation based bioremediation approach@emus
Emsermann et al. 2016\dditionallyPseudomonaspp. strains GA07, GA09 and GC04
demonstrated degradatiosapabilities towards glyphosati which inoculation into
glyphosatetreated soil sarplesshowed 23 times higher ree of glyphosate removal

compared to norinoculated soi(Zhao et al. 20155ince these toxic compounds can
contaminate the food system through water and soil, the use of bacteria able to degrade such

compounds i®f great interest within agriculture to promote food safety.

1.6.0 Challenges in microbial inoculant efficacy

The benefits of microbial inoculants to enhance crop productivity has been a concept for over

a century, with the first patented bimoculant d the diazotrophidRhizobiundeveloped in

1896(Nobbe 1896)Since then, the wealth of information gathered for various

microorganisms to perform severatop benefits has expanded dramatically. This has led to

other microbial species with lifestyles not as well understood as rhizobia to be developed as
inoculants. It is often found that these have low efficacy and give unpredictable results in the

field. It additionally becomes apparent in the literature, that many studies looking at the

growth promoting effects of PGPR have not used appropriate controls, which can undermine

Of FAYa 2F LI Lyl ANRSGK 0SYySTAGE 2 @aNDISRO ¢ KA
61 GSNE 6KAOK R2SayQi | O002dzyd FT2NJ 0KS ydziNRSyi
provide to a plantalong with the multitude of immune signalling responses that inoculants
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can elicit in plantsAsides from poor controls, studies have offenused on singular bacteria
whilst overlooking the symbiotic and antagonistic capability of the microbiome that can affect
application. By failing to take into consideration possible trophic cascades within the ecology
of the rhizosphere, along with eevolutionary responses and the overall resistance and
resilience of the native soil community, many inocula fail to establish in the(@Geltda.S

2014) Successful microbial inoculant development is a challenging task, since the inherent
variability affecting soil microbial commuigis makes understanding, predicting and

controlling beneficial traits difficult. Despite some successes, there are still major challenges to
improve bicinoculant efficacy. This includes gaining a comprehensive understanding of the

root-soil interface andhow inoculant application affects the dynamics of such a system.

In recent years, key studies have emerged that address the need for the analysis of population
dynamics within the planthizosphere microbiome, via the use of high throughput

metagenomic aalysis. This has provided new and comprehensive insights into the structure of
soil microbial communities, enabling comparison of microbial diversity within microbiomes
under different environmental variables. A study by Lungletrgl (2012) utilized

pyrasequencing to compare and characterise the microbiome associated with different
Arabidopsigyenotypes, their findings displayed differences in genera associated with bulk soil,
rhizosphere and enddpytic bacterial communities in addition thifferent plantgenotypes
(Lundberg et al. 2012Another approach utilising PhyloCHipsed metagenomic analysis was
used by Mendest al(2013) to identify bacterial taxa associated with suppressive soils against

the fungal rod pathogenRhizoctonia solarfMendes et al. 2011)

These studies give valuable insight into the composition and diversity of the microbiome
acrosdifferent variables; however, although beneficial genes can be screened for within the
composition of these communities, the information gained can only indicate the potential of

that bacterial species to express a particular gene, rather than shovg iiuhctional. Newer
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studies are building on the information from metagenomic studies by the incorporation of
metatranscriptomic analysis, to determine whether a gene of interest is transcribed into
MRNA, hence an indication that it is functional. Chapatral (2014) carried out meta
transcriptomic analysis on the rhizosphere of Arabidopsis at four different time points,
revealing 81 unique transcripts that were significantly expressed during different stages of
plant developmen{Chaparro, Badri, and Vivanco 2018)ese included genes involved in
streptomycn synthesis which were induced at bolting and flowering stages and presumably
play a role in disease suppressi@haparro, Badri, and Vivanco 2018he capture of genetic
structure and function throughout individual microbiomes is a major step forward in unlocking
the vast and intricate muklirophic interactons occurring within soil. d¥vever, despite these
relatively recent advances within the field, the use of mgénomics and meta

transcriptomics cannot offer the same functional data provided by apetdeomics and
metabolomics.

Genomic and transcriptornistudies have increased more rapidly over the years mainly due to
the lower costs and simpler handlifigletzker 2010)However, without proteomics and
metabolomics, only a partial understding of the rootmicrobial system can be achieved, this

is because not all genes that are transcribed are translated into functional gene products.
CdzNI KSNX2NB>X Llad GNIryatrdAzylf NBIAdAZ I GA2Y
lifestyle, ands required forquick adaptation of metabolisim response to coping with
environmental changes. Temporal scales of translation, protein turnover and metabolite
formation may strongly diverge, which can impact the understanding of beneficial interactions
occurring, not only between plant roots and specific microbes but also between players of the
microbiome itself{Feussner and Polle 2015Additionally, wholgenome sequencing of

isolates can provide a valuable resource, since it provides an opportunity to screen for genes
whilst also being able to test the functionality of isolategin providing information that

meta-genomics and met#ranscriptomics cannabffer. What is clear, is that a comprehensive
38
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model which embodies the assessment of plant and microbial responses at different

hierarchical levels is required. The collective information gained from the study of the

genome, transcriptome, proteomeandiid 60 2f 2YS 2F t Dt wQa (23S0 KSNJ

sampled at different time points, will help to further understand and construct better

microbial inoculants.

The development of inoculants in the root environment have typically failed and a likely factor
contributing to this, is the study of organisnrsvitro rather thanin vivq resulting in the

application of microbes into ecologically unsuitable environments. One of the major
constraints is the inconsistent colonization of roots after microbial inocidaptication,

which traditionally has been difficult to study due to the many fluctuating variables associated
within a natural settingdDeacon and Berry 199®ffeiferet al (2013) studied rhizosphere
microbial communities associated with 27 maize genotypes, grown in five different fields, each
with unigue soil types and within 2 distinct climatic regions within thgREsfer & al. 2013)

They found that soil type was the main driver of microbial community composition, whilst the
two climatic regions studied did not have a significant effect on bacterial OTUs. They also
found that plant genotype has a small but significaneeffon community composition. This
highlights the difficultly of disseminating microbial inoculant products nationally or globally, as
they are introduced into soil communities that naturally differ in composition. Soil properties
are extremely complex @ahcan vary dramatically across different regions with marked
physicochemical heterogeneity in pH, water content, hardness, oxygen levels and nutrient
concentrationgdWatt, Silk, and Passioura 2008[pt only thisput the soil is compriad of

many different lifeformavhich can include fungi, viruses, nematodes, mites etc. that can each
O2y GNROGdzGS G2 AYydSNIOGA2ya OGKIFIG aKlLIS azaf
1% of the soil bacterial communitar be recovered from soil using current microbiological

techniques, making the neoulturable microbes more difficult to studipelmont et al. 2011)
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However a relatively recentlevelopment is the isolation chipdhip whichplacesbacterial
cels taken from varying environmental samples into diffusion chambers, that are then
returned to nature for incubatioiiBerdy et al. 2017 hiscan increase cultivable microbial
recovery from 5 to 200 foldnd provide access to a unique set of microbes #rat

inaccessible by standard cultivation

Overallthere are many unknowns in terms of biological interactions, both within the
microbiome associated with different plants and across trophic levels within the soil.
Unravelling the intricate and complexté@mactions of soil biology is not just of benefit for
addressing inoculant efficacy; global intensive cereal systems that account for a large
proportion oftotal human calorie consumptioare suffering from a decline in crop yield

mainly as a result of uliagnosed biological soil factofidol, Bezemer, and Biere 2013)
Collectively, these issues indicate the complex nature of soil biology and the need for a focus
on soitcrop-microbe interactions, to better underahd the factors required not only for

better performing inoculants but also farmore productive food system.
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1.7 Aim and djectives

1.7.1 Overall aim

LiQa Of S| Naadyfkrohiemsit& ididss withint agriculturapractices Tailoriny

a system to meet the supply demands of >9billion people, on less land, with more efficient
input use and a higher resilience to environmental stress is an extremely challenging task. This
is compounded by the additional need for a food system that issneowironmentally benign.
Substantial evidence indicates that manipulating the soil microbiome could have real potential
in helping to move towards such a system. Although many advances have been made to help
understand microbial inoculant efficacy, a tetunderstanding of factors contributing to
microbiome structure and function is still required before consistent and reliable results can

be achievedThe Highfield experiment based at Rothamsted Rese&tatpenden UK

provides an ideal opportunity to ¥estigate the impacts of soil properties on planicrobe
interactions Theoverall aim of this project is todter understand how agricultural practices

can impact beneficial soil pseudomonad communities, in relation to plant growth promoting

ability, wih a focus on planbacterial phytohormone interaction.
1.7.2 Chapter aims

1. To assess the impacts of crop domesticationPseudomonagsommunity structure within

the rhizosphere of wheat

The domestication of wheat has a complex evolutionary histonghvhas resulted in a variety

of genetic and phenotypic differences between modern and ancestral species. Modern wheats
have reduced genetic diversity, altered root exudation and altered root architecampared

to their wild relativeswhich has been ggested topotentially alter the root associated
microbiome Pseudomonas fluoresceissa PGPR which can offer many benefits to a crop.
Investigating the community structure of Pseudomonad communities associated with

ancestral and modern whesagrown in ®il samped from the grassland plotgt the Highfield
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experiment,could give insight into the impacts of agriculture and whether the ability tauiec

a community of beneficialggudomonads has been altered.

2.To assess root phytohormone composition abdcterialacdSdistribution in the

rhizosphere of field grown wheat from different land managements

Different land managements have been associated with vast chemical, physical and biological
soil alterations which can have marked effects on plant phygjoénd thereby alter plant
productivity. Phytohormones are major signalling components in the adaptation of plant
physiology towards their surrounding environment. Determining the root phytohormone

profile of wheat grown under 3 land management histosaspled from the Highfield

experiment could indicate the impacts of varying practices on plant physiology. Further to
this, root phytohormone changes can alter the soil microbiome. Therefore, understanding the
distribution of the bacteriahcdSgene in tle rhizosphere together with root phytohormone
status, could offer valuable insights irttte impacts of land management coilplant-

microbe interactions.

3. To assess the impacts of land management on pseudomonad phytohormone gene

abundance and communitgelection

Little is known about how changes in microbial community structure translates into altered
microbiome functioning. There are many beneficial PGPR traits including nutrient
solubilisation, pathogenic competition and induced systemic responseaf@aeof interest

that seems to span each of these traits and can directly intavibtand alter plant
physiologyis the production of bacterial phytohormones. The roles of phytohormones are
varied but they can promote growth and alleviate symptoms st includindgow nutrient
availability water deficit, salt stress and biotic stress. Gaining a better understanding of the
distribution of pseudomonad phytohormone genes across different ftandagementsnay

offer information on farming practices thaheourage beneficial planhicrobe interactions.
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4. To screen the genetic and functional potential Béeudomonaspp. for plant growth
promoting activity

Genome sequencing can be a great resource to screen and compare genomes of microbes for
various trais including beneficial genes involved in PGPR activity. One of the attractions of
using microbes as inoculants rather than purifying and applyingeatolecules from the
organismss that they are responsive to their environments and so can adapt easpbnel
appropriately with a range of beneficial traits rather than one stafmhe purpose. Seening
the genomes of variousseudomonads for beneficial traits is a relatively quick way of finding
candidates with multiple genes of interest, which could liéaed in multipurpose microbial
inoculant products. Identifying and understanding an inoculant which helps alleviate
symptoms @ stress or promote crop growtivould be of great potential and value towards a

more sustainable future.
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2.0 Assessig the impacts of wheat domestication on geudomonad community structure

within the rhizosphere

2.1 Introduction

2.1.1 Wheat and its domestication

Triticum aeivum-commonly known as wheat, is a grass species belonging Bdheeae
family. It is the met widely cultivated crop globally, providing around a fifth of the total
calories consumed by humans in addition to the most protein when compared to other food
sourceqUnited Nations. 201 Appels et al. 2018 oday, around 95% of cultivated wheat is
hexaploid (bread wheat), with the other 5% tetraploid (durum whé€&t)ewry 2009Modern
wheats have a complicated evolutionary history, resulting in a large hybrid genome made up
of three separate sub genomes (#&8DD). Due to this complexity, it is only relaty recently
that high-quality sequencing of the genome of a modern wheat culti@irinese sprirdias

been successfully completed. Humans have played a dramatic role in shaping dneegei

modern hexaploid wheatthrough the process of crop domestidaar.

The domestication of wheat began around 10,000 years ago, when the nomadic lifestyle of
hunter-gather communities transitioned towards agrarian settlemgiisebley 2006) The
switch from gatheng wild crgs along migratory trajectorig®wards targeted cultivations,

has given rise to crop descendants with phenotypes centred around, tgistd and ease of
managemen{Chen, Gols, and Benrey 2018)timately this crude selection for desirable
phenotypes has resulted in a suiétraits which differ between domesticated crops and their
wild relatives, a term known as the domestication syndrqidammer 1984; Beleggia et al.
2016) Domestication syndrome traits have mostly been studiectaps belonging to the
Poaceadamily, including the previously mentioned polyploid wheatgicum durum durum
wheat (4n=28, AABB) aficaestivum bread wheat (6n=42, AABBD®eyer, DuVal, and

Jensen 2012)These were independently domesticated, with AABB genomes thought to
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originate from the hybridization of the diploifkiticum monococcur2n=14, AA) and an
unknown species which closely resembfesilops speltoide@n=14, SS (BB?Jharmet
2011) Hexaploid wheat with AABBDD genomes were the last domesticated through
hybridisation of the domesticated tetpoid speciedriticum turgidiumdiccocum(4n=28,

AABB) andegilops tausch{Zn=14, DD¥ee Figure 4.

Aegilops longissima BB?

| |
Aegilops bicornis BB?

|
Aegilops searsii BB?

|

Aegilops sharonensis BB?
|
Wild Einkorn (Triticum uratu) AA x Aegilops speltoides BB?

1
Einkorn (Triticum monococcum) AA

Wild emmer wheat (Triticum menococcum)
AABB
I
Aegilops tauschii Emmer wheat (Triticum dicoccum) L Polish wheat (Triticum polanicum)
DD AABB AABB
|
\ / Khorasan wheat (Triticum turanicum)
AABB
Primary hexaploidy wheat I
AABBDD Persian wheat (Triticum carthilicum)
1 AABB
Spelt wheat (Triticum spelta)
AABBDD

I
Makha wheat (Triticum macha)
AABBDD
|
Bread wheat (Triticum aestivum cv hereward)
AABBDD
1

Bread wheat (Triticum aestivum cv cadenza)
AABBDD

Figure 21: Schematic of hybridisation events associated with the domestication of wheat
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donor-suspected to be a close relative of the ggaassAegilops speltoided his first

hybridisation event resulted in the tetraploid wheat wild emm@ri{icum turgidiumsubsp.

diccocoideAABB). A second hybridisatiement occurred between cultivated emmer wheat
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(Triticum turgidiumsubsp.diccocum and the DD genome dondteliops tauschiresulting in
the bread wheafTriticum aestiviunfAABBDD}ommonly grown in our agricultural systems

today.

2.1.2 Phenotypic traitof ancestral and domesticated wheat

The complex evolutionary history along with the large size of the wheat genome has made
exploration of domestication traits difficult. Despite this, somerphological, physiological,

and genetic modifications have beéafentified. The first phenotypes likely selected for by the
early Neolithic farmers include a larger grain size, loss of seed dispersal mechanisms, loss of
seed dormancy, in addition to a decrease in bitter substances in edible stru¢Rurasggganan

and Fuller 2009)These common domestication traits are easily detected and are not limited
to wheat speciesCommon phenaotpes associated with wild wheats include a brittle rachis
which leads to spikelet shattering thereby dispersing seeds, in addition to tougher glumes. In
contrast, domesticated wheats have softer glumes and altie rachis, thereby improving
threshingefficiency and ease of harvedthe tools equipping the crop breeders of today have
allowed more precise selections, typically centred around improving productivity. Perhaps the
most successful example of wheat breeding to date can be attributed to tleegaration of
reduced heightrht) semidwarfing alleles during the Green Revolution. The resulting high
yielding genotypegave diminishedtem elongation, allowing a higher proportion of
photosynthate to be partitioned to the grain, thereby helping t@yent lodging and

increasing grain number within the spikel¢i$homas 2017)

¢KS OANIK 2F Y2RSNY | ANRAROdAZ GdzNBE A& y2 R2dzmia 2
civilisaton, but despite crop improvements tailored for human demands, domestication
comes with its problems. One of the main observations of the domestication syndrome is a
loss in genetic diversity of modern day genotypes when compared with their wild relatives.

Anthropogenic selection of desirable traits, in combination with relatively gonadjenitor
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population sizes, are thought to have decreased the genetic diversity in domestiektedry

et al. 2007) The full exént to which this genetic bottlenecking affects phenotype is not
currently known, but studies have found that wild wheat appears better adapted to tolerating
environmental stresses than modern wheats which better utilise resource irf@uisie 1977,
Matson et al. 1997; Chen, Gols, and Benrey 20D6&jnesticated wheatsvest a large

proportion of energy in above ground biomass rather than begpaund, with shallower

rooting depths and finer roots compared to theuld ancestor§Roucou et al. 2018)rrigation

and the application of fertilizer may have contributed to this, as deeper rooting in search of
P fdz2 6tS ydziNASyGa FyR g+ GSNJ A&y Mibough®iS RS R
offers improved productivityshifts in resource allocation between competing physiological

processes often results in a phenotypic traaf, bringing into question the rel&nce of

modern domesticates.

2.1.3 Crop domestication and thgoil microbiome

A relatively undeiexplored trait potentially affected by domestication, is the ability of crop
species to effectively interact with soil microbes. The root microbiome provides beneficial
services to plants in various waiacker et al. 2018Multiple factors can affect microbiome
assembly and function including soil properties, climate and plant genotype, but little data has
been collected on the impact of domesticatidiodern day agronomic ings such as
fertilizers and irrigation can profoundly affect the root system, with crops investing less in
below ground biomass and thereby reducing the area of soil expldtedonly do
domesticated cultivars display differences in root architecture,tbay've alsdbeen shown to
have alteredoot exudation(lannucci et al2017) Root exudates are key mediators in
interactions between organisms sharing soils including other plants, microbes, and
invertebrates(Pangesti et al. 2013pince these interactions can provide plant béisethere

appears to be a biological importance in sustaining carbon costs through exudation, hence
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differences between domesticates and wild relatives could have affects on the rhizosphere
biota (Uren 2007) In addition, the movement of wild crop species taken from their native
habitat and cultivated in contrasting environmental conditions under anmanagement,
could have had negative consequences on plaitrobe interactionsassuming that crops
have ceevolved with their native soil biology. It has therefore been suggested that modern
domesticated cultivars may not be as harmonised with thegrabiome compared to wild

progenitors(PerezJaramillo, Mendes, and Raaijmakers 2016)

2.1.4 Phylogenetic analysis of microbial communities

Phylogenetics is the study of evolutionary relationships that has greatitributed to the

field of microbial evolution and ecology. In the past, morphological data was used to create
phylogenies but with the advent of molecular techniques the use of nucleotide and amino acid
sequences has provided valuable and reliable camspns of organisms, in a relatively cheap
and easy wayflee et al. 2015)The basic principles of phylogenetics relies on the process of
Darwinian evolution, in which organisms undergo descent with maodification, driven by
mutation and selection. Variatits in DNA can arise through the loss or gain of genes, for
example as seen in obligate symbionts which can become reliant on host genes to provide vital
nutrients (Waterworth et al 2020, Norman et al. 200@Qonversely, horizontal gene transfers

can occuin which whole genes can move between organisms by mobile genetic elements for
example via plasmids or bacteriophages. A more common source of variation is seen with
single polynucleotide (SNP) mutations, in which the substitution of a single nucleotide ba

with another occurs. A SNP can result in a synonymous substitution, in which the
corresponding amino acid does not change. Alternatively, a SNP can result in a
nonsynonymous substitution in which an amino acid change does occur, which caatellfim
impact protein function (Yates et al. 2013).

The comparison of SNPs within a gene common across species, can be a powerful tool in
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taxonomy in addition to identifying differences in population structure. This is a common
technique utilised in microbial ecolg@nd has been well studied using the bacterial 16S rRNA
gene6 + SGNR J& 1 & | V. Rhe 16S tRRAJeheysIefereu io @aa housekeeping gene
since it is conserved across all bacteria, encoding for the 16S subunit of the ribosome that is
essential for bacterial protein translation. More recently, phylogenstudies of bacteria have
begun to focus on a collection of housekeeping genes in attempts to gain better genetic
insights, that more reliably distinguish differences between spebletti-locus sequence

analysis (MLSA9 a method commonly used, in whiseveral gene sequences (e1§S, gyrB,

rpoB, rpoD) are concatenated before phylogenetic relationships are infe(@deser and
Kampfer, 2015) Despite this, some studies have found that the study of other singular
housekeeping genes can sufficientffeo better resolution between closely associated species
over the 16S rRNA genEhegyrBgene is conserved across all bacterial species and encodes
for DNA gyrase subunit B, an enzyme essential during DNA replicatiatalysing the ATP
dependent negtive supercoiling of doublestranded closegtircularDNA ThegyrBgene has

been suggested as a superior marker due to its higher moleeutdution ratecompared to

16S rRNA, meaning that its variable regions can be larger and thereby help to diktinguis
between closely related speci@sasai et al. 1998; Anzai et al. 2000; Yamamoto and Harayama

1995)
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2.2 Aims andobjectives

2.2.10verall objective

To assess pseudomonad communityattance and diversity within bulioil and the

rhizosphere compartment of 17 differemtheat species ranging froamcestral diploid (AA,

BB, DD) and tetraploid genomes (AABB) through to the modern day domesticated hexaploid
wheats (AABBDMhen grown in soil sampled from the low intensifsassland treatment at

the Highfield experimentidentifying and understanding differences in a crops ability to attract
and sustain PGPRs, could enable improvements in crop genetics and microbial inoculants to
allow manipulation of the rhizosphere micraine. Future proofing crops to be more resilient

to the predicted issues of the future is of current importance, in which a rhizosgtesed

breeding program may help to contribute a solution.

2.2.2 Specific objectives

In this chapter | aim to:

1. Assess thabundance of culturabl®seudomonaspp. isolated from bulk soil and the
rhizosphere of acestral and domesticated wheats grown in a grassland managed soil.

2. Create a culture collection &fseudomonaspp. isolated from bulk soil and the
rhizosphere of acestral and domesticated wheats grown in a grassland managed soil.

3. Sequence thgyrBgene of isolates in the culture collection.

4. ldentify isolates by sequence comparison of gyeBgene using BLAST.

5. Assess community phylogeny of the isolates associatedwikk soil and the

rhizosphere of acestral and domesticated wheats grown in a grassland managed soil.
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2.3. Methods

2.3.1 Pot experiments

2.3.1.1 Soil sampling and crop genotypes

Soil was collected at a depth of-30cm fromthe permanent grassland maged treatment

(plots 10, 17, 26 and 3@} the Highfield experimerRothramsted Research in Harpenden UK
(see figure 1.6 in chapter 1). Soil was sief@dm gauge) and subgeently used in pot
experiments.The soil texture at Highfield is defined as aydidsam over clay (Batcombe series),
a Chromic Luvisol by FAO criteria, which has been maintained as grassland for over 200 years.
The grassland plots utilised in this experiment were maintained by mowing twice yearly.
2.3.1.2 Crop genotypes

2.3.1.2.1 Ancesal and domesticated grasses

A total of 19 different grass species were cultivated in pots, including wheat species of either
diploid, tetraploid or hexaploid gemoes in addition to diploid goagrass species and two oat

species plus a bulk soil contrBletails of individual species are shown in table 1.1

Name Family Tribe Species Genome Ploidy
Einkorn wheat Poaceae Triticeae Triticum monococcum AA Diploid
Wild Einkorn wheat | Poaceae Triticeae Triticum urartu AA Diploid
Goatgrass Poaceae Triticeae Aegilops longissima SS (BB?) Diploid
Goatgrass Poaceae Triticeae Aegilops bicornis SS (BB?) Diploid
Goatgrass Poaceae Triticeae Aegilops searsii SS (BB?) Diploid
Goatgrass Poaceae Triticeae Aegilops sharonensis SS (BB?) Diploid
Goatgrass Poaceae Triticeae Aegilops speltoides SS (BB?) Diploid
Goatgrass Poaceae Triticeae Aegilops tauschii DD Diploid
Emmer wheat Poaceae Triticeae Triticum dicoccum AABB Tetraploid
Khorasan wheat Poaceae Triticeae Triticum turanicum AABB Tetraploid
Persian wheat Poaceae Triticeae Triticum carthlicum AABB Tetraploid
Polish wheat Poaceae Triticeae Triticum polanicum AABB Tetraploid
Wild emmer wheat Poaceae Triticeae Triticum dicoccoides AABB Tetraploid
Makha wheat Poaceae Triticeae Triticum macha AABBDD Hexaploid
Bread wheat Poaceae Triticeae Triticum aestivum cv. Hereward AABBDD Hexaploid
Bread wheat Poaceae Triticeae Triticum aestivum cv. Cadenza AABBDD Hexaploid
Spelt wheat Poaceae Triticeae Triticum spelta AABBDD Hexaploid
Wild oat Poaceae Aveneae Avena fatua AACCDD Hexaploid
Oat Poaceae Aveneae Avena sativa cv English berlie AACCDD Hexaploid

Tablel.1. Domesticated and ancestral crop genotypéstotal of 17 different grasses species

relating to the evolutionary history of wheéee figure 21) and twograss species relating to
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oat were uilised in pot experimentsThe twooat species are both hexaploidy howevearena
sativais a common oat commercially grown globally, whiigena fatuas a closely related

wild oat consideredo have little economic value.

2.3.1.2.2 Crops from taxonomidgl distinct family

A small study was set up after the initial experiment looking at ancestral and domesticated
grasses related to wheat, in attempts to help further clarify results obtained. As the initial crop
genotypes were all from thBoaceadamily, four crop genotypes from taxonomically distant

families, as shown in Table 1.2, wereigéitl in repeat pot experiments.

Name Family Species
Bread wheat Poaceae Triticum aestivum cv. Cadenza
Tomato Solanaceae Solanum lycopersicum cv. Ailsa Craig

Qil Seed Rape (OSR) | Brassicaceae @ Brassica napus cv. Makro

Pea Fabaceae Pisum sativum cv.

Table 12: Crop genotypes
Four economically valuable crop genotypes from the taxonomically distinct fafPdmsseae

Solanaceae, Brassceaeand Fabaceaeavere utilised in a smaller scalepeat study.

2.3.1.3 Cultivation of crops and rhizosphere sampling

All seeds were surface steriliz€6b% ethanol wash for 30 seconds followsd3% sodium
hypochloric acidor 10minthenwashed thoraighly withsterile water) and sown in seedling

trays containing grassland sampled sbile winter wheafl. aestivuntv. Hereward required

the longest vernalisation with a period of 12 weeks, therefore all 19 of the grass species were
germinated and subj¢ed to the same 12veek vernalisation period at°€, before being
transferred to pots and cultivated under glasshouse conditions. In the second experiment
comprising different crop families, seeds were sown directly into pots containing grassland

sampledsoil, since none of the varieties required vernalisation. Rhizosphere soil was sampled
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at the flowering stage forach of the species (see figure2® This was collected by gently
shaking and breaking away the bulk soil to reveal soil closely adherihg toot system,

which was shaken from the roots into a sterile 50ml Falcon tube.

1 metre

1. T uratu; 2. Tmonococcum; 3. A. bicornis; 4. A. longissima; 5 . A. searsii; 6. A.
sharonensis; 7. A. speltoides; 8. A. tauschii; 9. T. polonicum; 10. T. dicoccum; 11. T.
turanicum; 12. T. carthlicum; 13. T.dicoccoides; 14. T. macha; 15. Hereward; 16.
Cadenza; 17. T. spelta.

Figure 22: 17 ancestral and modern grass genotypes at the early flowering stage
The rhizosphere of the ancestral and domesticated grass genotypes studied wara@kd
during the early flowering period as photographed. Here, some of the phenotypic variation

across the different species is visibly apparent.
2.3.2 Isolation ofPseudomonaspp. from soil
2.3.2.1 Culture medium

All cultured Pseudomonad isolates wesalected from soil usingseudomonaSelective Agar
(PSA) which was prepared by dissolving 24.Rpefidomonaggar baséThermo Fischer
Scientific, USAh 500ml of distilled water followed by 5ml of glycef@hermo Fischer

Scientific, USA). The pH wafjusted to 7.2 and the media was sterilized by autoclaving at 121

°C forl5 minutes at 100kPa. Molten agar was allowed to cool to*€béfore adding
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Pseudomonaselective agar CFC supplement (Thermo Fischer Scientific, USA) which contained
Cetrimide 10ng/ml, fucidin (10ug/ml) and cephaloridine 50ug/ml that was dissolved in

ethanol prior to use20ml of the prepaed PSA was poured into sterilet® dishes (Thermo

Fischer Scientific, USA) within a sterile laminar air flow cabinet and storéGande s¢.

After selection from soil, isolates were routinely cultured on Lysogenic Broth (LB) lennox agar
(Thermo Fischer Scientific, USA) 40g was added to 1L of distilled water and the pH adjusted to

7.2 before sterilization by autoclaviggnd pouring into Petrilishesas above.

2.3.3.2. Soil dilutionsand isolation of pseudomonads

Homogenised rhizosphere soil (1 g) was taken for each sample, diluted in 10 mL of sterilised
distilled water and vortexed for 10 minutes to ensure bacterial cells were dislodgedtieom

soil particles and in suspension. Serial dilutions were carried out to a dilution factof ahdlo
suspensions spread onfSA agaio select for pseudomonads. The plates were incubated at
28°C for 2448hours.

Random selection using the online randommber generator (https://www.random.org) was
used to select isolates from each treatment to subsequently cre&seaidomonasulture
collection. Five isolates from each replicate of ancestral or domesticated grasses (20 total per
treatment) and three iglates from each replicate of crops from different taxonomic families
(15 total per treatment) were randomly selected to create a culture collection and for further
phylogeneticanalysis. 1ml of overnight cultures grown in LB broth were mixed with 1ml of

80% glycerol, tubes were inverted and promptly placed into-8@°C freezer for storage.

2.3.3 DNA analysis

2.3.3.1 DNA extraction, PCR and purification
MicroLYSHKPLUS (Microzone) was used to release DNA from the isolates as per the
manufacturer protocolThe housekeepingyrBgene was amplified for all isolates in the

culture collection via Polymerase Chain Reaction (PCR), since its more variable regions can
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better distinguish between closely related strains. One isolate from each ancestral and
domesticaed grass species treatment was selected for 16S rRNA gene amplification as a
reference. Each PCR reaction mixture was 24 L in total and consisted of 10 x BioLine reaction
buffer (2.5uL), BioLine dNTP mix 25 mM each (0.5 pL), Bioling My@M (0.75uL,)forward
and reverse primers (both at 0.1 uM), BioLine DNA polymerase (0.25 pL), micieL¥YSIS
DNA extract as a template (1 pL) and 18 pl of nuclé@sewater. he PCR conditions were as
below:

Degenerate primers and PCR programs for amplificatidgheofyrBgene were as follows:
Forward (UP1): CAYGCNGGNAART{YaE#amoto and Harayama 1995)

Reverse (UP2r): CCRTCNACRTCNGCRTCNGMaAT0to and Harayama 1995)

94°C for 5mins followed by 30 cycles of 94°C for 1min, 60°C for 1min and 72°C for 2mins
and a final elongatin of 72°C for 5mins.

Primers and PCR programs for amplification of the 16S rRNA gene were as follows:
Forward (341f): CCTAGGGGAGGCA@E&NG, Muyzerand Ward 1996)

Reverse (534r): ATTACCGCTG(He&3(@S, Muyzer, and Ward 1996)

94°C for 5mins followed by 45 cycles of 94°C for 15s, 55°C for 158%@h¢b¥ 30s and a final
elongation of 72°C for 5mins

PCR products were examined on a 1.5% (w/v) agarose gel in-bofatieEDTA (TBE) and
stained with EtBr (0.2ug Adl) with 1x TBE as the running buffer. Bands of DNA were viewed
under UV light to identy fragments of the correct size which were then purified using the

MinElute PCR purification kit (Qiagen) accordirgmanufacturers guidelines.

2.3.3.2 DNA gquantification and sequence analysis

DNA concentration and purity were analysed using the NaopBpectrophotometer ND
1500 (Labtech) following the manufactu@protocol. Forward and reverse Sanger sequencing

was carried out on PCR products by MWG Eurofins, a 10uL sample of DNA at a concentration

55



of 10ng/uL was prepared and sent to MWG Eurofiroeding to their instruction. Forward

and reverse sequences were edited and aligned in the program Geneious. Consensus
sequences were then muéligned using théiUltiple SsquenceComparison

by Log- Expectation(MUSCLE) alignment tool and subsequentiprinied to result in a

sequence length of 930bp for each of the sequences. Before phylogenetic construction, the J
model test (2.1.10) was used to determine the best model fit for the alignment. A maximum
likelihood tree was then constructed utilising a traimsal model (TIM 012032) with 1000
bootstraps using the software PhyNiGuindon et al. 2010)ThegyrBgene sequences of
Pseudomonas aerugino®A01 andPseudomonas fluoresceR$13 were retrieved from the

NCBI wbsite and included in the phylogenetic analysis for reference. Sequences were
subsequently exported into iTol (itol.embl.de/) for viewing and visual amendments. The NCBI

BLAST tool was used to compare sequences from individual isolates to the NCBledatabas

2.3.3.3 Statistical analysis

Four biological replicates were used for each treatment (n=4). When determining CFU, each
sample had three technical replicates which were averaged to help minimise variation from
the testing procedure itself. A oagay ANOYA was performed when comparing mean CFU
across the different treatmentésee chapgr 9.1 for ANOVA tablelny significant results
indicated were followed by the post hoc Tukey analysis, to identify which treatments differed

significantly. All statisticanalysis was performed in the software R studio.
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2.4 Resu

Its

2.4.1 Abundance ofPseudomonaspp. associated with ancestral and modern grasses

The mean Colony Forming Units (CFUWBsEudomonaspp. isolated from 1g of rhizosphere

soil associated wh each of the ancestral and domesticatechgéypes was determined (Figure

2.3). AllPseudomons CFU counts obtained from the different treatments were withif 10

CFUWUs. T. monococcun{AA genome)Ae. longissim@BB genome) and. polanicun{AABB

gename) all had the highest CRf}of rhizosphere soil which were each found to be

significantly different compared to the three lowest CFthgsociated withl.uratu(AA

genome),T. machgd AABBDD genome) aiid aestivumHereward (AABBDD genome) each

had the lowest associated CFf}of rhizosphere soil(<0.02) A significant difference was

additionally found betweef. polanicunand bulk soil (p <0.04).
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Figure 23 The abundance oPseudomonaspp. isolated from rhizosphere soil assiated

with each crop @notype: The mean CFgh! + standard deviation bPseudomonaspp.

isolated from rhizosphere soil associated with various wheat species belonging to the A, B, D,

AB and ABD genomes in addition to oat hexaploid genotypes and a bulk soil ddatsol.
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Due to the significant results obtained, a smaller, repeat experiment with those genotypes
highlighted as differing significantly was conducted tiriese CFU coustonly. On average
the CFU was lower than the previous experiment at arour’lCEU (Figure.2). A oneway

ANOVA found no significant difference in @dcross thegenotypes in this experiment.
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Figure 24 The abundance oPseudomonaspp. isolated from rhizosphere soil associated
with ancestral and domesticated grass genotype$he mean CFg + standard deviatiorof
Pseudomonaspp. isolated from thehizosphere soil associated with various grass species,

grown in repeat experiments to test if previous significant differences held.

2.4.2|dentification of Pseudomonaspp. isolates
2.4.2.1 Gel electrophoresis identification of gene fragments

ThegyrBgene with an expected size of ~1280bp was successfully amplified from each of the
selected 400 isolates via PCR (Figurga. The 16S rRNA gene with an expected fragment size

of 193bp was also successfully amplified from the 20 randgeicted isolatesf each crop

genotype (Figure .Bb).
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Fgure 25 gyrBand 16 STRNADNA fragments amplified from potentidPseudomonas
isolates:[a] Gel electrophoresis of PCR products amplified with degengratgprimers (UPL
and UP2r). Land., DNA marker (lambda DNAgested with Hindlll); lanes 1 to 20, amplified
fragments of thegyrBgene from 2(Pseudomonaspp. isolates[b] Gel electrophoresis of PCR
products amplified with Muyzer 16S primers (34334r). Lane L, DNA marker (lambda BNA
Digested with HindlIl); lanes 1 to 10, amplified fragments of randomly selected isolates from

10 treatments.

2.4.2.2 Pseudomonaspp. diversity across ancestral and modern grasses

PCR amplification and sequencing of ¢fyeBgene resulted in 353 forwardhd reverse

sequences that could be aligned together successfully. Phylogenetic analysiggfBlgene

was carried out, with a tree constructed and colour coded by crop genotypéuahkdoil, as

shown in figure Ba below. There appears to be no groupof isolates from one or a

collection of treatments, indicating th&seudomonaé LJLJ® RA @SNERAGE R2SayQi
across different grass genotypes when grown in a grassland managed soil. The same

phylogenetic tree was constructed, and isolates colader according to thgenome (AA,

BB, DD, AABB, AABBDD) and ploidy level (diploid, tetraploid, hexaploidy) of wheat that the
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isolates had origated from, as seen in figure 2.6b an®@ Again, no obvious groupings of

pseudomonad isolates could be vissadl.
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[ English berlei
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. Einkorn
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60



2.6[b]

Colored ranges
[ ArBEDD
[] AaneB

B A

REE

[]op

|:| Oat

Il Buk soil

2.6[c]

Colored ranges
. Hexploid
[ piploid

. Tetraploid
[ ] oat

Bl Buk soil

AAN

i
=

.
.ﬂ
=

Figure 26. Maximum likelihood tree based ogyrBnucleotide sequences from
Pseudomonastrains associated with ancestral and domesticated crop genotyjak353
isolates from a total of 17 ancestral and dostieated wheat genotypes along with 2 oat
genotypes and a bulk soil control were phylogenetically analysed utilising an ML tree with a
transitional modelPercentage bootstrap values higher than 70% of 1000 replicates are

indicated by black circles at breimng nodes. Individual nodes are colour coded occurring to a:
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Individual speciefb] Genome of the species (AA, BB, DD, AABB, AABBDI[2) plaitly level

of the species (diploid, tetraploid and hexaploidy).

2.4.2.3 BLAST identification

The consensus gaences generated for each of the isolates were cross referenced against the
NCBI BLAST database to obtain a species identification. Overall 23 different strains were
identified with the majority atk97% homology and all belonging to tReeudomonagenus; a
proportion of the isolates had BLAST hits matciitsgudomonaspp. but fell belowk97%
homology. There appears to beéhagher proportion of isolates identified #seudomonaspp.
R41739 and”seudomonaspp. URMO17WK12:|1Wwhich were both found in the

rhizosphere of each genotype abdlk soil, as shown in figure2P. fluorescensICIMB

11764 also appeared to be more abundant in the majority of treatments, except for the
rhizosphere of the bxaploid wheaifl. aestivuntv. Cadenza and the oat cultivaisativacv

English berli. The crop genotypes which appeared to support a higher fadigkosity within
rhizosphere peudomonad communities included the diploid (AAmonococcurand (BBAe.
speltoidesalong with the tetraploid (AABB). dicoccoidesThose cropassociated with lower
levels of peudomonad diversity included the hexaploid wheats (AABBD&gstivuncy.

Hereward andr. speltan addition to the tetraploidl.dicoccumThel6SrRNA gene

sequences from randomly selected isolates associated with each crop genotype and bulk soil,
were dso identified against the NCBI BLAST database to cross reference wgyrBresults,

with all isolates testeddientified within thePseudomonggenus.
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Figure 27. Identification of isolates based ogyrBgene sequences and compared against

the NCBI BLAST databageBLAST hit table showing strains isolated from the rhizosphere of
each ancestral and domesticated wheat, in addition to two oat ggmes and a bulk soll
control. Pseudomonad isolate number is represented in a heatmap to visualise differences
associated with each crop species. Cells which are coloured red represent the highest and

those coloured yellowepresent the lowest number of pgdomonad species identified.

63



2.5 Discussion

2.5.1 Overview

Physiological and genetic differences have been identified in domesticated wheat species
when compared to their ancestral progenitors, but investigations into the impacts of
domestication orthe rhizosphere microbiome is limitg@ulgarelli et al. 20155tudies so far

have shown some differences in microbial community structure and function; however, this
varies depending on both the crop genotype and microbial taxa beiestiigatedBulgarelli

et al. 2015; Chen, Gols, and Benrey 2015; lannucci et al..Zich) studies have focused on
differences in rhizosphere microbiome composition across other grass species such as barley
in addition to common bean, maize, sugaeet and riceln this study, the grass species

related to wheat do not appear to be a significant driving factor for differences in
pseudomonad community structure. This suggests that the chosen crop genotypes e simi

in their ability to attract and sustaiRseudomonaspp. under the conditions imposed in this
study. This is interesting when considering the range of grass species assessed and the variety
of ploidy groups that they fall under. This could indicate dabdity of pseudomonads to

colonise a range of crops, since tenusPseudomonasmbodies multiple species that are
genetically, ecologically and functionally dive(@®mila et al. 2015; Garriedanz et al. 2016;
Spiers, Buckling, and Rainey 20@)nversely, there are factors imposed in this study such as
the grassland managed soil and glasshouse conditions which may have made crop phenotype

selection on pseudomonads difficult to detect.

2.5.2 Pseudomonaspp.abundance in the rhizosphere

Differences irPseudomonasommunity structure in the rhizosphere have been asstec

with various factors includingoil type, plant developmental stage and root adhesion
identified as strong drivers of chan@@onn et al. 2015)Other factors such as crop genotype

generally encourage small but significant chas)gehilst other crops show no significant
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difference(Wemheuer et al. 2017)/ariation was seen in the abundance of pseudomonads
across the ancestral and modern grass genotypes in this study. Although statistilysis
initially found these differences to be significant, all m&fUgb counts were at 19 This
suggests that the ability of the grass genotypes to attract pseudomonads to the rhizosphere
was similar, particularly since a repeat experiment foundigaificant differences in
abundancelnterestingly, the repeat experiment yielded a 10 fold decrease in pseudomonads
associated with bulk soil and rhizosphere soil compared to the initial experiment. Since the soil
used in the repeat experimentas sammd 1.5 years after the initial experiment, it is likely

that the pseudomonad communitiefiffered. Soils are not static and variousi@tic and biotic
changes are likely to have occurred over the ylear period e.g rainfall, and temperatutteat

may havanfluenced pseudomonad abundandeFU counts can provide a quick and easy
guantification of fast growing cultable bacteriahowever there is inherent variability that
comes with plate counts. For example, extra handling of samples by diluting with, wmater
addition to several species oatimg in singular large clumgan underestimate the bacteria
present in a sampléRicchi et al. 2017Pseudomona specific gPC&voids such issues and is
therefore consideredo produce more reliable andonsistent result€ompared to culture
analysis. Utilising gPCR in future work may provitleteer route to assess pseudomonad

abundane, albeit more expensive than traditional culture work.

Interestingly, the meai€FUg*! of pseudomonads associated with bulk soil did not significantly
differ from the rhizosphere, which is in contrast to results often reported in the literature.

Since soil properties such as soil organic carbon (SOC) and pH strongly drive microbial changes,
i1Q3 62NIK O2yaAiARSNAyYy3 GKIG GKS az2Af Ay GKAZ
centuries old, with physical and chemical properties showsuigport higher levels of

microbial biomass compared to more degraded agricultural §dilsch et al. 2009)The

grassland treatment at the Highfield experimewas originally chosen to present an
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assortment ofPseudomonaspecies, allowing the crop to select from a diverse pool and
thereby highlight rather thanriit the detection of crop preferencefRetrospectively, this soil
may havecontained aPseudomonasommunity adapted to grass rhizospheres from the
previous land usélherefore,small but significant differences due to genotype may not be
easily detectedAdditionally, it could indicate that the crops are selecting other microbial taxa
which were not looked at in this study, in which metagenomic analysis would have proved
greatly beneficial in better interpreting these results. Although many studies arenmmying
towards the sole use of molecular analysis of community structure and function, culturing
techniques are still of importance, particularly where microbial inoculant development is
concerned. Culturing of microbes provides a tangible resource, iegglolrther study into the
metabolic and functional capability of isolates. Despite this, culture work can be biased and

more prone to human errors when lcallating microbial abundance.

2.5.3Pseudomonaspp. identification and phylogeny

All isolates selgted using PSA media were identified as belonging td*$eudomonagenus
from analysis of both thgyrBgene andl6SrRNAene. A variety dPseudomonaspecies

were detected via comparison to the BLAST database, but in both experiments particular
strainswere prevalent. Interestingly, isolates showing homolog$eudomonasp. R41739
andP. fluorescenbICIMB 11764 were found in high abundance in both experiments, which
could indicate that these species commonly thrive in soils, or specifically asswitiathe
grassland managed soil used in this study. In the literature, few studies detail the ecological or
functional relevance of these strains. Other pseudomonad strains associated with the
rhizosphere of multiple ancestral and domesticated wheathiohed Pseudomonaspp.
URMO17WK12:]11 anBseudomonasp. GHIPS23 which appeared to be enriched across
crops from taxonomically distibéamilies. Again, it wadifficult to find further information

regarding the functional capabilities of these two i¢eta with none of the above
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pseudomonad strains studied in detail compared to reference strains suelilasrescens

F113 or SBW25.

The phylogenetic analysis g§rBsequences from sgeudomonads associated with ancestral

and domesticated grasses revealsd obvious differences in community structure. This

suggests that these genotypes had similar aegito select for a variety ofspudomonads in

the rhizosphere. Several studies have fosighificant differences in total microbial

community structure wken comparing modern and ancestggnotypegBulgarelli et al. 2015;
PerezJaramillo et al. 2017; Zachow 2014; Shenton M 20h&)ontrast, others have found

that domestication did not impact rhizosphere bactebat instead fungal communities were
significantly affectedLeff et al. 2017)Despite evidence showing that genotygen play a role

in driving microbial community composition, when looking at the Proteobactgieera that
Pseudomonaspp. belong to, studies have similarly found no significant differences in diversity
associated with the rhizosphere of wild and domesticated acceséRirigarelli et al. 2015;
PerezJaramilo et al. 2017; Germida and Siciliano 20ijce bulk soil communities also

RARY QG FLILISENI G2 RAFTFSNI ANBlIGte Ay O2YYdzyAde
that soil properties may be the main dimg factor for geudomonad community staure in

this study. As the initial experiment concerned grass species cultivated in a grassland managed
soil, it could be possible that the soil was already adapted to that of grasses. However,
studying more taxonomically distinct crog3oaceae, Solanaae, Brassicaceae, Fabacgae

again revealed no obvious differencepseudomonad community structure (see

supplementary S8.1). This further suggehtg soil properties were the main driver of

pseudomonad community structure in this study.

Temporal faabrsare also worth considering, asgudomonad communities associated with
the rhizosphere of different wheat genotypes evolve over time, with significant changes in

diversity only detected after a second year of cropdidgnn et al. 2015)Additionally, the
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more closely associated bacterial endophytes are more genegppeific than bacterii the
loosely bound rhizospherg.undberg DS 2012; Donn et al. 2015; Bulgarelli et al. 2012)
Therefore, the evolution dPseudomonasommunities under the influence of ancestral and
modern varieties of domesticatl wheat, may not be apparent upon initial potting
experiments and may require investigations into the more closely associated root
communities. When looking specifically at wheat domestication, differences in pseudamo
endophytic communities have beassociated with wild andomesticated wheat, however

these were not found to diffesignificanty (Germida and Siciliano 2001)

2.5.4Future considerations

As peviously mentioned, the grassland soil utilised in this study has been shown to promote
microbial biomass compared to more degraded agriculture soils. Grassland soils are
additionally associated with high soil organic matter, nutrient content and potettre

which can benefit crop growtfHirsch et al. 2017)This, together with the glasshouse
conditions that the crops were grown under is likely to encourage optimal plant growth. It has
been shown that ancestral wheats may better tolerate different types of stresses compared t
their domesticated relatives and may more tightly select their microbiome under such
conditions MerchukOvnatet al, 2016) Since the arable and bare fallow plots at the Highfield
experiment have been associated with more degraded soil properties niagyhave been

better soils to utilise when comparing the selection of pseudomonads to the rhizosphere of
several wheat genotypetndeed, modern domesticated cultivars select for microbes with the
ability to compete with phytopathogens, whereas ancestp@es are better at selecting for
those which can help tolerate abiotic stresgesff et al. 2017; Zachow 201Zhis could

reflect the stochastic wild versus intensive arable environments, of which differesutied

pressures may have shaped the@glution of a crop with its soil microbiome.
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L {irgpartant to highlight that this study focuseoh cultivable pseudomonads which can
present biases when determining bacterial community structiMelecular approaessuch
gPCRo detect pseudomonadbundanceand diversitymay have been a better measurement
for pseudomonad community structurdlthough no clear differences were observed in
pseudomonad core community structuriejs possible that community functiamay have

been affected by domestication, which to date has not been well studied. The pseudomonad
pangenome is extremely large, with high functional diversity seen in soil communities.
Rhizosphere microbiome functional studies relating to domesticatiorieave but evidence so
far suggests the main interdons affected by domesticaticare between crops and
mutualistic symbionts such as rhizobia and mycorrhizal fiMgtch and Young 2004; Kim et
al. 2014; Sangabti€onde et al. 2014; Hetrick, Wilson, and Cox 19Bis indicates that
associative symbionts such as the pseudomonads, may not be the best microbial genus to

target when looking to identify possible impacts of domestication on the soil microbiome.

2.5.5 Conclusions

Under glasshouse conditions, utilising a soil with qualities known to promote microbial
biomass the selection for pseudomonads from ancestral and domesticated grasses appears to
be similar. Together with the study of more taxonomically digtcrops, and other ancestral
studies in the literature, this could highlight thersatility of pseudomonads in being able to
colonise a range of crop&oing forward, investigating the recruitment of bacteria to the
rhizosphere may be better studied uedstressed conditions, to assess if ancestral or
domesticated wheats have evolved to select benefiet@PRsMicrobial functional traits in

addition to colonising ability is also required, to identify beneficial relationships with microbes
that can helpameliorate biotic or abiotic stressorghis will aidnvestigations into the impacts

of crop domesticatiorand help identify possible targets for a rhizosphbesed breeding
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program.Overall, this work provides insights into the complexity of-glaiht-microbe

interactions and an interesting starting point for further investigations.
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3.0. The impact of land management @oil-plant-microbe interactions in bulk soil and the

rhizosphere of field grown wheat

3.1 Introduction

3.1.1Land maagement

Soils can offer many services but from an agricultural perspective, the most important function
is arguably crop productivity. Despite this, concerns surround anthropogenic management of
agricultural land since it can degrade soil qualitiesr¢bg negatively impacting ecosystem
servicesOnce critical soil functions are lost, they are potentially irrecoverable for millennia
(Haygarth and Ritz 200%3lobally, intensive croplands have been expandingesine 1960s

and have resulted in a reduction of forests and grassléAdsen et al. 2013; FAO 2016)
Intensive agriculture can quickly alter soil dynamics with practices such as monocropping,
tillage and inappropate fertiliser use, irrigation and pesticide application often promoting

poor soil qualitiegKibblewhite, Ritz, and Swift 200§oil degradation through erosion and
compaction in addition to altering nutrient cling, depleting organic matter levels, weakening
soil aggregate strength, salinization, acidification and pesticide pollution, is often associated
with high intensity laneuses(Muhammed et al. 2018; Pretty and $h&997; Doran and Zeiss
2000; Commission 200Zhese properties can have detrimental impacts on soil ecology and
ecosystem servicgEdwards 2002)

Conversely, low tensity landuses such as grasslands, scrublands and forests are associated
with good soil health. A diversity of plant species in these systems offer long term topsoil
cover, along with a steady source of photosynthetically fixed C and organic matté&s inpu
compared to high intensity managemergiiccolo, Andriulo, and Mary 2008)his can

increase soil organic carbon (SOC) levels, better aggregate stability and pore structure in
addition to increasig biodiversity of micro and macrofauf@ing et al. 2013; Muhammed et

al. 2018)
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The Highfield expément at Rothamsted Research pikovides an opportunity to study the
impacts of different land use intensities time selection of beneficial pseudomonads

associated with wheat. Marked declines in C, N, P, aggregate structure and soil pH has been
demonstrated in the bare fallow and arable plots compared to ttesgjand treatmentssee

table 21 (Coleman et al. 1997; Watts et al. 2001; Hirsch et al. 200@)eat yields harvested

from the continuous arable and conversion arable plots at the Highfield experiment
significantly differed between treatmen(glirsch et al. 2017 hegrassland to arable pts
supported higher wheat yieldsompared to the continuous arab&ndthe bare fallow to

arable conversion plots. Whilst the three distinct soil managements have shown clear impacts
on wheat yields, therés curently little data regardinghe impactsof land managemenon

plant-soikmicrobe interactions.

Density’ /|pH® (H,0)/-log | Organic Carbon|Free Organic Intra-aggregate  |Nitrogen®/ |NaOH-EDTA
g am’ (g[H+]L'1 ) mg g'1 soil Carbon” [/ mg g'lsoil Organic Carbonb/ mg g'lsoil extractable Phosphorus‘/
mg g~ soil /mg g soil
Grassland 0.99 6 39 4,690 3,010 390 662
1.3 5.8 1.3 370 490 150 517
Bare fallow 1.3 5.1 0.8 150 380 100 235

Table 21. Summary of the physical and chemical properties of soil from the Highfield Ley
Arable experiment The table shows chemical and physical measurements of soils taken from
the permanent grasstal, arable and bare fallow plots of the Highfield experiment. The data
shown has been adapted from Ne=ilal2018 and displays results from a. Gregeryl.

(2016). b. Hirschkt al. (2009) and c. Neat al (2018).

3.1.2 Phytohormone signalling

Plant irputs have a clear role in shaping soil properties, particularly SOC which can positively

impact soil healti{Lal 2015)Conversely, changes in soil properties can have profound impacts
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on plant physiologyPhytohormones play a major role in resporglito environmental stimuli
(Wani et al. 2016)Understanding root phytohormone changes of wheat grown in different
land uses could offer further insights into the impacts of land management occurring at the
Highfield experiment. Phytohormone signallingplants is complex and can be influenced by
various factors including plant genotype, developmental stage and the environfwénig

and Irving 2011)Conditions can vary dramatically over the course of a growing period, ranging
from optimal to suboptimal. Bnt stress can arise due to abiotic factors such as water and
nutrient availability, in addition to biotic factors such as pathogenic or pest at{@isen and
Leach, 2019)These threats can occur simultaneously depending on the environment,
meaning tha plants must perceive and respond to multiple stresses at once. As sessile
organisms, this requires various biochemical and physiological mechanisms to tolerate or

prevent stresses to survif€ohen and Leach, 2019)

3.1.2.1 Phytohormone signalling undéavourable conditions

Under good resource availability such as favourable water, sunlight and nutrient levels, plants
will initiate signalling to encourage growth. Auxins such as ir8@aleetic acid (IAA),

cytokinins (CKs), gibberellins (GAs), brassimogts and strigolactones are well studied for

their roles in growth promotion within different tissues and developmental stdgedaka et

al. 2017) Auxin, GAs and CKs play important roles in cell elongaticeriaf parts of plants,

for instance promoting growth in response to light and nutrient availakiiitlymagalska and
Leyser 2011; Kurepin et al. 2000ther important physiological responses to favourable
conditiors include shoot meristem differentiation, with CKs playing an important role in cell
division alongside leaf growth and the delaying of senescence through stimulation of increased
chloroplast activitWerner et al2001; Polanska et al. 200Root growth is driven by

elongation of cells generated by stem cell division in the root meristem, with auxin and

brassionsteroids playing major regulatory ro{€onzalezarcia et al. 2011Auxin can trigger
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root hair elmngation and lateral root growtkwhich can be crucldor water and nutrient
uptake,in addition to root anchoring and interaction with soil microorganigelasquez et
al. 2016; Reed, Brady, and Muday 19¥3)nvesely, high auxin concentrations in roots has
been associated with decreased primary root length through inhibition of cell elongation,
whilst low concentrations of brassinosteriods and GAs increase root elondBiatedi et al.
2010; Mussig, Shin, and Altmann 2003; Friedrichsen et al. 2000¢ctively these
physiological adaptations in response to resource availability leads to the investment of
energy into crop growth, thereby encouraging increased photosytighiasadditionto nutrient

and water uptake.

3.1.2.2 Phytohormone signalling under biotic stresses

Pathogens and pests can colonise and attack plants from above or below ground. Upon
recognition of these threats, the plant innate immune system eligisponses to fight and
LINPGSOG F3IFAYyad AyFSOGA2y |G AGa t20Ff &2dz2NDOS
can perceive an invasion from the detection of proteins for instance pathogen associated
molecular patterns (PAMPS) and nematode associatelcular patterns (NAMP8)Joman,

Ageel, and Lou 2019ollowing recognition, rapid initiation of signalling cascades stimulates
the upregulation of genes involved in immune response and phytohormone sigr(&lmgan,
Ageel, and Lou 2019The best studied phytohornmes associated with defence against biotic
attacks are JA, SA and ethylene. JA and ethylene act synergistically, whilst SA and JA act
antagonistically. SA has generally been implicated in the activation of defence against
biotrophic and hembiotrophic pahogens(Yan and Dong 2014; Fu et al. 2Q1@)ilst JA and
ethylene are responsible for defence against necrotrophic pathogens and herbivorous insects
(Glazebrook 2005; Viohempsey, and Klessig 200Bespite this, the upregulation of both SA

and JA in plants under effecttniggered biotic stress has been found in some cases,
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suggesting that both of these phytohormones can act simultaneously in different cells during
infection (Betsuyaku et al. 2018ABA can additionally play an important role in defence of
above ground attack. ABiAduced stomatal closure can occur upon the sensirgANPS,
helping to prevenpathogen entry into the leaf apoplast through open stomatal pores
(Melotto et al. 2006; Melotto et al. 2017Brassinosteriods are also implicated in biotic
defence through theriming ofinnate immunity pathways and promoting tradefs between

growth and immunity(Yu, Zhao, and He 2018)

3.1.2.3. Phytohormone signalling under abiotic stresses

There are multiple abiotic stresses that affect plpht/siology including nutrient stress,
flooding, drought, salinity and high temperature. ABA has a central role in plant stress
responses, with substantial accumulation found in roots and shoots of plants under various
stresses. Water deficit stimulates ABiasynthesis, which can discourage water loss through
closure of stomata thereby preventing transpiration. This also limits the energy intensive
process of photosynthesis by reducing.@6similation, allowing instead the allocation of
resource to help mtect against stress. ABA has been associated with the accumulation of
osmolytes (e.g. sugars, polyamines), dehydrins and other protective proteins that can have
important roles in protecting against stress related damage, inclustisgjlisation of osmot
differences between cell surroundings and the cell cyt@Bar et al. 2017; Chaves, Maroco,
and Pereira 2003; Verslues et al. 20@@A inhibits seedling germination and restricts shoot
and root growth under sess,in conjunction with ethylene.

Ethylene is considered to play diverse roles in plant stress responses and has been well studied
for its role in changing root architectufBari and Jones 20Q9High ethylene levels are
associated with root growth inhibition under stress, however this is thought to occtneia
stimulation of high concentrations of auxivhich inhibits cell elongation in roof{Ruzicka et

al. 2007) Additionally, ethylene has beemplicated in upregulating Kand S transporters
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under nutrient stressalong with the development of root hairs, root transfer cells, and cluster
roots induced under Fe or P deficie{dung, Shin, and Schachtman 2009; Maruyama

Nakashita et al. 2006; Wang et al. 2014; Zhang, LymchBeown 2003)More recently,

cytokinin crosstalk with ethylene, ABA and JA has been recognized, with evidence suggesting a
role for CKs in temperature and nutrient sensing under st(@4rien and Benkova 2013;
Paviuetal. 2018 LG Qa Of SFNJ 0KId RAFFSNByld NBaLRyasSa
phytohormones acting on different transduction pathways, in addition to acting in conjunction
with other hormones and signalling substances to regulate responsagréntly

underexplored area of research is the role of bacteria in modulating phytohormone levels
from the biosynthesis of a range of phytohormones including IAA, cytokinins and ACCd. In
relation to plant stress, ACCd producing bacteria are perhaps tst well studied for their

potential to decrease plant ethylene levels and thereby promote root elongation.
3.1.3 Bacterial ACC deaminase and plant stress

ACC deaminase exists widely in bacteria and f{iagcimerto et al. 2014; Bruto et al. 2014)
Many studies have investigated the role of ACC deaminastaining bacteria (applied as
inoculants) in alleviating stress symptoms in a range of crops by modulating plant ethylene
levels(Li et al. 2000)Despite this, the distribution of the ACC deaminase structural gene
(acdS across different environments is not as well studied. Addiilgnthe misidentification

of the acdSgene with its homologicyDhas led to an overestimation of ACC deaminase
positive microbes, thus contributing to the misunderstanding ofahdSgene in microbial
communty composition and function (Nascimento et 2014) Amplification of theacdSgene
by PCR with degenerate primers has been widely used for molecular identification of ACC
deaminase producing bacteria, however those available in the literature are largely non
specific or conversely amplify genesrfr@ narrow range of speci¢Shah et al. 1998; Ma,

Guinel, and Glick 2003; Blaha et al. 2006; Hontzeas et al. 2005; Govindasamy et al. 2008;
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OnofreLemus et al. 2009More recently, primers have been designedP&R and gPCR with
better target gene amplificatio(Li et al. 2015; Bouffaud et al. 2018hose studies that have
looked at the ecology of ACC deaminase bacteria have found an increaseactifyene in
rhizosplere populations compared to bulk soil or noultivated soil{Bouffaud et al. 2018;
Marasco et al. 2012)The enzyme has also been associated with stressed environments, with a
higher abundance found in water litad and high radiation environmen{§immusk et al.

2011; Siddikee et al. 2010)hese findings highlight the validity of ACC deaminase as a

potential marker for planimicrobe interactions under conditions that prmte plant stress.

77



3.2 Aims

3.2.1 General aim

To assess the impacts of land management on characteristics of soil, wheat physiology and the
microbial community of both bulk and rhizosphere soil. Different land managements have
been associad with vastly different chemical, physical and biological soil properties, which

can have marked effects on plant productivitye time of sampling marked 10 years since the
conversion plotsvere first incorporated ito the Highfield experimental desigproviding a

unique opportunity to assess the shdadrm impacts of land management on soil microbial
communitiesin addition towheat root phytohormone leveldJnderstanding soil, wheat

physiology and microbial community responses to changes in landgearent could offer

valuable insights into sedlant-microbe interactions and ecosystem services in agriculture.

3.2.2 Specific objectives

In this chapter | aim to:

1. Sample bulk soil, wheat rhizosphere soil and roots directly from the Highfield plots

2. Detemine the impacts of land management on basic soil characteristics (Water
content, % carbon, % nitrogen and pH).

3. Assess the impacts of land management on wheat growth in addition to root
phytohormone levels from the permanent arable and conversion to argloles

4. Assess total bacterial community abundance with the 16S rRNA gene across bulk soil
and wheat rhizosphere soil from different land managements

5. Asses$seudomonasp. abundance via qPCR analysis of the 16S rRNA gene across
bulk soil and wheat rhizofgre soil from different land managements

6. Assess total microbial abundanaed pseudomonad specific abundarafeghe acdS

gene in bulk soil and wheat rhizosphere soil from different land managements
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3.3 Materials and methods

3.3.1 Experimental site

TheHighfield experiment (00:21:48W, 51:48:18N) comprises 33 plots as seen in Figure 1.6
(chapter 1) . Plots are divided into 9 possitpeatments outlined in Table 2,2hat are

arranged in a randomized block design. Each treatment plot is 10 m with a ffen Zone at

each end and 0.5 m each side to reduce edge effects, resulting in an 8 x 5 m sampling zone. All
plots except those remaining as permanent grassland were ploughed (standard depth 23 cm).
At the time of sampling, arable plots had been under comtus arable with winter wheat

(most recentlyT. aestivuntv Herewareseed coated with an insecticide/fungicide treatment

of Redigo/Deter, Bayer CropScience) and receiving ammonium nitrate fertilisation to provide
approximately 220 kg N khannuml, withan additional 250 kg K Haand 65 kg P k& every

three years for the last 70 years. Conversion plots to grassland treatments were planted with a
fescue/timothy grass/white clover mix, all grassland plots were mowed twice during summer.
The barefallow pots were maintained by regular tillage at least four times per year to

minimise weed growth.

Treatment Plot numbers
Permanent Grassland 10, 17, 26, 30
Permanent Arable 14, 20, 24, 33
Permanent Bare-fallow 3,4,8

Grassland to arable 12, 16, 27, 29
Grassland to bare-fallow 11, 18, 25, 28
Bare-fallow to grassland 2,6,9

Bare-fallow to arable 1,5,7

Arable to grassland 13, 21, 23,31
Arable to bare-fallow 15,19, 22, 32

Table 2.2 Plots associated with each treatment at the Highfield experime88 plots
established at the Highfield and their corresponding treatment idicig the permanent and

conversion plots.
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3.3.2 Sdi root sampling and processing

3.3.2.1 Bulk soil

All 33 plots were sampled for bulk soil at a depth of 10 cm using a 3 cm diameter auger, the
top 2 cm of soil containing plant detritus was discarded. danes of soil were sampled for

each of the plots, which were then pooled together and mixed; the homogenised soil was
sieved using a 2 mm sieve and placed into 50 mL falcon tube which was immediately placed
into liquid nitrogen on the field site. The saraplwere later transferred into €80 °Cfreezer

for storage and freeze dried before analysis in the laboratory.

3.3.2.2 Rhizosphere soil and root

Wheat rhizosphere soil was sampled from the continuous arable plots in addition to the arable
conversion plotg¢grassland to arable and bafallow to arable). Three wheat plants from each
plot were sampled at the late flowering stage. Loosely bound soil was removed from the roots
leaving the rhizosphere/rhizoplane, the roots were then cut from the stem. Rhizosslod

was collected by a series of three washing st@e® figure 3l). Roots were firstly placed into

a 50 mL falcon tube that contained 20 mL of sterile distillgd &hd shaken vigorously for 20

s. The roots were transferred with sterile (ethanol adf) forceps into a™® tube containing 10

mL of HO and shaken vigorously for 20 s before being transferred totat8 containing 10

ml of HO for a final 20 s washing step. The washes with rhizosphere soil in each tube were
pooled together to result im 40 ml sample, the roots were transferred into a clean tube and
both placed into liquid nitrogen on the field site. The samples were transferred 80 &€

freezer for storage and later freeze dried. Fredzed roots were weighed and finely milled

using a centrifuge miller (Retsch 2400, Germany) for further analysis.
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Wheat roots with

attached rhizosphere soil
Roots Roots Roots

50ml rhizosphere

- ‘ wash and washed

roots are placed into

Clean tube for e
Wash 1 Wash 2 Wash 3 R liquid nitrogen and
+ + further stored at -80°C

20ml H,0 10ml H,0 10ml H,0

NN NN\

Figure 31 Rhizosphere soil and root sampling in the fieM/heat rhizosphere soil was

collected in the field utilising a series of washing steps to help minimise the sampling time.
Roots were placed into a tube containing sterile distille® ldnd vigorously shaken for 20 s
before being transferred to the next tube of sterile distilled water and repeating until 3
washes had been collected. The three rhizosphere washes were pogjethés to create one
sample and the clean roots were retained in a clean tube. Each were immediately placed into

liquid nitrogen.

3.3.3 Soil measurements

Percentage C and N in bulk soil samples was measured using a LECO combustion analyser,
performed bythe analytical chemistry department at Rothamsted Research

(https://www.rothamsted.ac.uk/analyticathemistryunit). Percentage water content of soils

was measured by weighing 1g ahspled soil and placing in a 105°C oven for 48hours. Soils
were immediately reweighed to obtain dry weight and percentage water content calculated.
Soil pH was measured using a standard procedure where replicajealiuots of akdried

soil were suspered in 25ml freshlyboiled deionised water.

3.3.4Phytohormone analysis
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Finey milled freeze-dried wheat root samples (50g) were sent to the Department of Plant

Nutrition, CEBAEI9http://www.cebas.csic.esfor phytohormone extraction and analysis by

HPLC. A total of 11 phytohormones were analysed includangihocyclopropanel -
carboxylate (ACCyans-zeatin (tZ), zeatin riboside (ZR), isopentenyladenine (iP), gibberellin
Al (GALl), gibberellic acid (GA3), gitedlin A4 (GA4), indold-acetic acid (IAA), abscisic acid

(ABA), jasmonic acid (JA) and salicyclic acid (SA).
3.3.5 DNA extraction

All soil samples were handled on dry ice whilst 250 mg of soil was weighed out for each
sample. Soil community DNA wadracted using the DNAeasy power soil kit (Qiagen, USA).
¢KS YIydzfFl OGdzNBNRA LINE i 2 @2ArfwhighlthéFasPeep MR 6 SR SEOf
biomedicals, USA) benchtop homogeniser with a program of 2x cycles of 30 s with a 30 s gap,
speed 5.5 m/s was esl to lyse cells and release DNExtracted DNA was quantified using the
fluorometer Qubif2.0 dsDNA BR Assay Kit (Thermo Fisher Scieatific)ding to the

manufacturefd protocol. Additionally, extracted DNA was analysed using\#dredrop

MicrovolumeUV spectrophotometer NI2500 (Lab Tech) by its OD at 260 nm, the 260/280

ratio was used to determine DNjuality. Samples which had low DNA concentration or

quality were discarded and the DNA extraction was repeated.
3.3.61In silicotesting ofacdSprimers in the literature

The amino acid sequence corresponding to élsdSgene inPseudomonasp. UW4 in addition
to the homologD-cysteine desulfhydrase encoded by ttheyDgene inEscherichia co12
were each retrieved from the NCBI database and usedfaserce sequences (see below).

>WP_015096487.1-4minocyclopropan€-carboxylate deaminase [Pseudomaonas sp. UW4]

MNLNRFERYPLTFGPSPITPLKRLSEHLGGKVELYAKREDCNSGLAFGGNKTRKLEYLIPEAIEQGCDT
VSIGGIQSNQTRQVAAVAAHLGMKCVLVQENWVNRYGANETMISRIMGADVRLDAAGFDIGIRP

SNVEKAMSDVVERGGKPFPIPAGCSEHPYGGLGFVGFAEEVRQQEKELGFKFDYIVVCSVTGSTQAGM
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F AADGRSKNVIGVDASAKPEQTKAQILRIARHTAELVELGREITEEDVVLDTRFAYPEYGLPNEGTLEA
LCGSLEGVLTDPVYEGKSMHGMIEMVRRGEFPDGSKVLYAHLGGAPALNAYSFLFRNG

>NP_416429.4 bysteine desulfhydrase [Escherichia colilé12 substr. MG1655]

MPLHNLTRFPRLEFIGAPTPLEYLPRFSDYLGREIFIKRDDVTPMAMGGNKLRKLEFLAADALREGADT
ITAGAIQSNHVRQTAAVAAKLGLHCVALLENPIGTTAENYLTNGNRLLLDLFNTQIEMCDALTDPNAQLE
ELATRVEAQGFRPYVIPVGGSNALGALGYVESALEIAQQCEGAVNISSVVVASGSAGTHAGLAVGLEH
PESELIGVTVSRSVABONVNLQQAIAKELELTASAEILLWDDYFAPGYGVPNDEGMEAVKLLARLEG
ILLDPVYTGKAMAGUB@KRFKDEGPILFIHTGGAPALFAYHPHYV

The reference amino acid sequences were utilised in a Uniprot reference proteome search

(https://www.ebi.ac.uk/Tools/hmmer/search/jackhmmgrThe appropriate bit scores and

sequence coverage were determined and used to identify sequences with high levels of
homology to the target sequence, these were extracted as DNA FASTA sequences. DNA
sequences were aligned using a MUSCLE alignment and a maximum likelihood tree was
constructed utilising &lasegawa, Kishino and Yano 198KY85) model with 100 bootstraps
in the software PhyM[Guindon et al. 2010Primers cited in the literature as amplifying the
acdSgene were testedn silico(primers 3 and 4 in table 5.1), to determine the most

appropriate primer set for quantitative PCR (gPCR).

3.3.7 Quantitative PCR

gPCR amplification was perfoBrR Ay wmn wmn >f @2f dzySa O2yial AyAy
al YOKSAUSNE | YOBNBISPYS > SMITO yIDS S a.5A 20 SOKS YA
St OK LINA YSNJ otemplatasob ! yI-Ri HpsingfBCR%884 TolteaiTime

PCR Dete@n System (BidRad, Hemel Hempstead, UK). The standards for each target were

obtained using a Hbld serialdilution of PCR products amplified from an environmental

reference DNA (also used as positive control) and purifiegebgxtractionusing the

Wizard®SV Gel and PCR Clean Up System (Promega, Southampton, UK) following the
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manufacturer's instruction and quantified by fluorometer Q#t0 dsDNA BR Assay Kit

(Thermo Fisher Scientific). Standard curve template DNA and the negative/positive controls

were amplified in triplicate. Amplification conditions for all gPCR assays consisted in two steps:
firstdenaturationt & dp c/ F2NI p YAYy F2fit26SR o0& nn O Of
that includedannealingelongationand reading. Each amptiaition was followed by melting

OdzNIBS O0AYONBIFAaS Ay GSYLISNI GdzZNE FNBY cn c/ G2

specificity of each assay.

Target gene primer | Sequence 5'-3’ Product | Reference
length
1 | Bacterial 165 rRNA 341F CCT AYG GGR BGC ASC AG 465bp Glarling et
806R GGA CTA CNN GGG TAT CTA AT al. (2015)
2 | Pseudomonas 165 Pse434F | ACT TTA AGT TGG GAG GAA GGG 231bp Bergmark et
rRNA Pse665R | ACA CAG GAA ATT CCA CCA CCC al.,, (2012)
3 | Universal acdS acdsf3 ATC GGC GGC ATC CAG WSN AAY CAN AC 683bp Li et al
acdsr3 GTG CAT CGA CTT GCC CTC RTA NAC NGG RT (2015)
4 | Universal acdS acdsfg GGC AAC AAG MYS CGC AAG CT 153bp Bouffard et
acdSr5 CTGCACSAGSACGCACTTCA al (2018)

Table 2.3Primer sequencedPrimers used to assess microbial communities included 16S rRNA
for bacteaia and 16S rRNA f®seudomonasp. specific amplification, in addition to testing

two universalacdSprimer sets available in literature.

3.3.8 Statistical analysis

A oneway ANOVA compared the 9 different treatments. Data which did not follow a normal
distribution was LOG10 transformed before ANOVA analyseschapter 9.2or ANOVA
results). Any significant results indicated were followed by the post hoc Tukey analysis, to
identify which treatments differed significantly. All statistical analysis veafopned in the

software R studio.
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3.4 Results

3.4.1 Basic soil measurements

Differences in soil properties were found across the nine treatmentseatighfield

experiment (Figure .2). In the longterm treatments, soil moisture content varied

consideably ( <0.001), with highest soil moisture in the permanent grassland plots, lowest
soil moisture in the bare fallow plots, and intermediate values in the arable plots. Converting
permanent grassland to arable or bare fallow significantly decreasenhewture by18% and

25% respectively. Converting arable soil to bare fallow decreased soil moisture by 11% but
convating it to grassland had no significant impact ten years after conversion. Converting bare
fallow to arable cropping had no significantesft on soil moisture but converting it to

permanent grassland increased soil moisture by 35%.
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Figure 3.2Percentage soil moisture associated with contrasting land management histories
at the Highfield experimerntThe average % soil moisture content pérsgil+ standard
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post hoc test
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% C content in soil g*

Percentage C content varied considerablthie longterm treatments p <0.001), with highest

C contentin the permanent grasland plots, lowest in the bare fallow plots, and intermediate

values in the arable plotg-igure 33). Converting permanent grassland to arable or bare fallow

significantly decrease@ contentoy 46%and52% respectivelyPercentage C in arable soll

conwerted tobare falow did nd differ significantly whilst conversiao grassland significantly

increased percentage 6y 57%compared to permanent arabl®&are fallow converted to

arableandgrassland both significantly increased percentadpy 21%and 103%respectively
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Percentage N content varied considerably in the kamgn treatments p <0.001), with highest

N content in the permanent grassland plots, lowest in the bare fallow plots, and intermediate
values in thearable plots (Figure.8). Converting permanent grassland to arable or bare fallow
significantly decreased N content by 41% diith respectivelyPercentage Nh arable soil
converted to bare fallow did not differ significantly whilst conversion to grasistggnificantly
increased percentage bl 45% compared to permanent arable. Bare fallow converted to

arable and grassland both significantly increased percenttoe 21% and 1% respectively.
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Figure 34: Percentage soil nitrogen associated with contragdiland management histories
at the Highfield experimentThe average % soil nitrogen content pérsgil + standard

deviation.. F NB & KI NAy3I GKS alysS fSGaGSNI I NB y2a aAady

post hoc test.
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The average soil ptiffered betweentreatments, ranging from pH 5.31 the permanent bare
fallow soilto pH6.32in the permanent grassland treatment. Despite this, results were not

found to differ significantly across the treatments as seenguaré 35.
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experiment
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Figure 35: Soil pHassociated with contrasting land management histories at the Highfield

experiment: The averagesoil pHt standard deviation.
3.4.2 Wheat measurements
3.4.2.1 Wheat yield and root dry weights

Wheat (grain) yields and root dry weight differed significantigcading to previous land use
(p <0.001 an=0.027 respectively). Continuous arable plots and those converted to arable
from permanent grassland had similar yields (averaging 5.5 and 5:3re&pectively)whilst
plots that were converted from bare falv hadsignificant yield reductions by 53% (averaging
2.6 t ha') as seen in Figure@a). Root dry weight of wheat grown in the continuous arable
plots and those converted to arable fropermanent grassland again were similaveraging
1.07 g'and 1.® g* respectively), whilst plots that were converted from bare fallow had

signifcantreductionsin root dry weight by 38%averaging 0.67%Y as seen in Figure&b].

88



[a] [b]

Average grain weight (t ha) from wheat grown in Average root dry weight of wheat grown in arable
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Figure 3.6Yield and root measurements from wheat grown in soil from three distinct land
management histories [alhe average grain weight (&#) + standard deviatiorjb] average

root dry weight tstandard deviation from wheat grown imiswith differing land

management historieBars sharing the same letter are not significantly different according to
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3.4.2.2 Root phytohormone levels

Of the eleven different phytohormones analysed, 10 were successfullytddt€Ehe ethylene
precursor ACC, cytokinins (tZ and iP), gibberellins (GAL1, GA3 and GA4), in addition to IAA, ABA,
JA and SA) in wheat roots. The cytokinin ZR was only detected in one sample of wheat roots
grown in the continuous arable plot and was thenef not included in further analysis. ACC,

tZ, iP, GA1, GA4, IAA or SA levels in the wheat didtsot significantly diffewith land use

histories, (sedable 2.4. Conversely, JA, GA3 and ABA significaiffered between

treatments.JA was significaly higher  <0.001) in wheat roots grown in the permanent

arable plots (averaging 158 ng)gzompared to those grown in the grassland to arable and

bare fallow to arable conversions (averaging 115 and 81'mggpectively). Conversely, GA3
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was signifiantly higher§ =0.003) in the roots of wheat grown in the bare fallow to arable
conversions (averaging 13 ng)gompared to permanent arable and grassland to arable plots
(averaging 7.65 and 7.62 ng gespectively). An ANOVA found ABA significarntfgréd

across the treatmentg(=0.05) with concentrations lower in wheat roots grown in the bare
fallow to arable conversions (averaging 20.21 figaind higher in the permanent arable and
grassland to arable plots (averaging 32 and 30 hgggpectivdy). Despite this, the Tukey post
hoc analysis did not reveal any significances below the thregiv@ld5, with the bare fallow

to arable conversion differing from the permanent arable plots wighvalue of 0.058.

Arable Bare fallow Grassland

ACC  [4205+848 420041171 45934910
ABA  |31.78x11.01 20.2148.49 29.97+10.64

tz 8574250 8804227 10934204

iP 6.49+2.94 7.06+2.90 6.74+3.84
GAl1 |0.32+0.21 0.53+0.69 0.42+0.25
GA3 (7.62+2.28 13.1443.17** 7.62+4.66
GA4  |1.59+1.03 1.26%1.05 1.43+0.80
IAA  |100+28 114451 124441

SA 248+129 152451 217+79

JA 158.07+42.41%** 80.67+27.81 114.77+22.12

Table 2.4 Phytohormone contenin wheat roots grown across three contrasting land
management historiesThe average phytohormone contentwheatroots (ng ¢ + standard
deviation) grown in the continuous arable, grassland to arable and bare fallow to arable plots
at the Highfield expriment. The phytohormones amirwyclopropane carboxylate (ACC),
abscisic acid (ABAjans-zeatin (tZ), isopentenyladenine (iB)pberellin A1 (GAlyibberellin

A3 (GA3yibberellin A1 (GA4)ndole-3-acetic acid (IAAjalicylicacid (SAand jasmoni@acid

(JA) were analysed.
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3.4.3 Bacterial abundance

3.4.3.1 16S rRNAenetotal community abundance

Bacterial abundance was successfully determined using gPCR to ampligSteNAene in
bacteria (= 0.994) as shown in figure7Ba,b]. Differences inhe bacteriall6SrRNAene
abundance were identified across the difént land managements (Figure/R]). In the long
term treatments, bacterial abundance varied consideraply@.001), withthe highestaverage
abundance of thd 6SrRNAene associated Wi the permanent grassland plo¢s.85e+09yY),
lowest in the bare fallow ploté2.46e+085?), and intermediate values in the arable plots
(6.78e+08yY). Converting permanent grassid to arable or bare fallowecreasedacterial
abundance but not sigficantly @veraging 1.30e+08nd 1.04e+09y* respectively).
Converting arable soil to bare ialv decreased bacterial abundanbat not significantly
(averaging 4.13e+08)hilst conveating arable d grasslandesulted ina two-fold significant
increa® in bacterial abundancéaveraging 1.50e+0§'). Converting bare fallow to arable
cropping had no significant effect dracterial abundanceut convertingto permanent
grasslandignificantlyincreasedabundanceby sixfold (averaging 1.52e+0§").

Bacteial abundance utilising th®6SrRNAJene was additionally assessed in rhizosphere soll
of wheat grown in the permanent arable and arable cension plots, with significant
differences founccompared to bulk soil(<0.001) Significantwo-fold increasesn bacterial
abundance from blk soil to rhizosphere soil wedetected inboth the permanent arable and
grassand to arable conversion plot€onversely, a slight increase in the average bacterial
abundance was observed from bulk soil to rhizosphereirsdlile bare fallow to arable plots,

but this was not significantlyiifierent (Figure 37 [d]).
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Figure 37: Bacterial lL6SRNAgene guantification across bulk soil and rhizosphere

communities of wheat grown in three contrasting land management histori€aantitative

PCR analysis of the bacteldl@3SRNAgene acrosslifferent land managemestat the Highfield
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experiment [a] gPCRalibraion standard curve [b] gPCR amplification curvéogaiterial 16S
rRNA gene copy numberstandard deviatiomy* of bulk soil from all 33 plots at the Highfield
experiment [d] bacterial 16S rRNA gene copy nuntstandard deviatiorper g* of bulk soil
and rhizosphere soil associated with wheat grown in the arable plBziss sharing the same

f SGAGSNIINBE y20 aA3IyAFAOFLyGfte RAFTFSNByd | O0O2NR

3.4.3.2 16S rRNRseudomonaspp. abundance

Pseudomonaspp. abundance was succesbfuletermined using gPCR to amplify the
16SrRNAyene in bacteriarf= 0.998) as seen in figure83a,b]. Differences in the average
abundance oPseudomonaspp. was observed across the different land managements,
however these did not significantly déff acrossany of the treatments (Figure.8|c]).

Similarly, when looking at the abundance of pseudomonads in bulk soil and rhizosphere
communities of wheat grown in the permanent arable and conversion to arable plots, there
was no significant differenda abundance between thevo niche compartments (Figure

3.8[d]).
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Figure 38: Pseudomonaspp. 16SrRNAjene quantificationacross bulk soil and rhizosphere
communities of wheat grown in three contrasting land management histori@esults from

guantitative PCR analysis of tReeudomonaspp.16SrRNAene across different land
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