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Abstract

Food insecurity remains a significant global challenge, with millions of people
lacking reliable access to sufficient and nutritious food. Moving towards more sustainable
farming systems is one way to address this challenge, as these approaches ainteo bala
crop production with environment responsibility. Among food crops, legumes are
recognised as important source of plaased protein. However, a major problem for
increasing legume production is the decline in yield caused by close rotation. Closa,rota
or the repeated cultivation of the same crop on the same land, is a common practice t
maximise the crop production. This practice often leads to negative consequences for soi
health. However, the underlying impact of soil microbial community hadbeen wel
studied. In this study, the impact of close rotation on the rhizosphere community was
investigated. Close rotation was mimicked by replanting Pesainsativum) using the same
soil throughout three harvests. Through a combination of amplicon sequencing, genotypic
profiling, and phenotypic assays, the results showed that close rotation shaped the pe
rhizosphere community. Bacterial and fungal diversity decreafted close rotation, and
specific taxa groups such as the Proteobacteria were recruited. The enrichRtendbium
spp. with plant growfipromoting traits were observe®seudomonaspp. populations
displayed baclandforth dynamics of selection duringjose rotation. These phenomena
suggest adaptive responses within the rhizosphere community. In addition, the bacteria
natural community obtained after close rotation was tested to determine the effect on pes
health. The result showed that soil isolatas enhance plant growth and exhibited a trend
of reduced disease symptoms. This finding illustrates the possibilities for microbiome
training under close rotation. Overall, this study contributes to a broader understanding of
how cropping practices shathe plant microbe interactions which could help in developing

microbial biocontrol approaches and support more sustainable farming practices.
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Chapter 11

General Introduction



Chapterl - Literature review

General background

The global population is steadily rising, with an annual rise of roughl8d@fillion
individuals, resulting in increasing stress on agricultural ostpatalreadyface challenges
to maintain deman@Jnited Nations Department of & Social, 202l) 2025, ~319 million
individuals in 67 countries experienced acute food insec(Vifgrld Food, 2025) The
primary factors contributing to these crises include warfare, economic instability, climate
change and displacement, which are worsened by rising costs of goods and i{ilatzin
et al., 2025)Consequently,ddressing teseproblens areessential as fooavailability and
the nutritional quality of diets are inadequate for a significant portion of the world's
populationthat is likely to increase without interventio®ne of the largesproblems
confrontingthe global populations increasing production of nutritiou®od to alleviate
world hunger and dietary deficienciesvhilst minimising negative impacts on the
environment(Willett et al., 2019) This issueparticularly affects denselypopulated areas
wheresuitableagricultuial landandwaterare scarc€Food & Agriculture Organization of
the United, 2021)As the world's population contiagto expand, the world requires farming
systems that are both environmentally friendly and produativihe near futureThese
farming systems need tprovide significant increases iryields andimproved nutrition

without harming ecosystems

Dietary change is widely recognised as a key step towards future food security, with
many studies suggesting that a reduction in anbmaaked protein will be necessary
(Ranganathan et al., 201@&nimal-derived foods generally use more land and water than
plantbased ones, and their production places extra pressure on the envir(iesperisa
Marron et al., 2022)n practice, livestock farming is especially resource intensive because
it depends on forage crops and, at the same time, it is a major source of methane, one of tt
most potent greenhouse gafében & Qi, 2025; Espinogislarrén et al., 2022By contrast,
plantbased proteins can provide affordable and healthy nutrition with a much lower
environmental cost. This shift in perspective has helped renew interest in legumes, which
are being promoted once again as valuable crops for both farmecsrasuimergFerreira
et al., 2021)



1.1Legumes

Leguminousplantscharacterised by their production of seeds in @od comprises
members of theFabaceaefamily, formerly referred ad.eguminosae This family is
composed of 670 genera with nearly 20,Gp@cies(Lewis et al., 2005)Legumes are
recognised as the thildrgest family of angiosperms with tiapilionoideaesubfamily
comprising many economically important species for food, forage, and industrial crops
(Kenicer, 2005) Legumes display wide variation in shape, size, colour, and include well
known crops such as chickpeas, beans, peas, lentils, and (Gonykal et al., 2015)
Globally, legumes account for around ethed of humanity's direct protein consumption
(Smykal et al., 2012)

Pisumsativum commonly referred g®ea, is one of the major food legumes that can
grow in different region§Wu et al., 2023)Pe& area readily available source of protdar
human and animatich in fibre, and low in sodium and fd@dahl et al., 2012)A typical pea
contains about 50% starch and 24% protein by dry wéigtitzikas et al., 2006 Due to
their affordability, peas are widely consumed in developing and underdeveloped countries,
where they play an essential role in addressing prete@ngy malnutritiofHenchion et al.,
2017) The United Nations (UN) have recognised peas as a sustainable and nutritious fooc

source for the futur@oyer et al., 2016)

Despitepe ads benefici al traits to human h
biotic and abiotic stress€Bagheri et al., 2023; Larmure & Munidolain, 2019; Rubiales
et al., 2023) Pea plants are vulnerable to numerous bacterial, viral, and fungal pathogens,
insect, mite, and nematode pg&iadres & Kandel, 2021ea yields are significantly lower
than their potential and vary dramatically by afear example, countries in parts of Africa
such as Ethiopia frequently record yields under 1,000 kg/ha, whereas in Western Europe
yields may reach 4,006,000 kg/ha under favourable conditid®@snykal et al., 2012)

Pea yields show marked regional variation over the past six decades (Figure 1.1).
The United Kingdom has regularly attained the highest pea yields relative to other locations
Nevertheless, yields exhibit significant variability, demonstrating considerable¢oygaar
changes. In contrast yields throughout Europe have consistently increased from
approximately 1 t/ha in the 1960s tH225 t/ha in recent decades, indicative of progress in

agriculture and variety improvemenAsia has maintained yields around 1 t/ha for a



significant duration, with only slight improvements p@6tL0, whereas Africa demonstrates

the lowest and most stagnant yields, hardly surpassing 0.8 tagroduction rates of field
peas in the UK are significantly lower than their biophysical potential. Official statistics
indicate average yields of 3.0 t/hain 2023 and 3.3 t/ha in 2024, exhibiting significant regional
variability due to a wet spring thacan reduce sowing windowgDepartment for
Environment & Rural, 2024)'he combination of inconsistent yields and high vulnerability

to soitborne diseases has clisiragedsome farmers from continuing pealtivation

Pea pathogens include several pathogen grdgi)pehe root rot complex, produced
by soilborne pathogens likAphanomyces euteichesd fungisuch asFusarium spp,
Pythiumspp, and Rhizoctonia solaniFusariumspp., specifically F. avenaceunand F.
solanif. sp pisi, are the major pathogens identified in infected roots of commercial peas
(Esmaeili Taheri et al., 2017; Feng et al., 201ffected plants have watspaked, brown,
and rotted roots, which slow growth, prematurely yellow, and reduce yieldsT30%0
under moderate pressure and up to crop failure in conducive sdifihget al., 2022)
Moreover,A. euteicheproducesoosporeghat cansurvive in soil forover a decadéGaulin
et al., 2007)Root rot pathogens build 105-year resting structures in soil, apdaclose
rotations can increaseishdisease pressu(Bainard et al., 2017Jii) The Ascochyta blight
complex, caused by a collection of closely related necrotrophic fungi, is one of the most
important pea foliar and stem diseas@&s pinodes the most aggressive and widespread
species, causes severe epidemics under humid and cool enviroiiienlis& Banniza,
2007) Chickpea, pea, faba bean, and lentil are infected.lybiei (Pass.) Labr.A. pisi
Lib., and A. lentis Vassiljevsky, respectivelyfPeever, 2007) In vulnerable cultivars,
necrotic lesions on leaves, stems, and pods can cause production and quality losses of ov
60% in conducive weathéBretag et al., 2008Jiii) Fusarium wilt, induced byrusarium
oxysporumf. sp. pisi (Fop), limits pea cultivation worldwideWilting, chlorosis, stunted
development, and plant death result from root infection and vascular system colonisation by
the pathogefChakrapani et al., 2023Fusarium wilt alone can cause 80% yield losses,
while synergistic interactions with other diseases can causetatabcrop failure under
favourable conditiongVan Haeften et al., 2024)iv) Pea bacterial blight caused by
Pseudomonas syringge. pisi (Psp)(Richardson & Hollaway, 20115eedborne and crop
residuesurviving bacteria provideghe primary inoculum for epidemics in sussive
growing season@Hollaway et al., 2007) Watersoaked lesions on leaves, stems, and pods

grow, consolidate, and girdle tissues, causing extensive necrosis and leafviirepa



enation mosaic virus (PEMV) is special because two viruses must work together. Pea enatiol
mosaic virusl (PEMV-1) and PEMV2 (Demler et al., 1993)Several aphid species, like
the pea aphid Acyrthosiphon pisuin transmit PEMV persistently, ngoropagatively,

allowing rapid disease progression in favourable vector settings.

Peayields, 1961 10 2023
Yields are measured in tonnes per hectare.

S5t
4t

3t United Kingdom

Europe

Asia

\WAMC&
1 tW

0t
1961 1970 1980 1990 2000 2010 2023

Data source: Food and Agriculture Organization of the United Nations {2025) OurWorldinData.org/crop-yields | CC BY

Figure 1.1 Pea yield from different regions of the world between 1962023 Graph
shows pea yield in tonnes per hectare. The countries and regions represented are the Unit
Kingdom (green), Europe (orange), Asia (blue), and Africa (brown) (Food & Agriculture
Organization of the United, 2025).

1.2 Sustainableand regenerativeagriculture

Conventionahgriculture which relesheavily on synthetic fertsers, pesticides, and
monocultures, ha succeeded in boosting yields butshalso led to environmental
degradation, biodiversity loss, soil depletion, and water poll{fidman et al., 2002)To
effectively meet future food demands, agriculttgguires a transitiotoward practices that
balance high productivity with environmental responsibilifustainable agriculture

attempts to enhance resouuese efficiency, reduce dependence on chemical inputs,



improve soil health, and integrate ecological concepts into farming sy¢keguse 1.2)
(Pretty, 2008)Regenerative agriculture advances beyond simple sustainability by aiming to
restore and enhance agricultural systems, so strengthening resilience and supporting clima
change mitigatioriLaCanne & Lundgren, 2018; Lal, 2020; Newton et al., 2020)

Agricultural
practices

Food security

TR D,
>

e
Q Aggregation and

4 Structure

Surface Sealing
Compaction
‘g Porosity Soil
ﬂ Water Moveme,
. and Availability [t
@ Biological

Macrofauna

Microfauna

Microorganisms
o

Roots

Biological Activity
Organic Matter

Figure 1.2 Interconnections between soil health, agricultural practices, and food
security. Agricultural practices influence soil health which is determined by physical,
chemical, and biological properties. The healthy soil support food se¢uiityo pa et
2025)

Sustainable agriculture relies on practices that contrast with conventional farming by
prioritising longterm soil health and reduced chemical inputs. Among these, crop rotation,
the planned alternation of different crops on the same laaxllong been recoged as a
cornerstone strategy for maintaining soil fertility and ensuring effective lan@aseet al.,

2024) By disrupting pest and disease cycles and enhancing soil nutrient balance, crop

rotation helps mininge dependence on synthetic inp(Ball et al., 2005; Karlen et al.,



1994) In many traditional systems, peas are alternated with cereals such as wheat or barley
Although the benefits of crop rotation are well establisteolse rotatioror continuous
cropping has still been widely adoptedhis practice is characterised by the repeated
cultivation of the same crop, or closely related species, over short inigteédsger, 2009)

A high demand of peand farmland shortageanlead to the practice of close rotati@hen

et al., 2009)However, this strategy carries significant letegm risks(Shah et al., 2021)

1.3 Limitations of closerotation

By growing only one crop, farmers can reduce inputs, simplify mechanisation, and
make harvesting easier, which may improve stenn efficiency(Durojaiye, 2024)In
contrast to conventional crop rotation, which utilises diversity to maintain solil fertility and
interrupt pest cyclegKarlen et al., 1994), close rotation carries significant {terg
dangers Continuous monoculture encourages the accumulation eb@awie pathogens
(Abawi & Ludwig, 2005; Bennett et al., 2012; Gossen et al., 20d@nsifies pest pressures,
and accelerates nutrient depleti@ihawat et al., 2025; Kaur et al., 202#t)also promotes
microbial dysbiosis, disrupting the balance of beneficial and pathogenic taxa in the
rhizosphere, which furthezompromiss plant health and resiliengXiong et al., 2015)
These activities collectively weaken yield stability and jeopardise soil health, creating

significant concerns regarding the durability of close rotation despite its immediate benefits.

It has been shown thalbserotations involving multiple pulse crops like wheat, pea,
lentil and pea again, led to a reduction in fungal evenness and a rise in the relative abundanc
of diseasecausing fung(Niu et al., 2018)Monoculture systems were found to reduce soil
disease suppression capacity, for exanfplexysporunwas able to more easily colsai
the peanut rhizosphere under monocropping, which lead to a negative effect on plant healtl
(Zhou et al., 2023)Previous research found that the highest levels of biological nitrogen
fixation (BNF), a process that converts atmospheric nitrogen into-phaaitable formwere
seen in more diverse crop rotations that included wheat and canola every 3 to 4 years. |
contrast, growing field peas every year significantly reduced BNF, likely due to nutrient
imbalances in the soil. This may also be linked to negative effeuts fiequent legume

residue breakdown, such as an increase in inorganic nitrogen. Overallefitkand the



benefits of nitrogen fixation were greatest when peas were grown less frequently in the
rotation (Knight, 2012) This highlights the strong influence of crop rotation the

rhizosphere, where it shapes and enriches the microbial comniMeitgles et al., 2013)

The peads deixebeneficial fotcrop rptatiorieeasymbiotic association
with rhizobia leaveresidual nitrogen in the spwhichcansupport the growth of subsequent
cereal cropgGoyal et al., 2021)_egumes enrich nitrogen while also improving soil water
retentionand increasing overall productivity in agricultural systef@an et al., 2015;
Stagnari et al., 2017Pverall peas support crop productivity without excessive chemical
inputs(Singh et al., 2020)rhis aligns with the broader vision cfustainable agriculturt@at
emphasises advanced plant breeding, precision farming, and harnessing the plan
microbiome to sustain crop performance even under environmental(Beeg®t al., 2014;
Singh et al., 2018)

1.4 Plant-associated microbiomes

The microbiome is the collection of microorganisms and their genetic material inside
a specific environmen(Blaser, 2014)It contains bothbeneficialbacteria angpathogens
whose interactions affect their hosts in several w@ggarwal et al., 2023)Microbial
communities function as essential elements of ecosystems. They involve every aspect of life
and are intimately linked with humans, animals, and pléhtsnbaugh et al., 2007)
Advances in higithroughput sequencing and other molecular technologies have accelerated
microbiome research in recent decad@kDaniel et al., 2021)Plant microbiomes are
important due to their significance in agriculture, food security and ecological sustainability
(Sawant et al., 2025)

Plants serve as complex ecosystems that harbour a vast diversity of microorganisms
These include bacteria, fungi, protists, nematodes, and viruses, collectively known as the
plant microbiota(Trivedi et al., 202Q) The plant microbiota is orgessd into specific
compartments, each shaping which microbes are present and what functions they perforn
(Trivedi et al., 2021)Within plantassociated microbiomes, three principal compartments
have been identified, each representing a distinct ecological niche that influences microbial

composition and functio(Dastogeer et al., 2020)) The phyllosphere defines the aerial



surfaces of plants, including leaves, stems, flowers, and fMdsholt, 2012) (ii)) The
rhizosphere is the soil region directly next to plant roots, significantly affected by root
exudates. This establishes a nutHeéehse environment encouraging to microbial activity
(Hartmann et al., 2009; Pierret et al., 20Mjcroorganisms in the rhizosphere can boost
plant growth by improving nutrient recycling, decomposing organic materials, and
suppressing soil diseas@dendes et al., 2013Yhe rhizosphere has drawn much interest
and is considered as one of the most complex ecosystems ofLieaetal., 2023; Philippot

et al., 2013)(iii) The endosphere consists of the internal plant tissues, encompassing roots,
stems, and leavéd®astogeer et al., 2020Jhese microorganisms enhance plant growth by
synthesising phytohormones or providing protection against biotic and abiotic stressors
(Hardoim et al., 2015)

A two-step model of root microbiome assembly has been widely proposed to explain
how plants structure their associated microbial commur(iaggarelli et al., 2013)In the
first step, root exudateacluding sugars, amino acids, and secondary metabodiséape
microbial composition in the rhizosphefidhese compounds act as both nutrient sources and
signalling molecules, selectively enriching microbial taxa adapted tosaitthem while
excluding others, thereby creating a distinct rhizosphere microbiome compared to bulk soll
(Hu et al., 2018)The second step involves hasediated selection at the root surface and
within internal root tissues. Plant genetic factors, such as imsignallingpathways and
root surface receptors, function as filters that determine which microbiataaalonise
the root endosphef&dwards et al., 2015 rossspecies comparisons, where different plant
species are grown in the same soil, andtsailsfer experiments, where plants are cultivated
in soils of different origins, provide strong support for this model. These studies show that
rhizosphere micrahll diversity is shaped predominantly by soil type and root exudates,
whereas the endosphere community is more strongly governed by host plant genotype
(Brown et al., 2020)This selection process emplsasithe interplay between environmental
and host factors in microbiome assemflge root shoot microbiome is often compared to

the gut brain axis in animals because of their systemic effect on (@sa$sen et al., 2021)

Plant growthipromoting rhizobacteria (PGPR) play key roles in plaat
interactions by facilitating nutrient acquisition, improving soil structure, and regulating
extracellular molecule@acker et al., 2018Based on their relationship with plants, they
are commonly divided into two groups: symbiotic bacteria, suchRagobium

Bradyrhizobium and Mesorhizobium which establish highly specialised nodulating



associationand freeliving rhizobacteria, such @seudomona®acillus, andAzospirillum

which colonise the rhizosphere without forming nodylkelsan, 2005; Oldroyd, 2013)n
addition, many PGPR contribute to disease suppression by competing with pathogens fo
nutrients and root attachment sitgé&ng et al.,, 2024)Also, they produce a variety of
antimicrobial compounds, including antibiotics, siderophores, and lytic enZyZnegpant

et al., 2005)Some strains also trigger induced systemic resistance (ISR), a defence respons
mediated by jasmonic acid and ethylene signall{Rieterse et al., 2014)Notably,
suppressive soil for diseases such as Fusarium wilt orathké cereals often harbours
higher populations of these beneficial microbes, underscoring their ecological and

agronomic importanc@Neller et al., 2002)

The composition of plardssociated microbiomes influenced by both abiotic and
biotic factors(Dastogeer et al., 202Mbiotic factors include growtfimiting nutrients, soil
salinity, pH, climate, land use, and crop divergByée et al., 2009; Yan et al., 202Epr
example variations in cover cropping strategies have been demonstrated to influence soill
microbial communitie¢Cappelli et al., 2022; C. H. Wang et al., 2QZ)ptic factors include
a complex interactions among bacteria, fungi, and protists, are equally important and play
critical roles in structuring soil microbiomes and ecological functi@estogeer et al.,
2020)

In addition to external factors, plants actively influence their associated microbiomes
through genetic characteristics and physiological mechanisms. According to many studies
plants release chemicals and signals that affect microbial recruitfoeixample, Pacheco
Moreno et al. investigated the influence of barley genotype on microbial community
recruitment by comparing Chevallier with a modern cultivar Tipple. It was discovered that
Tipple attracted a greater abundance Rfeudomonasspp. in the rhizephere than
Chevallier. This recruitment was linked with differences in root exudate composition
(PacheceMoreno et al., 2024)n Arabidopsis thalianaa key metabolite to shape the root
microbiome called triterpenes have been identifiddang et al., 2019)or pea, several
studies indicated specific microbiomes in this plant. Metatranscriptomic comparisons of
wheat, oat, and pea grown in the same soil revealed that pea exerted a stronger influence c
the rhizosphere and was particularly enriched in fuigirner et al., 2013)Molecular
hydrogen (H ) released during nitrogen fi
leading to an increase inztdxidising bacteria, including some PGPR. This enrichment

enhances microbial activity and beneficial traits such as ACC deaminase production, which
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improves root development and soil health and ultimately supports overall plant growth.
(Dong et al., 2003)

Recent advances in soil microbiome research have greatly enhanced our understandin
of the complexity and functional diversity of microbial communi{dauchline & Malone,
2017) High-throughput sequencing techniques, such as amplicon sequencing of the 16S
rRNA gene, are widely used to identify and charastetbacterial taxa within soil
microbiomes Tkaczet al developed a muktropping system and demonstrated, through
metatranscriptomic analysis, that both plant type and soil composition interact to shape the
recruitment of soil microbial communitiggkacz et al., 2015)Not only thedescriptive
studies,but modern molecular toolso provide opportunities for functional insighEer
example,CRISPR Cas genome engineering holds great potential for identifying key plant
and microbial genes that regulate rhizosphere interacf®ingh & Ramakrishna, 2021)
Microbiome research can be applied to engineerassbciated communities for enhancing
plant growth, providing biocontrol against pathogens, and supporting environmental
remediationHence, a comprehensive study of this topic is both necessary and advantageou:

for sustainable agriculture.

PGPR comprise a wide range of genera, includagillus, Azospirillum Rhizobium
and PseudomonagqJeyanthi & Kanimozhi, 2018; Sun et al., 202#8mong these,
Pseudomonaspp.hasemerged as particularly influential in the rhizosph&heeir metabolic
versatility and ability to produce antimicrobial compounds make them effective contributors

to plant health and resilien¢&nuroopa et al., 2022; Mehmood et al., 2023)

1.5Pseudomonaspp.

Pseudomonais an aerobicGram negativey-proteobacterial genubat colonses a
wide range of plant specid#/ith more than 220 species characedito datePseudomonas
represents one of the largest and most diverse genera amongn&gative bacteria
(Lalucat et al., 2020Among plantassociated pseudomonads, Bseudomonas fluorescens
complex is particularly importan®. fluorescensomplex is one of the most diverse groups
within the Pseudomonagenus and can be classified into eight subgrdGasridoSanz et

al., 2017)including P. fluorescensP. gessardii, P. fragi, P. mandelii, P. jessenii, P.
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koreensis, P. corrugata, P. chlororaptaadP. protegensThe name of the group derives
from its ability to produce the fluorescent siderophore pyoverdine (also known as
pseudobactin), which serves as a key-tbelating molecule and plays a critical role in both

microbial competition and plaithicrobe interactin (Cornelis, 201Q)

Pseudomonaspp. usually switches from a motile, planktonic lifestyle to a stationary
condition during plant colonisation through biofilm formati@anhorn & Fuqua, 2007)
They produce a diverse array of secondary metabolites, including phenazines,
phloroglucinols, pyoluteorin, pyrrolnitrin, cyclic lipopeptides, and hydrogen cyanide
(HCN), which collectively suppress sdibrne pathogen@Blumer & Haas, 2000; Haas &
Défago, 2005)In addition, strains of thE. fluorescensomplex can stimulate plant growth
and induce systemic resistance by production of plant grpraimoting substances such as
indole-3-acetic acid (IAA), gibberellins, cytokinins, and volatile organic compounds
(VOCs) like 2,3butanediol and aceto{f®antoyo et al., 2012)

From an applied perspectiv®seudomonaspp. is increasingly recogeid as
promising agents for sustainable agriculture due to their-raidging functional capabilities
(Alattas et al., 2024)As biocontrol agent®?seudomonaspp. suppresses phytopathogens
through the production of antibiotics, siderophores, volatile organic compounds, and lytic
enzymes, while also inducing systemic resistance in p{atgmmandea_eon et al., 2015;
Leontidou et al., 2020)Genett comparisorof strains that controlle8treptomycescabies
growth highlightedthatcyclic lipopeptidesarekey compounsd that mediate this phenotype
Irrigation of the field was also shown to influence the populatioRsgudomonaswith
changes in water availability significantly affecting its abundance and distribution in the soil
(PacheceMoreno et al., 2021)

Moreover P. fluorescenss also known to interact with other beneficial microbes,
including nitrogerfixing Rhizobiumspp., potentially enhancing nodulation efficiency and
plant nutrient acquisitiofAndrade et al., 1998; Yu et al., 202%he interactions between
Rhizobiunmspp. and®’seudomonaspp. are not independent but can be synergistic with both
contributing to improved plant growt{fEgamberdieva et al., 2010yYnderstanding the
coexistence and interactions of these microbial partners within the pea microbiome will

provide essential insights into the formation of advantageous root communities.
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1.6 Rhizobiumspp.

Among symbiotic diazotrophs, the rhizobia represent a highly diverse group within
the classAlphaproteobacteria Taxonomically, rhizobia span several families, including
Rhizobiaceae Rhizobium, Sinorhizobium, Allorhizobium, Pararhizobium, Neorhizobium,
Shinelld, Phyllobacteriaceae Mesorhizobium, Aminobacter, Phyllobacterijym
Brucellaceae @chrobactrun), Methylobacteriaceae Methylobacterium, Microvirgg
Bradyrhizobiaceae Bfadyrhizobiun), = Xanthobacteraceae AZorhizobiun),  and
HyphomicrobiaceaeDevosig (Lindstrom & Mousavi, 2020)

Rhizobiumis a genus of Gramegative, motile, rodhaped bacterisenownedfor
their ability to form nitrogedixing symbioses with legumegroung et al., 2001) R.
leguminosarunis one of the welknown speciegTerpolilli et al., 2012)R. leguminosarum
is linked with various legume species, including pea, field b&acig fabg, and hairy vetch
(Vicia hirsutg (Macdonald et al., 2011Research on the root microbiome of red clover
(Trifolium pratensg indicates that rhizobia can predominate within the microbial
community, constituting approximately 70% of the raesociated bacterial population.
These findings emphasise the ecological dominance of rhizobia in legume root niches
(Hartman et al., 2017)

The process of nodule formation is a complex and highly regulated interaction
between the plant host and rhizolid@nes et al., 2007)t begins when the plant secretes
specific flavonoids into the rhizosphere, which are recaghbyrhizobianod genes. This
induction triggers the synthesis of lipochitooligosaccharides (LCOs), also known as Nod
factors (Checcucci & Marchetti, 2020)Nod factors act as key signalling molecules,
stimulating cortical cell division in the root and leading to the differentiation of spedali
nodule tissuegPoole et al., 2018Each nodul e can co*Hixingi n |
bacterial cells. Nodules are usually red in colour because they contain leghaemoglobin, &
plantderived haemoprotein that helps regulate oxygen levels and allows oxygen to diffuse
in a controlled way to theymbiosomes, where nitrogen fixation occ{lreadermann et al.,
2021) The biochemical basis of nitrogen fixation is carried out by the nitrogenase enzyme
complex, which is composed of six protenbunits, twoeach of NifH, NifD, and NifK.

This enzymecatalyseghe energetically demanding reduction of atmospheric nitroggn (N

to ammonia (NH), which plants can assimilate into organic foliheole et al., 2018Many
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of the symbiosis genes required for nodulation and nitrogen fixation are located on mobile
genetic elements such as plasmids or symbiosis isi@algert et al., 2001)Thus, they

can move horizontally within and betweehizobia populations, contributing to both
ecological adaptation and evolutiongmgocess(Wardell et al., 2021)The specificity of
rhizobiainteractions is mediated by the NodD transcriptional regulators, which respond to
sets of plant flavonoidéYu & Zhu, 2025) Taken together, the study &hizobiumspp.

reveals their ecologicainportancean legume roosystens.

1.7 Objectives

To achieve sustainable agriculture and meet the rising demand foibpked protein
and food in general, it is essential to optimise the role of legumes such as pea within cropping
systems. While traditional crop rotation is well recognised for maimigisoil fertility and
crop health, the impact of close rotation on-pssociated bacterial and fungal communities
remains poorly understood. Elucidating the dynamics of the rhizosphere microbiome has
therefore become a key research objecfiee investigtion was structured aroundetie

mainobjectives.

1. Investigate pea plant health under close rotation and observe the dynamic
changes in the pea rhizosphere community, including bacterial and fungal
communitiestogether with soihutrientshifts.

2. Evaluate the impact of close rotation pearhizosphere microbiome structure
and composition using both cultudependent and cultureindependent
approaches.

3. Investigatethe colonisation ofPseudomonaspp. and Rhizobiumspp. strains
across harvests under close rotation, focusing on both phenatygpispecies
level selection.

4. Explorethe influences of close rotatiaterived microbial communitpn pea
plant health
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Chapter 2 Materials and Methods
2.1 Growth Media

2.1.1Pseudomonaselective agar (CFC agar)

CFC agar was prepared using 24.5 g of readgle Pseudomonasgar base
(CM0559, Oxoid, UK)per 500 mL deionised water, followed 6ynL glycerol The media
was sterilised via autoclaving at 15 psi and°@for 15 minutesSR0103 CFC solution was
prepared by aseptically addingmL 50% ethanol toSRO103CFC (etrimidefucidin-
cephalosporingupplement vial (Oxoid, UK) and added to 500 mL molten egaled down
to 50°C forfinal concentrations of 10 mg/L cetrimide, 10 mg/L fucidin, and 50 mg/L

cephalosporin.

2.1.2Rhizobiumsemiselective media

A semiselective mediunwas prepared using deionised wateth the following
composition: 1 g/ L mannitPO9 | ,1 007 &gsb/HBgVgLS
33.25 mg6HO, F&&@l mg2HO, Calld 5 0HO0smwith the pHH
adjusted to 6.8. After pH adjustment, 15 g/L a@rmedium, UK was addedThe media
was sterilised via autoclaving at 15 psi and°@for 15 minutes.

The vitamin solution was prepared in deionised water with following composition:
50 mg/ L biotin, 50 mg/ L thiamin, and 50
was sterilised by membrane filtering (pore size &28, and 1 mL added to per 100 mL
molten agarcooled down to 50°C.

To inhibit unwanted microbial growth, antimicrobials for final concentrations
100 mg/ L cycl ohexi m25ddne/L nedmyartg0/003% gCengoired,iahdl i r
0.003% Malachite greefiouvrier et al., 1995; Soenens & Imperial, 2018)

2.1.3 Yeast mannitol broth (YMB)

YMB medium was prepared by dissolving 12.8 g of resawgde YMB powder
(NutriSelectPlug per litre of deionised water. Heat was applied as necessary to ensure
complete dissolution. Component concentrati@s 10 g/L mannitol, 0.2 g/L BHPQs, 0.1
g/L of NaCl, 0.2 g/L MgS@ 1.0 g/L yeast extract, and 1.0 g/L CaL®east mannitol
antibiotics agar (YMAA) was prepared féthizobiumisolation by adding 15 g/L agar
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(Formedium, UK. The media was sterilised via autoclaving at 15 psi and@2dr 15

minutes.

2.1.4 Potato dextrose agafPDA)

PDA medium was prepared by dissolving 39 g of readyle PDA powder
(NutriSelec®Plus)per litre of deionised wateThe media was sterilised via autoclaving at
15 psi and 12°C for 15 minutes.

2.1.5 Tryptone yeast (TY)

TY medium was prepared using deionised waiér the following compositions.0
g/L Tryptone (Merck Millipore), 3.0 g/L Yeast extract (Merck Millipore), 0.9 g/L
CacCl Lw2thHhe PH adjustetb pH 6.8. The media was sterilised via autoclaving at 15
psi and 123C for 15 minutes.

2.1.6 Lysogeny broth (LB)

LB Miller was prepared by dissolving 25 g of reathade powder (Formedium, UK)
per litre of deionised water. Component concentration were 10 g/L peptone from casein
(tryptone), 5 g/L yeast extract, and 10 g/L N&Klller, 1972). For solid media, 11 g Agar
(Formedium, UK) was added per litre of deionised water. The media was sterilised via

autoclaving at 15 psi and 121 for 15 minutes.

2.1.7 Kingds medium B (KB)

KB media was prepared using deionised wat#h the following compositioni0
g/L of protease peptone, 1.5 g/L Mg&Q g/L K2HPQOs, and 10% glycero(King et al.,
1954) For solid media, 16 g Agar (Formedium, UK) was added per litre of deionised water.

The media was sterilised via autoclaving at 15 psi an@Q&ir 15 minutes.

2.2 Fungus strain

Fusarium solanif. sp. pisi was obtained from National Institute of Agricultural

Botany (NIAB) by isolation from pea roots in 2021.
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2.3 Primers

Table 2.1 Primer pairs used in this study

Primer Name | Target (reference) Primer sequences

F27 Universal 16sRNA| AGAGTTTGATCMTGGCTCAG

R1492 bacterial TACGGYTACCTTGTTACGACTT
(Busti et al., 2002)

F979 Rhizobiumgenus CCCGGCTACYTGCAGAGATG

R1264 (Macdonald et al., 2011) | TAGCTCACACTCGCGTGCTC

F88 NodD TGCAGAGACGGGAGCTARTTC

R443 (Macdonald et al., 2011) | GACGCACACCAGTCTCTCTTCG

Sol_Forward | Fusarium solani GCGCCTTACTATCCCACATC

Sol_Reverse | (Willsey et al., 2018) TTTTGTGACTCGGGAGAAGC

rpoB Uni_F Amplicon sequencing GGYTWYGAAGTNCGHGACGTDCA

rpoBUni_R (Z. Wang et al., 2020) TGACGYTGCATGTTBGMRCCCATM

A

2.4 Bacterial sample collection and isolation

2.4.1lsolation of soil bacteria with CFC agar

Plants were removed from pots then soil loosely attached to the roots was shaken off
Roots were cut away using ethanol sterilised scissors and transferred to 50 mL falcon tube
containing 50 mL sterile phosphdteffered saline (PBS; 8 g/L NaCl, 0.2 g/ICK 1.44 g/L
NaeHPQy, 0.24 g/L KHPQOs; pH 7.4). Tubes were vortexed &CGifor 10 minutesThe
resulting supernatant was collected and used to prepafi@dl8erial dilutions in PBS.
Aliquots of 100 uL from each dilution were spread oRseudomonaégar Base selective
medium. Plates were incubated at 28°C until colony formation. From these, 192
representative colonies were randomly selected per harvest, streaked onto KB medium, an

then preserved in glycerol at i 8f@ AuGher T h

genotypic and phenotypic characterisatid®acheceMoreno et al., 2024)For routine
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experimentsPseudomonaspp. and other isolated bacteria were grown overnight at 28°C

with shaking in LB.
2.4.2 Isolation of soiRhizobium spp.

10 grams of rhizosphere soil was suspended in 20 mL PBS buffer; this mixture was
shaken overnight at 28°C and 200 r@Bubsequent serial dilutions were conducted up to 10
6. Next, 100 uL aliquots of each dilution were plated driizobiunmsemiselective medium.
After a fourday incubation period at 28°C, whiténk colonies were isolated from the plates
using a sterile toothpick and inoculated into YMAA, LB agar Rhizobiunmsemtselective
media and incubated for2days at28°G ol at es t lvats i dil p lga yevd hr
were identified as negative LB, and were subcultured by streaking them a second time ontc
YMAA. To achieve pure cultures, confirmed negative LB colonies were subsequently grown
on YMAA plates (Soenens & Imperial, 2018). For routine experim&itz,obiunspp. was

grown overnight at 28°C with shaking in TY.
2.4.3 Fungus spore harvest

Fusarium solanwere grown on PDA plates under dark conditions at 25°C. After 10
days,F. solaniwas harvested using 5 mL sterile distilled water and gently scraped from
plates with a sterile ishaped glass spreader. A suspension of spores was filtered through a
double layer of sterile Miracloth (Millipore, UK) to remove debris. The spore concentrati
was determined using a counting chamber. 10 pL of a 1:100 dilution of spores was added tc
the counting chamber amdanuallycounted under a light microscod@pore suspensions
were stored a20°C until usgKjeldgaard et al., 2022)

2.5 Plant experiments and growth conditions

2.5.1 Soil collection

The soil used in this study was collected on three independent occasions in Novembe
2021,June 2022 and October 20&28m a naturally grassed and unfertilised field siiéh
no history of growing pea. The soil was taken from the JIC Field station, Church Farm,
Bawburgh, Norfolk, United Kingdom (52°37'42.3"N 1°10'44.3"E). Covering grass was
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removed and soil coll ected from a depth
removed, the soil was mixed thoroughly and stored in closed storage boxes at 4°C until
use.Thi s soil I's referred to throughout t

collection used to initiate a biologically independent plant experiment.

2.5.2 Pea cultivation condition.

Pea seedsP( sativumcultivar Kahuna) underwent surface sterilisation with 5%
NaClO for 1 minuteand 70% ethanol for 2 minuté®fore thorough washing with sterile
deionised water. Seeds were then germinated on water agar plates in a dark cupboard at roc
temperature for % days. The germinated peas were transplanted into 9 cm pots (135 mm
height, 120 mm diameter), each contagnapproximately 380 g of collected field soil. Plant
growth occurred in a controlled environment room (CER) maintained at 2%%€r a 16
hour light and &ours dark cycle. Every two days, plants were watered with 300 mL filtered
tap water. Water was sterilised using Fisherbfdndac uum Bott |l e Top Fi
size.ln addition, a separate close rotation experiment was performed in 2 litre pots (170 mm
height, 120 mm diameter) for 3 months until mature pea was harvédtad. growth
occurred in the glasshouse at 28°C, with a day length of approximately 16 housing

high-pressure sodium lamps when necessary.

2.5.3 Close rotation experiment

To simulate a closeotation system, sterile pea plants were cultivated in preharvest
soil for 28 days, yielding "Lharvestsoil." Subsequently, the plants were removed from
their pots, and their height, dry weight, and nodule number were evaluated. The soil was
then thoroughly mixed, rpotted, and used for a"®harvest." This process was repeated
after another 28 days, with the soil collected, mixed, and prepared féharBest.", which
was grown for a further 28 days before final plant sampling. Soil samples were collected
from each harvest and used for soil nutrient and microbial analysis. Figure 2.1 susmarise

the close rotation protocol.
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Mix soil
x3 harvests

-Plant assessment
-gDNA extraction
-Bacterial isolation

% —» Soil analysis

Figure 2.1 Diagram illustrates the close rotation experiment Pea seeds were surface

sterilised thergerminated on water agar plates in the dark. Once germinated, peas were
transferred to pots filled with preharvest soil (JIC field soil). Peas grown in at 25°C under a
16-hour light and 8 hours. After 28 days, peas were harvested and assessed, whil

rhizogphere gDNA were extracted and bacteria were isolated.

2.5.4 Soil analysis

pH, nutrient status (Mg, K° and N and organic matter analysis were conducted by

the James Hutton Institute (James Hutton Limited, UK).

21



2.5.4.1Soil pH measurement

For soil pH measurement, 10 g soil was combined with 25 mL deionised water to
create a soiater slurry. The mixture was thoroughly agitated on a roller for at least 30
minutes and then allowed to settle until a clear supernatant formed. The pH elpobimeie

was then inserted into the supernatant, and the pH was recorded.

2.5.4.2 Measurement of oxidisable organic matter

Samples were weighed into clean silica or porcelain crucibles and dried in an oven
to constant weight before ignition. After reweighing, the samples were transferred to a
muffle furnace to eliminate oxidisable material. Oven drying standardised the inatana
ovendry basis, minimising errors caused by ffmmogeneous water content in the samples.
Subsequent ignition provided an estimate of the oxidisable component. In practice, betweer
0.25 and 8 g of material was weighed into crucibles, which wereplaeed in a preheated
oven and dried at 105°C for a minimum of four hours, typically overnight. Once dried, the
crucibles were cooled, weighed, and transferred to a muffle furnace, where they were heate
at 450°C for 12 hours. After cooling, the crucikblerere reweighed to obtain the final

measurement.

2.5.4.3 Estimation of soil nutrients

A 0.43 M acetic acid solution was used to extract the target analytes from the soil
material, with subsequent quantification by inductively coupled plagpteal emission
spectroscopy (ICES). For this procedure, 2 g of airdried soil, sieved to <thm,
was weighed into bottles and mixed with approximately 40 mL of 0.43 M acetic acid. The
suspensions were agitated on an-ewdrend shaker for two hours to facilitate extraction.
Following shaking, the soil slurries were filtered through Whatman B fiier paper into
100 mL volumetric flasks, with an additional 40 ml of acetic acid used to complete the
filtration. The filtrates were left to drain overnight before being made up to volume with
acetic acid. The resulting extracts were transferredotgtlpene bottles and analysed for

analyte concentrations using I€CFES.
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2.5.5 Synthetic community (SynCom) and Natural community (NatCom) re

inoculation

To observe how rhizosphere consortia from different harvests of close rotation affect
pea growth, sterile, germinated seeds wrenesplanted into 15 cells seedling trays half filled
with mediumvermiculite dimensior2.0-5.0 mm (SinclaitM) (see Figure 2.2), which was
autoclaved twice to ensure complete sterility. 10 mL of rooting solution (1 mVkQ&l20D,

100 &M KCI, 48000 MMMBSEDBBDA, 935 MHINKIO. 8 ¢
ZnCk, 0. 5:MeQvi2H¥®, 0. 3 £5M0GunB ANG, 18.4 mM KHPO4, and
20 mM NaHPQy) was added to each cell, and the trays were monitored for the emergence

of pea leaves.

SynComs were constructed by growing overnight cultures oP€8idomonas
Serratiaspp alongside 9&Rhizobium sppfrom each harvest individually in 96 well plates.
After that, bacteria were combined in sterile tubes. Bacterial cells were centrifuged for 10
mins at RT, then washed with PBS buffer. The optical densitieso@Ddd each culture were
adjusted to 0.1 with PBS buffer, then 1 mL from each was mixed. 2 mL of this SynCom

culture was inoculated into each individual cell tray. PBS buffer was ssed@antrol.

For the NatCom experiment, soil washes were obtained from pea rhizospheres of
pre-close rotation and each harvest of close rotation. Harvestedwaots e  gmaved| y
from pots and then shaken to remove loosely attached soil and then vortexing in 30 mL PBS
buffer for 10 minutes at 4 . Sampl es wer
temperature to pellet plant and soil debris, before supernatant Wextemb and decanted
into a fresh tube5 mL of soil wash was inoculated ingach individualcell tray in an
experiment Pea plants were arranged with each treatment group placed on separate tray
under 16hour light at 21°C and-8our at 17°C night cycle in a controlled environment
cabinet. Watering with sterile water took place from the bottom of the tray, with 300 mL
added per tray every 3 days. Plants were harvested 28 daympaosfation, and height,
weight, and number of nodules per plant were recorded.
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Figure 2.2 Pea tray set up for Synthetic community (SynCom) and Natural community
(NatCom) re-inoculation. Pea plants were grown ib cells seedling trays half filled with

medium grain vermiculite.

2.5.5.1 Pea rhizosphere community challenged withusarium solani

Cell trays containing sterile vermiculite was inoculated Witlsolaniusing 5 mL of
1x10’ spores per mL. Spore inoculum was added to the centre of an individual cell. A pipette
tip was used to mix the suspension thoroughly once added to vermiculite. Pea plants wer:
arranged with each treatment group placed on separate trays udteirlghtand 8hour
dark cycle, 25°C in a CERPlants were watered every 3 days by adding 300 mL sterile
deionised water to bottom of the tray. Height, weight, nodules me&sk severity were
assessed after 4 weeks of inoculation. Disease severity score was assessed visually at

weeks after fungus inoculatigiirenk, 2025) Scoring system is shown in Figure 2.3
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Figure 2.3 Disease scoring systemlhe disease scoring system assigns a value of 1 to
indicate the absence of any visible infection, 2 to restricted lesions, 3 to expanding lesions 4

to softening root and 5 to substantial rot.

2.6 Amplicon sequencing, Bacterial genotyping and data analysis

2.6.1 Rhizosphere DNA extraction

To prepare the rhizosphere genomic DNA (gDNA) samples, plants were extracted
from their pots and excess soil was shaken off from the roots. Roots were then cut using
sterile scissors, placed into 50 mL falcon tubes, and rinsed w20 hiL sterile PBS. Rus
were shaken at 200 rpm for 30 minutes at room temperature. The resulting supernatant we
collected, and roots were transferred to a fresh 50 mL falcon tube. This washing procedure
was repeated three times, each time wit2Q0nL fresh buffer. Collectesupernatants were
designated as wash 1, wash 2, and wash 3. For the final wa&®, il fresh buffer was
added, tubes were vortexed twice for 30 seconds, and roots were then transferred to a ne
tube. The supernatant from this final wash (wash 4) vesalllected. Wash 1 and wash 2
were pooled together and centrifuged for 30 minutes, 10,000 X ¢ .aAfter discarding the
supernatant, washes 3 and 4 were pooled and centrifuged. The resulting pellet was define
as the rhizosphere sample. Protocol waslifred from prior literatur¢dPacheceMoreno et
al., 2024)and(Wen et al., 2023)

DNA extraction was performed using a FastDRIASPIN Kit for soil (MP
Bi omedicals, UK) according to the manuf ac
evaluated by the 260/280 and 260/230 absorbance ratios using a NanoDrop
spectrophotometefThermo Scientific, USA) A ratio of 1.71.90 was established as a
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minimum to pass the quality standaithe quantity was measured with a Qubit® 2.0
Fluorometer (Thermo Scientific, USA). The gDNA was store@@tC before transport for

sequencing.

2.6.2 Amplicon sequencing

Genomic DNA (gDNA) samples were sent for library preparation and sequencing an
lllumina Novaseg6000 with 250 paireshds and 50000 reads (Novogene, China). The 16S
rRNA gene was targeted to determine the bacterial composition and diversitprisiegs
targeting the V4 region. Fungal population was targeted using1FSThe demultiplexed
files supplied with primers and sequence adapters already removed were processed wit
LotuS2 (Ozkurt et al., 2022)sing the recommended pipeline for higiality microbiota
profile reconstructiorBriefly, reads were qualitfiltered (minimum Phred Q20; removal of
reads with ambiguous bases; length trimming to the modal insert size), Chimeras were
removed de novo and by reference during denoising. Amplicon sequence variants (ASVs)
were inferred withDADA2 within LotuS2. Taxonomy was assigned against SILVA
databas€Quast et al., 201Zpr 16S, and UNITE for IT§Abarenkov et al., 2023using
LotuS206s i ntegrated classifiers. The pi
sequences, and taxonomy files; these were imported into R (version 4.5.1) for downstrean
ecology (alpha diversity: Observed, Shannon, Simpson; beta diversiy: @&urtis) and
Principal Coordinate Analysis (PCoA$tatistical analyses were performed by ANOSIM
and PERMANOVA (adonis functior{Dixon, 2003) The genera richness was estimated by
calculating withins amp |l e (U) diversity uHiThegquatienga n

of diversity indices are:

The Shannon diversity index (HN) was
0 niin

where™Ys the total number of taxa amnds the relative abundance of ti&h taxon.
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The Simpson diversity index (D) was calculated as:

wherer) represents the relative abundance of each taxon.

Observed diversity was calculated as the number of unique taxa (observed ASVs)

detected in each sample:
Observed Wiversity
where“Yepresents the total number of observed taxa in a sample.

For data visualization ggplot2 (version 3.5.2) and GraphPad Prism version 10.0
(GraphPad Software, USA) was used.

2.6.3 Bacterial genotyping

Col ony PCR was performed by heating b:
lyse the cells, and the resulting lysate was used as the DNA template for amplification. The
RNA polymerase B subunftpoB) gene was used as the target for sequence comparison.
Amplification was performed in a 50 pL reaction volume containing 18 pL nuclease free
water, 25 pL Tag green master nflromega, UK)2.5 pL forward primer (10 mM), 2.5 pL
reverse primer (10 mM), 2 pL template. PCR reaction was amplified using a PCR
Thermocycler (BioRad). The programwas set as follows: 90 seconds at 95°C as initial
denaturation, followed by 30 cycles of 30 seconds at 95°C for denaturation, 30 seconds a
55°C as annealing, 90 seconds at 72°C for extension, and a final extension at 72°C for 1(
minutes. PCR products wereagmwined by electrophoresis at 100 V for 30 minutes in a 1%
(w/v) agarose gel in 1x TAE bufferuRfied PCR products were sent for sequencing (Source
Bioscience, UK).Cluster Omegavas used to generate multiple sequence alignments of
obtained DNA  sequences (Madeira et al, 2024) Then, IQTREE
(http://igtree.cibiv.univie.ac.at/) was used for tree estimatiuigsing the Maximum
Likelihood method with a bootstrap value of 1q@0ifinopoulos et al., 2016)The tee was
visualised by {TOL version 7.2Letunic & Bork, 2021) The reference strains used in the

27



phylogenetic tree includedClostridium botulinum, P fluorescens, Stenotrophomonas

maltophilia, Escherichia coli, Serratia marcescemglSerratia plymuthica

2.6.4 gPCR quantification of microbial abundance

Quantitative PCR (qPCR) was conducted to quantify gene abundance. Soil genomic
DNA (gDNA) from each harvest was used for amplification with the specific primers
provided in Table 2.1, above. DNA gquantification was performed using a BioRad CFX96
instrument.Each20 pL reaction mixture consisted of 1.5 pL gDNA (10 ng/uL), 10 pL 2x
SensiFAST SYBR® NROX mix (Meridian Bioscience), 0.5 uL for each primer (10 mM).
Samples were run on a programme cycle of 95°C for 2 mirofles/ed by 40 cycles of 5
seconds at® C for denaturation, 10 seconds at 65°C as annealing, 10 seconds at 72°C for
extensionStandard curves were produced by dilutiofRbizobiumDNA from 1/10, 1/100

and 1/1000. Amplification was performed in triplicate for all soil samples.

2.7 Bacterial phenotyping assays

Up to 192 isolates from each harvest were randomly picked and then subjected to
phenotypic assays including polysaccharide production, siderophore production, protease
activity, motility, hydrogen cyanide (HCN) production, ind@acetic acid (IAA)
prodwction and thd-. solaniinhibition assay. Figure 2.4 shows the ordinal scoring system

for each phenotype.

Congo Red binding, siderophore production, protease and motility assays, were
carried out in 500 cisquare platesThermo Scientific, UK) with 200 mL of K&gar for
Pseudomonasand TY agar forRhizobium Plates were dried for 1 hour in laminar flow
cabinet. Overnight bacterial cultures were applied to the agar surface using an-ethanol
sterilised replicator, ensuring even contact. After plates were allowed to dry for further 5

minutes. Plates were incubdtat 28°C and assessed after 24 hours.

2.7.1 Congo Red binding

Congo Red binding was used to test floe productionof polysaccharides. Final
concentration of 0.005% Congo Red was added into KB agar. Congo Red binding was

scoredas follows: O for no binding and 1 for positive binding.
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2.7.2 Siderophore production

Unmodified KB agar was used to evaluate siderophore production. Images were
taken under UV light, with a transilluminator providing optimal fluorescence detection.
Fluorescence emission by the colonies was scored as follows: 0 for no fluorescence, and

for positive fluorescence.

2.7.3 Protease activity

KB agar supplemented with 1% (w/v) skimmed milk powder was used to assess
variations in protease production via a milk degradation assay. Media was prepared by
dissolving 1 g milk powder into 10 mL warm sterile water and adding resultant solution to
90 mL KB agar. The milk supplemented KB agar was thoroughly mixed and poured into
square plates. Images were taken under white light. Colonies were scored based on th

presence of a clear degradation halo as follows: 0 for no halo and 1 for a visible halo.

2.7.4 Motility assay

0.5% KB agar plates were used to assess motility. Isolates were spotted on plate an
incubated for overnight at room temperature and the extent to which colonies spread ou
from their initial point of inoculation was examined and was scored as followsr O f

nonmotile and 1 for motile.

2.7.5 Hydrogen cyanide production

96-well plate with 150 pL KB medium per well was used to assess hydrogen cyanide
(HCN) production. Soil isolates grown overnight in LB2&°C were inoculated into the
wells using a replicator, with 2 uL added per well. F&iglger reagent was prepared in
chloroform (Thermo Fisher Scientific, UK) using 3.33 pg/mL copper ethyl acetoacetate
(SigmaAldrich, UK) and 3.33 pg/mL of 47 methylenebis-N, N-dimethylaniline (Sigma
Aldrich, UK) (Feigl & Anger, 1966)After inoculating the plate, 2 mL Feiginger reagent
was spread onto a piece of sterile Whatindilter paper cut to fit the underside of the-96

well plate lid and allowed to dry. The plates were incubated at 28°C {48 2¥wurs under
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gentle agitation. HCN production was evaluated based on the intensity of blue colouration:

0 for no colour change (i.e., remains white) and 1 for blue (i.e., positive HCN production).

2.7.6 Indole3-acetic acid (IAA) production

96-well plate with 150 pL YMB supplemented with 2 g/Lttyptophan per well was
used to assess indedeacetic acid (IAA) production. Soil isolates grown overnight in LB at
28°Cwere inoculated into the wells using a replicator, with 2 uL added per well. The plates
were incubated at 28°C for 28 hours, shaking at 150 rpm at 28°c for 4 days. Bacterial
growth was quantified via optical density at 600 nm ¢&before centrifugation at 4,000
x g for 20 minutes. Salkowski reagent was prepared in deioniséer wath final
concentrations of 35% perchloric acid (HGJGnd 10 mM FeGl(Gang et al., 2019)
Supernatants were transferred to a newv@8 plate and presence of IAA was quantified
using colorimetric techniques using Salkowski reagemal volume of Salkowski reagent
was added to the supernatant and incubated in the dark at 28°C for 30 minutes. 1AA
concentrations were quantified using absorbance at 530 nm), (hus indicating the

production of 1AA.

2.7.7F. solaniinhibition assay

90 mm Petri dishes with PDA media were inoculated with 6 mm agar plugs from the
edge of the actively growing. solanicolonies grown on PDA. Plugs were positioned in the
centre of the 90 mm Petri dishes. Soil isolates were grown overnightwel9flates using
LB at 150 rpm at 28°C. Bacterial cultures were normalised to optical density of 0.1 at 600
nm (ODsoo) using sterile PBS buffer, and 5 pL of normalised bacterial cultures were applied
to sterile paper discs (Whatrfandiameter 6 mm). Bacteri@hoculated discs were placed
equidistant from the central fungal plug. The plates were incubated in darkness at 25°C for
10 days to assess fungal growth inhibition by soil isolates. Fungal inhibition was evaluated
based using a binary scale: 0 indicated no itibilb and 1 indicated inhibition of fungal

growth. Protocol modified from prior literatueee et al., 2023)
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Assay Score

Congo red binding

Protease production

Motility

Hydrogen Cyanide production

Siderophore production

Indole-3-acetic acid production

Fungal inhibition

Figure 2.4 Scoring system for phenotypic assayssolates from preharvest{tharvest, 2
harvest, and'8harvest rhizospheres were tested with different assays and scored as shown

0 for no production and 1 for present production.
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Chapter 3 Crop Rotation Impact on Plant Health and Soil Bacterial Communities

3.1 Introduction

The use of close rotation practices is made necessary by a shortage of agricultura
land and the growing population, with the purpose of enhancing crop prod(€tien et
al., 2009; Zhang et al., 2022)his practice is largely driven by a need for operational
efficiency; by focusing on a single crop, producers can streamline resource allocation and
maximize shorterm yields.This extensive cultivation of a plant has encouraged the buildup
of certain fungal infections which can reduce yield over tiA®awi & Ludwig, 2005; Liu
et al., 2001) This phenomenon has been shown to cause a microbiome dysbiosis in severa
crops where the microbial population imbalances occuyireai et al., 2015; Gao et al.,
2021; Xia et al., 2025)Similarly, decreased pea yield is also known to be associated with
close rotationBainard et al., 2017; Knight, 2012; Nayyar et al., 20@3)en though peas
play an active role in shaping the microbial communities around their (Cb&udhari et
al., 2020; Horner et al., 2019; Kalapchieva et al., 2023; Turner et al.,, 261i)d studies
have examined how close rotation affects pea phenotypes and th&ssoctated microbial

communities.

The pearhizobia connection is one of the most walldied plaritmicrobe
interactiongOldroyd, 2013) These bacteria create nodules where they fix nitr@gleang
et al., 2024) Nodulation fod) genes are conserved in all rhizobia and necessary for
establishing symbiosi¢Debellé et al., 2001)Therefore, understanding the dynamics of
Rhizobiumpopulation together with theodD-carrying population might reflect the soill

alteration in the close rotation scenario.

Apart from soil microbes, nutrient availability is a cornerstone of plant health
(LopezBucio et al., 2003) They are the building blocks for growtiMost of the
physiological process from germination throdlgtwering and fruiting depends on a steady
supply of essential elements. Firsthitrogen (N) drives leaf and stem growth by being a
key component of chlorophyll and amino ac{#&arhan et al., 2024Phosphorus (P) is
critical for flowering, root development and energy trangfénan et al., 2023)Plants

require potassium (K) to regulate water balance, enzyme activation, and stress resilience
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(Johnson et al., 2022)n addition, micronutrientsuch as iron, manganese, zieerve as
cofactors for enzymes. For instance, iron stimulates the formation of chlorophyll and play a
role in plant respiratio{Pietryczuk et al., 2025Manganese is needed in only small amount
by plants but it is critical to plant growth such as a vital component of the oeugpdving
complex (OEC) within photosystem Il (PS{Blejandro et al., 2020; Schmidt et al., 2016)
Maintaining soil pH within the appropriate range is essential for optimal nutrient absorption
and supporting a diverse microbial commuriterer & Jackson, 20060ptimal pH is
necessaryor effective legume nodulation and preserving soil strugiMimbira & Smith,

2020; Wenyika et al., 202550il organic matter is an important factor in determining
multiple soil propertieJFierer & Jackson, 2006)it enhances watestable aggregates,
thereby enhancing soil structure, texture, and aerdiimdall & Oades, 1982)Organic
matter influences the soil's water retention capacity which stimulate microbial
activity ( Mar ou g e k e Rurtherrhore, it a2t as3a) reservoir for nitrogen and
phosphorugWeil & Brady, 2017)For these reasons, testing soil nutrient levels, soil organic
matter and pH might provide evidence whether close rotation caused shifts in soll

composition.

In this chapter, | aimed to understand how close rotation affeet plants, the soil

properties, and the dynamics in their rhizosphere microbial community.

3.2 Objectives

1. Investigate pea plant healdly measuring height, weight and nodule number
underthree harvestlose rotation

Examine the change in soil nutrient properties under pea close rotation

3. Evaluate the impact of close rotation on rhizosphere microbiome structure and
composition
4, Quantify changes in total bacteri al

Rhizobiumpopulation density, and fungal community dynamics under close

rotation.
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3.3 Results

3.3.1 Plant health after close rotation

To understand how close rotation affects the overall health of pea plants across
rotations, the effect of close rotation growth was mimicked under a controlled growth
environment. This close rotation was performed in two scenarios where peas were grown fol
a short period (4 weeks) and a long period until peas were mature (3 months). Soil analysi:
was conducted to determine nutrient content (P, KakttyN), soil pH, and organic material
in the short period experiments to investigate close rotation impactabmtic soil

properties.

Firstly, pea seeds were surfegterilised, germinated and planted in individual pots
of naive JIC field soil with no prior history of pea cultivation. This soil, prior to pea planting
is referred to as fnApr ehar v e satplantsaveré aarefulldA f t
removed from the soil, and their rhizospheres were collected for gDNA extraction and
bacteri al i sol ation. Pl ants wer e Sihaneg e d
soil 0o was collected, p efard beirdy retistrilbutedrto new bts i n
for the next pMamarvegtoendrfakeiromnofher f
same procedure was ffeaeaestd s$o0ibéneflTheed
number of visible nodules were assessed at the end of every harvest. In total, three
biologically independent experiments have been conducted with three close rotation harvest

observed. A representative pictufepea plants from the'8harvest is shown in Figure 3.1.

35



Figure 3.1 Four-weekold pea plants from the close rotation experimentPea plant

cultivation in a controlled environment room for 4 weeks in-paae soil.

Figure 3.2 showed the measurement of pea plants after three close rofdt®ns.
statistically analysis showed ttdrly weight of B harvest peas was significangyeater than
in the 2" and 3% harvests (Figure 3.2A}However, | observed no difference between pea
plant weights inthe second and thirdxperiments Plant height remained consistent across
continuous cultivation cycles in all three biological experiments (Figure 3.2B). Nodule
counting also showed no significant difference between harvestise Ifirst experiment,
nodule counts were not recorded, resulting in an incomplete dataset for this experiment.
Moreover, plants exhibited no visible symptoms of fungal disease at any stage in all three
experiments. Representative pea plants from eacle$tasf/the I experiment are shown in
Figure 3.3.
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Figure 3.2 Determination of pea growth for three rotation cycles.Bar graphs showing

the average of A) plant dry weight and B) plant height normalised to the average of the first
harvest. C) number of nodules per pea plant. Ten to twelve pea plants were collected pe
harvest. The individual data points for each plantshi@vn as dots in different colours for
independent experiments, first experiment (red), second experiment (green) and third
experiment (yellow) and error bars represent the standard deviatinixed-effects model

with Tukey multiple comparisons revealed a significant difference in pea weight, with

significance indicated by asterisks: p <5(6).
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Harvest Representative images of pea plants from each rotation
3 Tl T/F ;

1 W Rz,

2nd

3rd

Figure 3.3 The representative of plant sample in close rotatioriPlants were cultivated in

naive soil for 4 weeks then removed from the pots for health assessment.

3.3.2 Soil nutrient properties following close rotation

In thefirst experiment, soil samples were collected at the end of each rotation and
subjected to soil analysig\nalysis of soil nutrient levels across the pea close rotation

showed that phosphorus, magnesium, and potassium concentrations did not differ
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significantly between harvests, indicating that the close rotation did not affect their
availability (Figure 34). However, he lowest nitrogen level was detected in the preharvest.
After planting, the nitrogen level peaked at theharvest followed by a fluctuated pattern
observed during close rotatio@ritical soil nutrient ranges must be within a range for
optimal plant growth including phosphorous {26 mg/kg), potassium (12180 mg/kg),
magnesium (51100 mg/kg) and nitrogen (280 mg/kg) (Agriculture & Horticulture
Development, 2022)Theconcentration of these critical soil nutrients from our close rotation
experiments were determined and indicated their concentrations were sufficient for plant
growth. Therefore, the availability of nutrients was not considered to be a critical factor

affecting plant growth or health in this close rotation experiment.
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Figure 3.4 Examination of soil nutrient level after three close rotation cyclesBar graphs
showing average nutrient level in soil frofinst experiment includingohosphorus (P),
potassium (K)magnesium (Mg), anditrogen (N). Bar colours represent different harvests:
preharvest (brown), sLharvest (blue), ® harvest (green), and“3harvest (pink). Soil
samples were collected from three pots per harvest. Error bars represent the standar
deviation. A onevay ANOVA was performed with Tukey multiple comparisohstters

above plots (a, and b) indicate statistical groupings, with different letters indicating

significant differences (p<0.05)

To investigate soil pH changes under close rotation, the pH of the soil samples was
qguantified. The result in Figure 8indicates in the preharvest soil pH 7.8 was slightly

alkaline. While in # harvest, pH 7.9 was a minimal change from preharvestdina2vest
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the pH remained stable and lastf§ Barvest had the highest pH, notably more alkaline.

Overall, there is a progressive increase in soil pH over successive harvests, especially notab

by the 3% harvest.
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Figure 3.5 Examination of soil pH level after close rotation.Soil samples were collected

from three pots per harvest. Significant difference was observed between preharvest an

third harvest samplesA oneway ANOVA was performed with Tukey multiple

comparisons. Letters above plots (a, and b) indicate statistical groupings, with different

letters indicating significant differencgs<0.05)

To determine whether organic matter content changed over the course of crop

rotation, soil samples were analysed after each harvest (FigrdBe results showed no

statistically significant changes, with values remaining stable between 4% and 4.6%.

Although, organic matter did not change, further experiments were carried out to asses:

whether bacterial and fungal populations shifted acrosebes.
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Figure 3.6 Percentage of organic matter after close rotationSoil samples were collected
from three pots per harvesh oneway ANOVA was performed with Tukey multiple

comparisonsNo significant differences were observed between pea harvests.

3.3.3Investigation of mature peas under close rotation

Theexperiments to this point focused on sktertn observations (Figure 3.2), which
may not fully capture the longéerm effects of close rotation on plant health. To address
this, | investigated the effects of close rotation of mature pea plants. Thisnexpiewas
conducted under controlled conditions in the JIC glasshouse. Sstéaide seeds were
planted in JIC field soil with no prior history of pea cultivation. This soil, collected before
pea planting, was des i ghneamantts obgsowth, the seihwvas v ¢
harvested, pooled, and homogenised before being redistributed into pots for the subsequel
pl anting, r efhearrrveeds ttoo. aTsh etnh,e rfiolt at i ond st a
harvesto plants were harvested. Pl ant ph
by measuring biomass, plant height, pod number, and seed count. The results indicated n
significant differences in yield parameters between peas grown in nalvandothose
subjected to close tation (Figure 37). The results showed no differences between harvests

for any measured parameter.
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Figure 3.7 Pea yield from fully grown plants after one and two cycles rotationSeven

plants were measured per harvest. Boxes represent the interquartile range, the centre lir
indicates the median, and whiskers denote the range of the data. Individual points represer
replicates. A) peaeight measured in gramB) height measured in centimetreS) number

of podsper plant.D) number of seedper plants A t-test was performed;onsignificant
differences were observed between pea harvests

3.3.4 Pea rhizosphere bacterial recruitment during close rotation

After pea health assessment and soil chemical properties analysis, rhizosphere sol
samples were collected from each pea plant. Genomic DNA was extracted and subjected t
amplicon sequencing to profile the microbial communities associated with the rleesph

in each harvest. The sequencing was based on the 16S RNA gene to identify the bacteri
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consortium, and internal transcribspacer (ITS) to identify fungal populations in the pea
rhizosphere.To illustrate the differences in microbial community composition between
rhizosphere samples, a principal coordinate analysis (PCoA) with a(ndig distance
matrix was conducted to measure the distance of the variation of bacterial taxonomic profiles
between harvests (Figure8}. In thefirst experiment (Figure 8A), clear separation of the
1stand 29 harvest samples was observed, while the preharvest@mahdst were clustered
together. This suggests that the microbial community was exposed to selective pressure b
pea cultivation. However, they possibly partially reverted to the preharvest state after three
pea rotations. In ththird experiment (Figure 8B), the distance to theé%harvest was the
furthest from the rest of the harvests, which indicates a later shift in communitisgruc
compared to thBrst experiment. In fungal community, overlaps between communities from
each harvest were less distinct. The distance between preharv@$temdest samples was

pronounced.

To identify significant differences between rhizosphere microbial communities,
analysis of similarities (ANOSIM) was used. The closer of value to 1 mgangp are
completely differentThe analysis showed moderate betwgesup separation (R = 0.3643
for thefirst experiment, and R 6.495 for thehird experimentboth significant ap < 0.001).

This indicated that bacterial community composition varied significantly among
harvestsSi mi | ar | vy, i n f ungANOSIM chowed R i=10.4063(® an
0.001).These resultsuggestedhe distinct microbe selection activity by pea in different

harvests of the close rotation experiment.

To assess whether microbial community composition differed significantly between
the harvests, theermutational Analysis of Variance (PERMANOVA) was udedhe first
experimentpacteria ommunity composition differed significantly across the foarvests
(R?=0.267,p = 0.00). This result suggested thatet harvesaiccounted for approximately
26.7% of the total variation in microbidiversity.A subsequernPermutational Multivariate
Analysis of Dispersion RERMDISB test confirmed that group dispams were
homogeneougnonsignificant,p = 0.213, indicating that the observed differences were
driven by distinct shifts in communitnemberand abundance rather than differences in

multivariate dispersion

In the third experiment, thenicrobial community structure was significantly
influenced by the harve@R? = 0.586,p = 0.00). However, a significant PERMDISP result
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(p = 0.0008 indicated that multivariate dispersion was not homogeneous across groups.

While this suggests that differences in group variance contribute to the PERMANOVA

result, the highR? value (explaining 58.6% of the total variation) strongly suggests a

substantial shift in community composititbetweenharvests Similarly, fungalmicrobial

community composition was significantly affected by these rotation(R? = 0.358,p =
0.00)). A nonsignificant PERMDISP resylp = 0.603 confirmed the homogeneity of

multivariate dispersions, indicating that the observed differences were driven by distinct

taxonomic shifts rather than differences in group variahbe harvest stage accounted for

35.8% of the total community variation.
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Figure 3.8 PCoA with Bray-Curtis distance matrix, comparison ofAmplicon Sequence

Variant (ASV) abundance for bacterial and fungal communities of close rotation
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different colours represent different harvests. Preharvest (browrartest (blue), @

harvest (green), and®harvest (pink).

The bar chart (Figure 9. shows the taxonomic composition and relative abundance
of bacteria and fungi in the pea rhizosphere for preharvéstarizest, 24 harvest, and'3
harvest samples at the phylum level. In both experiments, preharvest soil contained &€
community that included 20980% of Proteobacteria. After the first pea cultivation, the
abundance of Proteobacteria increased to 39.0% and sharply increased'{éree3t to
67.5%. However, their abundance declined to 42.8% in thénaBvest. The trend of
Proteobacteria also showed an increase ithilgtexperiment (Figure 9B), thus increasing
with each subsequent harvest, from 41.1%hdrvest) to 45.8% (2 harvest) to 54.9% (3
harvest). On the other hand, Actinobacteria showed a consistent population proportion of
around 1820% throughout the close rotation of the first experiment. This pattern was not
shown in thethird experiment, as the population decreased from 41% to 17% at the end of
close rotation. This trend also applied toylpim Acidobacteria. For the fungal phylum
(Figure 39C), the main population was from the phylum Ascomycota, comprising 82% of
the population since the preharvest, and the population increased to reach 92% after clos
rotation. In contrast, phylum Basidiomycota showed a decreased from 6.3% to 1.2%. Only
a small portion (0.9%) of Mortierellomycota showed the increase in population to 1.5% after
close rotationOverall, the taxonomic structure showed remarkable consistency regardless
of the starting soil profile. Proteobacteria consistently dominated the bacterial rhizosphere
(421 50% abundance), while Ascomycota remained the primary fungal phylum throughout

the duration of the pea rotation.
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Figure 3.9 Relative abundance of bacterial and fungal taxa during close rotation at the
phylum level. Bar graphs show A) Top 15 bacterial communities fronfiteeexperiment

B) Top 15 bacterial communities from ttierd experiment C) Top 15 fungal communities
from thethird experiment across four harvests (preharveést2t, and 3 harvest). Five to
twelve rhizosphere samples were analysed per harvest. Others referred to poeled low

abundance taxa and unclassified referred to unassigned taxa.
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Figure 310 shows the relative abundance of bacteria and fungi in pea rhizosphere at
the genus level. In thiirst experiment, genu&p6 (an unclassified subgroup within the
phylum Acidobacteria) was the most abundant genus in the preharvest rhizosphere (3.4%)
Other members of this phylum a4 (2.9%) and Subdivision3 genera incertae sedis
(2.5%) which are both an unclassified subgroup of Acidobacteria. This group gradually
declined and then was minimally present in th& Harvest. Proteobacteria, including
Pseudmonas which increased from rarely present (0.1%) in preharvest to 1.2% and peaked
at 31.6% before decreasing in tHeé lBarvest to 8.8%, were strongly selected in the close
rotation rhizosphere. This phylum represented the dominant bacterial group in the
experiment. Other members that were majorly present in thdatvest also include
Massilia(4.6%) andSphingomonaél.1%). In addition, members of Actinobacteria such as
Gaiella (2.1%), Pseudarthrobacte(3.1%), andRubrobacter(1.6%) showed the highest
peak when they were recruited in tHétgarvestAmplicon sequencing analysis of ttierd
experiment also showed the ger@g6in preharvest (10%). Overall, this genus was more
abundant in the preor 15 harvest but then declined and was replaced by Proteobacteria at
the end of close rotation. Some of the Actinobacteria members remained present throughot
the close rotation, includingtrasporangium(1.2-2.7%). In additionRhizobacterMassilia
andFlavobacteriumshowed the recruitment pattern after pea cultivation, as their abundance
was sharply increasetdihe trend oPseudomonaselection was increased to 2.7% after pea
cultivation. Then, soil reuse influenced this genus recruitment in'theaB/estto reach
4.4%. This suggested that these two independent replicafistsekperiment andhird
experiment) exhibited the simil&seudomonasecruitment phenomenon. Moreover, this
experiment revealed the increaseédgfobacteriunpopulation in the 2 harvest (2.2%) and
the 39 harvest (1.5%). Figure BOC showed top 15 fungal genera, which mostly comprised
the phyla Ascomycota and Basidiomycota. The preharvest rhizosphere was majority
dominant inGibellulopsiswith 23.8%. This genus gradually decreaard was replaced by
Fusarium.They wererarely detected in preharvest, arfinhrvest, escalated 219 harvest
(12.3%) and reached the peak at 25.3%9Mm&rvest. Some genera increased in population
after pea cultivation such aBlectosphaerellaand Acrostalagmus In contrast, some

disappeared after pea cultivation suclCédorrhinumandEntoloma.
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Figure 3.10 Relative abundance of bacterial and fungal taxa during close rotation at

the genus levelBar graphs show) Top 15 bacterial communities from thiest experiment

B) Top 15 bacterial communities from ttierd experiment C) Top 15 fungal communities
from thethird experiment across four harvests (preharveést2', and 3 harvest). Five to
twelve rhizosphere samples were analysed per harvest. Others referred to poeled low

abundance taxa and unclassified referred to unassigned taxa.

Alpha diversity for rhizosphere communities was measured in each harvest using
three different methodologie@=igure 3.1). The Shannon index analysis was used to

account for both rare and common specf@bserved richness refers to the number of
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different species observed in a sample or community. The Simpson diversity is a measure 0
diversity that considers the number of species present, as well as the relative abundance «
each specieg he equations for each index are shown in the methods sd€itiome 3.1A
showed the result from tHest experiment, which | observed a significant impact of pea
rotation on microbial population. Overall, the KrugkMallis test indicated significant
differences among harvests for Shannor 7.05x16), Simpson diversity | = 3.16x1),
and observed ASV9(= 3.57x16P). Posthoc Wilcoxon tests with Bonferroni correction
revealed that diversity was significantly lower at tfefarvest compared with the other
harvests. Similarly, in théhird experiment (Figure 31B), significant differences among
harvests for Shannop € 0.003), Simpson diversity = 0.002), and observed ASVp £
0.001). The B harvest diversity was significantly lower than the other harvests in all three
indices and observed richnealso showed lower significance for th& Barvest compared
to the preharvest and'harvest. The fungal diversity shown in Figurel&iwvas Shannon
(p=0.003), Simpson diversity £ 0.007), and observed ASMs£ 9 x 10 ). The
difference between harvests also showed that 'thieaBvest was the lowest and observed
richness indicated that thé®harvest diversity was also lower than the preharvest, &nd 1
harvestThese results suggest microbial diversity remains relatively stable affestipea
cultivation, and then the communityangedvould take placéaterin either the 2 or the
3'9time of pea rotatiorin one experiment, diversity declined at thétarvest but recovered
by the third. In contrast, in another experiment, particularly for fungal communities, the
lowest diversity was observed at tB& harvest. As the study concluded following this
harvest, it remains uncertain whether this decline was permanent or if diversity would have
recovered with further cropping, as observed in the first experiment.

A key limitation of amplicon sequencing is its inability to provide sufficient
resolution for identifying speciesr strairlevel distinctions. In chapter 4, randomly selected
bacterial isolates were sequenced, targeting the housekeepingpgént® gain deeper

insight into their identity and diversity.
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between harvest after close rotation in thied experimentDifferent letters above boxes
indicate significant differences between groups based on KiWkdlls tests followed by
pairwise Wilcoxon comparisons with Bonferroni correction (p < 0.05). Analysis performed

with five to twelve rhizosphere samples per lesty

3.3.5 Quantification of bacterial and fungal population after close rotation

gPCR was performed to quantify the abundance of bacterial species in the
rhizosphere community under close rotation. Primers designed for 16s rRNA universal
bacterial populations allowed us to detect changes in bacterial DNA abundance between so
rotatiors (Figure 3.2). For both thesecondandthird experiments, fold change of bacterial
population was significantly higher after pea cultivationfidst experiment, the™ harvest
group exhibits the highest fold change, significantly greater than tharpesi, 1 harvest
and 3% harvest groups. This result suggests piantcultivation stimulated an increase in

the rhizosphere bacterial population, followed by further fluctuations during continuous

cropping.
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Figure 3.12 Quantification of bacterial population after close rotation. Rhizosphere
samples from independent close rotation experiments (experiment 1,2 and 3) were

investigated by gPCR. A ongay ANOVA was performed with Tukey multiple
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comparisons. Letters above plots (a, b, ¢, d) indicate statistical groupings, with different

letters indicating significant differences

A high and competitivéRhizobiumpopulation is essential for effective nodulation
and nitrogen input in legume crops like gd&endozaSuarez et al., 2021)In this study,
abundance oRhizobiumwas followed throughout the close rotation usiRgizobium
specific primers. In both tHest andthird experiments, thRhizobiunabundance in the first
harvest differed significantly from preharvest (Figure3p.JAlso, the similar trend in
following harvests of these two experiments was observed. These findings indicate that
Rhizobiums rapidly recruited to the rhizosphere upon plant establishment. Howetles,
secondexperimentthe significance different dRhizobiumpopulation was observed at the
third harvest.Collectively, these observations imply that the impact of pea rotation on
microbial communities might be characterised by high cordegendencguch asstarting
microbial communities in preharvestils Thus, each biological experiment may respond

differently to the same treatment conditions.
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Figure 3.13 Quantification of Rhizobium population after close rotation Rhizosphere
samples from independent close rotation experiments (experiment 1, 2 and 3) were

investigated by gqPCR. A ongay ANOVA was performed with Tukey multiple
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comparisons. Letters above plots (a, b, ¢, d) indicate statistical groupings, with different

letters indicating significant differencgs<0.05)

ThenodDgene is a key regulatory gene that is essential for establishing a symbiotic
partnership with leguminous host plants. To test whether nodulation-cgeryeng
populations were enriched in the rhizosphere under close rotation, | quantitiBdyene
by gPCR. Across the four harvest stages, results from all three experiments consistently
showed thahodD gene abundance peaked at the first harvest (Figu#e 3He abundance
is also significantly increased first andsecondexperiment. Although there was a decline
after the ¥harvest, abundance levels remain relatively elevated througH trengst. This

result suggested that nodulation was selected across the close rotation.
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Figure 3.14 Quantification of nodD gene after close rotation Rhizosphere samples from
independent close rotation experiments (experiment 1,2 and 3) were investigated by qPCR
A oneway ANOVA was performed with Tukey multiple comparisons. Letters above plots
(a, b, ¢, d) indicate statistical groupings, with différdetters indicating significant
differenceqp<0.05)
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3.3.6 Quantification of the fungal population after close rotation

Pea plant yields and seed quality can be reduced upon infection with several fungal
diseases. Therefore, it is essential to determine whether the fungal population is impacted b
the close rotationFusariumspecies was chosen as a representative of the most common
fungi in the rot complexSoylu & Dervis, 2011; Trenk et al., 20224)p assess the abundance
and dynamics of fungal communities, gPCR targetind-trsolaniwas performed. Results
(Figure 3.5) showed that a low amount &t solanipopulation was detected in all four
harvests and three independent replicdesolaniabundance peaked thie Pt harvest in
thefirst experiment but drastically decreased at tHéharvest. At the 8 harvest, there was
a slight increase in abundance. A different pattern was shown setwmdexperiment,
where populations grew gradually from preharvest to tHeh&rvest before reaching
noticeably higher levels at thé%and 3% harvests. This pattern was replicated in tthied
experiment, where levels peaked at tffeharvest after gradually increasing from their
lowest levels at theslharvest. When combined, the findings imply that close rotation
encourages a slow accumulationFofsolaniin the rhizosphere. However, there were no
obvious signs of root rot, which could indicate that the fungus population was still below is

the levels usually linked to symptoms.
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Figure 3.15 gPCR quantification of F. solani after close rotation Rhizosphere samples
from independent close rotation experiments (experiment 1, 2 and 3) were investigated by

gPCR. A onevay ANOVA was performed with Tukey multiple comparisons. Letters above
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plots (a, b, c, d) indicate statistical groupings, with different letters indicating significant
differenceqp<0.05)
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3.4 Discussion

In this study, | hypothesised that close rotation affects the composition of the
rhizosphere microbial community. Therefore, a close rotation experiment was designed sc
that all three pea harvests used the same seed cohort under identical growth condition:
Doing so, | can attribute the observed differences in plant growth to the effects of only soil

material that was passed on from the previous harvest.

From the longterm experiments growing pea in the glasshouse, it was observed that
plant weight was not significantly affected by close rotation. This observation may be due
to spatially restricted growing conditions in the pot setup that may not acguedtett the
agricultural conditions. Peas growing in the field grow differently from those growing in a
pot or container. It has been observed that the root structures are different between pese
grown in open soil and those grown in pots as the potsriot exploration(Poorter et al.,

2012) Previously, studies examining peas durogtinuous cropping showed a change in
plant morphology. A similar experiment to my study has been conducted by Ma et al. which
pea plants were cultivated for 16 days in fistturced continuousropping soil, whereas in

our study, peas were grown contrusly for four weeks in pots under controHed
environment conditions. This experimental setup might introduce variations that could lead
to divergent outcomes compared to my findings. They found that the redattaght,

shoot and root length while planting with continuous cropping soil varies depending on the
pea genotypes. Overall bacterial diversity remained steady, the relative abundance of certai

microbial groups shifted notably with continuous cropgiMa et al., 2023)

The results showed a high nutrient level of Mg and P during a close rotation, with no
significant differences between harvests. The highest level was observed in K content, while
N level showed a significant difference after pea planting. This result indicated the nitrogen
fixation activity by pea plant as shown in literatu(@ou et al., 2023; Tripolskaja et al.,
2023) My results showed the range of soil pH from 7.8 to 8.1, which means soil has
significant increased between preharvest dhbaBvest soil. A similar study showed results
of soil pH increasing after pea continuous cropping from 7.8 tg\80et al., 2023)This
finding might suggest the change in microbial composition. Several studies in other crops
indicated that continuous cropping decreased soillpHet al., 2025; Pang et al., 2021,

Wang et al., 2023)Bai et al. found that pH was not significantly correlated with bacterial
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abundance. Consequently, it may indirectly influelnaeterial communities by altering

other environmental factofBai et al., 2019)

In our labbased experiment, the repeated tillage conducted after each harvest likely
prevented an accumulation of organic matter. As the organic matter was exposed to the ai
resulting inincreased rates diecomposition. Rotating annual row crops with perennial grass
or legume sods helps reduce erosion and increase organic matter in the soil as their roc
systems decomposgCornell University Cooperative, 2008).egume cover crops are
commonly used to increase organic matter, as they enrich the soil with ni(kdgdivko,

2016) Organic matter levels between 3% and 6% are generally ideal for promoting the
health and productivity of most agricultural crq@ornell University Cooperative, 2008)
It can enhance soll structure by promoting the formation of stable aggregates, increase so

holding capacity, and fuel soil microbi@ot & Benites, 2005)

Amplicon sequencing was used to examine the effect of close rotation on the
rhizosphere communityheresults showed that both the bacterial and fungal communities
responded to close rotation. The PCoA plot illustrates that microbial communities were
moderately separatdzhsed on harvest groupings, a pattern that is unlikely to have arisen
due to random variationp & 0.001).Bacterial community analysis suggests that continuous
cultivation might transiently favour fagrowing taxa like Proteobacterigurm et al.,

2017) whose abundance increased in the subsequent harvest before declining by the thir
harvest ofthe first experiment.However, in thethird experiment thePseudomonas
population increased steadily along the harvest. Thus, these biological replicates showed th
similar trend of Proteobacteria in particulaBseudomonas,after close rotation.
AcidobacteriotdgenusGp4andGp6)were generally present in all harvests of close rotation.
This genus is considered oligotrophs, meaning they thrive in nufremtenvironments.

Their adaptation enables them to endure and prevail in environments where other bacteri
may encounter diffiglties (Kielak et al., 2016)In thethird experiment, the abundance of
Agrobacteriumwas observed after pea cultivatidrhis genus belongs to tlihizobiaceae
family and is known to live in root surfaces and nodMsandaSanchez et al., 2016)

This couldpotentially reflect enhanced nitrogéiring or symbiotic interactionaround the
rhizosphere. Both experiments contain common bacterial families that have been identified
in pea such aomamonadaceaand Sphingomonadaced€halasani et al., 2021They

are involved in nutrient cycling and stress adapta{ldchmalenberger et al., 2008jp

addition, | observed high abundance of gemdassiliaafter pea planting. This genus was
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reported to promote shoot growth and nitrogen accumuldtitam et al., 2024)The
preharvest fungal community was majority dominargenusGibellulopsis This genus was
initially reported as a seborne fungus causing mild wilt symptortidelouk & Horner,

1974) Due to their attenuated virulence, it has been applied in several crops to induce
resistance against Verticillium wilt, a sdibrne vascular diseag®gundeji et al., 2022)
Moreover, it is among the species recruited in suppressive(Bodstt & Roberts, 2023;

Xiao et al., 2025)This genus was gradually overtakenFusariumafter close rotation, as

determined by amplicon sequencing and gPCR abundance quantification.

My results showed a lot of experimental variability, with fingt experiments showed
that bacterial diversity decreased at théHarvest buthen recovered for the®harvest
However, within thehird experiment | found that the bacterial diversity reduced over time,
with the lowest bacterial diversity being found within tHe Iarvest sample. It is worth
mentioning that a factor that might influence the variation in this study is that preharvest soil
for independent experiments was collected at different times of the year. This might
contribute to the differencm starting soil microbiota in the first place. Despite the soil
differences between these two biological experiments, there were someckdy that
emerged in both. This phenomenon was also observed in the barley rhizophere microbioms
study conducted in our lgPacheceMoreno et al., 2024)n this experiment, that standard
amplicon sequencing data were used to assess relative taxonomic composition. Absolut
abundances could not be directly inferred from sequencing data alone. Because the PCI
amplification introduces bias, different taxa badifferent gene copy numbers and
sequencing depth varies between samples. Future studies could address this limitation b
incorporating approaches such as the use of internal-gpik@ndards or combining
amplicon sequencing with qPCR to quantify totaicrobial load. Normalising relative
abundance data to independently measured gene copy numbers would allow more accura
estimation of absolute abundances and improve interpretation of treatment effects on

microbial population size.

| found that both the overall bacterial population &tdzobiumpopulationwithin
the rhizosphere both increased immediately in abundance after pea planting. Previous worl
has shown thaRhizobiumpopulations specifically follow this increased patt@dynes et

al., 2001) The nodD gene, a central regulatory gene in the nodulation process, was
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monitored across four harvest stages to assess its expression dynamics. The result show
thatnodDexpression peaked at the first harvest, this suggests strong and immediate selectio
of nodulation activity by the plant. While its abundance declined slightly in subsequent
harvests, the levels obdD expression remained consistently higher than preharvest levels
through to the third harvesin some cases, th&odD gene copy number increased even
though the overalRhizobiumpopulation declined. This mayeldue to changes in strain
composition, differences in gene copy number, or enrichment of symbiotic plasmids rather

than an increase in total cell numb@Pacheco et al., 2016)

Overall, close rotation did not affect visible pea phenotypes, and pathogenic fungal
abundance remained at low levels across all harvests. This might suggest that althougl
monocropping is often associated with increased disease risk, under certain eenditio
can lead to the development of diseasppressive soils where diseases fail to persist or
occur only at low levels despite the presence of pathod&sy et al., 2025Plant root
exudates, are able to recruit specific groups of microbes suBaaitus, Burkholderia,
Chthonomonas, Pseudomonasd Serratia (Van Bruggen & Semenov, 2000Eeneral
suppression is a natural property of all soils, driven by the collective competitive activity of
the soil 6s mi ¢Raaijmakers & Mazzoean20h6) t i e s

This chapter examines thdose rotationbacterial community in a neculturable
approach thashowed consistent signs of community shift after close rotation. The bacterial
diversity decreased and moved towards Proteobacteria, most obviesslgdomonas
Similarly, the fungal diversity also decreased and shift tovkrsarium.Nitrogen fixing
genes and species were strongly recruited after the pea planting. A deeper understanding
these communities requires resolving how bacterial populations differ across the preharvest
15t 27d and 3 hanests. In the next chapter, | analyse soil bacterial isolates from each harvest

to elucidate phenotypleased selection at each harvest.
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Chapter 4 -
Analysis of bacterial population dynamics

during close rotation
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Chapter 4 Analysis of bacterial population dynamics during close rotation

4 .1 Introduction

Pseudomonasand Rhizobiumspecies are particularly significant plant growth
promoting bacterigEtesami, 2025; Fahde et al., 2028th importance to pea health.
Examining how their populations change in close rotation is essential and will help us
understand more about the microbiome alterations we observe. Because of the high diversit
within the genusPseudomonadeploy multiple strategies to colonise the rhizosphere and
antagonise plant pathoge(lsoper et al.,, 2012; Raaijmakers et al., 201@pwever, the
genetic component of these beneficial activities remain only partially res(aahece
Moreno et al., 2024 omparative genomics of tie fluorescengomplex reveals a small
core genome (~1,334 coding sequahedongside a massive pgenome (>30,000 coding
sequencg. This suggests an extensive gene gain and loss across lineages and very higl
phenotypic diversityGarridoSanz et al., 2016)To determine how close crop rotation
shapes soiPseudomonast is essential to accurately characterise iseltel genotypic

and phenotypic variation.

To successfully survive on the root surface, bacteria must move towards the root and
form a protective biofilm. Biofilms formation occurs when bacteria assemble into structured
communities encased in a sphloduced polymeric matrix comprising an extradeit
polymeric substance including exopolysaccharides (EPS), proteins, angRax#y et al.,

2004) providing resistance to alterations in pH and protection from antimicrobial agents
(Danhorn & Fuqua, 2007; Stoodley et al., 200€ptility is also an important trait that
facilitates the initial contact and adsorption of symbiotic rhizobia to the host root surface
(CaetaneAnollés et al., 1988)Effective root colonisation depends on bacterial motility and
chemotaxis toward root exudates including sugars, amino acids, and organic acids.
Consequently, less motile pathogens can be competitively suppressed, and niches can
quickly occupiedHaas & Défago, 2005; Miller et al., 20073imilarly, iron is micronutrient

that is necessary for almost all living things but it is mostly found in soils in an oxidised
ferric form (Fé*), which reduces its bioavailabilitfLi et al., 2023) To overcome this
limitation, many soil and rhizosphere bacteria produce siderophdthese area low

molecularweight compound with a high affinity for ferric ir¢gMiethke & Marahiel, 2007)
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Several bacterial species also produce hydrogen cyanide (HCN) which is an antagonistic
metabolite that suppresses soilborne pathogens. HCN may additionally promote phosphat
availability by chelating iron and preventing ilphosphate precipitatioriRijavec &
Lapanje, 2016)P. fluorescensan also produce natural products that have nematocidal
effects on planparasitic nematodgfahanandeh et al., 2024; Siddiqui & Shaukat, 2003)
Moreover, they can producadole3-acetic acid(IAA) which is the main auxin that
naturally occur in plants as a key regulator of plant growth and developwieatward &

Bartel, 2005)It is estimated that more than 80% of the bacteria isofededthe rhizosphere
possess the ability to synthesise If2atten & Glick, 1996)In addition, PGPR can reduce
disease pressures by producing antifungal proteases to eliRirsianiandFusariumspp.
(Nanadakumar et al., 2002; Yen et al., 2006)

Understanding hovirhizobiumpopulations change over time is important because
these bacteria support plant growth through their ability to fix atmospheric nitrogen
(Oldroyd, 2013) Both speciegevel and strairflevel differences can alter how well nodules
form and how efficiently nitrogen is fixed. Furthermore, studies have shown that it is not
just the number of microbes present that matters, but whether they are metabolivaly act
(Harris et al., 2025)Active strains with beneficial metabolic traits are the ones most likely
to colonise roots successfully and contribute to effective symbiosis. Overall, eéhgitiat
dynamics oPseudomonaandRhizobiumare crucialto understand rhizosphere recruitment

under close rotation.

In the previous chapter, the overall structure of the bacterial community was
characteriseddowever, speciekevel identification and phenotypic characterisation remain
necessary for a deeper understanding of microbiome change, as phenotypic characterisatic
reveals the functional traits that determine how microorganisms interact with plahts, soi
and each othetn addition, the correlation between each phenotype will reveal what drives
the selection of bacteria in certain harvests. Here, | aim to uaddrspecifically how
PseudomonaandRhizobiumpopulations change, and the functional characteristics that are

selected by the plant at an individual level.
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4.2 Objectives

1. Determination ofPseudomonaand Rhizobiumpopulations to observieumber
of species seleet during close rotation.

2. Characterisation of the phenotypic traits of soil bacterial isolafsaydomonas
spp. andRhizobiumspp., under close rotation.

3. ldentification of differences in the phenotypic profilesPseudomonaspp.and

Rhizobiunmspp. strains between harvests.

4.3 Results

4.3.1 Isolation ofPseudomonaspp. and Rhizobiumspp. from each harvest

Rhizosphere samples were collected from each harvdd$l (Bants) to investigate
differences in soil community composition across each close rotation harvest. To capture a:
much diversity as possible, these samples were cultured on 10% tryptone soyS#gar (

Figure 4.1 shows the general culturable bacterial population from each harvest.

Pseudomonaspp. andRhizobiunmspp. were selectively isolated as representative of
key stone taxa in rhizosphere communRgeudomonawas isolated on Cetrimiefeicidin-
cephalosporin (CFC) agar aRhizobiumwas isolated ofRhizobiumsemiselective media
(Figure 4.2). Collectively, 192 bacterial isolates were randomly picked per harvest. Isolates

from different plants were combined to form a single representative sample for each harvest

63



Figure 4.1 Soil bacteria from each harvest after close rotationBacteria were isolated on
Tryptone Soy Agar (TSA) plate. Plates show preharvest isolates (top hghgrtest
isolates (top left), ® harvest isolates (bottom right) and Barvest isolates (bottom left).

Figure 4.2 Soil isolates on selective agarA) Morphology of CFC agar isolate8)

Morphology ofRhizobiunselective agar isolates.
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4.3.2 Phenotypic characterisation

To comprehend how different bacterial populations selected by plants throughout
close rotation, higithroughput phenotypic screening was conducted. A total of 2,304 CFC
agar isolates, and 1,132hizobiumselective agar isolates were examined. These bacteria
were randomly picked across four harvests of three independent close rotation experiments
Isolates from each harvest were tested for biofilm formation, protease production, hydrogen
cyanide productionmotility, and siderophore production. An ordinal scoring system was
used for each phenotypic trait where 0 means absence of the phenotype and 1 means preser

of phenotype (Material and methods section (Figure 2.5)).

4.3.2.1Phenotypes ofCFC agar isolated bacteria

4.3.2.1.1 Production of exopolysaccharides measured by Congo Red binding.

Congo Red binding (CRB) was used to detect the presence of an extracellular matrix
and biofilm productior{Ma et al., 2006)Figures 4.3B shosthat isolates from the first and
second close rotations experiments, there was a steady increase in CRB across all harves
These patterns suggest that relative to the start of close rotation, repeated planting selecte
for a higher proportion of biofilaproducing isolates. However, this increased trend showed
a peak of exopolysaccharide producing isolates in #hha2vest of the second experiment
followed by a significant drop in the%harvest. Nonetheless, this result suggesisah

ability to produce biofilm wasot consistently selected for during close rotation.
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Figure 4.3 Congo Red binding of CFC agar isolated bacteriaA) representative image of

CRB assay on KB agar. B) Percentage of CRB isolalm®ss three independent
experimentsData points are presented as coloured symbols categorised by independen
experimentfirst experiment (red), second experiment (green) and third experiment (yellow).
The error bars represent the standard devidtoneach harvest, 192 isolates were screened.
Data is reported as the proportion of isolates @6dup differences were evaluated using

mixed-effects model analysis with Tukegultiple comparisons.

4.3.2.1.2 Protease Activity

Agar plates supplemented with milk powder were used to assess extracellular
protease production. As milk agar contains casein, the major milk protein, active strains
produce a clear zone (halo) around the colony resulting from casein degradation (Figure
44A). The present of the halo serves as a measure of proteolytic a@mitlyert & Krieg,

1994) The first and second experiments showed a fluctuating pattern (Fig@e wWhilst
this pattern was absent in the third experiment where less than 50% of population were abl

to produce proteasehis result revealedo consistent trend in protease activity.
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Figure 4.4 Protease activity of CFC agar isolated bacteriaA) representative image of
protease production on milk agar. B) Percentage of protease producing isotatssthree
independent experimentBata points are presented as coloured symbols categorised by
independent experimenfirst experiment (red), second experiment (green) and third
experiment (yellow). The error bars represent the standard deviatioeach harvest, 192
isolates were screened. Data is reported as the proportion of isolat€& ¢uy).differences

were evaluated using mixedeffects model analysis with Tukey multiple comparisons.

4.3.2.1.3 Motility

Low percentage agar plates (0.5% agar) were used to observed surface migration o
bacteria to identify the population of motile bacteria in each hafi&gire 4.5A) The first
experiment showed a massive drop after plantimge thethird experimentshoweda
minimal drop(Figure 4.5B) The 2" and 39 harvestsf the three experimentonsistently
included motile bacteria, constituting over 60% of plogulation However, there was no
significant increase in any harvest. Thtlss suggests that motility was not selectively

favoured in the closeotation rhizosphere.
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Figure 4.5 Motility of CFC agar isolated bacteria. A) representative image of motility
assay on soft agar. B) Percentage of motile isoltesss three independent experiments
Data points are presented as coloured symbols categorised by independent exgiesiment,
experiment (red), second experiment (green) and third experiment (yellow). The error bars
represent the standard deviatidfor each harvest, 192 isolates were screened. Data is
reported as the proportion of isolates (@)oup differences were evaluated usanguixed

effects model analysis with Tukey multiple comparisons.

4.3.2.1.4Hydrogen cyanide (HCN) production

HCN-producing populations were identified using the Feigl and Anger colorimetric
assay, a method that relies on detecting volatile HCN released during bacterial(§eigith
& Anger, 1966) Overall, the population of HCN producers remained below 60%. While
some fluctuations were observed in earlier harvests, a stable low proportion of HCN
producers was maintained in t8 and 3 harvestgFigure 4.8). This data suggests that

the production of HCN was not essential or selected withipelaehizosphere.
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Figure 4.6 Hydrogen Cyanide production of CFC agar isolated bacteria.A)
representative image of HCN production assay using4Agiger solution. B) Percentage of
HCN producing isolateacross three independent experimeDtta points are presented as
coloured symbols categorised by independent experirfisstitexperiment (red), second
experiment (green) and third experiment (yellow). The error bars represent the standarc
deviation.For each harvest, 192 isolates were screened. Data is reported as the proportiol
of isolates (%)Group differences were evaluated usingiixed-effects model analysis with
Tukey multiple comparisons.

4.3.2.1.5Siderophore production

The fluorescence of bacterial colonies under UV illumination can suggest
siderophore release because siderophores emit fluorescent light upon excitation with UV
light (Meyer et al., 2002)The starting population in preharvest showed a huge variation
with 10% of siderophorproducing isolates in the first experiment and close to 100% in the
second experiment (Figure 8)/ In addition later harvests did not show a consistent pattern

of selection. Thus, this trait might not be selectively advantageous after repeated close
rotation with pea plants.
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Figure 4.7 Siderophore production of CFC agar isolated bacteria A) representative
image of siderophore assay on KB media. B) Percentage of siderophore producing isolate:
across three independent experimemisata points are presented as coloured symbols
categorised by independent experiméinst experiment (red), second experiment (green)
and third experiment (yellow). The error bars represent the standard deviatioeach
harvest, 192 isolates were screened. Batgported as the proportion of isolates (G@oup

differences were evaluated usiigmixedeffects model analysis with Tukey multiple
comparisons.

4.3.2.1.6 Fungus suppression

In the soil,Pseudomonabacteria produce a number of natural products including
antifungals(Mehrabi et al., 2016)usariumspecies are selected as a representative of the
most common fungi in the pea root rot complex. Bacteria isolated using CFC agar were
evaluated for potential antifungal activity agaiRssolanion PDA agar plates as shown in
Figure 4.8A. The result showed that the number of isolates which exhibited the fungal
inhibition was less than 30% in all three independent experimg@titgire 4.8B)

Additionally, there was no significant difference in antifungal activity between all harvests
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across all close rotation experiments. Thus, this suggests that close rotation did not enhanc
the recruitment of bacteria with antifungal properties.
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Figure 4.8 Fungal inhibition of CFC agar isolated bacteria A) representative image of

F. solaniinhibition assay on PDA agar. Bercenof isolates with antifungal activitgcross
three independent experimen¥ata points are presented as coloured symbols categorised
by independent experimerfirst experiment (red), second experiment (green) and third
experiment (yellow)The error bars represent the standard deviakoneach harvest, 24
isolates were screened. Data is reported as the proportion of isolat€& ¢uy).differences

were evaluated using mixedeffects model analysis with Tukey multiple comparisons.

4.3.2.1.7 Phenotypic profile of CFC agar isolates.

Radar charts were constructed to visualise how the general profile of bacterial traits
changes across the close rotation experiment with respective to CFC agar isolates. Tral
values were normalised to d10scale using mirmax normalisation. Radar chamsere
constructed that compiled CRB, protease activity, motdihd HCN across the three

harvests within each experiment (Figure 4.9). The result indicated that the three independer
biological experiments demonstrated variatiofunctionalprofiles.
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In Figure 4.9A, the first experiment, preharvest (brown) and theaBvest (pink)
showed similar profiles, driven by protease and CRB and motility. THeadvest (blue)
showed high levels of siderophore production, while motility and CRB binding were the
most selected traits in théd%harvest (green). In the second experiment (Figure 4.9B), the
preharvest, $and 39 were defined by high siderophore production. The most diverse profile
group was % harvest, where CRB, motility and protease were safie¢n Figure 4.9C, the
third experiment, all the harvests displayed similar profiles, where bacteria generally showed
high siderophore production and motility. In addition, the preharvest samples showed the

strongest CRB phenotypes.

Overall, the first and second experiments demonstrated distinct, hassesiated
phenotypic patterns, while the third experiment showed relatively little haspestfic
phenotypic selection. These findings highlight that the trend that bifdiiming
predominated before cultivation. In contrast, isolates obtained from subsequent harvests
showed increased phenotypic heterogeneity. To investigate how the phenotypic traits
influenced bacterial selection across harvests under close rotation, a prioapanent
analysis (PCA) was performed using same data from the three close rotation experiment:
based on five trait@igure 4.10)The biplot revealed that PC1 and PC2 explain 34.9% and
22.9% of the total variance, respectively. Siderophore production and CB were the primary
drivers of variance along PC1, while motility and HCN production influenced the
distribution along PC2. Despithe different sampling times, isolates from preharve$t, 1
2nd and ¥ harvests showed substantial overlap. This sugdesiat the functional profile
of CFC agar isolates community remains largely consistent throughout the close rotation.
The results suggest that while the isolates are phenotypically diverse (forming distinct
functional 'islands’), this diversity is maintained across all sampling time points rather than

being driven by the harvest stage itself.
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Figure 49 Radar chart of CFC agar isolates phenotype characteristidd) Isolates from
the first experiment B) Isolates frorthe secondexperiment C) Isolates frorthe third
experiment. Phenotypic traits for Congo Red (CR) binding, protease, motility, HCN, and
siderophore. Colour indicates the harvest stage: preharvest (brémgrvest (blue), @

harvest (green), and®harvest (pink).
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Figure 4.10 Principal component analysis of CFC agar isolates phenotypic traitfCA
biplot shows the distribution of strains based on their phenotypic traits for Congo Red (CR)
binding, protease, motility, HCN, and siderophore production. Each dot represents one
strain, and the colour indicates the harvest stage: preharvest (brévmayyvést (blue), ®
harvest (greenand 3¢ harvest (pink)Shapes representing the isolates from the fiestond
and third experimen#rrows point in the direction of increasing values for each trait, and

their lengths indicate their influence.

4.3.2.2Phenotypes of theRhizobiumselective agar isolates.

4.3.2.2.1 Production of exopolysaccharides measured by Congo Red binding

(CRB).

In the 15tand 3" experiments, the highest proportion of CRB bacteriacbagrved
in the ®! harvest (Figure 4.H), which suggests that plant cultivation may influence the

colonisation of biofilm formation bacteria. This population consistently decreased in
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subsequent harvests. However, there was no significant difference across harvests in th

second experimenConsidering three experimentsiofilm formation was not a selected
trait in close rotation.
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Figure 4.11Congo Red activity ofRhizobiumselective agar isolatesA) Example of CRB
assay. B) Percentage of CRB isolaeross three independent experimeDtta points are
presented as coloured symbols categorised by independent expefirsemxperiment

(red), second experiment (green) and third experiment (yelldve) error bars represent the
standard deviationfFor each harvest, 96 isolates were screened. Data is reported as the

proportion of isolates (%). Group differences were evaluated asmixedeffects model
analysis with Tukey multiple comparisons.
4.3.2.2.2 Protease activity

In first and second experiments, less than 5% of population had protease activity, a
trait that exhibited no significant difference between harvests (FigurB} Ihxontrast, the

third experiment showed that up to 50% of the population could harbour the protease
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activity. This indicated that protease was not crucialRbizobiumin pea rhizosphere as

there is no pattern of recruitment.
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Figure 4.12 Protease activity ofRhizobiumselective agar isolate8) representative image

of Protease activity assay. B) Percentage of protease producing isatatss three
independent experimentBata points are presented as coloured symbols categorised by
independent experimenfijrst experiment (red), second experiment (green) and third
experiment (yellow)The error bars represent the standard deviakoneach harvest, 96
isolates were screened. Data is reported as the proportion of isolat& ¢ .differences

were evaluated usirg mixedeffects model analysis with Tukey multiple comparisons.

4.3.2.2.3 Motility

Motility is a key trait that enables bacteria to move actively toward the rhizosphere
during initial colonisation (Santoyo et al., 2021). However, three independent experiments
showed that motility traits did not follow a consistent trend across hartegisg 4.18).

While the motile population increased in th& RAarvest during the first and second

experiments, the third experiment maintained a motile population of more than 50%
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throughout the closed rotation. This indicates that motility traits might not be essential for
colonisation under closemtation conditions.
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Figure 4.13 Motility of Rhizobiumselective agar isolate®\) Example of motility assay.

B) Percentage of motile isolategross three independent experimeitata points are
presented as coloured symbols categorised by independent expefirsemxperiment

(red), second experiment (green) and third experiment (yelldve) error bars represent the
standard deviationfFor each harvest, 96 isolates were screened. Data is reported as the
proportion of isolates (%)sroup differences were evaluated usangiixedeffects model

analysis with Tukey multiple comparisons.

4.3.2.2.4 |1AA production

Rhizosphereassociated microorganisms, especially bacteria, exploit tryptophan
released in plant root exudates as a primary precursor for IAA biosyn{resig et al.,
2024) Accordingly, tryptophana n d S a | réagentwsak added to the culture media in
this assay. The pink colour shown in@éll plates then indicated the production of IAA by
the soil isolates (Figure 4.14An pre, 1stand 29 experiment, similar proportions of I1AA
producing isolates were observed across all harvests (Figure 4.14B). In contra&, the 3
harvest contained a significantly higher proportion of pdsitive isolates, indicating that

the 1AA production trait was selected at later stages of close rotation.
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Figure 4.141AA production of Rhizobiumselective agar isolates) representative image
of IAA production assay using Salkowéke r eB) @Bssndf IAA producing isolates
across three independent experimemtslividual points represent individual bactéria
isolatesand presented as coloured symbols categoriseittdtyexperiment (red), second
experiment (green) and third experiment (yelloWhe error bars represent the standard
deviation. For each harvestinety-six isolates were screene@roup differences were
evaluated using a mixeeffects model analysis with Tukey multiple comparisarsups

not sharing a letter differ significantly (p < 0.05).

4.3.2.2.5 Phenotypic profile oRhizobiumselective agar isolates

Radar charts were constructed to visualise how the general profile of bacterial traits
changes across the close rotation experiment with respectRRizobiumselective agar
isolates. Trait values were normalised toi & 8cale using mimmax normalisation. Radar
charts were constructed that compiled CRB, protease activity, motility, and IAA production

across the close rotation experiments (Figure 4.15).

In the first experiment (Figure 4.15A), the preharvest an®thiearvest showed a
similar phenotype profile, which contained a moderate population of CRB and IAA
production. Thesecondexperiment (Figure 4.15B) showed that these two phenotypes were
strongly selected by close rotation. An overall similar profile was observed ithitde
experiment(Figure 4.15C) but this one the IAA production was strongly selected in the
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Rhizobiumpopulation in every harvesBCA was performed using data from three close
rotation experiments as well (Figure @.1The PCA biplot explains 57.8% of the total
phenotypic variance (PC1: 34.9%; PC2: 22.9%)ey showed that there was no distinct
cluster by harvest which indicated the rsmiected phenotype phenomen@verall, the
results indicated th&hizobiumalso showed no evidence of a strong selective phenotype, at

least regarding the phenotypes that were tested.

Taken together, isolates recovered from CFC agarRimdobiursselective agar
exhibited variable phenotypic selection across independent experiments. Among CFC aga
isolates, none of the tested phenotypes showed consistent enrichment at any specific harve
during close rotation. In contrag®hizobiumisolates displayed a clear harvedspendent
pattern, with IAAproducing isolates becoming increasingly enriched across harvests and

reaching significantly higher abundance in tHeharvest.

79



CRbinding

A) CRbinding B) 1.0

1A tease A2 tease

Motility Motility

CRbinding
C) Preharvest
IstHarvest
2ndHarvest
3rdHarvest

Motility

Figure 4.15 Radar chart of Rhizobiumselective agar isolates phenotype characteristic.
A) Isolates fromthe firstexperiment. B) Isolates frotme seconaxperiment. C) Isolates
from the third experiment. Axes are the four assays (CRB, PA, MO, IAA), scaléd 0
Colour indicates the harvest stage: preharvest (brown), 1st harvest (lhajy2st (green),

and 39 harvest (pink).
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Figure 4.16 Principal component analysis ofRhizobium spp. phenotype traits.PCA

biplot shows the distribution of strains based on their phenotypic traits for Congo Red (CR)
binding, protease, motility, and IAA production. Each dot represents one strain, and the
colour indicates the harvest stage: preharvest (browmarzest (blue), ® harvest (green

and 39 harvest (pink).Shapes representing the isolates from the, fimtond and third
experimentArrows point in the direction of increasing values for each trait, and their lengths

indicate their influence.

4.3.3Rhizosphere isolates genotyping.

The taxonomic identity of the soil isolates from selective agas determined to
observe how different species were selected over the course of the close rotation experimen
The phylogenetic tree was constructed by computing on an estimate divergence using th
partial rpoB housekeeping gensequence. The phylogenetic trees were constructed to
overview the genus selection across different biological experiments. The analysis focusec

on two close rotation scenarios: the first experiment and the third ievguer The
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underlying reason for this selection was to compare one experiment that showed the greate:
distinction among groups (the firskperiment) with others that demonstrated consistent
plant health, in terms of height and weight (the second and third experiment). Thus, the first

and third experiment were chosen iivestigation.

For each harvest, 24 random isolates were selected for a total of 96 samples. Partia
rpoB sequences were obtained for each following colony PCR, then used to construct a
phylogenetic tree. Additionally, 10 parti@loB sequences from other bacteria were included
as a reference in the phylogenetic trébe reference groups were selected from genera
previously reported to be isolated using CFC agar. Additionally, an outgroup sequence was
included that is clearly distinct from the other taRhenotypic redts for each isolate were

included on the phylogenetic tree to visualise the dynamics of the phenotype selection.

FromrpoB genotyping, | observed that the CFC agar isolated bacteria were in fact a
combination ofPseudomonaserratiaandStenotrophomonaghus, this group of bacteria
were then assigned as ACFC agar i sol at e
Nevertheless, most bacterisolate on the Rhizobiumselective agar were identified as

Rhizobium Thus, i sol aRhiecbiunw@mpe dassi gned

The phylogenetic tree in Figure 4.1lustrated the genus selection in each harvest
of close rotation. The reference strains are in white, preharvest isolates in b¥danyeist
isolates in blue, ® harvest in green and®harvest in pink. In the first experiment (Figure
4.17A), preharvest isolates were closely grouped and predominantly classified within the
genusPseudomonad\fter 1Stharvest, pea recruited bacteria from $®eeratiagenus. During
the 29 harvest, the recruited population was agaseudomonasEventually, in the 3
harvest, the pea selection switched back t&#reatiagroup. These selection patterns were
mostly recapitulated in the third experiment (FigureB)1Initially, Pseudomonawas also
dominated in the preharvest population. Then the pea selection was observed sin the 1
harvest, where thB8erratiaandStenotrophomondsecame dominant in the sample set. After
that, 29 harvest showed Bseudomonagecruitment again and stayed dominanthe 3¢
harvest community. Comhing the phylogenetic tree with phenotypic data from tfe 1
harvest reveals a distinct grouping of multiple traits onSbeatiagroup. This suggested
that theSerratiaselected on CFC agar and their closely related species often share similar

characteristics.
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Overall, this experiment showed that even thotgleudomonasvas the starting
dominance group, close rotation can affect the rhizosphere recruiting for different bacteria
group. However, correlation analysis was calculaleableS.1), and there was no obvious
phenotype that showed a consistent correlation in both independent experiments. This
suggests that close rotation affects mostly genotype selection but does not show stron

selected for the phenotypes | tested.

83



Tree scale: 1 » - J
LN

] [ ] Colored ranges
ot e * . - Preharvest
e ° I:l 1stharvest

"
gl .
5,; o o .anharvesl
zﬂ_:llll,g" .. B 3dharvest

-y .

L
& L]
FE7

Tree scale: 1 F———i

$°°
i!l““\
. ®
o'.

l"’l"ugnl

7
o, |

Figure 4.17 rpoB phylogenetics tree of soil CFC agar isolates from close rotation experimensolated fronthe first experimen (Left) and
isolated fromthethird experimen{Right). Colour represents different harvest: preharvest (broiatvest (blue), ® harvest (green), and’3
harvest (pink)Phylogenetic tree is informatively presented by combining the results from phenotype characteristics including Congm&ed bind
(red dot), Siderophore (blue), HCN (purple) production, protease (yellow) and motility (green).
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Rhizobiumisolates from each harvest in close rotation of the third experiment were
randomly selected. For each harvest, 10 random isolates were selected for a total of 4
samplespoB sequencing. Phylogenetic trees illustrate that the preharvest population was
diverse with botiPseudomonaandRhizobiunpresent (Figure 48). The population in the
15t harvest showed strong recruitment of a relatively defiRb@zobiumgenotype. Little
subsequent refinement was observed between harvests since the isolates of diverse harve
were mixed. In addition, no biofilm formation was observed in any isolates, but I1AA
production was a common trait within this population. Cormehatnalysis Table S.2)
showed a positive correlation between protease activity and"tHeaest. Overall, this
experiment showed that genotype selectiofRimzobiumoccurs only aftethe first pea

planting, with little additional change during close rotation.
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Figure 4.18 rpoB phylogenetic of Rhizobium spp. from rhizosphere ofthe 3 close
rotation experiment. Populations oRhizobiunspp. were isolated and genotyped. Colours
represent preharvest (brownyt Harvest (blue), @ harvest (green), and%harvest (pink)
samples.The phylogenetic tree is presented by combining the results from phenotype
characteristics including CR binding (red dot), IAA production (pink), Protease (yellow) and

motility (green).
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4.3 Discussion

This chapter expands upon the previous one, in whobtisérvedhat the rhizosphere
microbiomeshifts suggest microbial changes associated witbltise rotationNonetheless,
they do not demonstrate a definitive or consistent effect specific to pea rotation across all
experiments.To understand the selection of microbial populations at the strain level, in this

chapter a culturelependent approach was used for bacterial genotyping and phenotyping.

Firstly, Pseudomonasind Rhizobiumbacteria were selectively isolated from the
rhizosphere, assessed with several phenotypic assays and genetically characterised. Ti
genotyping of the bacterial isolates was performed usingptii@gene rpoB evolves faster
than 16S rRNA, it discriminates among closely related isolates and resolves species/subclad
structure within genera, which 16S rRNA often leaves unresdi@eiker et al., 2019)I
conducted this genotyping in two biological experiments of close rotation, specifically the
first and third experiments. Although, CFC agar is designed to recover presumptive
Pseudomona@Merck, 2019) as this method simply selects any microbes that are resistant
to cetrimide, cephalothin and fucidithe isolation procedure using selective agar did not
eliminate all other soil bacteria. For this reason, half of isolates from the first experiment
were identified aSerratia This might also suggest that the underlying bacterial community
of soil fromfirst experiment was already enriched in resistatratia Alternatively, the
Pseudomonapopulation in this experiment may have been relatively less culturable than
those observed in previous soil microbial isolation experiments (Pacheco Moreno et al. 2021
2024).

Phylogenetic analyses showed the dynamic recruitment of different genera during
each harvest in close rotatioWhile some harvesissociated clustering was observed, the
lack of consistency across trials suggests that these shifts do not represent a strong initiz
selection or a clear directional recruitment of specific ta¥@h soil samples collected
across various times of the year, preharvest of different experiment soil was expected tc
display a high phenotypic diversitiiCN is a volatile compoundat acts as a virulence
factor to suppress other bactgfgehrawat et al., 2022; Zdor, 2018% presence was found
at a low percentage across the close rotalibase results are consistent with the statistically
non-significant inhibition ofF. solaniobserved across harvests. Although the two measured

pathogersuppressive traits remained stable during the rotation, no disease symptoms were
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observed in the plants. This suggests that the observed soil suppressiveness is not limited
these specific traits. Instead, plant health may be maintained by other microbial groups ot

alternative mechanisms that were not captured in these specifis.assay

For Rhizobium phenotypic assay demonstrated that the bacterial communities in the
preharvest andhe 39 harvests were predominantly enriched with isolatepable of
producinglAA . This plantbeneficial trait is known to enhance root development and
suggest a potential growfiromoting role during these staggebrazi et al., 2020)n the
39 harvest IAA production was significantly higher than other harvests. This suggests that
the population with pea growth promoting traits was enriched after close rotation. It is
possible that producing a beneficial trait for their host may secure their habittcogical
niche. Similarly,a study involvingP. protegenswhich is initially antagonistic towarA.
thaliana found that within six plant growth cycles they aivelop bacterial phenotypes
that promote plant growtfLi et al., 2021)

This chapter suggests that close rotation may influence genotype selection in CFC
agar isolates Hseudomonaspp., Serratia spp., andStenotrophomonaspp.) and the
selection of plant growtpromoting traits, such as IAA production Rhizobiumspp.
However, these observations remain tentative, as no comparisons were made with other plat
species or with a sednly control, making it difficult to attribute the effects specifically to
pea rotation.The phenotypic selection patterns for other traits varegedding on the
biological experiment. Thus, this result might suggest that close rotation does not affect
phenotypic recruitment, at least for the phenotypes tested here. The next chapter focuses ¢
a plant experiment designed to assess the influencecobbial community from close
rotation on pea growth and health, and how this community responds to, and protects plant:

from fungal infection.
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Chapter 5 Interactions Between Rhizosphere Bacterial and Fungal Inoculants Affecting

Pea Plant Development

5.1. Introduction

Crop production is influenced by the composition of the rhizosphere community,
which is determined by rotation diversity and the identity of the previous crop (Benitez et
al., 2021). For example, the selective pressure provided by the wheat variety igrinen i
first year affects both theverall abundancef Pseudomonaspp. in the soil and the
structure of thePseudomonasetagenome. This leads to variations in the abundance of
individual genotypes within the populatigiMauchline et al., 2015)In legumes, the
interplay between host genotype and the microbiome is especially related to fungal pathogeit
resistance. Common bean cultivars that are resistant to the fungal root pathogen
oxysporumwere found to harbour a distinct microbiota compared to susceptible cultivars
(Mendes et al., 2018pPlant genetics and the rem¢sociated microbiome both affect peas'
resistance to root rot. Microbial data can predict the disease outcomes more accurately tha
plant genotype alone, and some microbes in the pea rhizosphere were linked to eithe
resistage or susceptibilitfGfeller et al., 2025)However, the understanding of bacterial

and fungal communities under close rotations and pea productivity remains understudied.

To study these complex microbial interactions, researchers employ both natural
microbial communities (NatComs) and synthetic communities (SynC@hnsjanhi et al.,
2018; Herrera Paredes et al., 2018proad collection of microorganisms, obtained directly
from natural settings such as soil or plant roots, constitutes Nat(BengtssorPalme,
2020) NatComs are used as a "tdpwn" approach to elucidate how plants interact with
both beneficial and harmful microbes that they encounter with in ngMesvarda et al.,
2020; Usero et al., 2021fror example, NatComs can be obtained by washing soil samples
and propagating the raw microbial assemblage, thereby maintaining ecological complexity
in experimental systenfsL au g e vi | . Eotrepliadte.the stradue 2nd function of
microbiome, researchers use SynComs. Researchers construct SynCormsulyricog
various taxa under wetlefined conditiongY. Bai et al., 2015; Bodenhausen et al., 2014)
While NatComs are more complex and resilient, allowing for studies that more accurately

reflect natural dynamics, SynComs offer higher reproducibility because of their limited
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microbial community complexityGroRkopf & Soyer, 2014; Mehlferber et al., 20Z2Bese
complementary approaches are increasingly informing techniques for crop managemen
based on the microbiome. It is crucial to keep in mind that microorganisms find it difficult
to colonise new soils and exhibit their functional abilities in diffemrvironments, unlike
native microorganisms which are typically well suited to establish themselves in their
original soils and maintain kdynctions(Calderon et al., 2016; Harris Jennifer et al., 2025;
Wippel et al., 2021)A recent study showed that native (local) microbiomes performed better
by thriving in their original soils and promoting positive planicrobe interactions. Their
robust colonisationneutral assembland growth-promotion capabilities highlight their

value for developing nexgeneration bioinoculants tailored to local s@dkou et al., 2024)

Pseudomonassynthetic communitiehave beenstudied in several crops. For
example,Pseudomonasvas identified as a key PGPR candidate when Zhugngl
examined garlic rhizosphere microbiome succession across growth stages and soil type:
They validated a s#strain SynCom that enhanced radish seedling gr@dribang et al.,

2021) Dobrzy GEs ki et al . showed that wheat
improved using bacterial consortium, combinPgeudomonasp. G31 and\zotobactesp.
PBC2, while creating little disturbance to the local bacterial ecofo@yo br z y Es k i
2025) In addition, in barley, cultivars typically perform better when exposed to
PseudomonaSynComs and soil washes taken from the same cu(fRasheceMoreno et

al., 2024)

Microbial inoculation has been extensively assessed across manydsopsdrade
et al., 2019; Rani et al., 2021; Snak et al., 20B¥peas, inoculation with single strains or
consortia ofAzotobacter chroococcuandBacillus megateriunmproved phenotypic traits
including plant height, root length, and yield compongiMahmoud et al., 2023)In
addition,B. simplexnoculation enhanced protein levels in pea plants exposed to lead (Pb)
stress due to their efficient phosphate solubilisation, siderophore production, and {ead bio
sorption abilities (Chamekh et al.,, 2022)Recent research identifieBacillus and
Pseudomonass highly effective biocontrol agents against pea downy mildew. Foliar
application of either bacterium reducBdronospora viciae f. sp. pisporulation by 86
98%, while soil drenching with bacterial broths achieved up to ~90% pathogen suppression
Moreover, the dual application of both microbes produced a synergistic effect. They
provided an additional 247% reduction in disease severity qmared with single

inoculations(Okechukwu et al., 2025)'hese findings highlight the promise of microbial
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inoculation strategies for disease biocontrol. Taken together, SynComs and NatComs

represent promising approaches for studying the effects of microbial communities.

| aimed to investigate the close rotation effects on bacterial commuaitigea
plants health by measuring height, shoot weight, root weight and nodule numiney

SynComs and NatComs from different harvests of close rotation.

5.2 Objectives

1. Investigate the effects of close rotation on synthetic CFC agar is&htesbium
community inoculations for pea plant heglieight, shoot weight, root weighgot
shoot raticand nodule number)

2. Examine the effects of close rotation on natural microbial community inoculations
for pea plant healtfheight, shoot weight, root weighgotshoot ratioand nodule
number).

3. Explore the effects of close rotation on natural microbial community inoculations in
suppressing pathogenic fungi on pea p(aeight, shoot weight, root weighot-
shoot raticand nodule number).

5.3Results

5.3.1 Effect of close rotatiorCFC agar isolatesand RhizobiumSynCom on pea
health.

CFC agar isolates an@hizobiumisolates were obtained by randomly selecting
isolates from soils collected at different harvests under pea close rotation. They were
characterised both phenotypically and genotypically throygbB gene analysis, as
previously described in Chapter 4. To investigate the impact of close rotation on these
bacterial communities in supporting pea health, SynComs were established using isolate:
from CFC agar First, each isolate was cultured individually. To form the SynCom, 96
isolates of CFC agar isolates, aRthizobiumstrains were combined. This inoculum was

applied to sterile vermiculite, into which surfesterilised, germinated pea seeds were sown.
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After 28 days of growth, plant performance was evaluated by measuring root and shoot

biomass, nodule formation, and plant height (Figure 5.1).

The SynConexperiment was conducted in three biological replicates, and the data
is shown in different colours. Root weight varied significantly across treatments. Compared
to the control, preharvest, antl Harvest, roots from the’2and 3¢ harvest treatments were
significantly heavier (Figure 5.1A). In contrast, shoot weight showed no statistically
significant differences among treatments (Figure 5.1B). The second biological replicate
(green data points on Figure 5.1B) exhibidower shoot weight compared tleeother two
biological replicates. This effect may have occurred due to an additional unknown stress ol
technical difference during this replicate thaweredthe shoot weight. According to the
variability in the second biological replicate root weight, a distinct higheftosshoot ratio
was observed (Figure 5.1C). However, when considering only the first and third replicates,
shoot biomass remained stabiile roots responded strongly to treatments from fie 2
and 3. This trend may reflect anuestment in root biomass relative to shoots during later
harvest close rotation. Plant height showed no significant differences across treatments witt
all groups (Figure 5.1D). However, nodules were only observed in the first replicate, and
there was no ghificant difference between treatment groups (Figure 5.1E). This result
demonstrates that CFC agar isolatgscluding Pseudomonas Serratia and
StenotrophomonasindRhizobiuntlose rotation significantly increased root biomass in pea
plants, while shodbiomass and plant height remained unchanged. The results suggest that
microbial effects, particularly with additional rotation, can enhance bglownd growth

rather than abovground traits.

93



Z
C)
N’

ns
2.5- A A 3
= =
s 204 B B B A \ =)
‘D H Ko 2
= | ol d e\ B |
b~ 0 fo—d L S - 1
g 1.5+ : s el B . o . . s
- “ - o] o B b 4 ve . L 2
2 232 el Lt s g 1 R K sl LY YWl
,z 1.0 (e--og) ¢$---) ) 4 3 g L $ - B .
- 4 - Y " 2 Y 15 (VAT aely
E .. ] e Y = ) Re? . ¢
. | . ) o '.'. A . 7 ) = eeeeremrmmnini, osoossssased N (R ¥ eossosse
E 0.5 . . o Y §
' Z
0.0 \] T T 1 1 -1 T T T 1 I
X X X X
& & & & & ‘o\ S S S S
& $ $ $ S X R & < X
o ‘» o o > & & R RS R
& & & & ¢ §© & & &
] 3 ) ] N A gl
8)) Harvest k A D) Harvest
ns
| | 4 e
4 AB |
- ; ‘o.i.r B ey :::D 34 |
= o o :
E fad \ ' 2, $ ) 1 $
%J 2- B B AV \ '§ [4 3 To» s '.‘ " B
5 - ; “' gy "-.?f %" :i 1+ --" > "'x'f';'. '-::‘ i g N
> & O : P &
0_.’ ,,,,,,,,,,,,,,,,,,,,,,,,,,, Y A— R A T e A e P P e P AT
T T T T T -1 T T T T T
> X X X Y > X X N
& ° C‘é @é (‘é @z% & ] C‘@ @é éé éé
00 Qd > > > C° Q2 ‘\9 ,&b \&
< & S ‘8‘\ < 3 > S
E) < » A s p N A A
Harvest Harvest
4 -
-
2 ns
€ 3- \ |
= .
) ” ;
2 27 . . A Za\ .) ® Replicate 1
S . e o)
s 14 & 88 & 1 Go ® Replicate 2
g " 4y , ' \ Replicate 3
= .
5
Z
-1 1 | 1 1 1
» X X X X
& & & & &
N & & o &
¢ & & &S
¢ N A
Harvest

Figure 5.1 Effect of SynCom of CFC agar isolates andRhizobiuminoculation on pea
plants. Violin plots comparing pea plant growth traits. The data are normalised to control
(uninoculated) Specifically, individual values were divided by the mean of the control

group, effectively setting the control mean to A)mormalised root weight. B) Normalised
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shoot weight. C) Normalised height. SynComs from close rotation harvests were used for
inoculation, control plants received no inoculum. Each dot represents individual replicate
values (coloured red, green, or yellow for replicate s@tshixed-effects model analysis

was performed with Tukey multiple comparisons. Letters above plots (A, B, C, D) indicate

statistical groupings, with different letters indicating significant differences.

5.3.2Effect of close rotationNatComs inoculation on pea plant health

To examine the impact of natural rhizosphere microbial community from close
rotation on pea health, | conducted an inoculation experiment using NatComs. This study
included two sets of experiments. First is the tray experiment and second is the large po
experiment. NatComs were obtained by extracting whole microbial consortia from soils
collected from different harvests under close rotation. The inocula were applied to sterile
vermiculite in which surfacsterile, germinated pea seeds were sown, allowihg t
establishment of native microbial interactions involving bacteria, fungi, and other root
associated microorganisma.addition,F. solanisuspension was applied to simulate fungal
infection. In the tray experiment, after 28 days, plant growth parameters including root and
shoot biomass, nodulation and plant height were assessed. Figure 5.2 presents overall pe
health under NatCom inoculation three replicate$Vhile representative pea plants and pea

leaves are shown iFgure 5.3 and 5.4.

Figure 5.3 shows representative pea plants after NatCom inoculation. In the no
fungus group, plants displayed healthy growth, characterised by green foliage, compac
shoot architecture, and walkeveloped root systems across all harvest stages. Even when
inoculated with microbes from repeated cultivated soil, plants retained substantial biomass
with minimal signs of senescence, indicating sustained growth potential. In contrast, plants
exposed to fungal treatment exhibited pronounced reductions in oveadth elative to
untreated controls. Overall, these observations indicate that fungal infection adversely
affected plant growth and regeneration capacity, leading to diminished biomass
accumulation and accelerated senescence. In addition, represerghiedeave under

NatCom inoculation are shown kigure 5.4.
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Figure 5.2 Pea plants inoculated with NatComs derived from differensoilsunder close
rotation. Pea plants were grown ithe same condition witldifferent inoculation A)
uninoculated (control)B) preharvestC) 15t harvest D) 2@ harvestE) 39 harvest. Rows 1

through 3 represent the first, second, and third replications, respectively.
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Control Preharvest 1% harvest 2 harvest 3" harvest

+Fungus

Control Preharvest 1%t harvest 2™ harvest 3" harvest

Figure 5.3 Representative pea plants inoculated with NatComs derived from different
soilsunder close rotation.Representative pea plants (froffiréplicate) grown under two
conditions, without fungal treatment (top row) and with fungal treatment (bottom row).
Plants were cultivated in sterile vermiculite and inoculated with NatComs derived from
different close rotation harvests (Contfohinoculated) Preharvest,stharvest, 24 harvest,

and 39 harvest).
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Figure 54 Leaf morphology of pea plants inoculated with NatComsobtained from
different soils under close rotation. Representative pea plants (frofi replicate) were
grown under two conditions, without fungal treatment (left group) and with fungal treatment

(right row).

Inoculation with harvestlierived NatComs had a significant effect on pea growth
traits, both in the absence and presence of fungal communities (Figure 5.5). No significant
differences were detected in the fundree NatCom group; however, root weight was
significantly lower in the plants inoculated with tH€ &nd 3 harvests compared with plants
without NatCom (Figure 5.5A). Shoot weight was significantly greater when the NatCom
from soil harvest was inoculat¢Bigure 5.5B) Specifically, shoot weightvas greater when
plants were inoculated with NatCom from tH& @nd 39 harvestsConsequently, this led to
a reduction in the roeb-shoot ratio (Figure 5.5G¥here the plants without NatCom had a
higher root to shoot ratio compared to plants with NatCom. Plant height was also consistently
greater in inoculated groups, with significant increases intand 39 harvest treatments.

In the fungusinoculated group, control plants were significantly shorter tag"d and 3
harvest inoculated plan(sigure 5.5D) Nodulation responded most strongly (Figure 5.5E),

with inoculated treatments of th& 2" and 39 harvests showing significantly higher nodule
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numbers than the uninoculated cont®milarly, in fungus infection condition, more nodule

number were observed when inoculated with NatCont'o2"t and 39 harvests.

The results suggested that the addition of fungal communities did not abolish these
beneficial effect®f NatCombut might increasglant growth variability. Collectively, these
results show that NatCom inoculati@nhance pea nodulation, height, and biomass
accumulation, with positive effects maintained even under fungal pressure. Results from
SynComs, which were composed primarily of ofdyir genera, showed increased root
biomass over successive rotations (Figure 5.1), but st replicated when sted with

the whole microbial community, whialas consist of mordiverse and complex members.
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Figure 55 Effect of NatComs inoculation on pea plantsViolin plots comparing pea plant
growth traits. The data are normalised to control (uninoculaguBcifically, individual

values were divided by the mean of the control group, effectively setting the control mean

100



to 1.0.A) normalised shoot weight number of nodules B) normalised root weigiatiG of

root to shooD) normalised height Enodule number. N&@oms from close rotatiogoils

were used for inoculation, control plants received no inoculum. Each dot represents
individual replicate values6louredred, green, or yellow for replicate sets)mxed-effects

model analysisvas performed with Tukey multiple comparisons and showed a significant
difference between pea harvests with multiple comparisons. Laklieve plots (A, B, C, D)
indicate statistical groupings, treatments sharing the same letter are not significantly

different, while different letters mean significant differences.

In addition to plant growth traitdungal disease severity was assessed. Disease
symptoms varied among microbial inoculation treatments across different harvests (Figure
5.6). In the absence of fungal infection, plants in both the control and preharvest groups
mostly exhibited low severityscores (D1), indicating minimal disease development.
However, in the ¥ and 29 harvest groups, a marked shift toward higher severity score
(scores B5) was observed. By thé*®arvest, severity remained elevated in some replicates
but showed greater xability, with both moderate and severe scores represented. Under
fungal inoculation, the preharvest treatment was better at suppressing disease compared
1stharvest. Also, the™ and 3% harvest showed more suppression compareé! tmfvest.

These results suggest that the close rotation microbial slightly helped reduce the pathoge
symptoms. However, in thé%3experiment (Figure 5.6C) fungal infection also occurred in
the nefungus treatment group, and therefore the results may be confoundedpbsstrece

of some background pathogen activity.
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Figure 5.6 Fungal disease severity across different NatCom inoculation8ar graphs

show the relative abundance of different disease severity it Adplicate B) 29 replicate
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disease severity index from 1 to 5,=1no visible infection, 2= restricted lesions, 3

expanding lesions, 4 softening roots and 5 substantial rot.
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5.3.3 Effect of close rotation NatCom and fungus inoculation on mature pea

Previous experiments demonstrated that NatCom inoculation influenced several pea
growth traits. Nevertheless, yield remains the principal parameter for evaluating agricultural
success, as it most directly reflects both productivity and sustaingMiggish Lad et al.,

2022) To assess the effects of microbial inoculation on mature pea health, Naw@oens
applied to sterile soil in which surfasgerilised, germinated pea seeds were sown, under
both fungusfree and fungushallenged conditions. After three months, plant growth
parameters and pea seed weight were measured. Representative plantsrane Bligure

5.7, and overall pea health assessments are presented in Figure 5.8.

In the NatCom group without fungal inoculation, plants exhibited relatively healthy
growth across harvests, characterised by green foliage, elongated shoots, and multiple later
branches. Plant health appeared broadly comparable across the differanatéeaoc
conditions. In contrast, plants subjected to fungal treatment showed clear reductions in
overall health, with symptoms becoming more pronounced in later harvests. Plants displayec
symptoms of disease, including chlorosis, tissue necrosis, and dethlzge density.
Growth was stunted in later harvests, with thinner shoots and limited branching compared

with the fungusdfree group.
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Figure 5.7 Pea plant health assessment after three months inoculated with NatCom
from close rotation. Peas were inoculated with harvest derived NatCom from different

harvest in close rotation (first row), and peas inoculated with NatCom and fungus (second
row).

Root weight was not significantly different among treatments, regardless of fungal
inclusion (Figure 5.8A). In contrast, shoot weight responded strongly to inoculation (Figure
5.8 B). In the absence of fungus, inoculation with preharv&s®4and 3 harvest NatComs
significantly increased shoot biomass compared to the control, with the highest values
observed for thesiharvest inoculum. When fungus was included, shoot weight did not differ
significantly between inoculation treatments, although a decreasing trend was observed ir

infected plants. The rodb-shoot ratio remained unaffected by treatment in both fungal and
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nonfungal groups (Figure 5.8C). Similarly, nodule numbers did not differ significantly
between treatments (Fig. 5.8D) No significant differences were observed in plant height
across treatments, with or without fungal presence (Figure 5.8E). Likewidayéigat of

seed per plant remained unchanged by either hatieested inocula (Figure 5.8FAlso,

there was no significance different seed weight Among measured traits, onghoot
biomassresponded significantly to NatCom inoculation, with strongreases in thesti
harvest treatments under funguse conditions. All other traits including root biomass,
nodulation, height, roetb-shoot ratio, and yield, showed no significant differences. This
suggests that close rotation NatCom effects were restricted to sholmtpoeest and were

diminished by fungal canoculation.
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Figure 58 Growth and yield parameters of pea plants under NatCom inoculation.
Violin plots comparing pea plant growth traits. The data are normalised to control
(uninoculated). A) number of nodules B) normalised height C) normalised shoot weight D)

normalised root weight Batio of root/shoot F) weight of total seeds per plat#tComs
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from close rotatiorsoils were used for inoculation, control plants received no inoculum.
Each dot represents an individual plant. A-evey ANOVA was performed with Tukey
multiple comparisons and showed a significant difference between pea harvest with multiple
comparisons. Letts above plots (A, B, C, D, E) indicate statistical groupings, treatments
sharing the same letter are not significantly different, while different letters mean significant

differences and not significant (ns).
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5.3Discussion

Re-inoculating microbial communities taken from close rotation into pea plants
grown in sterile environments serves as a powerful approach to assess the functiona
contribution of the rhizosphere microbiome. This experiment enabled us to directly evaluate
the biological importance of bacterial communities in facilitating plant growth. The
interactions of a SynCom composed of CFC agar isolateRlazdbiunmwith pea plants, as
well as those of NatComs, were evaluated under two scenarios includingeshraytowth

and extended growth until pod harvest.

The results exhibited the increased rtweshoot ratio observed in pea plants
inoculated with the CFC agar isolat®bizobiumSynComs from the™ and 3¢ harvests
(Figure 5.1) This data suggested stresduced biomass reallocation patterns.
Environmental stresses such as drought or nitrogen deficiency frequently result in an
elevated roeto-shoot ratio, thought to be caused by increased carbon allocation to the roots
(Seidel et al., 2024 Crop plants have been shown to maintain or increase theitorsbbot
ratio in response to drought by allocating more resources toward root development to
enhance nutrient uptake potent{#lalra et al., 2024; Kou et al., 202Zyhe SynComs
isolated in Chapter 3 likely contained some plaathogenic strains, such as members of the
SerratiaandStenotrophomonagenera, alongside commensal and beneficial microbes. This

might explain why SynCom inoculations cause some stress to plants.

The NatCom inoculation experiment showed a broader range of positive plant
responses compared to those treated with the SynCom that was made solely o
PseudomonasSerratig StenotrophomonaandRhizobium This increase could be a result
of the boost in functional and taxonomic diversity that exists in NatComs. Then, the effects
on plant growth and development are more extensive than those produced by the smalle
two-four genus SynCom. This is due to tlmmplementary traits, such as stress tolerance,
pathaen inhibition, and nutrient solubilisation, contributed by various sti@unset al.,

2016) Furthermore, NatCom offers versatility that simplified inoculants cannot reproduce.
Thus, the diverse core microbiomes are acknowledged to be crucial to plant health anc
resilience in agroecosystenifoju et al., 2018)Based on my results, inoculated plants
exhibited significantly greater nodulation, height, and biomass (in some treatments) than

uninoculated controls. Rodd-shoot ratios were significantly lower in inoculated plants,
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which reflects a shift in biomass allocation toward shoots. The fungus infection did not
eliminate these impacts, but it made the impacts more variable and changed the resourc
allocation patterns even more. Overall, these results demonstrate thatteibse MatComs
consistently enhance pea growth and nodulation, with robust effects maintained in the
presence of fungal communities. However, no significant differences in these traits were
observed between harvests. The degree of pea disease was doguregasding varying
patterns among tests. In both the first and seogplitates plants inoculated with fungus at

the first harvest exhibited greater disease severity compared with the preharvest group. Thi
might suggest that fungal pathogens can gradually assemble a disedseive microbial

community (Pathobiome) that increasesceptibility to pea root rgHossain et al., 2021)

However, the close rotation effect was not observed in mature pea. The result
indicated that only shoot biomass responded significantly to NatCom inoculation. In
contrast, root biomass, nodulation, plant height,-toghoot ratio, and yield did not chang
significantly between treatments. This pattern showed that the benefits of NatCom were
mostly limited to abowground growth in mature peas. The effect was compromised when
fungal ceinoculation was present. This suggested that fungi were more ablmpziEin
long-period cultivation. However, some plants experienced a severe fungal infection which
hindered attempts to prolong the experiment. Also, time constraints limited this large pot
experiment to a single replicate. Due to a small sample sizeg firetings must be

interpreted cautiously and validated through further experimentation.

Fungal infection slightly increased variability and altered biomass allocation
patterns, this phenomenon happened in both NatCom experiments conducted in pea tray
and large potgFigure 5.5 and 5.8)The observed variation of NatCobenefits in the
presence of fungal emoculation suggests that s@ibrne pathogens can compromise the
effectiveness of beneficial microbial consortia. This interference is likely attributable to
direct competition for root colonisation sites and nutriesources, together with disruption
of induced systemic resistance (ISR) pathways. ISR is a plant defence mechanism triggere
by certain nofpathogenic rhizobacterigvan Loon et al.,, 1998)Competition from
pathogens can reduce PGPR rhizosphere colonisation potential and functional efficacy.

which is critical for their performand&antoyo et al., 2021)

Taken together, findings in this chapter highlight that close rotation shapes microbial

community to enhance pea health. The simplified CFC agar isditez®biumSynCom

109



demonstrated a shift to root biomass. NatCom inoculations exhibited broader and more
consistent enhancements in growth traits, particularly nodulation, height, and shoot biomass
The coinoculation of fungus and microbes showed that close rotation midéctt se

suppressive bacteria that can then reduce pea disease severity.
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Chapter 6 General Discussion

6.1 Introduction

Food insecurity is still an issue around the world today. Millions of people still lack
dependable access to adequate healthy (damtld Food, 2025)Sustainable agriculture is
a positive way to move forwaigHiywotu, 2025)as it focuses on protecting the environment
and making food production more resilient. Legumes like peas play a key part in cropping
systems to create sustainable agriculture and satisfy the growing demand fdrapkoht
protein and food in gener@anni et al., 2023)The close rotation of pea has been introduced
to enhance crop productidZhang et al., 2022)However, the intensive cultivation of a
vulnerable host such as pea facilitates the proliferation of particular plant diseases. This ma
disrupt the balance of beneficial and pathogenic taxa in the rhizosphere soil and increase
disease incidence and seiy in the long tern{Bainard et al., 2017)rhus, understanding
the composition and biological activity of the rhizosphere microbiome is an important task
that might lead to better crop productivity in the fut(@empant et al., 2005; French et al.,
2021)

In this thesis, | aimed to investigate the effects of pea close rotation on the
microbiome, and whether this process leads to microbiome dysbiosis. To do this, | set up &
series of lakbased experiments to mimic close rotation under a controlled growth
envronment. | used culture dependent and independent methods including amplicon
sequencing and higtroughput phenotypic characterisation, to elucidate the impact caused
to the microbial community. In addition, | conducted plant assay inoculations witresignt
community and natural community to examine the impacts of different microbial

communities on plant health and disease control.

112



6.2 Close rotation affects the pea rhizosphere microbial community.

Plant microbiome has been studied widely in recent years due to its crucial role in
plant health, nutrient uptake, and stress resilidiogari et al., 2025) Plants primarily
gather their microbes from surrounding s(ulgarelli et al., 2015) Their signalling
molecules and immune system selectively recruit these soil bacteria, fungi and other
microorganismgXiong et al., 2021)Previous studies on field soil samples suggested that
close rotation affects these microbial communities, and leads to an increase in the harmfu
fungal populatior{Ding et al., 2024; Gao et al., 2019)

To mimic the close rotation, | performed three independent experiments of three
harvests with soil with no pea cropping history. | observed no significant difference in pea
health or soil nutrients caused linked to the close rotation experiments. However
demonstrated that the close rotation of pemsaffectthe rhizosphere community. Using
amplicon sequencing, a change in the bacterial community was indicated, shifting to
Proteobacteria dominance.threindependent experiments, the geRgsgudomonawas the
most recruited genus after the repeat planting. In addition, the shift of fungal communities
towardFusariumwas verified with both amplicon sequencing and population quantification.
A limitation of this experimental design is the absence of aptanted soil control, which
would have allowed for a direct comparison between baseline shifts in the soil microbial
community and the cumulative effects of successive rotation. Thereftues &xperiments
incorporating fallow soil controls are necess#pyvalidate the specific impact of the
rhizosphere effect and to determine if the observed population fluctuations are truly driven

by plantmicrobe interactions.

Microbial diversity remained relatively stable after the first pea cultivation; then the
community diversity significantly changed in either tfigdt the 3¢ harvest. | also observed
that microbial community reversion (phylum level) to a composition similar to°thariest
soil occurred in the '8 harvest. Bacterial mechanisms of rhizosphere colonisation are
complex, as | demonstrated here, there are-badkorth selection dynamics of close
rotation microbial communities. These findings implied thattaxonomic composition also
varies at the species or strains levels due to selective pressures imposed by close rotatio
For a better understanding, the examination of the species level usingpdBe

housekeeping gene was performed. | observed the similadpakflrth pattern in the genus
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level population. This emphasized that amplicon sequencing alone might not be able to
capture a complex dynamic. To better understand rhizosphere microbiomes adaptation, th
parallel genome sequencing can be used to reveal bacterial genetic dynamisg. dititais
technique has been shown in previous work in our lab (PadWieceno et al., 2024;
PacheceVloreno et al., 2021). In addition, the molecular response to close rotation could, in
future be quantified using metatranscriptomics. This techniquedsasused to investigate
active transcripts within the microbial communities (Shakya et al., 2019; Urich et al., 2008).
Furthermore, incorporating a fourth rotation would clarify whether the community in the

third experiment follows the same recovery pattern observed in the second experiment.

In chapter 4, the phylogenetic analysis indicates that genotype selection at the genu:
level was most pronounced following the first pea cultivation. Thereafter, adnakflrth
pattern of selection persisted among bacteria isolated on CFC agar throtigholdse
rotation. While amplicon sequencing showed a high populatiosgudomonasthe
phylogenetic analysis showed a marked rhizosphere recruitmé&sdradtiainstead. This
disparity between the results might be explain by several assumptiongo#sible that a
subpopulation oSerratiaexhibited resistance to the antibiotics employedP&@udomonas
selection. Alternatively, although amplicon sequencing indicated a high relative abundance
of Pseudomonaswvithin the rhizosphere, these populations may be less amenable to
cultivation compared wittgerratia A further consideration is that amplicon sequencing
itself may have limitations in efficiently amplifying or accurately resolving taxa assigned to

the genuserratia

Taken together, | demonstrated the impact of close rotation to rhizosphere microbial
community using lafbased experiments. It would be compelling to establish pea cultivation
in a field with no prior history of pea planting and manage the crop underomiasting
approaches: (i) a diverse crop rotation that includes peas alongside other crops, and (ii)
close rotation where peas are grown consecutively. Microbiome data collected from these
systems could then be compared with the results presentesltimdbis to determine whether
similar dynamics can be observed. Additional experiments to increase the frequency of
harvests in close rotation may yield significant data to elucidate the lergertrends of
this process on the rhizosphere microbiotés itnportant to note that the controlled close
rotation experiment presented here was conducted under conditions where other sources

variation were excluded. However, in the field, diverse factors such as weather conditions,
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soil disparity, and pest outbreaKkundberg et al., 2025)These may influence the

experimental outcome.

6.3 Analysis of bacterial population dynamics during close rotation

To successfully colonise the plant rhizosphere, bacteria must adapt their lifestyles.
Motility is important for moving toward the food sour(®antoyo et al., 2021Biofilm
formation is vital for the effective colaation of surfaces such as plant roots, and survival
in competitive and hostile environmeri3anhorn & Fuqua, 2007)In addition, microbes
can synthesise numerous different antimicrobial compounds and proteins, including HCN
and proteasg®eeraja et al., 20107 o facilitate plant growth, siderophores can be produced
in response to iron deficiency. Also, auxin may be produced to enhance plant growth and
root elongation(Crowley, 2006; Gallavotti, 2013; Mercad@lanco & Bakker, 2007)
Moreover, plants also benefit from interactions wiRlhizobium which are symbiotic
nitrogen fixers(Pankievicz et al., 2019)These phenotypes can establish the beneficial
relation between PGPR and the plant l{bshotla et al., 2025)

This study focusses on phenotyping members of garanthalphaProteobacteria,
PseudomonaandRhizobiumwhich are identified as welknown and important PGPR. |
saw little evidence of phenotypic selection after close rotation in my experinfdrds.
production ofbiofilm, HCN, protease and fungal suppression activity did not appear to be
important for colonisation of the pea rhizosphéiso, the motility of bacterial population.
For Rhizobium,the population with IAA production enriched in every hatvasd the
number of IAA+ isolates peaked after three rotatidheemains to be determined whether
further addition of the rotation would result in an even higher IAA+ population or if the
community has already reached its peak abund&mnoducing more phytohormone leads to
root development, this can benefit bacteria to establish and expand their habitat anc
resourcegDuca et al., 2014)Moreover, enhancing IAA under salinity stress reduces the
uptake of toxic ions, resulting in enhanced plant developift@mikraborty et al., 2011)
While the phenotype preference observed here, on the other hamdoBhgene showed
that genotype selection fdRhizobiumonly occurred once after first pea planting. This
observation is consistent with the population quantification by gPCR, where the first pea

planting strongly influenced the increasingRifizobiumabundance. After that the presence
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of Rhizobiumstayed relatively steadyaroughout the close rotations. This initial selection
did not appear to undergo additional refinement over successive harvests, unlike the
Pseudomonasand Serratia populations which kept adapting as the environment changed

over time.

Further research with additional phenotypic assays should be included in future
experimental work, such as suppression activity against other soil pathalgensvhen the
results showed no phenotypic selection, it is possibly because some of the phenotypic
characteristics may not be suitable for expression under laboratory conditions. Although |
did not observe anfRhizobiumgenotypelevel selection, the enrichment of the IAA trait
suggests that some form of selection occurred within the popul&erause only core
genes were sequenced, this analysis likely misseddtade selection acting on accessory
genomic elements, including those responsible for IBidsynthesis.To elucidate this
process, again, the parallel genome sequencing can be used for comparing the presence
absence of accessory genes across strains. This technique will enable the identification ¢
genomic loci associated with adaptation under close tioata Moreover,
metatranscriptomics could be employed to complement and enhance our understanding ¢

the gene expression associated with rhizosphere colonisation.

6.4 Influences of close rotatiorderived microbial community on pea health.

The microbial community protects plants against pathogen invasion by direct
activation of plant immunity or by enhancing disease resistance, as well as by indirectly
suppressing pathogenic bacteiige et al., 2021)They can also produce phytohormones
and solubilise phosphates to help improve nutrient uptake and plant(freaithet al., 2021;
Maldonado et al., 2020; Timofeeva et al., 20Z3)nComs and NatComs were used in this
study to investigate clog®tation bacterial communities, how they affect plant health, and

how they suppress pathogens.

| demonstrated thaynComsinoculationcomposedCFC isolates and Rhizobium
was not sufficient to maintain healthy pea growth. Peas showed increased root biomass
which may represent a stress adaptation response. The most striking result was that clos

rotation shapes the overall microbial community to enhance pea health. Véhemdle
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microbial community was tested, they exhibited a wider range of traits in growth
enhancement, including nodulation number, height, and shoot biomass. This suggests the
the NatCom may consist of diverse strains conferring beneficial traits, such as pathoge
inhibition and nutrient solubilisation. Whdfusariumwas added to this system, the close
rotationderived microbial community showed a trend of reduced pea disease saverdy.
findings suggest that close rotation in pea cultivation may contributieetselection of
bacterial populations with fungalppressing potential.hypothesised that close rotation
shaped the soil microbial community to become suppressive to fungal infection. This finding
relates to the result presented in chapterhere no disease symptoms were observed on
pea plants under close rotation, possibly because the underlying microbial community hac
been trained to respond to pathogen infection. In addition, these trained bacteria isolate:
might explain why the microbigpopulaton underwent backndforth dynamics. Could this

be all because they were trying to respond to disease infection?

However, experimental systems involving soil, plants, and microbes are complex. It
is laborious to translate from the lab to the field in a replicable and reproducible rfianner
et al., 2024; Parnell et al., 2018hus, further study needs to be conducted. ThesBvest
NatComcan be tested for their suppressive activity by soil inoculagerd coatingr
spraying in a disease field. Also, this inoculant should be thoroughly tested to determine
what the underlying mechanism is. The root exudates can be investigated to look for

antifungal metabolites.

6.5 Concluding remark and future directions.

In this thesisthe findings indicate that repeated pea cultivativay contributeto
shifts inrhizospheramicrobial communities. However, the extent and persistence of these
changes may be influenced by rotation length and environmental conditions. In the absenc:
of extended monitoring or mechanistic evidence, it is possible that the observed change:
reflect ratural variation rather than a consistent effect of cropp@enotype selection
dynamics waslsoevident during close rotation, which might indiedhe stress adaptation
from the increased of pathogens caused by close rotation. However, the selection of
Rhizobiumpopulations at the genotypic level only occurred during the first pea planting.

This is because of their conserved beneficial nitrogen fixation trait. Moreover, plantigrowth
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promoting traits, such as phytohormone production, were selected iRHizebium
population. After three rotations, the shaped microbial population can enhance plant growth
and exhibited a trend of reduced fungal disease symptoms. Taken together, the close rotatic
might activate pathogesuppressive microbes, resulting in a betteapaeld microbial

community against root rot infection.

The findings from this thesis provide encouragement to utilise trained microbial
communities as biocontrol agents to enhance agricultural sustainability. To achieve this, the
results must be translated from pot experiments to field conditions-déeletrials with
larger plant populations are therefore required, along with optimisation of the application
method. Analysis of the trained bacterial isolates genome can suggest the novel biosyntheti
gene clusters encoding antibiotics. Furthermore, pea Imgeexfforts could be directed
towards genotypes that favour the establishment of suppressive microbial consortia in the
rhizosphere. Those genotypes may selectively recruit or support beneficial microbial
populations capable of inhibiting pathogens and mting overall plant health. Altogether,
this work highlights the potential of sustainable agricultural practices to support resilient and

productive cropping systems for the future.
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