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Thesis abstract

Thesis abstract

In this thesis, I show that the pan-palaeotropical keystone grass, Themeda triandra forms important
beneficial relationships with soil microbial communities across an aridity gradient. I also show that
aridity alters microbial soil-to-endosphere colonisation dynamics. Plant-soil interactions are
increasingly recognised as important to shaping ecosystem function and the health of host plants,
particularly in grassland ecosystems. As such, understanding how these interactions influence the
growth, fitness, and stress responses of ecologically significant species, such as, T. triandra, is key to
advancing our knowledge of these processes. However, the mechanisms by which microbiota
colonise different root compartments - across bulk soils, rhizospheres (microbiota around root
surfaces), and root endospheres (microbiota within roots) — have been poorly characterised outside
of model plant species. By investigating non-model species from wild populations under changing
aridity conditions, and their microbiota, we can show how these microbial recruitment processes
change across broad geographical distances. Furthermore, we can investigate changes in the
functional properties of microbiomes from different plant compartments (i.e., soils, rhizospheres,
and endospheres) to understand the extent to which plants can moderate the colonisation of

microbiota into their roots.

Here, I address these knowledge gaps to produce a body of knowledge around a globally important
grass. This research will contribute to our understanding of how host plants can respond to
environmental stress, which represents essential knowledge for landscape management process

faced with changing aridity due to the impending effects of climate change.

By using DNA-based approaches across natural field and greenhouse experiments, I make an original
contribution to knowledge through exploring geographical patterns of T. triandra microbial
community interactions over four research chapters. Specifically, I show that T. triandra enriches the
abundance of key, host-associated, bacterial taxa with increasing aridity. I provide evidence that soil
microbiota are progressively selected by T. triandra plants as they colonise host rhizospheres and

X



Thesis abstract

endospheres, despite strong influences of local conditions within each population. Moreover, I
provide evidence of T. triandra-microbial interactions by identifying changes in key functional gene
profiles that promote growth and stress responses across T. triandra microbiomes. Furthermore, |
enhance the current model of soil-to-endosphere colonisation, the ‘two-step selection process’, by
showing that functional alpha diversity increases from bulk soils into rhizospheres, and endospheres
— directly contrary to established theory on bacterial taxonomic diversity. Finally, I show how high
and low aridity soil legacies significantly impact T. triandra growth under both stress and non-stress
conditions. I identify that increasing bacterial diversity across soils, rhizospheres, and endospheres
directly correlates with T. triandra growth, and that aridity is a key factor in determining the

availability of soil microbiota for recruitment across broad geographic ranges.

Ultimately, my research makes new contributions to our understanding of the formation,
distribution, and impacts of plant-microbe interactions in wild populations of a globally distributed
keystone grass. These findings have important implications for conservation, ecosystem restoration,
and agricultural practices related to T. triandra and other C4 grasses, and how these species might

tolerate stress conditions across these different landscapes.
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Chapter one: Thesis introduction

Note to examiners

This Chapter includes excerpts from the peer-reviewed publications Peddle et al. (2024) and Robinson et al.
(2023). These are publications to which I made substantial contributions as a co-author. The excerpts have
been integrated into this thesis introductory Chapter as block extracts. Full unmodified versions of these
manuscripts can be found in Appendix A (Peddle et al. 2024) and Appendix B (Robinson et al. 2023).
Citations referenced within the block extracts are found in the original text provided in the Appendices. At
the beginning of each relevant section of this introductory Chapter, I provide a citation and justification
for including these block extracts. As second-named author in Peddle et al. (2024), I draw more frequently
from this text. Please refer to the signed Co-authorship Approvals for Higher Degree by Research Thesis
for Examination, submitted alongside this thesis in accordance with Clauses 5, 7, and 8 of the HDR Thesis

Rules.

1.1 Research aims and chapter outlines

In this thesis I explore the soil microbial-plant interactions of the pan-palaeotropical C4 grass
species, Themeda triandra, across an aridity gradient. I focus on how environmental

conditions shift host rhizosphere and endosphere recruitment.

My specific thesis aims are:

1. To characterise changes in the bacterial communities of T. triandra soils and roots, across
a southern Australian aridity gradient

2. To analyse bacterial colonisation across T. triandra bulk soil, rhizosphere and endosphere
communities

3. To explore the functional colonisation trends of microbiota across T. triandra soils and
root compartments

4. To determine the effects of soil microbiota on the drought stress response of T. triandra
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This thesis consists of an introductory chapter providing background of relevant scientific
literature and setting the context of my research (Chapter one). This is then followed by four
Data Chapters (Chapters two to five), and a thesis discussion chapter (Chapter six). The
structure and content of each of these Chapters is detailed below. Across my data chapters, I
use either research questions or hypotheses to frame my investigations, reflecting the stylistic

preferences of the respective target peer-reviewed journals.

»  Chapter one: Thesis introduction

In this chapter, I provide background for my thesis and introduce a select set of terms and
concepts. | outline the importance of grassland ecosystems, emphasising why they are
valuable and the urgent need for their conservation and restoration. I then review research on
soil microbial communities, exploring the diversity across soil and plant microbiomes and
their integration into ecological research. I discuss tools and techniques used in microbial
ecology which have potential to enhance the research and practice of grassland restoration.
Finally, I introduce Themeda triandra, the keystone grass species central to my research,
covering its distribution, important eco-physiological traits, and significance within grassland
ecosystems. Overall, this chapter establishes the rationale for my thesis, highlighting the need
to better understand species like T. triandra and their microbial communities to support

grassland restoration and conservation efforts.

= Chapter two: Increasing aridity strengthens the core bacterial rhizosphere associations in
the pan-palaeotropical C4 grass, Themeda triandra

This chapter explores how bacterial communities in the bulk soils and rhizospheres of

Themeda triandra vary across an aridity gradient in southern Australia. [ examine structural

differences across these communities by looking at bacterial diversity, community

composition and abundance, and evaluate the influence of climatic, edaphic, and ecological
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factors on bacterial community composition. This work contributes to my thesis by profiling
these T. triandra bacterial communities and, importantly, evaluating the impact of aridity on

their rhizospheres and associated bulk soils.

In this chapter, I characterised the core soil and rhizosphere bacterial microbiomes of T.
triandra across a strong aridity gradient in southern Australia, which is representative of the
global distribution of T. triandra, and investigated the following research questions: (1) how do
T. triandra-associated soil and rhizosphere bacterial diversity and community composition
change across a strong aridity gradient? and (2) what is the relative contribution of climatic,
soil abiotic, ecological, and host related phenotypic traits on structuring the core T. triandra-

associated microbiota?

= Chapter three: Strong host modulation of rhizosphere-to-endosphere microbial colonisation
in natural populations of the pan-palaeotropical keystone grass species, Themeda triandra
This chapter examines the colonisation of bacterial communities from T. triandra rhizosphere
into the endosphere, across the aridity gradient studied in Chapter two. I test whether they
exhibit patterns predicted under the framework of the ‘two-step selection process’. I also
consider the different deterministic and stochastic processes that drive the bacterial assembly
within each of these compartments. This contributes to my thesis by exploring the specific
recruitment dynamics of T. triandra, and whether they are moderated by local populations, or
exhibit universal recruitment patterns. This builds a more detailed picture of how plant-soil-
microbial interactions in this important grass are influenced by environmental conditions and

regional variation.

In this chapter, I used neutral theory models and diversity-based analyses to explore the

different processes driving selection and bacterial colonisation across different ecological
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populations. To do this I explored the following research questions: (1) Does T. triandra
rhizosphere and root endosphere bacterial community composition and diversity align with
the processes described in the two-step selection process, with reduced bacterial diversity in
the endosphere compared to the rhizosphere? (2) Is there evidence of different deterministic
or stochastic assembly processes influencing the assembly of rhizosphere and endosphere
bacterial communities? And (3), are the bacterial communities in the T. triandra endosphere
entirely constrained by the diversity of bacteria available in the rhizosphere, or are there other

sources of bacterial recruitment?

»  Chapter four: Contrasting microbial taxonomic and functional colonisation patterns in wild
populations of the pan-palaeotropical C4 grass, Themeda triandra
This chapter examines the colonisation of microbial communities and their functional
properties from T. triandra bulk soils into rhizospheres and then endospheres, across the
aridity gradient analysed in Chapter two and Chapter three. I test whether the taxonomic and
functional components in these compartments follow patterns predicted by the ‘two-step
selection process’ and assess how aridity shapes their functionality. By investigating the
diversity and composition of T. triandra microbial communities and the abundance of their
functional genes, this chapter expands understanding of how host recruitment is functionally

influenced by changing environmental conditions.

In this field-based study, I used a natural experimental design and shotgun metagenomics to
investigate the colonisation patterns of microbiota, and their accompanying gene functions, in
wild T. triandra populations across a globally-representative aridity gradient. Here, I
hypothesised that (1) the microbial taxonomic and functional colonisation patterns in T.
triandra would align with the two-step selection process (i.e., community and diversity

filtering from bulk soil into roots); (2) there will be strong positive correlations between
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microbial taxonomic and functional colonisation patterns, where we expect that higher
bacterial species diversity will be associated with higher functional diversity; and, (3) aridity
will modulate both taxonomic and functional colonisation patterns, with higher aridity

populations recruiting microbiota linked to water stress tolerance and drought resilience.

»  Chapter five: Arid soil bacteria legacies improve drought resilience of a keystone grass

This chapter examines the effects of microbial communities from high and low aridity T.
triandra bulk soils on the growth of T. triandra plants grown under water stress and no-stress
conditions. [ test whether both the taxonomic and functional components of the bulk soils,
rhizospheres, and endospheres follow patterns predicted by the ‘two-step selection process’
framework under these stress impacts. This study builds on my findings from Chapter two,
Chapter three and Chapter four, by experimentally testing the impacts on different microbiota

on T. triandra growth and fitness under stress.

In my final data chapter, I conducted a glasshouse experiment, where I used 16S rRNA
amplicon sequencing to characterise the diversity and composition T. triandra-associated
bacterial communities of plants grown in high and low aridity soils under live versus sterilised,
and water stress treatment conditions, plus the recruitment patterns of these microbiota from
the bulk soils into T. triandra rhizospheres, and endospheres. I hypothesised that: (1) soil
microbiota sourced from arid sites would enhance T. triandra growth under both stress and
control conditions by providing mutualistic microbiota that support growth under arid
conditions; (2) distinct microbial communities would be recruited into the rhizosphere and
endosphere under each water treatment, reflecting shifts in host plant requirements; and (3)
the presence of T. triandra plants would alter the bacterial community diversity and

composition in soil due to a cumulative influence of bacteria-root interactions.
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= Chapter six: Thesis discussion

The final chapter of my thesis serves as a comprehensive thesis discussion, summarising each
of my data chapters in alignment with the overarching aims of the thesis. I begin by
synthesising the key findings produced during my PhD. Following this, I relate these findings
to the broader literature, highlighting new contributions and relevance to the field. I then
propose directions for future research, focusing on overcoming project limitations and further
consolidating scientific understanding of my research topics. Finally, I outline the broader

implications of this work, not just for T. triandra, but similar plants and vegetation.

1.2 Grasslands

Grassland ecosystems are globally distributed, occurring in numerous varieties on every
continent, except Antarctica. They cover approximately 30-40% of the earth’s surface
(Bardgett et al. 2021, Buisson et al. 2022), and support tremendous levels of biodiversity often
with complex varieties of forb species (herbaceous, non-woody plants), invertebrates, animals
and microbiota (Sloan et al. 2014, Hermann et al. 2016, Murphy et al. 2016). Furthermore,
grasslands play a vital role in carbon storage and nutrient cycling, among other ecosystem
services. Unfortunately, however, grasslands face severe levels of degradation and decline,
highlighting the urgent need for effective conservation and restoration strategies to protect
and sustain these ecosystems for future generations. Research into the ecology of grasslands is
broad and, below, I outline our current understanding of the structure and functioning of
grassland ecosystems. I highlight their ecological and cultural value via the ecosystem services
they provide. I also examine the imminent and future threats to grasslands and summarise key

strategies aimed at improving their global status.

1.2.1 Grasslands: classifications, diversity, and ecosystem services
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At high trophic levels, grasslands are among the highest supporters of biodiversity (Wilson et
al. 2012, Lyons et al. 2023). Their high ecological variability means that definitions for
grasslands range widely, but despite this, they share many common features (Dixon et al.
2014). Historically, grasslands have been considered ephemeral ecosystems, mistakenly
identified as part of early successional stages of other plant communities like forests (Harris
2009, Buisson et al. 2022). However, many are now well known to be ancient landscapes full of
old perennial plants which have persisted ecologically for millennia, with complex
belowground structures (Nerlekar and Veldman 2020, Buisson et al. 2022). Grasslands are
typically dominated by graminoids, and they generally have low tree and shrub cover, often
varying around 10% (but in some cases reaching 30% and greater in the tropics) (Dixon et al.
2014). Furthermore, high levels of competition in grasslands are thought to drive high species
diversity through the many niches they facilitate, which leads to highly heterogeneous
landscapes (Hodapp et al. 2018, Price et al. 2019, Eskelinen et al. 2022). The importance of
heterogeneity in grasslands means that if they are degraded and lose their spatial variability,
there is also a significant loss to their functional diversity (Hautier et al. 2018). Despite their
low tree and shrub cover, belowground structures of grassland vegetation is estimated to
reflect up to two thirds of all grassland biomass (Ma et al. 2021). As such, belowground
functioning of grasslands is an important priority for future research (Peddle et al. 2024). To
maintain grassland ecosystems, we need to develop an understanding of how they operate

belowground.

The formation of grasslands is often determined by climatic and/or soil related factors, such as
conditions that lead to trees and shrubs being unable to persist (Wakeling et al. 2012).
Common examples include harsher climates like global drylands, or higher elevations,
frequent fire, or shorter growing seasons (Wakeling et al. 2012, Linder et al. 2018). These

factors often lead to low soil nutrient and/or moisture levels, high environmental exposure
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(i.e., harsh weather and growing conditions), and/or shorter growing seasons (Wakeling et al.
2012, Linder et al. 2018, Mohl et al. 2022). Other non-climatic factors include grazing pressures
from herbivores, plus natural disturbances like fire (Wakeling et al. 2012, Linder et al. 2018). In
these contexts, regular disturbance becomes important for maintaining grasslands. Therefore,

grasslands represent a challenging ecosystem to manage.

Changing understandings of grassland communities

Grasslands are generally separated into: tropical/sub-tropical grasslands (i.e., savannas), and
temperate grasslands (i.e., prairies, steppes, pampas, veldts, downs etc.) (Petermann and
Buzhdygan 2021). Important historical distinctions also include natural and semi-natural
grasslands (also known as cultural grasslands, or sometimes secondary grasslands). Natural
grasslands refer to those historically untampered landscapes whereas, semi-natural grasslands
often consider some form of low-intensity land use by people, usually in the context of
historical land management (Petermann and Buzhdygan 2021). Examples of activities that
maintain semi-natural grasslands include livestock grazing, burnings, and/or land clearing
(Petermann and Buzhdygan 2021). Effective continuation of these management practises can
be essential for persistence of grasslands, and the ecosystem services they provide (Shipley et

al. 2024).

Recent work has challenged the traditional ‘natural vs semi-natural’ paradigm, however, with
increasing recognition of land connections between Indigenous Peoples and their Ways of
Being and ecosystem types (Bird et al. 2013, Bliege Bird et al. 2018, Hamilton et al. 2020,
Montoya et al. 2020). Furthermore, while definitions of semi-natural grasslands share
similarities with the novel ecosystems concept, and provide useful distinctions based on 20"

century land use frameworks (Hobbs et al. 2006, Hobbs et al. 2009, Higgs 2017), the notion of

natural grasslands has been criticised for overlooking the role of first nations peoples in
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shaping and managing these ecosystems - often over millennia (Fletcher et al. 2021). This
critique is particularly relevant to contemporary debates in academia, where challenges to use
of terms like ‘wilderness’ and ‘naturalness’ that previously ignored human influence in these
ecosystems, are reshaping our understanding (Fletcher et al. 2021, Lemoine and Svenning
2022). Specifically, these human-environment connections are increasingly recognised as
having developmental and even evolutionary impacts on grassland biodiversity and
functioning through active ecological maintenance, and imposed disturbances (Fletcher et al.

2021, Lemoine and Svenning 2022).

Grassland ecosystem services

Globally, grasslands are estimated to directly impact the livelihood of more than a billion
people (Bengtsson et al. 2019). Grasslands are highly productive ecosystems, and their
biodiversity and functionality provide mechanisms of functional redundancy (Naeem et al.
1994, Isbell et al. 2015, Soliveres et al. 2016). Indeed, many grassland ecosystems support high
levels of endemism, as habitat for many rare and endangered species, but vast areas of
grasslands are threatened by human activities (see 1.2.2, Grassland degradation, threats and
repair) (Myers et al. 2000, Soliveres et al. 2016). As such, grassland ecosystems have high
conservation value (Nerlekar and Veldman 2020), and can be very difficult to repair once they
have been degraded (Hobbs et al. 2006, Nerlekar and Veldman 2020). Consequently, there are
calls for greater representation of grasslands among biodiversity hotspots (Habel et al. 2013,
Murphy et al. 2016). High biodiversity creates functional redundancy, making ecosystems
more resilient to environmental stress (Louca et al. 2018, Biggs et al. 2020, Cheng et al. 2024)
(see 1.3.1, The biodiversity of plant and soil microbiomes), and these dynamics are especially

important given our reliance on grasslands for their ecosystem services.
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In Table 1, I outline ecosystem services provided by grasslands, including pollination and food
production, climate regulation through water and carbon cycling, and cultural significance
through traditional use, medicinal resources, and recreational activities. Additionally,
grasslands support renewable energy generation, offering suitable landscapes for wind and
solar infrastructure. These services highlight the anthropocentric value of grasslands,

strengthening the case for investing resources into their conservation and protection.

The provision of these ecosystem services differs across grassland ecosystems (Malinga et al.
2015), and distinct grasslands may provide one or many combinations of these services,
varying over years and seasons (Ojima et al. 1993). Furthermore, grasslands, like all
ecosystems, are continuous and heterogeneous environments, with functionality that exists in
varying states across the landscape (Xia et al. 2023). This variation includes functional
differences, for example, between temperate and tropical grasslands as a result of differing
species assemblages and climatic characteristics (Xia et al. 2023). Additionally, the
management practices required to maintain these services differ regionally (Bengtsson et al.

2019, Xia et al. 2023).

The highly synergistic relationship between each of these services means that many of these
services are inextricably linked and dependent on shared functional properties (Zhao et al.
2020). For example, the loss of species and multifunctionality can leave grasslands vulnerable
to disturbance (e.g., overgrazing, invasive species) and environmental stress (e.g., climate
change) (Lewis et al. 2010, Hoover et al. 2014, Volaire et al. 2019). Furthermore, the severity of
grassland degradation directly affects the provision of all ecosystem services described in

Table 1 (Honigova et al. 2012).

10
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Table 1.1. Overview of grassland ecosystem services

Ecosystem services

Importance

Benefits

References/Further

reading

Agricultural
services: pollination

Agricultural
services: food
production

Climate services:
water regulation

Enhances biodiversity and
ecosystem health

Vital for supporting crop and
ecosystem resilience

Supports agricultural
productivity and livestock
industries

Provides food security

Manages water flow, reducing
flooding and erosion
Maintains water quality

Provides diverse habitats for pollinators,
such as bees, butterflies, and beetles
Provides nesting sites via soil, grass
tussocks, and dead plant materials
Pollinator diversity enhances crop yields
and supports adjacent agriculture and
ecosystems

Supports livestock grazing, yielding
resources like meat and dairy

Sustains livestock through abundant
biomass and forage resources

Honey production through insect
biodiversity, and supporting commercial
bee populations

Directs water into streams and acts as
natural filters in catchment areas

Traps sediments and pollutants,
enhancing water quality

Stable soil reduces runoff and erosion

Adjacent wetlands benefit from water and

pollutant regulation, maintaining
ecosystem functions

Bengtsson et al. 2019
Hederstrom et al.
2024

Willmer and Stone
2004

Vujanovic et al. 2023

O'Mara 2012
Bengtsson et al. 2019

Bengtsson et al. 2019
Zhao et al. 2020
Kretz et al. 2021
Sand-jensen 1998
Borin et al. 2005
Honigova et al. 2012
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Climate services:
carbon cycling

Cultural services:
traditional practices

Cultural services:
recreation

Cultural services:
medicine

Essential for carbon storage,
mitigating climate change

Balances carbon emissions

Provides resources for
cultural, construction, and
medicinal purposes
Essential for indigenous
knowledge and tradition

Promotes eco-tourism and
aesthetic enjoyment
Supports recreational
engagement with nature

Supplies natural medicinal
resources

Cultural importance for
traditional medicine

Sequesters 0.3-0.5 billion tonnes of
carbon annually in soil and biomass
Converting croplands to grasslands,
increases soil carbon by up to 30%
Restoration and conservation improve
long-term carbon storage

High conservation value due to
‘irrecoverable’ carbon critical for climate
regulation (low sequestration rate
carbon)

Offers materials for medicinal and
traditional use

Contributes to cultural heritage,
especially for indigenous
communities/traditional owners.
Supports practices that utilise grassland
materials for community-specific needs
Attracts tourists for aesthetic/scenic
beauty, bird-watching, and wildlife
viewing

Provides space for activities like hiking,
biking, and off-roading

Educates visitors on ecosystem
importance and cultural appreciation
Supports medicinal plant species used in
various cultures.

Ojima et al. 1993
Lyons et al. 2023
Bardgett et al. 2021
Farley et al. 2013
Burrascano et al. 2016
Honigova et al. 2012
Zhao et al. 2020
Deng et al. 2014
Goldstein et al. 2020

Pascoe 2018

Gebashe et al. 2019
UN General Assembly
2007

Kelly et al. 2003
Wang et al. 2024
Liddle 1991

Pascoe 2018
Gebashe et al. 2019
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Energy services:

wind and solar
energy”

Energy services:

bioenergy*

Potential renewable energy
source

Reduces reliance on fossil
fuels

Potential renewable energy
source

Reduces reliance on fossil
fuels

Alternative use when animal
husbandry/grazing is not
needed/land abandonment

Provided appropriate ethical conduct, can
provide reservoir of natural resources for
medicinal research

Offers open landscapes suitable for wind
and solar energy infrastructure

Minimal tree cover reduces interference
with wind and sunlight, optimising
energy production.

Use of ‘excess’ grasses which would be
otherwise grazed, for anaerobic digestion
for biogas to generate electricity and heat
Potential source of biomethane fuel

Ottetal. 2021
Bai et al. 2022

Ketzer et al. 2017
Donnison and Fraser
2016

* Poor implementation can undermine grassland biodiversity, functioning, and provision of other ecosystem services
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1.2.2 Grassland degradation, threats and repair

Ecosystem degradation is generally defined as a loss of ecosystem productivity, biodiversity, or
ecosystem services, usually when human-caused processes have led to persistent decreases in
these metrics from a historical baseline (Bardgett et al. 2021). Grasslands do not usually receive
the level of protection that other ecosystems receive (e.g., temperate and tropical forests, coral
reefs), making them particularly vulnerable (Dixon et al. 2014). Indeed, temperate grasslands
are the least protected biome in the world with only 4% under protection status (Petermann
and Buzhdygan 2021). Furthermore, in Australia, grasslands contribute 40% of value to
agricultural production (Bell et al. 2014). Approximately 70% of Australia’s grasslands have
been partially or completely destroyed (ACT Government 1997), and in some areas such as
Australia’s south-east 99.5% of original low land grasslands have been lost (Williams et al.

2005).

In Table 1.2, I outline different threats and degradation processes impacting grassland
ecosystems. These processes reflect the different causes of global grassland decline, and break
down each of the contributing factors, which are a product of direct and indirect

anthropocentric influence.
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Table 1.2. Overview of threats and stressors to grassland ecosystems

Threat/degradation Impact

Contributing factors

References/Further reading

process
Urbanisation Reduces biodiversity, creating Land clearing for infrastructure Lietal. 2022
species-poor grassland patches Soil compaction and nutrient-rich topsoil Williams et al. 2005
Fragments habitats, impacting addition Fekete et al. 2024
ecosystem stability Regular mowing, pesticide use, and altered
fire regimes near urban areas
Agriculture: Causes soil compaction and Conversion of grasslands to cropland for row Dixon et al. 2014

mechanised farming

Agriculture:
livestock grazing

Agriculture:
abandonment

erosion, and disruption of soil
fungal networks

Reduces habitat quality for native
species

Fragmentation of grasslands
Reduces native plant cover
Degrades soil

Increases vulnerability to erosion
and runoff

Causes soil erosion and encourages
invasive species encroachment
Alters carbon and water cycling
dynamics

crops
Use of heavy machinery that impacts soil
health

Habitat fragmentation from field boundaries
and fencing

Overgrazing by livestock, particularly hard-
hoofed animals like cattle and sheep
Trampling damages native plant roots and
compacts soil, especially in ecosystems
unadapted to livestock

Economic downturns, drought, or loss of
economic viability

Political instability or conflicts

Can lead to degradation through natural
succession or invasion by woody species

Wright and Wimberly
2013

Ramankutty et al. 2008

Bardgett et al. 2021
Williams et al. 2015

Ockinger et al. 2006
Valko et al. 2016
Potapov et al. 2022
Subedi et al. 2022
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Agriculture:
pesticide use

Invasions

Climate change

Ecosystem change:
woody encroachment

Ecosystem change:
afforestation

Harms non-target species, reducing

invertebrate and pollinator
populations

Contributes to soil and water
pollution

Alters ecosystem dynamics, leading
to hybrid ecosystems

Reduces biodiversity and ecosystem

productivity

Alters ecosystem state (e.g.,
desertification, aridity change)
Increases vulnerability to extreme
weather events

Shifts species distributions and
reduces biodiversity

Reduces grassland area and plant
diversity

Alters carbon and nutrient cycling
Disrupts habitat for grassland
species

Displaces grassland ecosystems,
reducing biodiversity
Undermines grassland carbon
dynamics and soil stability

Application of pesticides to control crop
pests but affects native grassland species
Leads to bioaccumulation and potential
toxicity in surrounding ecosystems

Invasive plants outcompeting natives
Grazing pressures from feral animals (e.g.,
horses, goats, pigs)

Soil instability and reduced seed bank due to

exotic rodents
Changes in temperature, precipitation
patterns, and frequency of fires and floods

Climate-driven increase in extreme weather

events, impacting grassland stability and
resilience

Encroachment of woody plants and trees
into grasslands due to fire suppression,
climate change, or mismanagement.
Particularly severe in semi-arid grasslands
and areas like Australia and Africa

Tree planting initiatives aimed at carbon
storage that overlook grassland ecosystem
roles

Major afforestation projects planned for
grassy biomes, especially in Africa, posing
risks to native grasslands

Ruuskanen et al. 2023

Zhang et al. 2024
Humphries et al. 2022

Zhao et al. 2023
Joyce et al. 2016
Zhu et al. 2024

Zhang et al. 2024
Ockinger et al. 2006
Valko et al. 2016

Buisson et al. 2022
Hermann et al. 2016

Williams et al. 2015
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Prioritising grassland restoration

There is an urgent need to conserve and restore grassland ecosystems, but there are many
different facets to restoring grasslands that need to be considered. The international Society of
Ecosystem Restoration (SER) defines ecological restoration as aiding the recovery of ecosystem
which has been degraded, damaged, or destroyed (Gann et al. 2019). Restoration activities,
while complex, consider many different actions and stages, existing across a restorative
continuum that considers, (1) reducing degradation impacts, (2) remediation, (3)
rehabilitation, and (4) ecological restoration (Gann et al. 2019). While returning lost species is
the most intuitive component of restoration activities across different ecosystems, like
grasslands, many restoration ecologists also consider the importance of returning ecosystem
functionality, over the return of ecosystems to a prior historical state (Hobbs et al. 2006,
Hobbs et al. 2009, Hobbs et al. 2014). This view gives greater weight to irreversible change,
such as climate change or abiotic barriers that inhibit the return of local, native species (e.g.,

altered soil structure, changed nutrient profiles).

In 1.3.3, Applications of microbial diversity for ecosystem interventions, below, I expand on the
potential of soil microbiota for their applications to restoration ecology which extend to
applications in grassland ecosystems. However, a description of current and emerging
interventions that are considered for the recovery of grassland biodiversity and function can

be found in Table 1.3.
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Table 1.3. Comparison of common and emerging intervention strategies for grassland recovery

Strategy Description Limitations Restoratio  References/Further
n uptake reading
Seasonal e Applying fire to stimulate recruitment from seedbank Often not applied during ~ Established e Luntand
burning and open canopy/soil for the establishment of seedlings seasonably appropriate Morgan 1999
¢ C(Can facilitate return of traditional land practises times e Lewisetal. 2010
e Birdetal. 2013
e Bliege Bird etal.
2018
Carbon e Additions of carbon through sugar and sawdust to Varied results Established e  Blumenthal etal.
addition stimulate microbial activity and facilitate the 2003
immobilisation of microbial nutrients
Herbicides e Reduce survival of invasive species using herbicides such Unknown influence on soil Established e  Weidlich et al.
as glyphosate. microbial communities, 2020
may promote germination
of some weedy species
Can eliminate native
plants
Scraping e Removal of topsoil to eliminate previous land use soil Expensive, and difficult to  Established e  Smith etal. 2021

legacies such as: nutrient loads, invasive seedbank, or
soil microbiota

apply to lands that are
rocky, not flat, our outside
agricultural or mining
contexts
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Soil
inoculations/
amendments

Solarisation

Slashing/Strate
gic mowing

Ecological
phage therapy

Eco-acoustic
stimulation

Transfer of soils and/or their microbial communities
with to benefit ecosystem functionality

Sometimes targeted around specific species, or reference
communities

Inoculations can occur using microbial suspensions,
dispersed via manufactured pellet or by direct soil
transfers, or cultivated with tube stock

Soil amendments, such as biochar can potentially shift
the microbial environment to be more suitable for target
plants

Layering clear plastic sheets during warm seasons to
bake soil and eliminate viable naive seeds and soil
legacies of invasive species

To reduce weed loads and remove biomass from
restoration plots to give native plants better
opportunities.

Mowing can target weedy area, giving natives more
growing space

Alternatively mowing in corridors can support
restoration objectives

Ecological phage therapy involves using bacteriophages
to target specific bacteria in degraded soils, potentially
accelerating microbiota recovery and ecosystem
restoration

Eco-acoustic stimulation shows potential in promoting
growth in plant-supportive fungi, but its beneficial
effects may be sensitive to specific species

Difficult to control, highly
ecosystem/species
dependent

Long-timeframe for effect

Can be destructive even to
desirable plant species
Does not address
seedbank or soil legacies

Unknown ecological
consequences
Limited specificity
Novel approach
Unknown ecological
consequences
Limited specificity
Novel approach

Emerging

Emerging

Established

Exploratory

Exploratory

Robinson et al.
2023

Peddle et al.
2024

McQuillan et al.
2024

Smith et al. 2018

Facelli and
Facelli 2022

Davies et al. 2024

Robinson et al.
2024
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1.3 Applications of microbiomes to restoring ecosystems

Soils form the foundation of all terrestrial ecosystems, housing approximately 59% of all species
(Anthony et al. 2023). While soils are well known to provide homes for plants and animals, they also
sustain rich biodiversity of microorganisms such as bacteria, archaea, and fungi (Anthony et al.
2023). These organisms are fundamental to geochemical processes, like the carbon and nutrient
cycles which have fundamental roles on Earth (Kardol et al. 2013). As such, soil microbiota have
serious consequences for ecosystem functioning (Kardol et al. 2013). They also influence the
lifecycles of individual plants within the context of a larger ecological community (Bever et al. 2010,
Herzberger et al. 2015), and there is a complex ecological network of plant-microbial interactions
which range from symbiotic to pathogenic interactions (Bulgarelli et al. 2013, Hardoim et al. 2015,
Vandenkoornhuyse et al. 2015, Compant et al. 2021). Our understanding of plant ecology and our
capacity to shape or alter plant communities, therefore, is partly impacted by soil microbial diversity,

and how they form functional relationships with plant species.

Here, I consider current and emerging perspectives on the relationships between plants and their
associated soil microbiota. I discuss microbial ecological perspectives on soil and plant microbiome
functioning, and their symbiotic relationships with host plants. I also describe current techniques
used to understand the different characteristics of microbiomes (such as diversity and functional
potential), and approaches used to make inferences in microbial ecology and plant eco-physiology.
Finally, I consider specific ecological applications of soil microbiota that can inform environmental

interventions for conservation of ecological restoration.
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1.3.1 The biodiversity of plant and soil microbiomes

This section includes excerpts from Peddle et al. (2024) and Robinson et al. (2023), which I identify by boxed
formatting and dark blue text. These are peer-reviewed publications to which I have made substantial
contributions to as a co-author. Full unmodified versions of these manuscripts can be found in Appendix A
(Peddle et al. 2024) and Appendix B (Robinson et al. 2023). Citations referenced within the extracted sections are
found in the original text provided in the Appendices. Please refer to the signed Co-authorship Approvals for
Higher Degree by Research Thesis for Examination, submitted alongside this thesis in accordance with Clauses

5, 7, and 8 of the HDR Thesis Rules.

Below is an extract from Peddle et al. (2024) (see Appendix A for the full text of this paper), which
provides detail on diversity patterns across soil microbiota and their interactions with plant
communities. The following work was written in a restoration ecology context, which represents
important applications of microbial ecology tools, particularly as we consider the need to respond to
degradation of important ecosystems like grasslands (see, 1.2.2 Grassland degradation, threats and

repair, above):

“Over the last 15 years ... increased attention has been given to soil microbiota - the bacteria, archaea,
fungi, viruses and protists within soil - and their interactions in the soil system and with aboveground
biota due to their essential functional roles (Harris, 2009; McKinley, 2019; Eisenhauer et al., 2017). Soil
microbiota are among the most biodiverse and functionally important ecosystem components and are
essential to many biogeochemical processes. For example, biological nitrogen fixation by diazotrophs,
nitrogen-fixing bacteria and archaea forms the foundation of Earth’s terrestrial productivity (Zhu et al.,
2022; Vitousek et al., 2013) and cyanobacteria (carbon and nitrogen fixers) combine with fungi,
bacteria, lichens, and other organisms to form biological soil crusts (‘biocrusts’) which can stabilise soil
landscapes and enhance water availability (Weber et al., 2022; Yan-Gui et al., 2013). Furthermore, soils
are home to over half of Earth’s biodiversity (Anthony, Bender & van der Heijden, 2023) and
belowground microbial biomass is often comparable in scale to aboveground plant or animal biomass
(Fierer, 2017). Soil microbiota also interact with aboveground ecosystem components and are
intimately involved in plant and animal health, and vice versa. For example, the relationship between
plants and arbuscular mycorrhizal fungi is one of the oldest terrestrial symbiotic interactions (Field &
Pressel, 2018; Tisserant et al., 2013) where plants depend on fungi to gather essential nutrients in
exchange for carbohydrates. Consequently, we can expect reciprocal shifts in above- and belowground

ecosystem components (Kardol & Wardle, 2010; Prober et al., 2015). Therefore, improving the
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integration of soil microbiota and associated microbial ecology into ecosystem restoration will have

considerable benefits across restoration planning, intervention, and monitoring phases [Figure 1.1].

Historically, scientists faced technological challenges in quantifying and grasping the diversity

and composition of soil microbiota, as traditional culture-dependent methods were only able to grow

<1% of microbial taxa (Alivisatos et al., 2015; Vartoukian, Palmer & Wade, 2010). However, modern

sequencing technologies enable a detailed taxonomic and functional understanding of soil microbiota.

For example, the now routine high-throughput amplicon sequencing of DNA extracted from soil

samples can provide a detailed taxonomic view of the microbiota within a given sample (Berg et al.,

2020; Fierer, 2017). These amplicon data sets can then be associated with spatial, land-use,

environmental condition and/or restoration-intervention data to answer ecological questions

(Tedersoo et al., 2019; Thomsen & Willerslev, 2015; Breed et al., 2019).”

Peddle et al. (2024), pages: 2-3

This image has been removed due to copyright restriction

Available online at https://doi.org/10.1111/brv.13124
(Peddle et al. 2024)

Figure 1.1. The Society for Ecological Restoration (SER) recovery wheel (Gann et al. 2019),

adapted from Peddle et al. (2024), see Appendix A. Soil microbiota can be better integrated into

the planning, intervention, and monitoring phases of ecosystem restoration projects. Integrations of

these kinds could contribute to each of the six SER recovery outcome themes (species composition,

structural diversity, ecosystem functioning, external exchanges, absence of threats, and physical

condition).

Peddle et al. (2024), page: 3
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Soil microbial communities also have several complex functional roles. The following excerpt from
Appendix B (Robinson et al. 2023) describes how microbiota directly and indirectly influence
ecosystem processes, including how microbial community dynamics intersect with plant and animal
health, and ecosystem services. As such, microbiota across both terrestrial and aquatic ecosystems
support nutrient cycling, decomposition of organic matter, and promoting soil structure stability

(Robinson et al. 2023).

“Microbiota directly and indirectly affect many ecosystem processes [Figure 1.2]. Research to
understand the mechanistic basis of these effects is increasingly popular. Some of these effects include
plant and animal health (e.g., inducing immune responses, outcompeting incoming opportunistic
pathogens, producing antibiotic compounds) [10], nutrient cycling (e.g., controlling the fate of
belowground carbon by decomposing organic matter or stabilizing it in the soil mineral matrix) [1],
drought stress tolerance (e.g., plant growth-promoting microorganisms can biochemically induce
systemic tolerance) [12], intra- and inter-kingdom communication (e.g., via quorum sensing and
biochemical lures, respectively) [13], hormone production in plants and animals (e.g., microbe-derived
auxin as a signalling molecule in plant development) [14], climate regulation (e.g., by producing and
consuming COz, CH4, and N20) [15], and pollination (e.g., by attracting pollinators and inducing
pollen bursting) [16]. Researchers can use microbiomics to ask important questions and understand
the connections between aboveground plant and animal communities (in terrestrial and aquatic
systems) and belowground microbiota.”

Robinson et al. (2023), page: 1190
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This image has been removed due to copyright restriction

Available online at https://doi.org/10.1016/j.tree.2023.07.009

(Robinson et al. 2023)

Figure 1.2. The importance of microbial communities to ecosystem functionality,
adapted from Robinson et al. (2023), see Appendix B. Microbiota play functional roles in
terrestrial and aquatic ecosystems, including but not limited to: nutrient cycling, climate
regulation, substrate formation, animal and plant health.

Robinson et al. (2023), page: 1192

These functions are important for maintaining ecosystem resilience, particularly under stress
conditions like drought (Buisson et al. 2019). Additionally, microbial interactions with plants can
enhance growth and resistance to diseases, further influencing biodiversity and productivity (Wagg
et al. 2014, Ngumbi and Kloepper 2016, Berendsen et al. 2018, Neuenkamp et al. 2019). Thus,
microbiota serve as foundational drivers of ecosystem health, supporting diverse biological

communities and contributing to the sustainability of natural and managed environments.

Plant-soil interactions and soil legacies.
Plant-soil interactions are extremely important and well-studied processes across a range of
ecosystems (Bever et al. 2010). Exploring plant-soil dynamics can identify the growth promoting (or

detracting) components of soil environments for plants, often shaping plant-plant interactions and
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structure of the aboveground vegetation (Bever et al. 2010). The characteristics of soil microbiota are
influenced by a mix of biotic and abiotic conditions produced by past plant-soil legacies, and host or

neighbouring species (Brinkman et al. 2017, Wubs et al. 2019, Kutakova et al. 2023, Jiang et al. 2024).

Ecological soil legacies can include positive plant-soil feedbacks, where plants grow better in soils
previously occupied by members of the same species. This dynamic typically results in mono-
dominance of species that respond well to these habituated soil microbial and soil conditions (Bever
et al. 1997, Bever et al. 2010). Positive plant-soil feedbacks are often observed in grass species, where
hosts have been found to output mutualistic, growth promoting microbiota (Bever et al. 1997, Bever
et al. 2010). Negative plant-soil feedbacks, however, create barriers that inhibit plant growth in a
second generation. They describe the growth reducing effects of soil microbial and edaphic
conditions, facilitated by a generation of plants (Bever et al. 1997, Bever et al. 2010). These dynamics
include allelopathy - the release of compounds that alter growth and germination of competitors,
and can be produced by the encouragement of pathogenic microbiota (Callaway and Ridenour
2004). Negative feedbacks have a diversity promoting effect on an ecological community (Wang et
al. 2019, Beals et al. 2020). By disrupting the dominance of some species, they encourage the
coexistence of other plants, maintaining a highly competitive environment (Wardle et al. 2004,

Reinhart 2012, van der Putten et al. 2016, Wang et al. 2019).

Plant-soil relationships reflect mutual investment and reward dynamics (Bever et al. 2010). Both the
microbiota and the plants themselves interact with each other on economic terms, via provision of
services in exchange for rewards, and they can even mimic beneficial microbes to steal resources
(i.e., ‘cheater organisms’) (Kiers et al. 2002, Kiers et al. 2011, Verbruggen et al. 2013, Gonzdlez et al.
2018). Furthermore, whether microbiota act as facilitators or followers of different plant
communities - that is, whether microbiota are the principal architects of plant community diversity
patterns, or a product of it - is an important consideration for utilising microbiota in restoration

interventions (Harris 2009). It is likely that plant-soil relationships are more complex than described
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above, and patterns of plant/microbial behaviours will change, not only based on plant species, but
their entire ecological communities with competition dynamics and disturbance/successional shifts

(Kardol et al. 2006, Cline and Zak 2015, Wang et al. 2019, Gao et al. 2022).

Ecological frameworks for plant-soil dynamics

Our capacity to predict ecosystem responses to change or management interventions, hinges on our
understandings of how plant and microbial community interactions play out across different
ecological contexts. In 1.2.1 Grasslands: classifications, diversity, and ecosystem services, above, I raise
functional redundancy as a mechanism for instilling ecosystem stability. Here, functional
redundancy is produced via high biodiversity - the presence of multiple species performing similar
roles, often through different mechanisms. This redundancy allows ecosystems to maintain
functioning even if some species are vulnerable to environmental stress or disturbance, as other
species can assume their roles via alternative functional pathways (Louca et al. 2018, Biggs et al.
2020). Furthermore, global meta-analyses have found grassland biodiversity contributes to resistance
against invasive plants (‘the biotic resistance hypothesis’) (Cheng et al. 2024), and supports
ecosystem multifunctionality — with rare taxa occupying a position of particular important in these
communities. Rare microbiota in one ecological context may increase in abundance following
disturbances (West and Whitman 2022), enhancing community resilience and phylogenetic
plasticity (Jousset et al. 2017, Jia et al. 2018). As such, functional redundancy is an important
mechanism for supporting ecosystem resilience and resistance across different macro and micro
ecosystem scales (Louca et al. 2018, Biggs et al. 2020). Consequently, rare species are crucial for

biodiversity and functional stability.

There are several additional frameworks for theorising how plants successfully colonise new

environments or resist invasion, via their plant-soil dynamics (Bever et al. 2010, Debray et al. 2022,

Liu and Salles 2024). For instance:
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e The ‘novel weapons hypothesis’: Invasive plants may allocate resources or compounds to soils
that harm native plants, allowing them to outcompete local species by deploying pathogenic
microbiota against neighbouring plants which will not have been exposed to these ‘novel
weapons’ (Callaway and Ridenour 2004).

e The ‘enemy release hypothesis’: Invasive plants may succeed in new environments due to the
absence of long-term, co-evolved pathogens. As such, the absence of natural predators or
pathogens can facilitate a competitive advantage for these plants over native species (Agrawal et
al. 2005).

e The ‘cry for help hypothesis’: Plants may recruit also established microbial symbioses during
times of stress to overcome adverse conditions (Rolfe et al. 2019). When antagonistic conditions

arise, plant species may change their conduct to adjust to new threats.

Ultimately, across different ecosystems, biodiversity is a factor that is consistently found to impact
the success or failure of invasive species, and different theoretical frameworks can help to predict

and justify change to future inventions.

Microbial colonisation of plant endospheres and rhizospheres

The ways plant species recruit microbiota around its roosts reflects a complex economic exchange of
services (Kiers et al. 2002, Kiers et al. 2011, Gonzalez et al. 2018). The symbiotic interactions, not only
extend to the microbiota in the soil, directly in contact with plant roots (rhizosphere microbiota) -
they also colonise the internal structures of plant roots (endosphere microbiota) (Figure 1.3)
(Bulgarelli et al. 2013). The processes by which microbiota move across these different compartments
— from bulk soils into rhizospheres, and then into endospheres - is characterised by the two-step

selection process (Bulgarelli et al. 2013, Ling et al. 2022).
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Figure 1.3. Microbial communities occupy the bulk soil, rhizosphere and endosphere of host
plants. The mechanisms by which microbiota colonise each of these compartments s is complex, but
described through the ‘two-step selection process’ theoretical framework. Here, microbiota move, first,
from (a) the bulk soil into (b) the rhizosphere, then, secondly, from the rhizosphere into (c) the

endosphere.

Plants can recruit microbial communities around their roots by exuding metabolic resources, like
organic acids, and facilitating habitat for desirable species (step 1) (Bulgarelli et al. 2012, Bulgarelli et
al. 2013). In return microbiota can perform services for the plant, aiding nutrient acquisition or
protection from pathogens (Bulgarelli et al. 2012, Bulgarelli et al. 2013). Rhizosphere microbiota can
then colonise plant endospheres through this process which is regulated by the immune systems of
host plants via controlled filtering of beneficial taxa (Bulgarelli et al. 2012, Bulgarelli et al. 2013).
These microbial communities can improve plant growth via release of growth compounds like
phytohormones, but can also improve host plant physiological responses to environmental stress by
influencing plant metabolic processes (Vetterlein et al. 2020, Adeleke et al. 2021, Lyu et al. 2021,
Santoyo 2022). For a full review of these plant colonisation dynamics and important functional roles

of endosphere and rhizosphere microbiota, see Bulgarelli et al. (2013).
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The source of colonising microbiota into plant root endospheres are also varied (e.g., soils,
pollinators, parent plants) (Barajas et al. 2020, Vetterlein et al. 2020, He et al. 2024). Moreover, we
have little understanding of the moderating factors that contribute to their success in colonising
plant tissues (e.g., host plant filtering via immune regulation, and microbial fitness traits) (Bulgarelli
et al. 2013, Urbina et al. 2018). As such, how natural ecological processes influence and/or disrupt
these symbioses is an key consideration for predicting the consequences of environmental stress on
natural plant communities (Grady et al. 2019, Moroenyane et al. 2020, Choi et al. 2021, Debray et al.

2022, Lin et al. 2022, Guo et al. 2024).

In the introductions and discussions of Chapter two, three, four and five, I provide a detailed
discussion of current literature on microbial colonisation dynamics and the associated functional
processes occurring across different soil and plant compartments - bulk soils, rhizospheres, and
endospheres of host plants. Accordingly, I defer to these sections for a more detailed and focussed

discussion of this content.

1.3.2 Tools and techniques for microbial community profiling

This section includes extracts from Peddle et al. (2024) and Robinson et al. (2023), which I identify by boxed
formatting and dark blue text. These are peer-reviewed publications to which I have made substantial
contributions as a co-author, although I was not the lead author. Full versions of these texts can be found in
Appendix A (Peddle et al. 2024) and Appendix B (Robinson et al. 2023). Citations referenced within the extracted
sections are found in the original text provided in the Appendices. Please refer to the signed Co-authorship
Approvals for Higher Degree by Research Thesis for Examination, submitted alongside this thesis in accordance

with Clauses 5, 7, and 8 of the HDR Thesis Rules.

High throughput DNA sequencing tools enable detailed profiling microbial communities across
different environments (e.g., from bulk soils, or plant compartments, like rhizospheres and
endospheres), and provide large complex datasets that can describe whole community taxonomic,

and functional based identification and abundance. Taxonomic microbial community profiling is
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often conducted using high-throughput sequencing. These methods use PCR amplifications of
taxonomic marker genes. These genes are then annotated with taxonomic information based on a
curated database. From these data, we can get an indication of the taxonomy and abundance of
organisms that can be identified within the target gene region (although, biological abundance may
differ substantially from sequence abundance) (Breed et al. 2019). Common applications of the
amplicon sequencing in microbial based studies include bacteria via 16S rRNA gene based on
amplification of V1-V5 regions. Additionally, profiling of archaeal communities utilises the 18S gene
region, while fungal communities are identified using the ITS (internal transcribed spacer) regions
(Abdelfattah et al. 2018, Robinson et al. 2023). There is incredibly high uptake of these methods
across many domains of microbial ecology in both human and ecological health domains (Mohr et
al. 2021, Robinson et al. 2023). Amplicon sequencing is the most widespread DNA based method for
profiling microbial communities, for its high accuracy (genus level for bacteria via the 16S rRNA

gene), and high affordability, relative to other methods (Robinson et al. 2023, Peddle et al. 2024).

The following sections contain excerpts from Peddle et al. (2024), Appendix A, and Robinson et al.
(2023), Appendix B, on other DNA based microbial profiling techniques which provide important
insights into the taxonomic and functional characteristics of microbiota, in addition to amplicon

sequencing approaches:

“Growing opportunities from shotgun metagenomic and/or metatranscriptomic data sets are now
available to provide high-quality insights into microbial functions in a restoration context (Breed et
al., 2019; Sun et al., 2020). Shotgun metagenomics is similar to amplicon sequencing, but instead of
amplifying a targeted gene region, it involves random sequencing of all DNA from within a sample.
These random fragments of the metagenome within a sample can be aligned to functional and
taxonomic databases and/or assembled into metagenome-assembled genomes (MAGs). These
approaches can provide functional gene abundance data directly instead of just taxonomic data or
inferred functions from amplicon data. Restoration scientists can then interrogate these functional
gene abundance data for functions of interest — such as genes associated with nitrogen fixation or
primary productivity - and compare these before and after restoration to assess changes to key

ecological functions and processes (Sun & Badgley, 2019). Importantly though, metagenomics involves
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a much higher sequencing cost, and the complexity of data processing and analysis requires expertise
that could place a disproportionate burden on restoration projects. Furthermore, both amplicon and
shotgun metagenomics do not discern between active and inactive organisms as relic DNA in the

sample is also sequenced (Li et al., 2017; Sun & Ge, 2023).

An additional layer of functional information can be obtained by collecting, isolating, and
sequencing RNA (as opposed to DNA used in amplicon and metagenomic approaches) from a soil
sample with metatranscriptomics. This technique can be a powerful asset in studying soil ecosystem
services carried out by microbiota but is not yet widely used in ecological contexts (Breed et al., 2019).
Analysing total community RNA transcripts can potentially reveal a microbiome’s gene expression
under specific conditions, known as the active functional profile. This approach provides an
opportunity to study direct alterations of the (meta-)transcriptome in response to different
environmental conditions. High functional redundancy is common in soil microbiomes (Louca et al.,
2018; Prosser, 2020) and identifying relationships between microbial community structure and
function remains challenging because observed community functions are often difficult to link to
specific taxonomic groups. Furthermore, RNA-based methods are generally more expensive and time-
consuming than DNA-based methods (Cordier et al., 2019), and the unstable nature of RNA molecules
presents a technical challenge. Because transcriptional profiles can vary considerably over time, any
information gained via metatranscriptomics should be interpreted as a ‘snapshot’ in time.
Nonetheless, metatranscriptomics can be a powerful asset in trying to shed light on the dynamics of
ecosystem functions carried out by microbiota and warrants consideration as part of a multi-omics
approach (Aguiar-Pulido et al., 2016).”

Peddle et al. (2024), page: 13

Non-DNA based approaches include tools like characterisation of phospholipid fatty acid analysis.

This is detailed in the excerpt from Peddle et al. (2024), Appendix A, below:

“High-throughput amplicon sequencing is an increasingly common method used to characterise
microbial diversity and community composition in a sample. Amplicon-based data can be used to
assess differences in microbial communities across restoration treatments, controls, or ages... Since
amplicon sequencing is increasingly accessible and affordable, there has been rapid, recent growth in
restoration studies using this approach (Mohr et al., 2022). This method presents a detailed picture of
microbial diversity and community composition, which is not provided by culture-dependent
methods or phospholipid fatty acid analysis (PLFA) approaches. Since phospholipids are only
collected from live microbes during sampling, PLFA provides a snapshot of live microbial biomass. As
such, PLFA has an advantage over DNA sequence-based approaches where DNA is sampled from both

live and dead microbes and living biomass cannot be estimated (Seymour, 2019). However, unlike
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sequence-based approaches, PLFA cannot provide detailed taxonomic insights into microbial diversity
or composition. Therefore, it has been recommended that combining PLFA and sequence-based
approaches can provide an accurate assessment of both live microbial biomass and community
composition (Nkongolo & Narendrula-Kotha, 2020).”

Peddle et al. (2024), pages: 11-13

Successful implementation of microbial profiling techniques also depends on accessible
bioinformatic workflows which can be used to make ecological meaning out of raw meta-sequencing
data. The processing of DNA sequence data can require expertise in a range of different microbiome
analysis techniques, and also specialist knowledge of metabolic processes. Robinson et al. (2023),
contains a discussion of pipelines, workflows, and techniques that are commonly used by microbial

ecologists to generate a variety of important taxonomic, or functional datasets:

“A range of bioinformatic workflows can be used to generate insights into microbiota in a restoration
context. For instance, QIIME2, DADA2, and Phyloseq can be used for amplicon processing,
MetaPhlAn3 and HUMARNN4 for metagenomics and metatranscriptomics, MelonnPan for
metabolomics, and MetaLab for metaproteomics [Figure 1.4], with varying levels of detail [58]. For
instance, shotgun metagenomics provides the opportunity to bioinformatically examine changes in
functional genes during the recovery of ecosystem (and microbial) function. Sun and Badgley analyzed
soil metagenomes from mine soils spanning 6-31 years since reforestation, and used the MG-RAST
pipeline to analyze functional genes [59]. They found that the N-cycling groups, ammonia- and nitrite-
oxidizing bacteria, increased significantly with time since restoration. The authors suggest that their
work helps to identify possible mechanisms (e.g., biochemical) linking the soil microbiome to

ecosystem recovery.

... Metabolomic pipelines [Figure 1.4] can be used to understand microbial metabolic processes
and products, thus providing a detailed assessment of active functional roles and interactions between
and within organisms. This can enhance monitoring capabilities [61]. For example, organisms of
restoration interest can be affected by stressors such as xenobiotic (not naturally produced)
pollutants- a key cause of ecosystem degradation [62]. Metabolomics can facilitate a better
understanding of the effects of these perturbations on plant and animal communities by providing
phenotypic and biological information that is vital for effective monitoring [61]. metabolites can be
produced on a timescale of seconds to hours, the application of metabolomics provides an assessment

of rapid responses to stress. This can be especially useful in restoration by enabling adaptive

monitoring. Finally, metaproteomics can be used to study microbial proteins, thereby providing
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insight into the phenotypes of microbes at the molecular level [62]. Both metabolomics and
metaproteomics can provide direct assessments of the putative functions ascribed using sequencing
approaches. This can aid ecological understanding of the functional response of recovering microbiota
at an ecosystem scale, and potentially allow more targeted restoration interventions and detailed
monitoring schemes. For instance, researchers have used meta-proteomics to [analyse] the structure
and function of microbial communities, particularly in soils, which provides information on their
contribution to ecosystem services [63]. Soil proteins can provide information about the
biogeochemical potential of soils and pollutant degradation [64]. Microbes and their protein
metabolites can also act as bioindicators of soil quality- a potentially important attribute in restoration

. . ”»
monitoring schemes.

Robinson et al. (2023), pages: 1198-1199

This image has been removed due to copyright restriction

Available online at https://doi.org/10.1016/j.tree.2023.07.009

(Robinson et al. 2023)

Figure 1.4. Differences in microbial DNA-based profiling approaches, adapted from Robinson
et al. (2023), see Appendix B. These approaches consider both taxonomic and functional microbial
profiles, and vary across a gradient of potential to realised functional annotations.

Robinson et al. (2023), page: 1194
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These techniques provide an important cornerstone for microbial ecology studies. Their uptake is
limited by specialised knowledge of complex laboratory and computational procedures. However,
applications of these tools can produce important insights into how microbial communities both

change and function across many biological systems.
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1.3.3 Applications of whole-soil translocations of microbiota for ecosystem

interventions

This section includes extracts from Peddle et al. (2024) which I identify by boxed formatting and dark blue text.
This is a peer-reviewed publications to which I have made substantial contributions as second-named author. Full
versions of this text can be found in Appendix A (Peddle et al. 2024). Citations referenced within the extracted
sections are found in the original text provided in the Appendices. Please refer to the signed Co-authorship
Approvals for Higher Degree by Research Thesis for Examination, submitted alongside this thesis in accordance

with Clauses 5, 7, and 8 of the HDR Thesis Rules.

There are many diverse applications for plant-soil feedbacks and soil legacies for the management of
important plant species or ecosystems. This is especially pertinent where there is need for large scale
interventions to aid in conservation or restoration efforts. Peddle et al. (2024) also describes several
practical and theoretical considerations for implementing whole-soil translocations for ecosystem
restoration (see Appendix A). The excerpt below discusses the potential applications of translocating
microbial communities in soils, it describes key research questions, substantial knowledge gaps, and

ecological considerations that limit uptake of these approaches:

“Translocating whole soil communities - whether in the form of intact turfs or homogenised bulk soil
- is one way of inoculating soil microbiota into degraded ecosystems to shift the microbial community
towards one that is more representative of a target ecosystem. This essentially involves collecting soil
from a reference ecosystem and translocating it directly into a restoration site (Koziol et al., 2018;
Wubs et al., 2016; Carbajo et al., 2011). Inoculating degraded sites with reference ecosystem soil and
associated biota has been shown to improve the growth and establishment of desirable native plants
and exclude weeds in both greenhouse and field conditions (Koziol et al., 2018; Wubs et al., 2016; Fahey
& Flory, 2022). For example, Wubs et al. (2019a) showed that soil inoculations can have ecosystem
legacy effects that steer successional changes and can last for at least two decades. Importantly,
however, Gerrits et al. (2023) highlight how the directionality of this legacy effect depends on the
suitability or fit of translocated soil to the recipient site, with mismatches steering communities in the
wrong direction. Similar interventions can also shift the direction of the development of vegetation
communities (Wubs et al., 2016) and improve prospects for native vegetation success (Wubs et al.,
2019h). However, while research has shown a benefit for the restoration of vegetation, few studies have

focussed on the efficacy of soil translocations to shifting whole microbial communities themselves.
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Substantial knowledge gaps remain on the effectiveness of soil translocations, including: what
methods are most effective (e.g. bulk soil, intact turfs, volumes required), to what extent do soil
physical and chemical properties in recipient sites impact establishment, how do priority effects
impact on microbial community recovery (i.e. establishment may be dependent on the order of arrival
of specific taxa), and, how does the coalescence of distinctly different soil communities impact
successful establishment? As such, further research on whole-soil translocations and inoculations
should focus on addressing these knowledge gaps via embedded experiments to understand better
how soil volume, translocation method, and community coalescence dynamics affect microbial
community assembly across varied ecosystems and soil types. Addressing these knowledge gaps will
then enable the research community to develop decision-support frameworks to help determine when

whole-soil translocations will provide restoration benefits that are commensurate with cost.

Another critical open question relating to soil translocation is: how can we minimise the
impacts soil translocations have on donor ecosystems? While soil translocations may be effective, soil
collection can impact remnant habitats and consideration is needed to limit impacts to remnant sites
while providing a benefit to degraded sites. Solutions are needed to scale up soil translocations outside
situations where soil can be harvested because existing remnant habitat is already being cleared. As
such, decisions on interventions impacting remnant habitat will need to weigh factors such as the
contribution of remnant habitat to support the integrity and viability of restoration or conservation
efforts (Tulloch et al., 2016; Wintle et al., 2019), or if a degree of destructive harvesting of soil resources
from remnant sites can provide restoration benefits that outweigh impacts to remnant habitat. To
address the need for reliable seed sourcing in restoration or revegetation, seed-production areas are
being established instead of relying on sourcing seeds from remnant habitats (i.e. target plants are
grown ex-situ ‘en masse’ to produce seed stock) (Zinnen et al., 2021). This concept could potentially be
applied to soil microbiota with soil microbiota production areas, although various open questions (i.e.
how do we cultivate whole target microbial communities, can we subset communities to focus on
particular taxa, and what is the ‘ideal’ composition of these communities) need to be addressed before

soil microbiota production areas can be effectively implemented at scale.

Despite these knowledge gaps, whole-soil translocations are increasingly used in large-scale
restoration projects where topsoil is salvaged as part of the initial disturbance (e.g. surface strip
mining) and then reinstated during restoration (Tibbett, 2010; Schmid et al., 2020; Liddicoat et al.,
2022). The objective of topsoil transfer is to preserve the soil-stored seedbank rather than the soil
microbiota per se. Still, benefits from the reservoir of microbiota contained in these topsoils present an
opportunity to improve restoration outcomes. Limiting the amount of time for which soils are
stockpiled before translocation is crucial as stockpiling can disrupt biological integrity and impact
microbial diversity and composition (Hernandez et al., 2024; Valliere et al., 2022). In best-practice

cases, the direct return of harvested topsoil to nearby restoration sites will limit the physical and
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biological degradation of soil from long-term stockpiling (Rokich et al., 2000; Peddle et al., 2022).
However, the impact of the collection and homogenisation of vertical soil profiles during the transfer
process on soil microbiota is likely detrimental but still poorly understood.”

Peddle et al. (2024), pages: 8-9

As described above, studies on the effective translocation or inoculation of soil microbial
communities within or across ecological communities represent a key consideration for ecosystem
interventions. With the growing recognition of the key role soils and their biota have in restoring
biodiversity and ecosystem functioning, it is essential for ecologists and environmental practitioners

to develop innovative approaches that integrate these functional roles into ecosystem management.

Targeting specific microbiota

Microbial-based soil interventions will inevitably involve complex networks of species interactions,
making them challenging to control. Approaches that focus on key microbial species or on restoring
ecosystem functions will need to prioritise beneficial microbiota while actively managing against
pathogens or other inhibitors to success. Below, Peddle et al. (2024) considers the limitations and

future directions for targeting specific beneficial microbiota during interventions (Appendix A):

“Specific microbial taxa can be lacking in an ecosystem, disproportionally impacting plant fitness
(Thrall et al., 2001). For example, obligate symbionts (e.g. rhizobia) often fail to persist in degraded
soils since their survival relies on the presence and persistence of their host plant species (Thrall et al.,
2001; Berruti et al., 2016) or other microbes within a whole community. For bulk soil inoculations,
microbiota specificity is low as this approach relies on a whole-of-community transfer. Therefore,
varying degrees of specificity are relied upon for microbial cultures and suspensions [i.e., microbiota in
liquid media] when targeted for use as an additive in direct soil applications or via priming, coating
and extruded pelleting approaches [i.e., inoculating seeds with microbial assortments through liquid
application, soil integration, or physical encasement]. Because of this variable specificity, the required
level of microbe-host matching is an important factor to consider when developing soil microbiota
interventions (e.g. does an inoculum need to land precisely within the root zone of a target plant to
succeed?). Furthermore, reliance on expensive and highly technical approaches could be a liability for
restoration practice where patents and corporate control of technology could limit affordable uptake

and equitable use of tools needed to improve restoration outcomes (Osborne et al., 2021).
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A targeted consortium of microbes (e.g. multiple taxa of cyanobacteria) may be preferable
over individual strains (Chua et al., 2019; Dadzie et al., 2022), especially since a diverse community
should result in more resilient microbiota (Chua et al., 2019; Rodriguez & Duran, 2020; Berendsen et
al., 2018). Culturing diverse microbial consortia can be challenging however, as varying capture and
growth rates across taxa are likely (Kaminsky et al., 2019). A further roadblock is selecting the
appropriate techniques to capture, extract and transfer the targeted microbiota or strains. This will be
particularly challenging for obligate symbionts, which can be particularly hard to isolate and culture

(Berruti et al., 2016).

The use of plant hosts has been proposed as a way to culture a targeted microbiota. Trap
cultures in soil, for example, involve collecting soil samples containing target microbial communities —
such as arbuscular mycorrhizal fungi - from whole soil in a reference ecosystem, which is then
propagated with host plants ex-situ for later inoculation (Koziol et al., 2018). Techniques like this could
be scaled up in soil microbiota production areas which could reduce impacts on remnant ecosystems
comparatively to the direct transfer of topsoil. However, these soil-culturing systems require
substantial time and technical investments to establish them. Once operational, communities may
shift away from their ‘wild type’ or desired community. Evidence suggests that these communities can
change to undesirable states over time, due to the build-up of soil pathogens (Bauer, Mack & Bever,
2015) or reduced diversity within the microbial communities, which could harm host plants (Trejo-
Aguilar et al., 2013) undermining the effectiveness of microbial products. Alternatively, harnessing the
positive soil legacies of plants and host-mediated microbiome engineering have been proposed as
methods of selecting for specific functional outcomes in microbial communities by subjecting plants
to specific selective pressures (e.g. inducing drought tolerance in a host-plant’s microbiota via
instigating water stress) (Mueller & Sachs, 2015; Pineda, Kaplan & Bezemer, 2017; Gopal & Gupta, 2016).
However, our ability to introduce targeted microbiota or a select microbial strain depends on our
capacity to identify specific taxa of interest and extract, propagate, and successfully re-introduce them

effectively and in a replicable way.”

Peddle et al. (2024), pages: 10-11

The different approaches we use to make beneficial microbial interventions across ecosystems, like

grasslands, will need to address specific restoration barriers and targets (e.g., species specific or

community level goals). As such, they will need to be evaluated in terms of their cost, feasibility, and

impact on a case-by-case basis.

Promoting positive soil legacies
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Finally, the following section contains excerpts from Peddle et al. (2024), Appendix A, and discusses
how positive soil legacies can be used to improve the fitness of species in response to stress, by
leveraging beneficial soil legacies, which could enhance the success of species used in revegetation
(Koziol et al. 2018, Chua et al. 2019). These positive soil legacies arise when a preparatory generation
of plants recruits and nurtures beneficial soil microbiota, thereby conditioning the soil to support
the fitness of future plant generations (Gopal and Gupta 2016, Pineda et al. 2017). The following
excrept from Peddle et al. (2024) explores the potential applications of this approach, and considers

proof-of-concepts across other ecological systems:

“The potential for creating positive soil legacies through priming the soil with specific plants has been
demonstrated with the wildflower Senecio jacobaea (Pineda et al., 2017). When exposed to insect pests,
this plant generated a feedback mechanism where sugars and organic acids exuded from its roots
maintained a distinct soil fungal community that affected the regulation of amino acids in the host
plant’s phloem sap, providing the plant with reduced herbivore populations (Kos et al., 2015). Also,
Buchenau, van Kleunen & Wilschut (2022) observed some European grasses could see improved
growth in the second generation of plants grown in drought-exposed and nutrient-limited soils due to
a positive legacy of the soil microbiota. The next step for utilising positive soil legacies better is to
improve understanding of the generality of this effect as it is not present for all plant species

(Kaisermann et al., 2017).

Understanding microbial-mediated stress responses in plants and how plant-microbial
interactions can be applied to improve plant stress tolerance presents promising restoration
opportunities (Larson, Venette & Larson, 2022; Petipas, Geber & Lau, 2021; Valliere et al., 2020). The
transfer of soil microbiota from non-local soils or across environmental gradients (e.g. temperature,
aridity, nutrient) into revegetation sites could instil stress-ameliorating interactions between plants
and the relocated microbiota. This could build resilience to developing stress and disturbance
expected under climate change or site-specific legacies of previous land use - provided we improve our
understanding of patterns of host-plant-specific versus general adapted microbial functions (Petipas et

al., 2021).”

Peddle et al. (2024), page: n

Positive soil legacies hold strong potential for integration into ecological systems facing

environmental stress (Peddle et al. 2024). It remains unclear, however, how effectively they can be
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utilised during ecological interventions, such as the through soil translocation of microbiota into
novel soil conditions. Expanding the broad applicability of these approaches should be a priority for
future research, particularly in studies manipulating plants and ecological communities in need of

conservation or restoration interventions (Peddle et al. 2024).

Microbiota have key roles in sustaining ecological and geochemical processes within soils. While
there are many knowledge gaps regarding how environmental variations influence plant-soil
relationships among key species, and how these dynamics are shaped by deterministic versus
stochastic processes, there is substantial potential to incorporate microbiota into ecological research
and practice. The success of soil interventions is likely to vary across distinct environmental
contexts; thus, the pathway to application should thoroughly consider relevant conditions. Initial
steps could involve evaluating the natural dependencies or competitive advantages between specific

plants and local soil-microbial conditions.

1.4 Study species: Themeda triandra

Themeda triandra (Forssk.) is a perennial C4 grass species with a pan-palaeotropical distribution
(Figure 1.5a). It is considered a keystone species, forms tussocks, and typically reaches heights of
around 1 m. T. triandra ecology and physiology has been well studied, but there is little known about
its interactions with soil microbial communities (discussed below). Here, I examine the current
research on ecological traits of T. triandra that contribute to its global distribution, and its role in
shaping grassland ecosystems. I discuss known physiological traits and adaptations that enhance its
performance across these environments - such as, seed dormancy and germination, disturbance and
successional dynamics, polyploidy, adaptations to drought, and soil microbial interactions. As a
keystone grass, dominant across grasslands globally, T. triandra has important ecological roles
(Snyman et al. 2013). As such, there is a need to understand the soil dynamics and microbial ecology
of this plant to aid restoration of this species across degraded grasslands (Cole and Lunt 2005,

Williams et al. 2015).
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1.4.1 Distribution

There are as many as 27 recognized species in the Themeda genus, occupying various niches as
annual or perennial plants, with diversification beginning approximately 5 million years ago (Alpers
et al. 2016). T. triandra is thought to have evolved in South Asia around 1.5 million years ago, before
spreading to Australia 1.3 million years ago, and Africa 500 thousand years ago, resulting in a pan-

palaeotropical distribution (Figure 1.5b) (Dunning et al. 2017).
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Figure 1.5. The keystone grass species, Themeda triandra, and map of its pan-palaeotropical
distribution. (a) Photographs of T. triandra plants (left), showing its distinctive seed head (right)
(photographs were supplied from the personal collection of Riley Hodgson). (b) Pan-palaeotropical
distribution of T. triandra based on observations (points) from the Global Biodiversity Information
Facility between years 2000-2023 (GBIF.org 2023). Points are likely underrepresented geographically
across its distribution due to different practises of obtaining reliable records of occurrence. The colour
gradient represents mean annual aridity index from Version 3 of the Global Aridity Index and Potential
Evapotranspiration Database (Zomer et al. 2022). Aridity index is a measure of annual

precipitation/annual potential evaporation, and low values correspond to more arid conditions (i.e.,
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hotter/drier conditions), whereas high values correspond to less arid conditions (i.e., cooler/wetter
conditions). (c) The global distributions of T. triandra plants exist across a wide-spanning aridity
gradient, as indicated by the density of GBIF observations (GBIF.org 2023), mapped to the Global
Aridity Index and Potential Evapotranspiration Database (Zomer et al. 2022) and the aridity

classifications from the UNEP World Atlas of Desertification (UNEP 1992).

Aridity is a key factor shaping the distribution of T. triandra (Figure 1.5b) in addition to the plant
communities and edaphic conditions of the ecosystems that this grass inhabits (Zomer et al. 2022,
Shi et al. 2024). This species occupies a wide range of aridity zones, including humid and semi-arid
regions (Table 1.4; Figure 1.5¢). The aridity index - defined as the ratio of precipitation to
evapotranspiration — serves as a useful metric for assessing climatic water availability in regions
where T. triandra thrives (UNEP 1992, Zomer et al. 2022). T. triandra’s distribution across arid and
semi-arid conditions can be attributed to a range of morphological, biochemical, and physiological

adaptations that enable this species to avoid water and nutrient stress (discussed below).

Table 1.4. Aridity classification guide according to different aridity index thresholds adapted

from UNEP World Atlas of Desertification (UNEP 1992)

Classification Aridity Index
Hyper-arid Al <o0.03
Arid 0.03<Al<o0.20
Semi-arid 0.20<Al<o0.50
Dry sub-humid 0.50 <Al < 0.65
Humid 0.65 < Al

1.4.2 Ecology and physiology

The name triandra derives from "tri-" and "-andrus" indicating the presence of three stamens. It was
formerly known known as Themeda australis in some regions, though it is now considered
synonymous to T. triandra. Growing in a tall dense tuft, T. triandra forms tussocks and generally
reaches heights of 1 m (Snyman et al. 2013). It is a reproductively flexible species, with pathways
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including sexual and asexual (specifically, apomixis) reproduction (Ahrens et al. 2020). T. triandra
has distinct genetic populations, resulting in regional ecotypes across its range (Dunning et al. 2017,

Godfree et al. 2017, Ahrens et al. 2020).

Seed dormancy and germination

Seed viability and germination rates for T. triandra vary widely across different regions, and
numerous seed treatments have been tested on T. triandra with mixed results (Durnin et al. 2024).
High temperatures, smoke water, and gibberellic acid (among others) can enhance germination rates
(Snyman et al. 2013, Durnin et al. 2024), but soil moisture remains the best cue for germination after
dormancy is broken (Snyman et al. 2013). In practice, seed smoke treatments are difficult to
standardise and apply, unlike treatments with gibberellic acid which are regularly employed in labs
(Durnin et al. 2024). Furthermore, the time to overcome dormancy for T. triandra is highly variable
across different populations (Durnin et al. 2024). Prolonged dormancy in T. triandra seeds from
some regions may be an adaptation to ensure germination aligns with the start of spring, allowing
for extended growth during summer. Furthermore, the optimal dormancy times, temperatures, and
seed characteristics for the best germination outcomes across different populations are thought to
depend on an unknown combination of local environmental conditions and genetic traits (Saleem et
al. 2009, Durnin et al. 2024). Variable T. triandra seed quality and low seed fill rates across mature
florets presents a challenge for establishing seed production areas, posing a significant limitation for

both agricultural and ecological restoration efforts (Durnin et al. 2024).

Fire ecology and succession

T. triandra demonstrates a preference for regular disturbance such as periodic fires, grazing, or
mowing (Morgan and Lunt 1999, Snyman et al. 2013, Price et al. 2019), but it is also sensitive to
overgrazing or extreme disturbance (McNaughton 1985, Allsopp 1998, Lunt and Morgan 1999,

Gonzalez et al. 2018). As such, T. triandra is considered a ‘decreaser species’, and can provide a good
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indication of ecosystem health based on its prevalence across an ecological community (Theunissen

1992).

Fire is a regular disturbance process across many grasslands due to climatic, evolutionary and
cultural processes that facilitate the accumulation of flammable biomass and the presence of fire
triggers (Morgan 1999). In fire-adapted ecosystems, like T. triandra grasslands, burning promotes
plant diversity by providing new niches into which seedlings can recruit, making fire an important
functional process (Lunt and Morgan 1999, Morgan and Lunt 1999, Price et al. 2019). Furthermore,
fire is a key factor that drives T. triandra persistence (Snyman et al. 2013, Simpson et al. 2016, Smith
et al. 2019). The litter that T. triandra plants deposit is highly flammable and, as a hemicryptophytic
plant, T. triandra has renewal buds located at ground level, from which it can resprout (Snyman et al.
2013). The fire-adapted traits of T. triandra grasses, therefore, provide this species an early advantage
during recovery after burns, helps them to dominate over other species during secondary

successional processes.

The seeds of mature T. triandra plants have long awns that twist deeper into the soil as they wet and
dry, and as such, are usually not disturbed by mild burns (Snyman et al. 2013, Durnin et al. 2024).
However, T. triandra seeds generally have a short lifespan within the seedbank - persisting for
approximately 1-2 years (Snyman et al. 2013, Durnin et al. 2024). For T. triandra to dominate
grasslands, they rely on the persistence of established stands with regular seed production.
Ultimately, if lost (e.g., due to clearing or severe degradation), T. triandra populations are unlikely to

naturally return from the soil after extended time periods (Snyman et al. 2013).

Adaptations to water stress
T. triandra plants have several adaptations that improve their performance in arid conditions or
under water stress. T. triandra uses the C4 pathway for photosynthesis, and as such it is a summer-

growing species and has traits that reduce its risk of dehydration in warmer climates (Ehleringer et
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al. 1997). The C4 process works by fixing CO, into a four-carbon compound in mesophyll cells, which
is then transported to bundle sheath cells to concentrate CO,. This reduces photorespiration and
makes C4 plants more efficient in warm climates. As such, C4 grasses tend to segregate from typical
grasses that use the C3 pathway (winter growing grasses), along temperature gradients (Griffith et al.
2015). During hot, drier months, the C, photosynthetic pathways also allows plants, including T.
triandra, to rapidly accumulate biomass between fire events, which feed into secondary successional
dynamics discussed above, contributing to their dominance across grassland ecosystems (Snyman et

al. 2013, Griffith et al. 2015).

In Table 1.5, I outline additional anatomical and physiological traits of T. triandra plants that
improve its tolerance to water stress conditions (including further descriptions of those mentioned
above). These processes reflect the different competitive advantages sustained by T. triandra plants,

contributing to its success across dry lands and under high aridity conditions.

Soil microbial interactions

T. triandra is known to strongly associate with its soil microbiota, which can aid its growth and
fitness (Hassen and Labuschagne 2010, Petipas et al. 2017). Previous studies have shown how
arbuscular mycorrhizal fungi improve T. triandra growth and tolerance to low water conditions and
simulated herbivory (Petipas et al. 2017, Gonzalez et al. 2018, Petipas et al. 2021). Although T. triandra
requires aboveground disturbance to maintain healthy populations, it is sensitive to overgrazing and
studies have shown that when grazed it loses root colonisation by arbuscular mycorrhizal fungi

(Allsopp 1998).
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Table 1.5. Adaptive physiological and anatomical traits that improve T. triandra fitness under low water conditions (i.e., drought)

Adaptive Trait

Description

Benefit

Reference/further

reading

Narrow leaves

Stomatal density
and leaf hairs

Thick, long
taproot

Plant dormancy

C4 photosynthesis

Polyploidy

Can curl up under stress

High density of stomata on underside
of leaves and leaf hairs

Increase the plants boundary layer
(thin layer of still air surrounding leaf)

Long roots that penetrate deep into
the soil profile, and have robust thick
structures

At low leaf water potential, T. triandra
can slow transpiration processes
Can also close stomata

C4 plants first fix CO, into a four-
carbon compound transported into
bundle sheath cells

Multiple sets of chromosomes in T.
triandra genomes
Varies across populations

Reduce exposure of leaf surfaces that can undergo
water loss

Improves the water holding capacity in the leaf
surfaces
Reduces evaporation rate

Access water deeper in the soil during low water
conditions

Reduces water loss due to transpiration during dry
weather conditions
Allows for swift recovery after drought

More efficient photorespiration during low water
conditions

Better in hotter, dry conditions, compared to C3
photosynthetic pathway

Increases genetic diversity, offering greater
potential for adaptation to environmental stresses
(i.e., drought)

(Snyman et al. 1997)

(Snyman et al. 1997)

(Snyman et al. 1997)

(Snyman et al. 1997)

(Snyman et al. 1997)
(Ehleringer et al. 1997)
(Griffith et al. 2015)

(Ahrens et al. 2020)
(Hayman 1960)

(Godfree et al. 2017)
(Snyman et al. 1997)
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Little attention has been paid to the bacterial communities present in the roots of T. triandra, and
most research has focussed on arbuscular mycorrhizal fungi. Although T. triandra-associated
bacteria have been identified in prior studies, it is unclear what benefits or functional roles they
provide in their native communities (Idris et al. 2009, Hassen and Labuschagne 2010). T. triandra-
associated soil bacterial communities can be susceptible to climate change impacts. Studies exposing
these soil communities to experimental warming, elevated COz2 levels, and under desertification
processes have demonstrated that their bacterial and fungal communities are prone to compositional
changes (Hayden et al. 2012, Tang et al. 2021). The microbial communities in T. triandra roots and
soils are also thought to be influenced by belowground traits associated with C4 grasses, such as root
tissue density and specific root area (Egidi et al. 2024), but species-specific details are lacking.
Further understanding the composition of the microbial communities that directly interact with its
root structures could be useful for identifying conditions that support plant fitness across diverse
climatic and soil conditions (Hayden et al. 2012, Snyman et al. 2013, Gonzalez et al. 2018, Tang et al.

2021).

1.4.3 Cultural significance

Traditional human uses of T. triandra vary as greatly as the Peoples and societies with whom it
shares a cultural history. Australian Aboriginal Peoples, for instance, use T. triandra for making ropes
for nets, for food, and often utilised the T. triandra grasslands during hunting (Pascoe 2018). T.
triandra grasslands were also maintained by different Australian Aboriginal Peoples using fire in
strategic burns which created opportunities for hunting and cleared land (Pascoe 2018). T. triandra is
a valuable fodder crop for livestock, such as cattle and sheep, and has been harvested for grain (Male
et al. 2022). T. triandra has also been used by First Nations Peoples of Africa and Asia for these
purposes (Snyman et al. 2013), and there is an interest in the potential of domesticating this grass as
a traditional owner-led initiative. Through the adoption of the United Nations Declaration on the
Rights of Indigenous Peoples by countries including Australia, traditional uses of plants like T.

triandra are recognised and protected under intellectual rights to self-determination (UN General
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Assembly 2007, Male et al. 2022). Ultimately, agriculturalisation of plants like T. triandra could lead
to ecological and cultural benefits through diversified and drought resistant agriculture, with

permanent perennial cropping.
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Abstract

Understanding belowground plant-microbial interactions is fundamental to predicting how plant
species respond to climate change, particularly in global drylands. However, these interactions are
poorly understood, especially for keystone grass species like the pan-palaeotropical Themeda
triandra. Here, we used 16S rRNA amplicon sequencing to characterise microbiota in rhizospheres
and bulk soils associated with T. triandra. We applied this method to eight native sites across a 3-
fold aridity gradient (aridity index range = 0.318 to 0.903 = 87% global aridity distribution) in
southern Australia. By examining the relative contributions of climatic, edaphic, ecological, and host
specific phenotypic traits, we identified the ecological drivers of core T. triandra-associated
microbiota. We show that aridity had the strongest effect on shaping these core microbiotas, and
report that a greater proportion of bacterial taxa that were from the core rhizosphere microbiomes
were also differentially abundant in more arid T. triandra regions. These results suggest that T.
triandra naturally growing in soils under more arid conditions have greater reliance on rhizosphere
core taxa than plants growing under wetter conditions. Our study underscores the likely importance
of targeted recruitment of bacteria into the rhizosphere by grassland keystone species, such as T.
triandra, when growing in arid conditions. This bacterial soil recruitment is expected to become even

more important under climate change.
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2.1 Introduction

Soil is the most biodiverse habitat on Earth - home to ~59% of all species — and supports animals,
plants, and, crucially, their associated microbiota (Anthony et al. 2023). Soil microbiota support
ecosystem productivity and stability and are often impacted by ecosystem degradation (Naeem et al.
1994, Schnitzer et al. 2011). These microbiota often form strong relationships with plant hosts and
contribute to improved ecosystem resilience via plant-soil feedbacks, which help their host plants
mitigate the effects of environmental stressors, such as drought (de Vries et al. 2020, Thiergart et al.
2020, Yang et al. 2021). Plant-soil feedbacks can also aid plant nutrient acquisition, altering plant
metabolic activity, and antagonising competitive plant species (Bever et al. 2010, Pineda et al. 2017,
Hubbard et al. 2019). These positive feedbacks can therefore promote assemblages of microbes that
confer species-specific benefits to plants (Smith et al. 2018), and create pressures that shape plant
community composition (Wardle et al. 2004). These vital plant-soil feedbacks, however, are expected
to be adversely impacted by climate change (Dudenhoffer et al. 2022) and require greater

consideration to predict future host plant fitness and ecosystem functioning.

Plant-soil interactions are increasingly recognised as key components of host plant ecology, with
many plants sustaining core microbiomes - specific microbial communities associated with a host
species or a specific environment. Numerous studies have characterised persistent core microbiomes
of host plants to better understand the mechanisms of microbial community assembly and
ecological drivers shaping community composition and function (Bulgarelli et al. 2012, Hamonts et
al. 2018, Urbina et al. 2018). Characterising the core microbiome of plant species is important as it
underscores how soil microbiota can drive plant population dynamics, but only a few studies have
investigated core microbiomes across broad geographic scales (e.g., at ranges of ~10s km) (Shade and
Stopnisek 2019, Risely 2020, Neu et al. 2021). Studying plant-soil interactions at these larger scales is

required to understand their potential role in facilitating host plant adaptation to climate change,
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and other landscape-scale ecosystem pressures. Core microbiota could, for example, provide positive
feedbacks to host plants that buffer shifts in fitness landscapes of ecologically important plant

species due to climate change (Brinkman et al. 2017, Wolfsdorf et al. 2021).

The pan-palaeotropical C4 grass species Themeda triandra is a keystone species with high ecological
value in many grasslands across the world (Linder et al. 2018). It is an ecologically and culturally
significant grass species in Australia, for example, where it has been used and consumed by
Indigenous Australians for 10,000s of years (Pascoe 2018). It is also an important feedstock for
grazing animals (McNaughton 1985, Snyman et al. 2013). This grass is often a dominant species in
many southern Australian grasslands, which are increasingly arid due to climate change-driven shifts
in rainfall and evapotranspiration patterns (Guerin et al. 2018, Nishant et al. 2021, DEW 2022). Thus,
the soil microbiota associated with T. triandra, including the growth-promoting bacteria (Hassen
and Labuschagne 2010) and fungi (Petipas et al. 2017) that it cultivates around its roots, are at risk of
being impacted by changing CO, and temperature (Hayden et al. 2012), with potential flow-on
impacts to the plant host. Indeed, the congeneric T. japonica, considered by some to be synonymous
to T. triandra (POWO 2023), has already seen shifts in its associated soil microbiota in response to
increasing desertification across Asia (Tang et al. 2021). Together, this suggests that T. triandra may
be exposed to climate change impacts directly, but also via climate change causing a shift in its

associated microbiota.

Better understanding the interaction between T. triandra root systems and its belowground
microbial communities, as well as determining whether the composition of these microbiota change
along an aridity gradient, is crucial for anticipating climate impacts on T. triandra. Accordingly, we
characterised the core soil and rhizosphere bacterial microbiomes of T. triandra across a strong
aridity gradient in southern Australia, which is representative of the global distribution of T.

triandra. We addressed the following research questions: (a) how do T. triandra-associated soil and
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rhizosphere bacterial diversity and community composition change across a strong aridity gradient?
and (b) what is the relative contribution of climatic, soil abiotic, ecological, and host related

phenotypic traits on structuring the core T. triandra-associated microbiota?

2.2 Methods

2.2.1 Study species

Themeda triandra (Forssk.) is a pan-palaeotropical perennial C4 grass species (Dunning et al. 2017).
This grass has an important fire ecology and its seed germination rates have seen improvements
when exposed to smoke and heat (Baxter et al. 1994, Ghebrehiwot et al. 2012). T. triandra is a difficult
species to grow at scale, as the seed has been known to germinate best after long dormancy periods,
with substantial variation across regions (Saleem et al. 2009, Farley et al. 2013, Hancock and Hughes
2014). As a keystone species in palaeotropical grasslands, T. triandra is important for the deposition
of organic matter into the soil through its roots, facilitating invertebrate communities, and is relied
on by grazing herbivores. Moreover, the abundance of T. triandra within grasslands can be an
indicator of ecosystem health, and can highlight overgrazing risk or biodiversity decline (Snyman et

al. 2013).

2.2.2 Sampling design
In December 2021, we collected soil and plant tissue samples from six replicate T. triandra

individuals across eight regions along an aridity gradient in southern Australia (Figure 2.1a; Figure

S2.1).

Site selection
We obtained aridity index data used for modelling associations across the Australian study sites from
the Atlas of living Australia (ALA) Spatial portal (Belbin 2011) using the Mean annual aridity index

layer (ALA 2014). This annual mean aridity index data was based on monthly ratios of precipitation
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to potential evaporation; adapted from the UNEP World Atlas of Desertification (UNEP 1992,
Middleton and Thomas 1997). Sites spanned aridity index values of 0.318-0.903 (higher to lower
aridity, respectively; Table S2.1). We note that low aridity index values correspond to low water
availability of an area, however, in common parlance this would usually be expressed as ‘higher
aridity’. Regions with higher aridity index values, correspond to higher water availability of an area.,
We ran a Mantel test to compare site pairwise geographical distances with site pairwise aridity index
distances to investigate potential bias due to spatial autocorrelation (i.e., a positive correlation
between site geographic and enviornmental distances, in this case). We implemented this analysis to
check this potential bias in our sampling design (Mantel test: r = -0.021; p-value = 0.489; Figure 2.1b).
We conducted a second test for spatial autocorrelation in the aridity data using Moran’s I,
implemented via the ape R package (Paradis and Schliep, 2019). Spatial weights were based on the
inverse of a Haversine distance matrix between sites, with diagonal values set to zero to avoid
infinite weights. Statistical significance was assessed using a permutation test with 9gg iterations.
The results indicated no significant spatial autocorrelation in aridity (Moran’s I = 0.159, expected = -

0.143, SD = 0.227, p = 0.183).

In selecting our sites, we compared the global aridity distributions of T. triandra to our sample sites
using the R package terra (Hijmans 2023) based on aridity data from version 3 of the Global Aridity
Index and Potential Evapotranspiration Database (Global-AI_PET; Figure 2.1c) (Zomer et al. 2022).
We compared the global occurrence for T. triandra based on records from the Global Biodiversity
Information Facility between the years 2000-2023 (GBIF.org 2023). Using the upper and lower limits
from the Atlas of Living Australia aridity index data, we found that the sampled aridity gradient
covered 87% of all global occurrences (Belbin 2011), whereas when reevaluating our sampling sites
using values from the Global-Al_PET database, the aridity gradient covered 41% of the recorded
global occurence (Figure 2.1d) (Zomer et al. 2022). We note this discrepancy may be due to data

smoothing in the coarser global climatic data compared to more detailed fine-resolution patterns in
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the Atlas of Living Austral data. However, we argue this allows for a well replicated and

representative aridity gradient within which we could study T. triandra microbial dynamics.

Field sampling

At each site, we placed a 25 x 25 m quadrat, from which we randomly selected T. triandra plants
using coordinates generated from a random number table transposed to our map. We collected
whole plant specimens from six randomly chosen individuals and measured aboveground biomass to
give an indication of plant growth. We also performed a range of vegetation assessments at each
population (see below). We profiled the diversity and community composition of bacteria in the
rhizospheres and bulk soils at 30 cm and 2 m from the base of the sampled individual using 16S rRNA
amplicon sequencing to understand how bacterial communities change with proximity to their host
plant (described below; Figure S2.2a). This sampling design was intended to explore the spatial limits
of T. triandra’s direct influence on its surrounding soil environment, comparing microbial
communities at near (30 cm) and far (2 m) distances. We collected T. triandra samples and analysed
them for nutrient concentrations, as were the bulk soil samples that were collected at 30 cm and 2 m

from the base of these plants, along with other physicochemical conditions (see below; Figure S2.2a).

Sampling methodology

At each study population, T. triandra density estimates and vegetation assessments were taken
alongside plant and soil samples within 25 m x 25 m quadrats. T. triandra density was measured from
five 4 m x 4 m quadrats within the target area (Figure S2.2b). To characterise vegetation at each
population, we ran six point-intercept transects within our 25 x 25 m quadrats (Bonham 2013). Each
transect was spaced 5 m apart in a North-South direction and involved observations of the
occurrence of plant species found every meter (Figure Sz.2¢). Functional categories for the
vegetation were as follows: graminoids, herbs (forbs), shrubs, trees/canopy cover, litter, and bare

earth (exposed dirt or rock). Where more than one functional unit occurred at a given point, all were
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recorded. The occurrences of each of these functional categories for each transect replicate at each
population were contrasted using principal components analysis (PCA). These data were used to

describe differences in functional vegetation across the sampling sites (Figure S2.3).

2.2.4 Plant and soil physicochemical analysis

We analysed a range of soil physicochemical conditions from around the six randomly chosen plant
individuals at 30 cm and 2 m from host plants (i.e., 6 plants x 8 sites = 48 soils at 30 cm, and 48 soils
at 2 m, n = 96; Figure S2.2a). These included: phosphorus and potassium (Colwell 1965), sulphur (KCl
40 method) (Blair et al. 1991), organic carbon (Walkley and Armstrong 1934), nitrate, ammonium,
electrical conductivity and pH (CaCl,) at CSBP Laboratories (Bibra Lake, Australia). We also
measured the mean gravimetric water content (McPherson et al. 2018) which correlated with mean
aridity index values across sampling sites (Figure S2.4). Soil collected in each sample sent to CSBP
was about 200 g per sample. Nutrient analysis of T. triandra root and leaf samples (n = 48) were also
conducted at CSBP Laboratories (Bibra Lake, Australia) using inductively coupled plasma (ICP)
spectroscopy to measure trace elements and macronutrients within the plant, including: nitrogen,
phosphorus, potassium, sulphur, copper, zinc, manganese, calcium, magnesium, sodium, iron, and
boron. Here, we prioritised the use of the youngest fully mature leaves; however, due to field
limitations, we often used all available live leaves to obtain sufficient tissue for these tests

(approximately 4 g tissue per plant).

2.2.5 DNA extraction and sequencing

Microbiota from the T. triandra rhizospheres were characterised following the protocol from
McPherson et al. (2018). Briefly, roots collected from each sampled plant were washed in 0.02%
Silwet L-77 amended PBS buffer and vigorously shaken in the field, before being transferred to lab
facilities on ice. Within 72 hours of collection, the buffer solutions were filtered using 100 pm filters

and centrifuged prior to DNA extraction. Frozen rhizosphere and soil samples were left to thaw at
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room temperature before DNA was extracted using the DNeasy PowerLyzer PowerSoil Kit (Qiagen,
Hilden, Germany). Amplicon libraries of the 16S rRNA V3-4 gene region were developed by the
Australian Genome Research Facility (AGRF, Melbourne, Australia). Samples were PCR amplified
with the forward primer, 341F (CCTAYGGGRBGCASCAG), and reverse primer, 806R
(GGACTACNNGGGTATCTAAT). Sequences were determined using the 300 base pairs paired end

run of [llumina MiSeq sequence production.

2.2.6 Bioinformatic processing

We used the standard DADA2 bioinformatic pipeline to infer identity profiles from amplicon
sequence data from SILVA (Version 138.1) (Wang et al. 2007, Quast et al. 2013), a small subunit rRNA
16S/18S database used for taxonomic Assignment, using a naive Bayesian classifier (Wang et al. 2007,
Callahan et al. 2016). All taxa that were not assigned as Bacteria, unassigned at the Phylum level, or
associated to mitochondria or chloroplasts were removed. We also removed taxa that did not occur
in at least two samples across our whole soil and rhizosphere datasets to avoid unrepresentative and
potentially contaminating sequences/taxa. The resulting dataset was used for all downstream

analyses, described below.

2.2.7 Statistical analysis

All statistics were performed using R version 4.0.2 (R Core Team 2022). To produce a taxonomic list
of candidate core microbiome taxa in T. triandra rhizospheres, we used an abundance-occupancy
selection strategy using methods and code from Shade and Stopnisek (2019). Using rarefied data, as
per methods detailed in Shade and Stopnisek (2019), we first ranked taxa by their occupancy,
accounting for detection as a proportion across all sites and consistency of replication. We then
assessed the percent contribution of these potential core taxa to the overall beta diversity in order
from most to least abundant. From this list, we ranked the contribution of each top ranked taxa

sequentially against the Bray-Curtis similarity for the whole dataset in a cumulative stepwise
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manner. The taxa were included for core microbiome membership until the taxa saw a final 2%
increase in explanatory value. Finally, we compared the selected candidate core taxa to a neutral
theory model of microbial community assembly to visualise selection of these taxa by the host plant.
Candidate core taxa were also determined for the bulk soil samples collected at 30 cm and 2 m from

the host plants.

Alpha diversity analysis

We used rarefaction without replacement to normalise for variation in library sizes across samples
after sequencing. Samples were rarefied to 11,336 reads (Figure S2.5). The effective number of ASVs
was estimated by taking the exponential transformation of Shannon’s diversity (Jost 2006), as a

measure of bacterial alpha diversity.

We used linear mixed-effects modelling with the Imer function in the Ime4 package in R (Bates et al.
2015) to test the effect of sampling population, and belowground zones on alpha diversity via the
effective number of ASVs. These attempt to account for site differences and resampling of the
individual plants across bulk soils and rhizospheres. In our first model we modelled effective number
of ASVs as our response variable, belowground zone was included as a fixed effect, and we included
plant ID nested within sampling population as random intercepts. Our second model also explored
how the effective number of ASVs changed with belowground zone and sampling site, which were
included as fixed effects, where plant ID was also included as a random slope. Unlike in our first
model, we did not use a nested design (e.g. Plant ID nested within Site) because this would have
reduced the effective sample size to n = 1 for each group - one observation per plant compartment,
per site, per individual - eliminating replication and preventing reliable estimation of variance
components. Model assumptions were assessed using diagnostic plots, and the Shapiro-Wilk test to
explore normality. Model significance was tested using the afex package in R (Singmann 2023), via

the mixed function which ran likelihood ratio tests against all fixed effects against reduced models.
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Pairwise tests were made using multiple comparisons with Tukey contrasts through the glht function

of the multcomp package (Hothorn et al. 2008).

Beta diversity analysis

Bacterial community composition was visualised using non-metric multidimensional scaling
ordination (NMDS) with Bray-Curtis distances on our bacterial 16S rRNA dataset, following standard
bioinformatic and rarefaction processing. Bray-Curtis distance metrics were chosen because they are
sensitive to differences in relative abundances between samples, making them well-suited for
analysing ecological community composition based on count data, including rarefied datasets such
as those used in this analysis. Treatment effects on the bacterial communities were estimated via
permutational multivariate analysis of variance (PERMANOVA) using the adonisz function in vegan
(Oksanen et al. 2019), followed by testing for homogeneity of group dispersion with the betadisper
function. We also compared site differences within and across compartments using subsets of the
dataset to address assumptions of independence in our analyses. Visualisations of the relative
estimated abundance of major phyla across treatments were performed using the plot_bar function
in Phyloseq (McMurdie P. J. and Holmes 2013). Rare phyla that had less than 0.7% total relative
estimated abundance were grouped as ‘other minor phyla’. We tested for significant changes in the
relative abundance of the major phyla across the aridity gradient for all samples using Pearson’s
correlation via the cor.test function in R, while Spearman’s rank order correlation was used for data

that failed normality assumptions.

Host plant analysis
To compare differences between T. triandra biomass across sites, we used analysis of variance
(ANOVA) after log transforming data to meet model assumptions. Pairwise comparisons were made

with Tukey’s honest significant differences test (Tukey’s HSD) (Tukey 1949). Linear model
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assumptions were failed when comparing T. triandra density differences among sampling areas, and

so we used the Kruskal-Wallis rank sum test, with the Dunn test for pairwise comparisons.

Differential abundance

Differential abundance of bacterial ASVs were explored in rarefied rhizosphere samples across the
sampled aridity gradient once for our whole dataset following all the bioinformatic processes,
described previously. We classified samples across sites into three classes: low, medium, and high,
based on their population aridity index values. Sites with a mean aridity index <o.4 were considered
in the high aridity class, whereas those >0.6 were categorised as low, and sites between these values

(>0.4, but <0.6) were categorised in the medium class.

Using the function ancombc from the R package ANCOMBC (Lin and Peddada 2020) we ran
assessments of differentially abundant ASVs by comparing log-fold changes in our aridity classes.
Only statistically significant ASVs from our prior differential abundance analysis (at the 0.05
significance level) were included here. For each sample, we then calculated the sum of reads for the
rhizosphere samples across two treatments: differentially abundant ASVs; and ASVs that were both
differentially abundant but also identified as core microbiome candidates. We report the combined
relative abundance of all these taxa. We then modelled the relationship between aridity index and
the sum of reads for core versus non-core differentially abundant taxa using linear models,
bootstrapping 95% confidence intervals 2,000 times to assess whether the estimates overlapped zero
for each group. This enabled us to rigorously test how the relative abundance (percentage of all
summed sequence reads) changed with aridity index across these two treatments: the taxonomic
reads which were just differentially abundant; versus those that were both differentially abundant

and core-candidates.

Canonical correspondence analysis
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To estimate and visualise the drivers of bacterial community structure, we ran canonical
correspondence analysis (CCA) for bacterial rhizosphere and bulk soil samples on all ASVs, and just
those selected for candidate core microbiome inclusion. Null and full models incorporating
explanatory variables were calculated. For our analysis of bulk soil communities, these explanatory
variables included: all soil physicochemical variables sampled, prevalence of key functional
vegetation categories, in addition to host plant variables such as population density, aboveground
biomass, and aridity index (Table S2.2). Correlated explanatory variables were removed before we
performed forward and backward selection of these explanatory variables using the ordistep function
in the R package vegan (Oksanen et al. 2019). Where we observed saturation of the distance metrics
in our CCAs via observed ‘horseshoes’ (Morton et al. 2017), we presented and interpreted our figures
and according to the constrained components, CCA2 and CCA3, ensuring all data generated was

available in the supplementary informatoin.

2.3. Results

2.3.1 Bacterial diversity

We observed 11 bacterial phyla across all samples, which represented 98.8% of reads and had
abundance estimates of >2% (Figure S2.6). In the rhizospheres, we saw significant correlations
between increasing aridity and decreases in the relative abundance of acidobacteriota,
armatimonadota, gemmatimonadota, proteobacteria, and verrucomicrobiota, and increases in

actinobacteriota and chloroflexi (Figure S2.7; Table S2.3).

Linear mixed-effects models revealed strong differences between bacterial alpha diversity levels
across the rhizospheres and the bulk soils (LMEM: df = 2, X*>= 28.74, p <0.001). Rhizospheres
averaged (mean + SE) an effective number of ASVs of 491 + 35, which was lower than 657 + 26 in bulk
soil at 30 cm (p <0.001) and 647 + 24 at 2 m (p <0.001). The two bulk soil groups were not

significantly different in their alpha diversity values (Figure 2.2a). Effective number of ASVs showed
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strong differences across sampling sites (Figure S2.8; LMEM: X?()= 42.77, p <0.001). Interestingly, we
observed 2,296 ASVs that were uniquely found in the rhizospheres, whereas there were fewer ASVs
found in the 2 m and 30 c¢m soils alone (2 m = 1139 ASVs versus 30 cm = 1364, respectively), but
combined found 7,547 ASVs unique to just bulk soils (bulk soil ASVs in 2 m plus ASVs in 30 ¢m).
Overall, the greatest partition was that of all shared ASVs across the rhizospheres and bulk soils

(7,796; Figure 2.2b).

We observed no effect of aridity on effective number of ASVs across the two bulk soil groups at 30
cm or 2 m from host plants (Figure 2.2¢). In rhizospheres, we observed a weak effect of aridity on
decreasing effective number of ASVs, which reduced by 308.8 + 188.5 ASVs (+ SE) per aridity index

unit (LM: ¢4,,.) = 2.685, p = 0.109) (Muff et al. 2022).

There were strong bacterial communities structures between bulk soils at 30 cm and 2 m and plant
rhizospheres (Figure 2.2d; Figure S2.9a; PERMANOVA: F, ;56)= 2.308, R*= 0.0628, = 0.002, n= 48
samples per group). Bacterial communities were also well organised based aridity levels (Figure 2.2d;
Figure 2.3a-c; PERMANOVA: F(,13,) = 9.360, R = 0.064, p = 0.001), and by sampling population (Figure
S2.9b; PERMANOVA: df = 1, R>=0.355, F=10.297, p= 0.001, n= 6 per population). We also found that
sites had comparable beta dispersions across these models (PERMANOVA: df= 7, F= 1.495, p= 0182, n

= 6 per population).

We identified 193 and 177 candidate core ASVs in bulk soils at 2 m and 30 cm, respectively, from
across 6 bacterial phyla (Figure 2.4a-b; Figure S2.10a-b), and 71 core ASVs from 5 bacterial phyla in
rhizosphere samples (Figure 2.4c; Figure 2.5a). Our rhizosphere core bacteria occupancy levels
ranged from 0.27-0.96 where the mean occupancy was 0.5 + 0.0162 (occupancies of 1 would mean

present across all samples; Figure S2.11). Of these taxa, 20 ASVs in the rhizosphere were present in at
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least one replicate across all sites, whereas there were 13 ASVs found across all soil 30 cm from host

plants, and 19 ASVs in soil 30 cm from host plants (Figure S2.12).

2.3.2 Environmental associations
We found significant differences in the aboveground biomass of the sampled T. triandra plants
(ANOVA: F,..)= 10.297, p< 0.001; Figure S2.13), and density of T. triandra among sampling sites

(Kruskal-Wallis: X* = 21.826, df= 7, p= 0.003; Figure S2.14).

2.3.3 Differential abundance

We found 1,234 ASVs were differentially abundant across the three aridity classes (low, medium and
high; Figure 2.5b). Aridity had no effect on the mean relative abundance of these ASVs as the
bootstrapped 95% confidence intervals predicted a relative abundance change of between -6.267% to
8.513% per aridity index unit (i.e. confidence intervals did overlap zero; Figure 2.5¢). However, we
observed a negative relationship between aridity index and the relative abundance of ASVs that were
both differentially abundant and core selected. Here, we saw a decrease in mean relative abundance
by between -41.16% to -10.58% per unit of the aridity index (i.e. did not overlap zero; Figure 2.5¢).
The abundance of these ASVs was higher in rhizosphere communities from more arid sites,

compared to less arid sites.

2.3.4 Canonical correspondence analysis

Canonical correspondence analysis (CCA) revealed significant associations between microbial
communities with a suite of environmental variables at 2 m from the host plant (Figure 2.3d; Figure
S2.15; Permutation test: permutations=999, X*= 3.358, Fs3,)= 2.090, P < 0.001). The highest rate of
change for the bacterial communities was observed with population aridity, relative abundance of
litter, and population longitude. Other variables of note included: canopy cover, relative abundance

of herbs and graminoids, latitude, and electrical conductivity. Together, these factors were
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summarised as having explained 16.55% and 13.90% of variation in CCA2 and CCA3, respectively.
Highly correlated covariates with correlations of >0.75 were removed from the analysis, and included

bare soil, ammonium nitrogen, elevation, pH, and organic carbon (Figure S2.21).

For microbial communities in bulk soil at 30 cm from host plant, CCA revealed significant effects of
population aridity index, longitude, phosphorus and density of host plants (Figure 2.3e; Figure S2.16;
Permutation test: permutations=999, X*>= 3.633, F(y3,)= 1.823, P < 0.001). Additionally, important
variables identified for potentially shaping the bacterial community structures included latitude,
electrical conductivity, pH (CaCl,) and the relative abundance of graminoids, herbs and litter. This
CCA reported 15.51% and 12.24 % of variation in CCA2 and CCA3, respectively. Removed covariates

included: elevation, bare soil, organic carbon and nitrogen (Figure S2.22).

In the T. triandra rhizospheres, CCA revealed significant associations between select environmental
variables and microbial communities (Figure 2.3f; Figure S2.17; Permutation test: permutations=999,
X2=3.767, F(;37)=1.345, P < 0.001). The variables that explained the highest rate of change in microbial
communities included aridity index and host magnesium. Furthermore, population canopy cover,
host calcium, longitude and the relative abundance of herbs and litter were all identified in the
analysis as having some influence on shaping the rhizosphere bacterial communities. This analysis
accounted 15.41% and 14.86% of variation in CCA2 and CCA3 respectively. Excluded covariates
included: elevation, host nitrogen, and bare soil, which correlated with population aridity index

(Figure S2.23).

We ran a CCA on just the candidate core bacteria in the bulk soils at 2 m from the host plants, which
included 193 ASVs, which showed changes in bacterial community structures with population aridity

and longitude, among other variables (Figure 2.4d; Figure S2.18). Components explained 17.54%
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(CCA2) and 5.89% (CCA3) of variation in the data. Again, covariates were removed prior to analysis

(Figure S2.21).

CCAs on the candidate core selected bacteria found in the bulk soils at 30 cm, considered 177 ASVs.
The analysis identified associations between bacterial communities and environmental factors such
as aridity index, canopy cover, and population-wise longitudinal differences, among others (Figure
2.4e; Figure S2.19). Variations explained by the components were 14.76% and 7.4% for these bulk

soils, which excluded all covariates removed before analysis (Figure S2.22).

CCAs for the candidate core bacteria from the host rhizospheres (containing 71 ASVs) revealed that
differences among host calcium and aridity, and canopy cover within the sampled population were
important factors associated with bacteria in the rhizospheres (Figure 2.4f; Figure S2.20). Covariates
were removed prior to the analysis (Figure S2.23), and the CCA1 and CCA2 components explained

51.08% and 17.18% of variation.

2.4. Discussion

We show that aridity strongly associated with the rhizospheres and bulk soil microbiomes of T.
triandra, a pan-palaeotropical C4 grass species that dominates many global grassland ecosystems.
We identified many candidate core microbiome taxa that are likely functionally important to T.
triandra within their rhizospheres. Interestingly, we show that aridity had a strong effect on
increasing the relative abundance of bacterial taxa that were both differentially abundant (arid-
indicating taxa) but were also candidate core microbiome members in T. triandra rhizospheres. This
pattern suggests arid conditions are likely to be driving stronger symbiotic relationships between T.
triandra and soil microbiota in this plant-soil interface. Climate change is already affecting regional
temperatures, evapotranspiration, and rainfall patterns (DEW 2022), which underscores the
importance of understanding and preserving the role of T. triandra and its associated bacterial

88



Chapter two: Increasing aridity strengthens the core bacterial rhizosphere associations in the pan-
palaeotropical C4 grass, Themeda triandra

microbiomes within its natural environment. These symbioses likely play a crucial role in not only
aiding the functioning and competitive dynamics of the host plant, but could also be crucial to
maintaining soil health and productivity in recognised keystone plant species, like T. triandra, under

current and anticipated future climates.

2.4.1 Aridity strengthens core microbiome associations

Our results point to stronger combined selection from both the environment (via differential
abundance analysis) and the plant host (via candidate core prioritisation) on shaping rhizosphere
bacterial communities in more arid regions. More arid conditions appeared to lead to more plant-
microbe symbiotic relationships probably due to the resource-limited nature of increasingly arid
environments. Low nitrogen and nutrient levels often correlate with high aridity (Abdelfattah et al.
2018, Chen et al. 2021, Liu et al. 2022) which can drive increased diversity of nitrogen-fixing bacteria
to such an extent that aridity can be a better predictor of nitrogen-fixing capacity than even soil
nitrogen levels (Doby et al. 2022). The resource limitations of arid ecosystems could mean that T.
triandra may require more specialist microbes to maintain higher fitness rates within these more
arid communities, in line with other studies where soil microbes have been seen to have an effect
under arid conditions (Chen et al. 2021, Dadzie et al. 2022, Zhong et al. 2022). Interestingly, the
prevalence of mycorrhizal fungi is found to decrease across aridity scenarios, and these conditions
favour plants with lower reliance on fungal communities (Pérez-Ramos et al. 2021). Yet, warming and
reduced rainfall can lead to higher carbon and nutrient exchange rates between mycorrhizal fungi
and plant roots (Pérez-Ramos et al. 2021), suggesting a more active role of mycorrhizal fungi
impacting on plant fitness. We expect that these patterns could also be reflective of soil bacteria,
though this would require further investigation of the functional activity and biomass of bacterial
microbiota (Muff et al. 2022). Overall, our findings contribute to a growing literature that highlights
the relationships between plants, their microbial communities, and how they are shaped by

environmental influences.
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2.4.2 Core microbiome predicts functional importance of ASVs

Our candidate core microbiome taxa revealed 71 ASVs as likely having important roles on T. triandra
fitness and plant-soil interactions. Of these ASVs, 20 were present in at least one rhizosphere
replicate at every sampling population, giving a population-occupancy of 100%. We propose each of
the candidate core taxa may have particularly important functions for the host plant, either by
providing a competitive advantage or mitigating environmental limitations, thereby raising their
importance to host plant fitness compared to other non-candidate core taxa (Hamonts et al. 2018,
Estendorfer et al. 2020, Risely 2020). Common microbial functions within rhizosphere often reflect
pathogen protection, phytohormone production and nutrient cycling (Bulgarelli et al. 2013), and
whether our candidate core microbial taxa support these functions should be examined. It is
important to note, however, that candidate core taxa occurred at an average occupancy of 50% of all
samples across the aridity gradient, so there is still considerable bacterial community turnover across

the environmental niche space we studied.

Many other grass species also display changes in bacterial communities across environmental
gradients with provision of important functional properties that may be provided by rare or site-
specific bacterial taxa. Escobar Rodriguez et al. (2018), for instance, showed that bacterial taxa in the
rhizospheres of the perennial C4-grass, Setaria viridis, had high relative abundances, despite low site
occupancy. They suggest, as we also do, that these bacteria could be important for fitness of grass
species, and hence less frequently observed taxa can be important members of core microbiomes.
Furthermore, we expected to see the composition of candidate core rhizosphere taxa being
influenced by abiotic soil resources (carbon and nutrients), vegetation and population variation, and
our finding emphasises the particular importance of micro-site predictors for bacterial communities
in this study (Turlure et al. 2014, Estendorfer et al. 2020, Zhong et al. 2022). Importanatly, variation

in bacterial communities across ecotypes is also found in similar grasses like the dominant perennial
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prairie grass, Andropogon gerardii, where bacterial variation is greater than that of fungi (Sarkar et al.
2022). Future work to develop understanding of the comparative patterns of candidate core bacterial
versus fungal community and functional change, will therefore also be an important research avenue

for understanding T. triandra soil interactions.

2.4.3 Environmental drivers of bacterial community structures

In exploring the impact of T. triandra on its immediate soil environment, we noted distinguishable
differences between bacterial community composition and diversity in the rhizospheres compared to
the bulk soil, but these differences were not observed within bulk soils between 30 cm and 2 m from
T. triandra at depths of 0-10 cm. While we expected that rhizospheres would foster different bacterial
communities to bulk soils due to preferential selection of specific bacteria to meet host plant needs
(Bulgarelli et al. 2012, Bulgarelli et al. 2013, Urbina et al. 2018), it was interesting to learn that T.
triandra had no detectable effect on the bacterial communities of proximal surrounding soils. The
alternative interpretation is that T. triandra had a profound legacy in soils that extended at least 2 m
from the plants, however we consider this explanation unlikely due to the significant shift in
composition only seen in rhizospheres. Bacterial legacies in soil fade quickly when compared to
those of fungi, as evidence suggests fungal community legacies can persist for months after the loss
of a host plant (Hannula et al. 2021), and bacterial community structures are often driven by seasonal
influences rather than long-term precipitation changes (Yuste et al. 2014). This could explain the
absence of detectable difference in microbial communities within the o-10 cm soil columns at 30 cm
and 2 m from host plants. Research by Kutdkova et al. (2023) argued that the strongest influence of
plant-soil feedbacks from dominant deep-rooted grass species may occur deeper in the soil profile,
while shallow-rooted and less abundant plants can have a greater impact in the surface o0-10 cm
layer. As such, these dynamics may be shaping the soil environment around T. triandra, which has a
deep taproot, in a way that allows shallower-rooted species to exert more influence within 30 cm of

T. triandra individuals - similar to the microbial composition observed in soils up to 2 m away. It is
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therefore likely that any legacy effects of T. triandra at 30 cm and 2 m distances were diminished by
the influence of other plant species (including T. triandra individuals themselves) present in the soil
at the time of sampling, which were not accounted for in this study (Wubs and Bezemer 2018;
Kutakova et al. 2023). Here, we suggest that bacterial legacies in bulk soil may fade quickly, or are
quickly masked by co-occurring plants, and greater controls for this confounder would improve

subsequent research on this topic.

In total, we identified 1,234 differentially abundant taxa across the aridity gradient, with substantially
different microbiota profiles in high versus low aridity regions, suggesting a high degree of bacterial
community turnover for this plant species across the natural range we studied. While our data
revealed various environmental influences on soil and rhizosphere communities, aridity consistently
emerged as a significant factor shaping bacterial communities. Canopy cover and leaf litter were
important vegetation components for driving the microbial communities. The relationship between
litter, vegetation and soil microbiota is a well-studied and important driver for ecosystem
functioning (Liu et al. 2023). Litter dynamics, particularly in grasslands, influence nutrient and
carbon inputs and mediate plant competition by affecting light availability and biotic factors
(Prescott and Grayston 2013, Hassan et al. 2021). Microbial communities present on foliage,
otherwise known as the phyllosphere microbiota, can be an important driver of litter decomposition
(Fanin et al. 2021). Additionally, the taxonomic makeup of the phyllosphere communities during
foliage deposition or the senescence of annual plants can modify the taxonomic make-up of
subsequent colonising communities in deposed litter (Votiskova and Baldrian 2013, Purahong et al.
2016). As such, litter present in similar ecosystems via niche modification, or successional dynamics,
could explain the relative importance of litter for driving microbial community assemblage in the T.
triandra rhizospheres or soils (Fang et al. 2019, Fanin et al. 2021), and future research might further

explore the modulation role of leaf litter on T. triandra microbiomes.
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2.5 Conclusion

Our study demonstrates the increasing strength of relationships between T. triandra plants and their
associated rhizosphere bacteria in more arid conditions. These findings are contributions to better
understanding plant-soil feedbacks, especially in the context of climate change and aridity more
broadly (O'Mara 2012, Hodgins and Moore 2016, Breed et al. 2019). Our study not only shows that
plant-microbiota associations are strongly influenced by aridity levels, but we also identify key
microbiota that have putative functional importance to T. triandra that promote strong symbiotic
relationships under these arid conditions. Increasing aridity due to climate change will mean that a
greater proportion of conservation and restoration efforts may need to consider these plant-soil
feedbacks across species and ecosystems (Kardol and Wardle 2010, van der Putten et al. 2016, Valliere
et al. 2020). Similarly to how we consider collecting high fitness seed sources for revegetation
plantings under climate change (Jordan et al. 2016, Breed et al. 2019), it may be important to consider
the importance of soil microbiotas that help support greater climate resilience during conservation

or restoration interventions.
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Figure 2.1. Overview of sampling and aridity gradient. (a) Map of Themeda triandra sampling
sites (points) across an aridity gradient in southern Australia. (b) The association between the
geographic distances between sites (Haversine distance matrix) and mean annual aridity index
distances (Euclidian distance matrix). (c) Pan-palaeotropical distribution of T. triandra based on
observations (points) from the Global Biodiversity Information Facility between years 2000-2023
(GBIF.org 2023), and aridity index data from version 3 of the Global Aridity Index and Potential
Evapotranspiration Database (Global-AI_PET) (Zomer et al. 2022). (d) Density plot showing global T.
triandra distribution with aridity index. Dashed blue lines represent the upper and lower limits of
the aridity gradient sampled within this study, acording to the aridity data from the Atlas of living
australia (Belbin 2011), where as the red lines represent limits according to Global-AI_PET database
(Zomer et al. 2022), and 8% and 41% of the recorded global occurrence lay within these bounds,

respectively.
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Figure 2.2. Bacterial diversity and community differences. (a) Effective number of ASVs across
different belowground zones: bulk soil at 2 m from host plant (purple), bulk soil at 30 cm from host
plant (turquoise), and rhizospheres (orange); dashed white line denotes mean average. (b) Venn
diagram showing the number and proportion of unique taxa across all sampling sites according to
each belowground zone associated with T. triandra plants (bulk soils at 2 m and 30 cm from host
plants, and rhizospheres) pooled across all sampling sites. (c) Effective number of ASVs across
different belowground zones against mean annual aridity levels at each sampling population. Colour
denotes belowground zone: bulk soil at 2 and, 30 cm from host plant, and rhizospheres. (d) Non-
metric multi-dimensional scaling (NMDS) plot of differences between bacterial community
composition using Bray-Curtis distances (stress = 0.1091). The colour of each point represents the

mean annual aridity index, whereas coloured hulls and point shapes reveal belowground zones.
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Figure 2.3. Treatment differences and environmental associations with whole bacterial

communities. Non-metric multi-dimensional scaling (NMDS) plot of Bray-Curtis distances of

bacterial community composition for: (a) bulk soil communities at 2 m from host plant (stress =

0.064), (b) bulk soil communities at 30 cm from host plant (stress = 0.0649), and (c) rhizosphere

bacterial communities (stress = 0.1233). Canonical correspondence analysis (CCA) of the effect of the

environmental variables on bacterial 16S community structure for: (d) soil at 2 m from host plant, (e)

soil at 30 cm from host plant, and (f) T. triandra rhizospheres. Importantly, bulk soil analyses (d-e)

considered soil physicochemical conditions potential environmental drivers for community

structure, whereas the rhizospheres (f) analysis considered nutrients concentrations in the host plant

(Table S2.2).
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Figure 2.4. Core microbiome communities and CCAs. ASVs relative estimated abundance of
bacterial phyla in candidate core microbiomes across: (a) soil samples at 2 m from host plant, (b) 30
cm from host plant, and (c) rhizosphere samples. Canonical correspondence analysis (CCA) of the
effect of the climatic, edaphic geographic, and host related variables on bacterial 16S communities
including only candidate core included ASVs. These include (d) soils at 2 m from host plant, (e) soils
at 30 cm from host plant, and (f) T. triandra rhizospheres. Analysis of the bulk soil groups considered
physicochemical properties of the soils as potential environmental drivers, whereas the rhizosphere

communities considered nutrients in the host plant rather than soil factors (Table S2.2).
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Figure 2.5. Aridity strengthens core rhizosphere microbiome associations. (a) Abundance occupancy curves to identify candidate bacteria for
core microbiome membership across T. triandra rhizospheres. Blue points represent amplicon sequence variants (ASVs) selected as candidates for
core microbiome membership in the rhizosphere (71 ASVs), white points represent taxa that were not selected as candidates for core microbiome
membership. Core taxa were selected by first ranking taxa by occupancy, and then comparing their contribution to the Bray-Curtis similarity of the
dataset until they provide a final 2% increase (see Methods for full details). The solid grey line represents a neutral model, with dashed lines
revealing 95% confidence intervals. (b) Log fold change for differentially abundant ASVs (1,234 ASVs) across three aridity classes at the 0.05

significance level. (c) Relative abundance of sequences across each rhizosphere sample (points) made up of taxa identified as differentially abundant
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(red), and taxa that are differentially abundant but are also candidates for core microbiome membership (orange), across an aridity gradient.
Relationships between relative abundance and aridity index were tested by bootstrapping 95% confidence intervals 2000. Bootstrapped estimates are
represented for each group by each transparent regression line. Only the relative abundance of differentially abundant, candidates core microbial
communities (orange), had sufficient evidence for a negative relationship between aridity index and the relative, with a decrease in mean relative

abundance by between -41.16% to -10.58% per unit of the aridity index (i.e. confidence intervals did not overlap o).
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Abstract

Soil microbiota can colonise plant roots via a two-step selection process, which involves the
recruitment of microbiota first from bulk soil into plant rhizospheres, then into root endospheres.
This process is poorly understood in all but a few model species (i.e., Arabidopsis), which is
surprising given its fundamental role in plant and soil ecology. Here we examined the microbial
assembly processes across the rhizospheres and root endospheres in eight natural populations of the
pan-palaeotropical C4 grass, Themeda triandra, in southern Australia. We assessed whether root
endosphere colonisation patterns aligned with the two step-selection process using space-for-time
substitutions to compare their bacterial communities across these root compartments, and test
whether their assembly was dominated by deterministic versus stochastic processes. We show that
the two-step selection was the dominant recruitment dynamic across these natural T. triandra
populations, and present clear evidence that host plants influenced microbial assembly via
deterministic pressures that produced strong convergence of endospheres.. Furthermore, the T.
triandra endospheres were strongly shaped by the host plant and displayed patterns consistent with
the two-step selection process. These findings raise intriguing questions about the functions of this
‘core’ microbial endosphere, but our limited understanding of their ecology hinders our ability to
harness these important relationships to, for example, improve plant propagation and revegetation

practices.

112



Chapter three: Strong host modulation of rhizosphere-to-endosphere microbial colonisation in
natural populations of the pan-palaeotropical keystone grass species, Themeda triandra

3.1 Introduction

Soil microbiota have important roles in ecosystem functioning as they help to drive ecological
processes (e.g., nutrient cycling) and make important contributors to plant growth and fitness
(David et al. 2019, Wang et al. 2019, Choi et al. 2021). These soil microbiota commonly interact with
plants via plant-soil feedbacks, where plants release organic exudates into the soil via their roots
which then influence microbial community structure and diversity patterns (Bever et al. 2010). In
turn, microbiota can provide their host plants with essential nutrients, protection against pathogens,
and growth or fitness advantages via the release of metabolites and/or hormones (de Vries et al.
2020, Thiergart et al. 2020, Yang et al. 2021). Though generally poorly understood in non-model
systems, a better understanding of these plant-soil feedbacks has promise to help ecosystem
managers make more informed decisions about how to reintroduce or promote plant species (Breed
et al. 2019, de Vries et al. 2020, Thiergart et al. 2020), especially during plant propagation,

translocation and revegetation efforts (Peixoto et al. 2022, Robinson et al. 2023).

Soil microbiota can colonise plant roots via a two-step selection process, where certain soil
microbiota are selectively recruited from bulk soil into plant rhizospheres (the soil and associated
microbiota surrounding roots), and then into the root endosphere (the microbiota inside roots) via
plant regulation processes (Lundberg et al. 2012, Bulgarelli et al. 2013, Urbina et al. 2018). This two-
step selection process is promoted by the deposition of cells and organic exudates that attract
microbiota into rhizospheres from bulk soils. From the rhizosphere, microbiota can enter into plant
roots to form root endospheres via regulation of the plant’s immune system (Bulgarelli et al. 2013).
The differentiation in beneficial microbiota observed across plant rhizospheres and endospheres can
be linked to how microbiota are selected by their host plants (Urbina et al. 2018, Stopnisek and
Shade 2021). However, the assembly dynamics responsible for the microbial composition of
rhizospheres and root endospheres are poorly explored, especially in non-model organisms (e.g.,

unlike for Arabidopsis thaliana) (Naylor and Coleman-Derr 2018, Sasse et al. 2018, Thiergart et al.
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2020). Indeed, in natural systems, we might expect assembly processes to depend strongly on local
environmental conditions, such as site-level aridity, but these dynamics remain poorly understood

(Petipas et al. 2017, Hodgson et al. 2024).

Rhizospheres and endospheres can impact on host plant fitness (Zhang et al. 2020, Duran et al. 2022,
Ling et al. 2022). Indeed, it is not only the most abundant microbial taxa that are important for
plants; rare microbial taxa can also promote plant health and affect microbial community dynamics
(Jousset et al. 2017, Neu et al. 2021, Custer et al. 2023). Identifying rare and abundant taxa, and taxa
whose abundances are variable across ecological contexts (i.e., conditionally rare and/or abundant),
can provide insight into rhizosphere and endosphere recruitment (Logares et al. 2014, Xue et al. 2018,
Zhang et al. 2018). By separately considering these components of microbial communities, we can
determine potential differences in their recruitment (i.e., how important are rare vs. abundant
taxa?). Highly diverse recruitment strategies can highlight the importance of microbiota fulfilling
multiple functions for their hosts, by for example, offering long term protection against stress or
disturbance through generating functional redundancy (Naeem et al. 1994, Louca et al. 2018).
Therefore, characterising the structure of microbial communities — plus microbial taxa that are
selected for by plant hosts - can identify functionally important microbial taxa, plus the recruitment

strategies used by the host plants (Hamonts et al. 2018, Risely 2020, Ling et al. 2022).

Neutral ecological theory has previously been used to describe the assembly of microbial
communities in terms of deterministic versus neutral processes (Ofiteru et al. 2010, Stopnisek and
Shade 2021). While neutral models are built on assumptions of functional equivalence among taxa
(Zhou and Ning 2017, Rocha 2018), they enable direct comparisons of microbial communities based
on whether taxa follow patterns expected under neutral processes that operate stochastically
through random birth, death, and dispersal (Burns et al. 2016, Stopnisek and Shade 2021). Indeed,

taxa deviating from these models may be affected more by environment/host selection. Different
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types of deterministic selection processes can also be inferred by predicting rates of phylogenetic or
taxonomic community turnover among communities, which would be expected under random
population fluctuations (i.e., ecological drift) (Stegen et al. 2013). These include heterogenous
selection (environments lead to greater phylogenetic turnover), or homogeneous selection
(environments reduce phylogenetic turnover) (Stegen et al. 2012; Stegen et al. 2013; Ning et al. 2020).
Furthermore, taxonomic turnover can also be used to predict dispersal rates via processes like
homogenising dispersal (communities become more similar than expected due to high movement)
or dispersal limitation (drift causes greater differentiation in communities). Overall, these methods
offer a useful option to understand the complex processes shaping different microbiota.

Themeda triandra is a pan-palaeotropical C4 grass species that is globally dominant in many
grassland ecosystems (Snyman et al. 2013). While this plant is widely distributed, grasslands are in
global decline (Murphy et al. 2016, Bardgett et al. 2021), and there is a need to build new knowledge
that assists the recovery of grassland ecosystems that are resilient to climate change (Gopal and
Gupta 2016, Brinkman et al. 2017, Larson et al. 2022). Soil microbiota are known to strongly associate
with T. triandra (Hodgson et al. 2024), and can aid its growth and fitness of this plant (Hassen and
Labuschagne 2010, Petipas et al. 2017). Microbial communities linked to T. triandra fitness may also
be susceptible to climate change impacts, including warming temperatures, increased CO2 and
desertification (Hayden et al. 2012, Tang et al. 2021). Therefore, further understanding the
composition of the microbial communities that directly interact with T. triandra root structures -
such as those surrounding (i.e., rhizospheres) and within (i.e., endospheres) roots - across a diversity
of climatic and soil conditions is a key step for identifying the microbial taxa and environmental
circumstances that should promote the growth and fitness of this plant (Hayden et al. 2012, Snyman

et al. 2013, Gonzalez et al. 2018).

Here, we examined the two-step selection process of T. triandra through a microbial community

assembly lens, focusing on regional variation in its rhizospheres and endospheres. This study builds
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on our previous research Hodgson et al. (2024), which investigated the first step of the selection
process — the movement of microbiota from bulk soil into rhizospheres using a space-for-time
substitution - and found that rhizospheres exhibited lower diversity and distinct bacterial
communities compared to surrounding soils. While we do not examine bulk soils in this study, we
aim to address whether the bacterial communities within the endospheres of T. triandra originate
from the diversity found in rhizospheres and whether regional differences affect patterns of
endosphere colonisation by rhizosphere microbiota. Using 16S rRNA amplicon sequencing, we
characterised the bacterial communities within rhizospheres and root endospheres of eight naturally
occurring T. triandra populations along a southern Australian aridity gradient. Our focus is on the
changing patterns between the rhizosphere and endosphere bacterial communities, the second step
of the two-step selection process. To further investigate these dynamics, we used neutral theory
models and diversity-based analyses to explore the different processes driving selection and bacterial
colonisation across these different ecological populations. We posed the following research
questions: (1) Do T. triandra rhizosphere and root endosphere bacterial communities align with the
processes described in the two-step selection process, with reduced bacterial diversity in the
endosphere compared to the rhizosphere? (2) Is there evidence of different deterministic or
stochastic assembly processes within each site influencing the assembly of rhizosphere and
endosphere bacterial communities? And (3), are the bacterial communities in the T. triandra
endosphere within each site entirely constrained by the diversity of bacteria available in the

rhizosphere, or are there other sources of bacterial recruitment?

3.2 Methods

3.2.1 Study species
Themeda triandra (Forssk.) is a pan-palaeotropical, perennial, C4 grass species that forms tussocks
and generally reaches heights of 1 m, often dominating other species (Snyman et al. 2013, Dunning et

al. 2017). As a keystone species, T. triandra is important for supporting invertebrate communities
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across stable environments (Snyman et al. 2013), and it has important associations with fire - for
instance, it deposits flammable leaf litter that accumulate during growth, and its seeds respond well
to smoke and high temperatures (Baxter et al. 1994, Ghebrehiwot et al. 2012). The seeds of T. triandra
have been known to germinate best after long dormancy periods with substantial variation across
regions, making it a difficult species to cultivate (Saleem et al. 2009, Farley et al. 2013, Hancock and

Hughes 2014).

3.2.2 Observational field study

In December 2021, soil and plant tissue samples were collected from six T. triandra individuals across
eight sites along an aridity gradient in southern Australia (aridity index values 0.318-0.903), as
described in Hodgson et al. (2024) (Table 3.1; Figure 3.1a). There was no correlation between pairwise
geographic distances and aridity differences between sites (Mantel: p = 0.489; r = -0.021). Mean
annual aridity index data (annual precipitation/annual potential evaporation) was obtained from the
Atlas of living Australia (Belbin 2011, ALA 2014) spatial portal, using the Aridity index layer (UNEP

1992, Middleton and Thomas 1997).

The six T. triandra plants were sampled from within a 25 x 25 m area at each study site using
coordinates generated from a random number table, where for each coordinate the nearest plant was
sampled. We profiled the diversity and community composition of bacteria in the rhizospheres and

root endospheres of these plants using 16S rRNA amplicon sequencing (described below).

Isolation and extraction of rhizosphere and endosphere DNA

Microbial DNA from the rhizospheres was obtained following the protocol outlined in McPherson et
al. (2018) and detailed in Hodgson et al. (2024). Briefly, sampled roots were washed in 0.02% Silwet
L-77 amended PBS buffer and vortexed, before being filtered at 100 pm and centrifuged, prior to

DNA extraction. T. triandra endospheres were extracted by removing as many bacteria and DNA as
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possible from root surfaces and subsequently extracting the DNA directly from these ‘cleaned’ root
tissues. To determine the best methods of isolating T. triandra endosphere DNA, we ran a pilot study
to compare methods of root cleaning via washing, bleaching and sonicating root surfaces (see
Supplementary Information: Chapter three for further detail, Figures S3.1-S3.3). Based on our pilot
study, roots were sonicated on ice in 0.02% Silwet L-77 amended PBS buffer at 30% amplitude for
five 30 sec alternating burst and rest periods over 5 minutes. Following this, roots underwent a series
of five washes in this sterilised amended PBS buffer solution. Root endosphere samples were
pulverised with metal beads for 1 min in bead beating solution (PowerSoil Kit, Qiagen, Hilden,
Germany). DNA extractions were then performed on rhizosphere and endosphere samples using the
DNeasy PowerLyzer PowerSoil Kit (Qiagen, Hilden, Germany) following the manufacturer’s

protocols.

3.2.3 Amplification, sequencing and bioinformatics

Amplicon libraries of the 16S rRNA V3-4 gene region were developed by the Australian Genome
Research Facility (AGRF, Melbourne, Australia). Samples were PCR amplified with the forward
primer, 341F (CCTAYGGGRBGCASCAG), and reverse primer, 806R (GGACTACNNGGGTATCTAAT).
DNA libraries were sequenced on an Illumina MiSeq sequence platform with 300 base pair paired-
end sequences. We used the DADA2 bioinformatic pipeline through QIIME2 (Bolyen et al. 2019) to
infer identity profiles from amplicon sequence data by matching against the SILVA database
(Version 138.1) (Wang et al. 2007, Quast et al. 2012) using a naive Bayesian classifier (Wang et al.
2007, Callahan et al. 2016). We produced a table of unique amplicon sequence variants (ASVs) with
abundance data and taxonomic annotations. All ASVs that were not assigned as Bacteria, and
associated to mitochondria or chloroplasts were removed. We also removed taxa that did not occur
in at least two samples across our datasets to avoid unrepresentative and potentially contaminating

sequences/taxa .
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3.2.4 Statistics

All analyses were done in R version 4.0.2 (R Core Team 2022). We rarefied samples to 11,491 reads
without replacement to normalise for variation in library size across samples and to maintain a
constant sampling effort for downstream analyses, both within and across sites (Figure S3.4). We
estimated alpha diversity as effective number of ASVs (eff. no. ASVs.), which were calculated as the
exponential transformation of Shannon’s diversity index (Jost 2006), and Faith’s phylogenetic
diversity (Kembel et al. 2010). We compared these values across rhizospheres and endospheres using
linear mixed-effects models (LMEM) with the Imer function in the Ime4 package in R (Bates et al.
2015). Plant compartment (i.e., endosphere, rhizosphere) was treated as a fixed effect, and plant ID
was included as a random effect to account for resampling the same individuals across rhizospheres
and endospheres. Model significance was tested using a Walk chi-squared test, and pairwise tests
were made using multiple comparisons with Tukey contrasts through the glht function of the
multcomp package (Hothorn et al. 2008). We also assessed the number of unique taxa within each

belowground compartment, and across sites using the Microeco package in R (Liu et al. 2020).

We visualised bacterial communities using non-metric multidimensional scaling ordination (NMDS)
with Bray-Curtis distances. We also performed NMDS ordinations with 3 mean nearest taxon
distance (BMNTD), and weighted unifrac (wunifrac) distances, to account for phylogenetic
influences (Kembel et al. 2010). Compositional differences between bacterial community
compartments in the endospheres and rhizospheres samples were tested via permutational
multivariate analysis of variance (PERMANOVA) using the adonis2 function in vegan (Oksanen et al.
2019). Here, plant ID was included as a strata variable to account for repeated sampling of individual
plants across both the rhizospheres and endospheres. When testing the effect of aridity on
community composition, we also used compartment (rhizosphere or endosphere) as a strata variable
to account for variation between these two community types. We also assessed for homogeneity of

group dispersion with vegan’s betadisper function (Oksanen et al. 2019).Visualisations of the relative
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abundance of the top 11 phyla across treatments were performed using the plot_bar function in
Phyloseq (McMurdie P. J. and Holmes 2013). Rare phyla that made up less than 0.5% total relative

abundance were grouped as ‘Other minor phyla.’

Neutral theory models

We compared bacterial ASVs found in rhizospheres and endospheres to a neutral model of microbial
community assembly to assess host plant selection processes on these taxa (Sloan et al. 2007, Burns
et al. 2016, Stopnisek and Shade 2021). This was done via comparison to the Sloan neutral model,
which assumes that community structures are principally driven by stochastic processes (i.e.,
reproduction, mortality, speciation, extinction, colonisation) (Sloan et al. 2007). Although these
models can underrepresent taxa or species that are deterministically selected (Stopnisek and Shade
2021), we are still able to use them to hypothesise functionally useful ASVs that may play key roles in
T. triandra microbiomes. ASVs outside the upper confidence intervals of the neutral model were
inferred as those to have undergone positive selection, whereas ASVs outside the lower confidence

interval were assumed to have undergone negative selection pressures in that environment.

We also tested the contribution of different community assembly processes on shaping microbiota
across the rhizospheres and endospheres within and across each sampling site. Using the R package
iCAMP (Ning et al. 2020), we first assessed pairwise sample differences using a null model of the {3
nearest taxon index (BNTI). A BNTI < -2 indicates homogeneous selection, while a BNTI > 2 suggests
heterogeneous selection. Sample comparisons yielding NTI values between -2 and 2 were
considered not to be under any significant influence of selection (Stegen et al. 2013, Ning et al. 2020).
These comparisons were further evaluated using Raup-Crick values based on Bray-Curtis
dissimilarity (RCbray). RCbray values > 0.95 indicated the presence of dispersal limitation alongside
heightened influence of drift, while values < -0.95 suggest homogenising dispersal. RCbray values

between -0.95 and 0.95 indicate that drift was operating alone. To compare how different

120



Chapter three: Strong host modulation of rhizosphere-to-endosphere microbial colonisation in
natural populations of the pan-palaeotropical keystone grass species, Themeda triandra

community assembly processes influenced rhizosphere and endosphere communities, we calculated
the percentage of connections associated with each process in each sampling site: homogeneous
selection, heterogeneous selection, homogenising dispersal, dispersal limitation acting with drift,

and drift acting alone.

Conditional abundances of bacterial ASVs

To examine the rarity of bacteria across our dataset, we assigned ASVs to three groups - abundant,
moderate and rare - according to whether they met relative abundance thresholds according to Xue
et al. (2018). ASVs that had =1% relative abundance within their sampling sites were considered
abundant taxa (AT), while ASVs with <0.01% relative abundance were considered rare taxa (RT).
ASVs between these values (i.e., =0.01 but <1%) were considered moderate taxa (MT). Bacterial ASVs
that were of relative abundances of =0.01% in all sites, but 21% in at least one site, were considered
conditionally abundant taxa (CAT), whereas those that were found to be of <1% relative abundance
in all sites, but <0.01% in at least one site, were conditionally rare taxa (CRT). The ASVs that had
instances where relative abundance was at least <0.01% in one site, but =1% in another, were
considered conditionally rare and abundant taxa (CRAT) The community composition of ASVs in
these categories was visualised at the phylum level with chord diagrams using the R package circlize

(Gu et al. 2014).

The different abundance categories were then compared against neutral models (described above) to
investigate whether these ASVs underwent selection by the host plants. ASVs which were MT, RT,
and CRT were examined separately, whereas ASVs that were CRAT and CAT were combined due to

the low numbers of taxa in these groupings.

Differentially abundant taxa
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We determined differentially abundant taxa across compartments and sites using the R package
ANCOMBC (Lin and Peddada 2020) with function ancombcz to reveal phyla and ASVs that were
disproportionally present in endospheres versus rhizospheres communities. In this model, plant
compartment (i.e., endosphere vs. rhizosphere) — with samples from all sites — was treated as a fixed
effect, and plant ID was included as a random effect. We visualised differentially abundant taxa

using log-fold changes, maintaining only statistically significant taxa at a 0.05 significance threshold.

We then conducted this analysis again, but for each individual sampling site separately, identifying
differentially abundant taxa using the ancombc function across rhizospheres and endospheres,
separately across each of the eight sites. Following software instructions, this differential abundance
testing was based on non-rarefied data, and we used the false discovery rate for p-value adjustment
for multiple comparisons (Benjamini and Hochberg method) at both phylum-level and ASV-level of
our data to identify differing taxa between endospheres and rhizospheres. Comparisons across sites
were then made to identify differences in the rhizosphere to endosphere recruitment dynamics

within sampling sites.

We then used a three-step approach to explore the neutral and deterministic selection dynamics of
the rhizosphere and endosphere differentially abundant ASVs. First, we isolated endosphere and
rhizosphere ASVs from our dataset. Secondly, we created lists of ASVs that were disproportionately
more abundant in the rhizosphere (= those with significant positive log fold change), those more
abundant in the endosphere (= significant negative log fold change), and those that were not
differentially abundant (non-significant effect). Finally, we examined neutral assembly models based
on these three lists of ASVs, using rarefied data for making model comparisons (as used in our
diversity analyses), to separately compare selection in the endospheres and rhizospheres. We used
this approach to show how selection on ASVs changed from the rhizosphere to endosphere. Model

fits were assessed using the coefficient of determination (Rz2).
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Co-occurrence network analysis

We used co-occurrence network analysis of bacterial ASVs to determine interactions between taxa
and derive an indication of community structure within endospheres and rhizospheres. This analysis
explores connections between different specific ASVs (i.e., nodes) via their correlative connections to
one another (i.e., edges) by estimating a significant positive or negative relationship between these
taxa. ASVs were filtered to the number of associations within the communities to give a measure of
community complexity and to compare patterns of occurrence of taxa within endospheres and
rhizospheres. We used SparCC to define absolute abundance associations between taxa at the ASV

level, using the Spiec-Easi R package (Friedman and Alm 2012, Kurtz et al. 2015).

For visualisations and computational processing of the network analyses, we only report ASVs

with >100 sequences. Randomly permuted (n = 1000) data were used to estimate the statistical
significance of associations. Taxon associations were included using SparCC correlations at =0.65,
with p <0.05. We used the R package Matrix (Bates et al. 2023) to create a matrix from the given set
of values and igraph (Csardi et al. 2006) to visualise and evaluate the plots. We identified ‘hub’ taxa
as the top 30 bacterial ASVs with the highest number of positive or negative connected edges (node
degrees). Of the significant relationships, these have the strongest effect sizes. These taxa likely have

important roles within a community, based on their links to other taxa.

3.3 Results

3.3.1 Bacterial diversity in belowground compartments

Across all compartments (rhizospheres and endospheres), we observed 11 bacterial phyla that

represented 99.5% of reads and had abundance estimates of >2% (Figure 3.2a).
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The alpha diversity of endospheres at the ASV level was 48.3% lower than rhizosphere diversity
(effective number of ASVs was 153 in endospheres, versus 296 in rhizospheres) (LMEM: X?()= 56.220,
p <o.001; Figure 3.1b), and there were many differences in alpha diversity across the sampling sites
(LMEM: X?(;)= 24.522, p <0.001). Interestingly, there was no difference between the rhizospheres and
endospheres using Faith’s phylogenetic diversity (Figure S3.5: LMEM: X?;,)= 0.7781, p <0.378).
Additionally, 96% of ASVs were shared by both compartments (Figure 3.3a), and 3.6% of taxa were
unique to the endospheres (= 1031 ASVs), whereas only 0.3% of taxa were unique to rhizospheres (=

158 ASVs).

The composition of bacterial communities in T. triandra endospheres and rhizospheres based on
Bray-Curtis dissimilarity (Figure 3.1c; PERMANOVA: F(, ,6) = 10.888, R*>= 0.078, p = 0.001, n= 48
samples per group), and communities were tightly clustered by sampling site (Figure S3.6;
PERMANOVA: R*= 0.287, F(; 6 = 5.741, p= 0.001, n= 6 per site). We also found that bacterial
community composition changed with the aridity levels of our sampling sites across both the

rhizospheres and endospheres (Figure S3.7; PERMANOVA: R*= 0.049, F(,90) = 4.626, p < 0.001).

We also found differences between rhizospheres and endosphere bacterial communities based on
phylogenetically informed metrics: BMNTD (Figure S3.8a; PERMANOVA: R*= 0.078, F(,q0) = 7.660, p
< 0.001), and wunifrac (Figure S3.9a; PERMANOVA: R*= 0.034, F,90) = 3.129, p < 0.001). Bacterial
community composition also changed with differing site aridity using wunifrac distances (Figure
S3.9b; PERMANOVA: R*= 0.065, F(4,) = 2.914, p < 0.001), and BMNTD (Figure S3.8ba; PERMANOVA:

R*= 0.040, F,90)= 3.719, p < 0.001).

Endospheres were less varied than rhizospheres based on Bray-Curtis distances (Figure 3.2d;

PemuTest : F(,90)=36.24, p <0.001), BMNTD (Figure S3.8¢c; PemuTest: F(, 40)= 17.475, p <0.001), and
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wunifrac distances (Figure S3.9c; PemuTest: F,40)= 22.486, p <0.001), suggesting reduced

heterogeneity, and converging bacterial communities in T. triandra endospheres.

3.3.2 Taxonomic rarity and abundance

Bacterial ASVs were delineated into different rarity and abundance categories (see Methods for
details; Table 3.2). Only one ASV was abundant in the endospheres across all samples (unidentified
ASV from the genus Bradyrhizobium, phylum: Proteobacteria), and no ASVs were abundant in the
rhizosphere (>1% abundance). As a proportion of the whole community, the greatest difference
between endospheres and rhizospheres was in the conditionally rare taxa (<1% in all sites, but
<0.01% in some), which comprised 62% of bacterial sequences in the endospheres (5,070 ASVs) and
79% of sequences in the rhizospheres (5,705 ASVs; Table 3.2). The rare taxa (<0.01% in all sites) also
showed a large difference between compartments, comprising 37% of sequences in the endospheres

(2,970 ASVs) and 21% of sequences in the rhizospheres (1,477 ASVs; Table 3.2).

Across the rhizospheres and endospheres, all ASVs from both communities had similar taxonomic
compositions when considering their phyla across MT, CAT, and CRAT categories (Figure 3.2b-c).
However, we did see a change in the relative number of bacterial sequences in the RT to CRT

categories between rhizospheres and endospheres (Figure 3.2b-c).

3.3.3 Differentially abundant taxa among endospheres and rhizospheres

We found that 13 bacterial phyla were differentially abundant across the endospheres and
rhizospheres using the ANCOMBC approach (analysis conducted at the phylum level: Figure S3.10a;
Table S3.1). These were phyla with log fold change level differences in their abundances across these
two groups. For instance, phyla that were more abundant in the rhizosphere and reduced in the
endosphere, and included bacteria attributed to: Verrucomicrobiota, WSP2, Chloroflexi,

Armatimonadota, RCP2-54, Acidobacteriota, Gemmatimonadota, and Planctomycetota (Figure 3.2d).
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The endosphere abundant phyla included: Patescibacteria, Actinobacteriota, Proteobacteria and
Myxococcota (Figure 3.2d). In a separate differential abundance analysis at the ASV level, we found
218 ASVs were differently abundant (Figure 3.4a; Table S3.2). Additional findings describing
differentially abundant phyla at each site can be found in the Supplementary Information (see

Figure S3.7, Figure S3.11-S3.12)

When we conducted this analysis at the ASV level for each site independently, we found 388
differentially abundant ASVs that were significantly different between endospheres and rhizospheres
(Figure S3.13). We observed 182 ASVs were more abundant in endospheres (negative log fold
changes) and that 217 ASVs were more abundant in rhizospheres (positive log fold changes; Figure
3.4b). Interestingly, the differentially abundant ASVs between rhizosphere and endospheres at the
site level were often unique to each site. Only 1 common ASV was differentially abundant between
the rhizospheres and endospheres in every site, whereas a mean of 197 ASVs were uniquely
differentially abundant across all sites (Figure 3.4¢). The remaining ASVs were shared across two or
more sites in various combinations, with diminishing counts as site-site comparisons became more

inclusive (Figure S3.13-3.14).

3.3.4 Selection of microbiota under neutral theory of community assembly

We fitted neutral assembly models to our rhizosphere and endosphere samples including samples
from all sites, to explore the neutral versus deterministic influences that shape their assembly.
Endospheres fitted the neutral model to a lower degree than rhizospheres (Figure 3.5; endosphere, R?
= 0.317, rhizosphere, R* = 0.464). This reveals greater deterministic influence for shaping the

selection of microbiota into the rhizosphere.

We then applied the neutral model to the different rarity and abundance categories of bacterial ASVs

in rhizospheres and endospheres of all sites to explore differences in the assembly of the unique
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structural elements of the microbiota (i.e., rare and abundant taxa) (Figure S3.15). The abundance
patterns of MT and CRT had better fit to the neutral models in the rhizospheres (R*> = 0.469, Figure
S3.153; R* = 0.49, Figure S3.15¢, respectively) compared to the endospheres (R* = 0.12, Figure S3.15¢; R?
= 0.424, Figure S3.15g, respectively). The CRAT+CAT and RT neutral models had poorer fits in
rhizospheres (albeit with RT producing a poor fitting model; R* = 0.295, Figure S3.15d; R* = -0.129,
indicating failure to fit a model, Figure S3.15b, respectively), compared to the endospheres (R* =
0.175, Figure S3.15f; R* = 0.466, Figure S3.15h, respectively). Additional information on how the
neutral models fit other subsets of our differential abundance analyses can be found in the

Supplementary information (Figures S3.12, S3.16).

In the rhizospheres and endospheres of each sampling site we tested the influence of phylogenetic
and bacterial community turnover to investigate the different deterministic and stochastic
influences acting on these microbial communities. The endosphere microbiota were influenced by
stronger selection pressures compared to the rhizospheres, with an average selection effect of 72.5%
(£7.6% SE) for BNTI values > 2 or < -2, compared to 44.6% (+6.5% SE) for the rhizospheres (Figure
3.5¢; Figure S3.17). Specifically, the endospheres were driven by homogeneous selection which
identify lower rates of phylogenetic turnover than expected under our null hypothesis (Figure 3.5d).
Only rhizosphere communities were under any influence of heterogeneous selection (7.1% +3.4%
SE), though they were mainly driven by homogeneous selection 37.5 % (+7.1% SE). The dominance of
stochastic processes also differed between rhizospheres and endospheres in the different sites. The
effect of dispersal limitation plus drift (RCbray > 0.95), on average, was stronger for stronger in the
rhizospheres 50.8% (+6.6% SE) than the endospheres 8.3% (+4.3% SE), but interestingly the drift
acting alone (RCbray = -0.95, but < 0.95) had, on average, a stronger influence on the endosphere
communities 19.2% (+8.2% SE) than the rhizospheres 4.6% (+1.9% SE) (Figure 3.5d). We did not

detect an influence of homogenising dispersal in the rhizospheres or endospheres (RCbray < -0.95).
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3.3.5 Network analysis and hub taxa

Our network analysis included only associations between nodes (ASVs) with SparCC correlations >
0.65 and p-values < 0.05. We then removed any isolated nodes, resulting in endosphere networks
with 81 nodes (ASVs) and rhizosphere networks with 60 nodes (Figure 3.6, Tables S3.3-S3.6). The
rhizosphere networks had a lower average node degree (4.43 + 0.63 SE vs. 8.44 + 1.09 SE; Figure 3.6),
indicating fewer significant associations between microbiota in rhizospheres compared to
endospheres. Rhizospheres also showed lower average edge weight values (0.27 + 0.06 SE vs. 0.34 =
0.03 SE; Figure 3.6), suggesting more negative associations between taxa, while endospheres

exhibited more positive associations among ASVs.

3.4 Discussion

We investigated the patterns of microbial assembly in rhizospheres and root endospheres in natural
populations of the non-model pan-palaeotropical C4 grass species, Themeda triandra. We found that
rhizosphere and endosphere diversity patterns were consistent with the second step of the two-step
selection process (Bulgarelli et al. 2013) - endospheres were less diverse than rhizospheres. We also
observed convergence in endospheres across populations, where these bacterial communities were
more homogeneous than rhizospheres. Despite this convergence, endosphere recruitment was also
influenced by site-specific factors, including aridity (with differences among bacterial community
compositions across the gradient). We found more unique bacterial ASVs in endospheres than
rhizospheres, which suggests a potential role of vertical transmission (i.e., parent to offspring
transfer) and/or life stage dependency on endosphere colonisation. Finally, we found that assembly
processes in endospheres had stronger deterministic influence in the rhizosphere, and that there was
a core microbiome (taxa that persistently occur within a given environment) in these endospheres
that probably supports the functioning of T. triandra. A deeper understanding of these microbial
interactions would help inform plant and soil resource management during conservation and

restoration efforts (e.g., propagation, translocation, revegetation).
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3.4.1 Two-step selection process

We observed that overall bacterial diversity in T. triandra endospheres was approximately 48% lower
than in rhizospheres. Both endospheres and rhizospheres had distinct community compositions
from each other, which is consistent with expectations under the two-step selection process. Our
diversity and composition findings are in line with previous work on Arabidopsis thaliana, where
several studies have now shown the selection of microbiota across soil and rhizosphere
environments into root endospheres (Bulgarelli et al. 2013, Urbina et al. 2018, Barajas et al. 2020).
These previous studies suggest that the controlled release of exudates by the plant attracts and
supports the recruited microbiota (Bai et al. 2022). Though we did not directly measure root
exudates, we do find compelling results from a bacterial community perspective which is supported
by our previous T. triandra soil-rhizosphere study (Hodgson et al. 2024). Here, we present strong
evidence that two-step selection process outlined by Bulgarelli et al. (2013) is active in the
rhizospheres and endospheres of this non-model, keystone grass species. Importantly, we report
these results from naturally occurring populations of this grass species, which is a noteworthy
difference to previous studies, which generally focussed on plants growing ex situ and under

controlled lab or greenhouse conditions.

Our detailed investigation into assembly patterns revealed stronger deterministic processes in the
endospheres compared to the rhizospheres, which is consistent with the general assumptions of the
two-step selection process — the host plant is expected to exert greater regulatory and selective
control over microbiota entering the roots than those in the rhizosphere (Bulgarelli et al. 2013).
Additionally, the endospheres also contained more ASVs that deviated from the neutral theory
model than the rhizospheres, and homogeneous selection processes were dominant for explaining
the assembly of endosphere communities. As such, endospheres recruit phylogenetically similar

bacterial communities, likely for distinct roles that target similar bacterial traits according to the
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eco-physiological needs of the host plant or required to pass host immune system filtering (Stegen et
phy g P q p Y g g

al. 2012, Zhang et al. 2021, Wang et al. 2023).

Alongside the homogeneous selection acting on the endosphere communities, we found a stronger
than expected influence of ecological drift (random population changes) on the endosphere
microbial communities. Microbe-microbe interactions, specifically priority effects, may explain this,
as early colonisers likely create conditions in the endospheres that facilitate the establishment of
other species (Rillig et al. 2015). These interactions could alter the endosphere environment through
resource competition and/or metabolic processes that limit the strength of host-imposed selection
processes. As such, stochastic events - such as random fluctuations in microbial populations - can
play a larger role in community assembly than expected in such a regulated environment (Rillig et al.
2015, Debray et al. 2022). In contrast to the endospheres, the rhizosphere microbiota were more
strongly influenced by dispersal limitation (low dispersal rates) compared to ecological drift alone
(Stegen et al. 2013). The low community turnover in the rhizospheres suggests that these bacterial
communities were strongly shaped by the diversity and dispersal potential of local soil microbiota
(Zhang et al. 2021). This highlights the constraining influence of local conditions on the two-step
selection process. Future work should focus on identifying the root exudates involved and assessing
the fitness consequences of these assembly processes by characterising the functional processes of

microbiota involved.

3.4.2 Endosphere convergence

We report that local site conditions influenced endosphere recruitment dynamics, which resulted in
a unique assortment of differentially abundant bacterial ASVs in the endospheres across sites — an
effect also observed in previous studies on the trees Populus deltoides and Taxodium distichum
(Gottel et al. 2011, Lumibao et al. 2020). Observing different endospheres across sites suggests that

either stochastic effects, local conditions and/or resource availability affected how T. triandra
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regulates inbound microbiota (Vandenkoornhuyse et al. 2015). These influences were consistent with
our earlier work which showed that T. triandra bulk soil microbial communities and rhizospheres
were strongly shaped by soil nutrient levels, aridity and moisture availability (Hodgson et al. 2024).
Local conditions are well known to shape bulk soil, rhizospheres and endospheres, however, in our
study, these site-specific effects did not appear to impede the development of a convergent root
endosphere across populations. Factors that shape internal microbial profiles could also shape
preferential niches created by the host plant or some combination of other influences, such as
microbe-mediated priority effects (Rillig et al. 2015). This raises intriguing questions about the
functional potential of the ‘core’ microbial endosphere, and follow-up studies should investigate this

further.

We reported higher overall complexity (based on node degree in our network analysis) and positive
associations of ASVs in endospheres compared to rhizospheres, indicating remarkable symbiosis
inherent in the convergence of bacterial communities in these root compartments. The top
connected ASVs (= hub taxa) are often hypothesised to be keystone species that support or facilitate
the recruitment of other microbiota (Rillig et al. 2015, Trivedi et al. 2020, Debray et al. 2022).
Additionally, a decrease in the ratio of conditionally rare taxa to rare taxa within rhizospheres
compared with endospheres (1.71 versus 3.84, respectively) shows that rhizospheres often support
highly varied microbial community structures that are also more diverse (i.e., greater alpha
diversity). As expected, we report new evidence of bacterial symbioses in T. triandra endospheres
(i.e., less influenced by local soil and/or climatic conditions) relative to rhizospheres, which

supported ASVs with fewer key microbe-microbe associations (Trivedi et al. 2020).

3.4.3 Vertical transmission of microbiota

The high count of bacterial ASVs that were unique to root endospheres were likely populated via

vertical transmission (i.e., from parent plant flowers to their offspring during seed development)
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(Bulgarelli et al. 2013, Escobar Rodriguez et al. 2018, Abdelfattah et al. 2023); or transferred across
host compartments (e.g., leaves or stems into roots) (Chi et al. 2005). There is strong evidence of
vertically transmitted bacterial endophytes being involved in mobilising plant nutrients and affect
phytohormone signalling inside roots (Bulgarelli et al. 2013, Santoyo 2022). Future research should
explore whether unique ASVs within each site are inherited through vertical transmission due to
local adaptation of T. triandra populations (Thiergart et al. 2020, Duran et al. 2022). As such, this
form of parent to offspring transfer could be important to T. triandra fitness, where microbiota
cannot survive independently in soil environments and host plants may have evolved traits that
facilitate the persistence of a portion of the microbial community (Johnston-Monje and Raizada 2011,

Lumibao et al. 2020, Lyu et al. 2021).

It is worth considering that the ASVs suspected of vertical transmission in this study could still be a
product of the two-step selection process, especially if we simply did not observe them in the
rhizosphere during sequencing due to insufficient sequence depth or the changing nature of
rhizospheres across plant developmental stages. Further research could investigate how horizontally
transferred bacterial taxa (i.e., soil to root endosphere colonisation) are supported in soil
environments and whether they require their plant hosts for completion of their lifecycles (i.e., are
they obligate symbionts?) (Vandenkoornhuyse et al. 2015). These ASVs may have a dormant,
protected life stage (e.g., spore-forming) (van Vliet 2015), or could perhaps be microbiota that are
influenced by host plant demographics and local adaptation (Ledeganck et al. 2003, Hannula et al.

2021). Further investigations should consider the vertical transmission of root endospheres.

3.5 Conclusions

We show that the microbiomes of natural populations of T. triandra growing across diverse
environments retain assembly processes consistent with root endosphere colonisation from

rhizospheres. We show that deterministic assembly processes acted strongly on these endospheres,
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as they were strongly affected by both environmental factors (e.g., aridity) plus host selection for
similar microbial communities and traits within sampling sites (homogeneous selection).
Additionally, while numerous endosphere taxa were likely from the plant rhizospheres, we present
evidence for probable vertical transmission of microbiota from parent to offspring. Our limited
understanding of the complex roles of plant-associated microbiota hinders our ability to harness the
ecology of these important relationships in applied ecology context (e.g., propagation, translocation,
revegetation). Future investigations should consider the functional roles and inheritance patterns of
root endosphere microbiota in non-model plant species, and assess how these plant-microbe

interactions effect host fitness.
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Tables

Table 3.1. T. triandra sampling sites across southern Australia.

Site name Latitude, longitude Aridity index Sampling date
Alligator Gorge -32.71487, 138.10172 0.445 15 Dec 2021
Barlunga Gap -33.82000, 138.17392 0.347 14 Dec 2021
Frahn’s Farm -35.07231, 139.09781 0.454 19 Dec 2021
Maitland -34.37366, 137.71203 0.453 21 Dec 2021
Mount Maria -32.65862, 138.08985 0.318 16 Dec 2021
Neagles Rock Reserve -33.85031, 138.60674 0.651 14 Dec 2021
Scott Creek -35.08720, 138.67266 0.903 19 Dec 2021
Sturt Gorge -35.03311, 138.57324 0.634 13 Dec 2021
Table 3.2. Bacterial ASVs allocated to six relative abundance categories
Number of Number of

Compartment  Category ASVs sequences
Rhizosphere ~  Abundant taxa (AT) ) )

Moderate taxa (MT) 11 (0.15%) 7821 (1.55%)

Rare taxa (RT) 1477 (20.45%) 5518 (1.09%)

Conditionally abundant taxa (CAT) 4 (0.06%) 19238 (3.81%)

Conditionally rare taxa (CRT) 5705 (78.99%) 429588 (84.97%)

Conditionally rare and abundant taxa

(CRAT) 25 (0.35%) 43439 (8.59%)
Endosphere ~ Abundant taxa (AT) 1 (0.01%) 13094 (2.37%)

Moderate taxa (MT) 6 (0.07%) 6755 (1.23%)

Rare taxa (RT)

Conditionally abundant taxa (CAT)

Conditionally rare taxa (CRT)

Conditionally rare and abundant taxa

(CRAT)

2970 (36.69%)
4 (0.05%)

5070 (62.63%)

44 (0.54%)

11938 (2.16%)
31755 (5.76%)

322711 (58.51%)

165315 (29.97%)
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Figures

Figure 3.1. T. triandra sampling sites, and bacterial diversity. (a) Map showing Australia and the
sampling locations of Themeda triandra populations (blue points) across a strong aridity gradient in
southern Australia. (b) Bacterial alpha diversity as effective number of ASVs in T. triandra
rhizospheres. (c) NMDS ordination showing the differences in bacterial community composition
between rhizospheres (blue) and endospheres (red). (d) Distance to centroid of samples comparing

rhizosphere (blue) and endosphere (red) samples, calculated from Bray-Curtis dissimilarity.

135



Chapter three: Strong host modulation of rhizosphere-to-endosphere microbial colonisation in
natural populations of the pan-palaeotropical keystone grass species, Themeda triandra

a)

[=]

=]

—

s
—~
=
S
3 g == =
C i = u

- aal
Sg I <K |[F i
c o - LB - || =
3 U L L LA | HITH:
- HTTT HHH | B =1 FEHEIAH] P i
o | == H I B
2 tn - [ A " "L
= n H -
3N 1 ol & H o H
oz A
04450|04532 | 0.4539 | 0.6345 | 0.6507 04450 | 04532 | 04539 | 06345 | 06507 Andity index
zosphere Compartment

C) AT o
0 0 700 149, "??'
& .,
- 4
5, g %,
$"°Q Q
s}
~ e ™ »
.3 < o e
Eex >§; Eex

%% A‘{@?a :%’% “é{?&"
Qb" / ‘\4\& %ba /
OD :7] Trmq\ro\ [ N o )

o :;m UF . Ay c o I;m co

@ A - Acidobacteriota O D - Bacteroidota 00 G - Gemmatimonadota O J - Proteobacteria
O B - Actinobacteriota O E - Chloroflexi B H - Myxococcota O K - Verrucomicrobiota
@ C - Armatimonadota B F - Firmicutes O |- Patescibacteria

d)

Patessibacterla
Agtinobactariota
Preteobactarla
Myxococsota
Unclassified
arusom|creblota
Chiorofiex|
Amatimenadota
Agldobacteriota
Gammatimonadota
Planctemysatota

Log fold change
a

Figure 3.2. Bacterial ASV relative abundances visualised at the phylum level in endospheres
and rhizospheres. (a) Stacked bars represent samples, grouped by aridity index of their sampling

site. The bar colours represent the bacterial phylum. Chord diagrams for (b) rhizospheres and (c)
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endospheres, showing the relative proportion of each bacterial ASV within each phylum (groupings:
A-K) found within bacterial abundance categories (AT - abundant taxa, MT - moderate taxa, RT -
rare taxa, CAT - categorically abundant taxa, CRT - categorically rare taxa, and CRAT - categorically
rare and abundant taxa). (d) Differential abundance analysis of major and minor bacterial phyla

across the rhizospheres and endospheres.
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Figure 3.3. Shared bacterial ASVs across rhizospheres and endospheres. (a) Venn diagram of

unique ASVs across T. triandra endospheres and rhizospheres showing number of unique ASVs and

percentage of reads within each grouping, and (b) plot summarising relative abundance of phyla for

the unique and shared ASVs in the endospheres and rhizospheres. (c) Partial Venn diagram showing

unique T. triandra rhizospheres ASVs across each sampling site, and shared across all sites, and

percentage of reads within each grouping; and (d) partial Venn diagram of unique ASV across T.

triandra endospheres in each site, and shared across all sites, showing number of unique ASVs and

percentage of reads within each grouping.
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Figure 3.4. Differentially abundant ASVs across rhizospheres and endospheres (a) Heatmap
showing 218 differentially abundant ASVs across T. triandra rhizospheres and endospheres, with
clustering of ASVs with high and low log fold changes represented by the dendrogram, and (b) the
number of differentially abundant ASVs calculated within each sampling site. The negative grouping
includes those ASVs favoured in endospheres (negative log fold change), whereas the positive
grouping includes ASVs favoured in rhizospheres (positive log fold change). Sites are ordered from
most to least arid (top to bottom, respectively). (c¢) Upset plot showing the number of shared and
unique bacterial ASVs across each site. This plot shows the first 30 most populated ASV intersections

between sites (see Figure Si4 for all site intersections).
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Figure 3.5. Abundance-occupancy curves fitted with the Sloan neutral model in T. triandra rhizospheres and endospheres. Each point
represents a bacterial ASV that occurs above (blue), below (red), or within (white) neutral model predictions in (a) rhizospheres and (b) endospheres.
ASVs that occur at greater occupancies than predicted by the neutral model (blue) are hypothesised to be positively selected by the environment, and
those occurring with lower occupancies than predicted by the neutral model (red) are hypothesised to be negatively selected by the environment. (c)
BNTI values across the rhizospheres and endospheres of each sampling site in order of aridity index, and (d) Stacked bars plot illustrating the relative
contribution of ecological assembly processes across rhizospheres and endospheres in each sampling site in order of aridity index. Heterogeneous and
homogeneous selection is attributed BNTI values of > +2 or < -2, respectively. Communities without significant BNTI deviations (|BNTI | <2) were

investigated for homogenising dispersal or limiting dispersal with RCbray values of < -0.95 or > 0.95, respectively.
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Figure 3.6. Network analysis of bacterial ASVs in rhizospheres and endospheres, sampled
across T. triandra aridity gradient. Vertex colour indicates taxonomic groups at the ASV level for
both (a) rhizospheres (blue), and (b) endospheres (red). Positive associations are represented by blue
edges, and negative associations are represented by red edges. The average degree and average edge

weight is shown below of each network with their respective standard error.
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Abstract

The interactions between native plants and soil microbiota are not well characterised, despite
growing recognition of their contributions to host plant fitness, soil nutrient cycling and ecological
functioning. Here, we used shotgun metagenomics to examine the microbial taxonomic and
functional colonisation patterns in wild populations of the pan-palaeotropical C4 grass, Themeda
triandra, across a globally representative aridity gradient (aridity index 0.318-0.903). We investigated
these patterns through the two-step selection process. This process involves the movement of
microbes from bulk soils into the rhizosphere (soil on the root surface), and then from the
rhizosphere into the root interior (the endosphere), using a space for time substitution approach.
We focused on how environmental variables - particularly aridity - modulated these colonisation
patterns. We provide clear evidence that the two-step selection process progressively filters
microbial taxa colonising wild T. triandra roots. Surprisingly, microbial functions showed the
opposite trend: functional diversity increased from bulk soil to the rhizosphere and endosphere. This
likely reflects the wide array of specialised functions performed by the microbial taxa that
successfully establish within host roots. Notably, this pattern did not hold for observed (i.e. non-
normalised) functional diversity, indicating that the increase was driven by greater evenness in the
endosphere, as captured by Shannon’s index. Finally, we show that increasing aridity was associated
with increasingly homogeneous (i.e., similar), yet highly functionally diverse rhizosphere
communities. This association suggests that aridity drives filtering for key ecological functions,
favouring either higher functional redundancy under more arid conditions and/or the retention of a
critical suite of functional capacities, particularly for stress response genes. Together, these results
show that trends of functional microbial colonisation from soil into plant roots follows more
complex patterns than taxonomic dynamics, and that these functions can be shaped by climatic

factors, including aridity.
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4.1 Introduction

Soils are home to 59% of all species (Anthony et al., 2023), including many microbes that form
belowground associations with plants. These microbiota have important functional roles, such as
supporting the fitness of plants through mutualistic plant-microbe interactions (Bever, 1994). Host
plants invest resources that sustain and prioritise specific microbial functions. In return, mutualistic
microbes influence plant metabolic processes, provide fitness advantages to their hosts, aid plant
resource acquisition, and increase plant tolerance to environmental stressors, including drought-
induced water stress (Petipas et al., 2021). Notably, as aridity increases, the beneficial interactions
between plants and soil microbiota become stronger, likely due to a greater reliance on mutualistic
microbes in these harsher conditions (Jiang et al., 2024). However, the processes that control how
these functionally important microbiota colonise, or are recruited into plant roots, are complex and
poorly understood in natural ecosystems, especially where plants must navigate variable and

changing biotic and abiotic conditions (Bulgarelli et al., 2013).

The two-step selection process is a well-established theoretical framework to view the colonisation
of roots by microbes but is poorly studied outside of model species such as Arabidopsis (Bulgarelli et
al., 2012) and crop species such as tomatoes (Barajas et al., 2020). This process includes the active
recruitment of microbes by host plants, first from bulk soils into plant rhizospheres (soil on the
surface of roots), and then from rhizospheres into roots (the endosphere) (Bulgarelli et al., 2013,
Lundberg et al., 2012). In Arabidopsis, for instance, bacterial and fungal communities are well known
to shift among the bulk soils, rhizospheres, and endospheres, with a progressive decline in
taxonomic alpha diversity as microbiota are filtered into the endosphere (Bulgarelli et al., 2012).
Alternative theoretical frameworks include vertical transmissions of microbiota into plant seeds
directly from parental plant flowers or via pollinators (Abdelfattah et al., 2023), or internal transport
through plant vascular tissue from leaves (phyllosphere microbiota) (Chi et al., 2005). Despite their

importance, functional investigations of these colonisation patterns - especially in non-model plant
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species - remain scarce, limiting our understanding of host-microbe dynamics under natural
conditions. It also remains uncertain how environmental change impacts this two-step selection

process in plants under natural conditions.

The C4 grass Themeda triandra (Forssk.), is a keystone species with a pan-palaeotropical distribution
across much of Australia, Asia, and Africa, often dominating grassland ecosystems (Snyman et al.,
2013). It provides important ecosystem services by maintaining soil health (e.g., shaping physical
structure and microbiota) and supporting native biodiversity (Snyman et al., 2013). While this
species is known to be colonised and receive growth benefits from soil microbiota (Hodgson et al.,
2024b, Petipas et al., 2017), the different roles provided by their functional genes are unexplored. In
this field study, we used a natural experimental design and shotgun metagenomics to investigate the
colonisation patterns of microbiota, and their accompanying gene functions, in wild T. triandra
across a globally-representative aridity gradient. We hypothesised that (1) the microbial taxonomic
and functional colonisation patterns in T. triandra would align with the two-step selection process
(i.e., community and diversity filtering from bulk soil into roots); (2) there will be strong positive
correlations between microbial taxonomic and functional colonisation patterns, where we expect
that higher bacterial species diversity will be associated with higher functional diversity; and, (3)
aridity will modulate both taxonomic and functional colonisation patterns, with higher aridity

populations recruiting microbiota linked to water stress tolerance and drought resilience.

4.2 Methods

4.2.1 Study design

We sampled the bulk soils, rhizospheres and endospheres of six randomly selected T. triandra plants
in eight populations that occurred across a southern Australian aridity gradient (Table S4.1; Figure
S4.1). We tested that there was no correlation between the aridity and geographic distances of our

sampled populations (Mantel: p =0.489; r =-0.021; Figure S4.1c). Aridity data was collected from the
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Atlas of Living Australia (Belbin, 2011, ALA, 2014) via the mean annual aridity index layer (annual
precipitation/annual potential evaporation; Figure S4.1b-c). Using this aridity index, low values
correspond to more arid conditions (i.e., hotter/drier conditions; hereafter, high aridity) (UNEP,
1992, Middleton and Thomas, 1997). We used shotgun metagenomics to characterise taxonomic and
functional patterns in bacterial communities, detailed below, using a space for time substitution
experimental approach. We also analysed plant and soil physiochemical conditions, and conducted
vegetation surveys to account for host, edaphic, and ecological variation across our populations (see
supplementary methods). In this manuscript, we do not experimentally distinguish between plant-
driven microbial shifts across compartments (i.e., active recruitment of microbiota) and microbial-

dependent changes (i.e., colonisation).

4.2.2 DNA extraction, amplification and sequencing

We collected bulk soils within 30 cm of the north and south of each T. triandra plant, and combined
these samples for downstream analysis, transporting them on ice from the field, and storing them at
-20°C for later DNA extraction (Figure S4.1e). Microbiota from the rhizospheres were isolated
following the protocol from Hodgson et al., (2024b). Briefly, sampled roots were washed in 0.02%
Silwet L-77 amended PBS buffer and vortexed before being filtered at 100 pm and centrifuged prior
to DNA extraction. We also isolated T. triandra endospheres by removing bacteria and DNA from
root surfaces, and subsequently extracting DNA directly from these ‘cleaned’ root tissues as detailed
in Hodgson et al. (2024a). Here, roots were sonicated on ice in 0.02% Silwet L-77 amended PBS
buffer at 30% amplitude for 5x 30 sec alternating burst/rest periods (5 minutes total) to remove
external bacteria and DNA. The roots then underwent a series of 5 additional washes in this
sterilised amended PBS buffer solution (5 minutes). To obtain the final endosphere samples, roots
were pulverised with metal beads for 1 min in a bead-beating solution (PowerSoil Kit, Qiagen,
Hilden, Germany). Sterilisation was validated by plating final wash solutions on Luria-Bertani agar

plates (Hodgson et al., 2024b). Following the manufacturer’s protocols, DNA extractions were
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performed on the soil, rhizosphere and endosphere samples using the DNeasy PowerLyzer PowerSoil

Kit (Qiagen, Hilden, Germany).

4.2.3 Shotgun metagenomic data analysis

We performed shotgun metagenomics sequencing on each of the T. triandra samples across our
aridity gradient. We successfully sequenced 43 endospheres, 22 rhizospheres, and 39 bulk soils (n
=104). Libraries were prepared using Accel-NGS® 2S DNA Library Kits from Swift Biosciences Inc.
(London, United Kingdom) and sequenced at the South Australian Genomics Centre (Adelaide,
Australia). For sample sequencing, an equimolar pool was prepared and denatured for DNA
Nanoball (DNB) generation using the MGI DNBSEQ-G4o00 platform with 300 bp reads. All
bioinformatics was done using DeepThought high performance computing (Flinders University,
2021). Data cleaning was done with fastp vo.23.2 (Chen et al., 2018), which included trimming
adapter from DNB sequences. Contaminant DNA from T. triandra was removed using reference
genomes via Bowtie2 v2.4.1 (Langmead and Salzberg, 2012, (NCBI), 2021). Taxonomic IDs were
assigned using Krakenz v2.0.7 (Wood et al., 2019). We used Bracken (Lu J, 2017) to estimate
abundances of taxa, then KrakenTools (Lu et al., 2022) to create a taxonomic abundance table for
downstream analysis. Gene functions were assigned to reads using SUPER-FOCUS v1.6 (Silva et al.,

2015), according to each functional subsystem from the SEED database (Overbeek et al., 2004).

4.2.4 Statistics

Statistics were done in R version 4.2.2 (R Core Team, 2022). We performed relative abundance
normalisations on our taxonomic and functional datasets to account for differences in sequencing
depth across our samples. We ran detailed downstream analysis on relative functional gene
abundances, but we also isolated six different categories at SEED subsystem level 1 to explore in
greater detail (Overbeek et al., 2004). These six functional categories included: motility and

chemotaxis (movement and sensing), nitrogen metabolism, phosphorus metabolism, regulation and
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cell signalling (which captures quorum sensing and biofilm production dynamics), stress response

functions and, secondary metabolism.

Taxonomic and functional diversity analysis

We calculated the relative abundance of the top bacterial phyla (based on reads classified at the
Phylum level) and functional categories (at Subsystem level 1). Alpha diversity was assessed by
computing the effective number of species (via reads assigned to species level) and functions, using
the exponential of Shannon’s diversity index (Jost, 2006). This transformation enhances
interpretability by expressing diversity as the number of equally abundant species or functions that
would yield the same Shannon index. We used linear mixed-effects models to explore how plant
compartments (soil, rhizosphere, endosphere), sampling population, and aridity index (each
included as fixed factors) affected alpha diversity metrics (richness, effective no. of species/functions,
and Pielou’s evenness index). Plant ID was treated as a random factor to account for bias in repeated

measures of individual plants across the root/soil compartments.

We used non-metric multidimensional scaling ordination (NMDS) with Bray-Curtis distances to
explore differences in taxonomic and functional community composition. We then tested for
differences between group centroids via permutational multivariate analysis of variance
(PERMANOVA) and for homogeneity of group dispersions by calculating the distance to centroid

measures.

To compare compositional (beta diversity) changes across our aridity gradient, we calculated the
average Bray-Curtis distance of each sample to every other sample. We tested the effect of the aridity
index on these distances by calculating the slope of the linear trend between the aridity index and

Bray-Curtis distances. Using bootstrapped (B =2000) 95% Cls, we assessed whether the model slope
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overlapped zero. See Tables S4.2-S4.3 for a more detailed summary of all statistical tests comparing

aridity with alpha and beta diversity, and the relative abundance of taxonomic and functional reads.

For bacterial species, and each subsystem, shared and unique functions were visualised across all

populations using petal diagrams.

Differential abundance analysis

We used differential abundance analysis to evaluate differences in bacterial phyla and functions
across each of the sampled compartments (i.e., soils, rhizospheres and endospheres) using global
and pairwise tests through the ancombc2 function from the R package ANCOMBC on non-
normalised count data (Lin and Peddada, 2020). Differential abundance across the aridity gradient
was done by allocating samples to high, medium and low aridity categories (aridity index >0.6 = low;

>0.4 but 0.6 = medium; and <0.4 = high aridity), using low aridity as the reference group.

Canonical correspondence analysis

To predict the environmental drivers of both species-level taxonomic diversity and functional genes
across our microbiomes, we ran canonical correspondence analysis (CCA) across all bulk soil,
rhizosphere and endosphere samples (explanatory variables included are in Table S4.4). Correlated
explanatory variables (r >0.75) were removed. We then performed forward and backward selection of
the included explanatory variables using the ordistep function in the R package, vegan (Oksanen et

al., 2019).

Network analysis
We conducted co-occurrence network analysis of microbial functional processes within low,
medium, and high aridity categories (aridity index >0.6, >0.4-0.6, and <o0.4). This analysis identified

hub functions that may perform keystone roles supporting functional pathways. Networks and hub
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functions were compared across bulk soils, rhizospheres, and endospheres at the lowest functional
level, focusing on positive or negative associations. Only functions with >100 sequences were
reported. Associations were calculated using SparCC correlations (edge thresholds, |SparCC| =0.3; p
<0.05), and significance was estimated via 200 permutations (Friedman and Alm, 2012, Kurtz et al.,
2015). Networks were visualized with the R packages igraph (Csardi et al., 2006). Hub functions were

identified as the top 20 bacterial functions ranked by node degree and closeness centrality.

4.3 Results

4.3.1 Taxonomic and functional diversity

Across our samples and plant compartments, we generated taxonomic libraries with a total of
26,919,111 reads (~258,838 per sample), with 9,835 unique bacterial species (~7,998 per sample) (Table
S4.5). Our functional libraries contained a total of 40,520,567 reads (~385,910 per sample), with 31,167
unique functions (~11,799 per sample) (Table S4.5; see Table S4.6 for proportions of reads across the

six functional categories at SEED subsystem level 1).

We identified 13 phyla representing 98% of reads assigned to bacteria with abundance estimates
greater than 1.5% (Figure 4.1a). We observed a decreasing effective number of bacterial species from
bulk soil into the rhizosphere and the endosphere compartments for our T. triandra plants (mean
effective no. species +SD: bulk soils =2,935 +619, rhizospheres =2,491 +575, endospheres=1,824 +400;
Table S4.7; Figure 4.1b; LMEM: df =2, 2 =95.27, p <0.001). Additionally, we found that bacterial
community compositions were significantly different across each of the compartments (Table S4.8;
Figure 4.1c) with aridity index (Table S4.2; Figure 4.1c), and with sampling population (Table S4.8;
Figure S4.2). Furthermore, we found that the average distance to centroid values decreased from the
rhizospheres into bulk soils, and endospheres (Table S4.9; Figure 4.1d; PermDispersions: F o) =4.71,

p =o.o1m).
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There was decreasing richness of observed functions from bulk soils and rhizospheres into the
endosphere (mean richness +SD: bulk soils =12,336 +3,335, rhizospheres =12,817+2,664, endospheres
=10,767 +2,371) (Table S4.10; Figure 4.2a; LMEM: df =2, x2 =10.3, p =0.005). However, the effective
number of functions (the exponent of Shannon’s diversity index) showed an increase in alpha
diversity from bulk soil to rhizospheres, and then to endospheres (bulk soils =3,128 +356,
rhizospheres=3,420 +503, endospheres =4,204 +230; Table S4.10; Figure 4.2b; LMEM: df =2, x?
=202.35, p<0.001). Pielou’s evenness index revealed that functional gene distributions were more
even in endospheres than in rhizospheres and bulk soils (Table S4.10; Figure 4.2c; LMEM: df =2, x?
=43.45, p <0.001). Together, these results show that when functional diversity is normalised using the
Shannon’s diversity derived approaches (which account for higher evenness in endosphere), it

increases from bulk soil to the endosphere.

The motility and chemotaxis functional subsystems, as well as the stress response functional
subsystems showed an increase in effective functional diversity with aridity index, particularly in
rhizospheres with higher aridity levels (Figure 4.3a-b; Table S4.2). We also observed the inverse
trend for functional diversity of bulk soils in relation to stress response genes, which increased with
decreasing aridity levels (Figure 4.3b; Table S4.2). However, responses to aridity varied across
functional categories; for example, we did not see evidence of directional trends with the effective
number of functions for secondary metabolism (Table S4.2; Figure 4.3c; Figures S4.3-S4.4). Within
the root compartments, we found a positive correlation between the effective number of species and

functions (Figure S4.5a; Table S4.11; Figure S4.5b; LMEM: ¥3(,,) =29.28, p <0.001).

Bulk soils, rhizospheres and endospheres produced distinct functional profiles (Figure 4.2) that were
affected by aridity (Figure 4.2d; also see Figures S4.6-S4.11). Furthermore, the beta dispersions for
these functional groups also revealed increasingly similar compositions (i.e., tighter groupings)

towards the endospheres (Figure 4.2e; see Figures S4.12-54.14).

162



Chapter four: Contrasting microbial taxonomic and functional colonisation patterns in wild
populations of the pan-palaeotropical C4 grass, Themeda triandra

Aridity had a compartment-specific effect on the homogeneity of different taxonomic and functional
communities based on the mean Bray-Curtis distances. For both the bacterial taxonomic and
microbial functions (visualised using the six subsystem categories), the rhizosphere showed the
strongest response to aridity, consistently becoming more dissimilar (i.e., heterogeneous) as aridity
decreased (i.e., we see increases in the average Bray-Curtis distance with aridity index; Figure 4.4, see
Tables S4.2-S4.3 for details). In bulk soils, there was generally a positive correlation with aridity;
communities became more similar, taxonomically and functionally, as aridity decreased (Figure 4.4,
see Tables S4.2-S4.3 for details). In endospheres, there was no meaningful change in the
compositional distances for functions with aridity, although taxonomic compositions became

slightly more homogenous as aridity decreased (Figure 4.4; Table S4.2-S4.3).

Overall, we consistently found that more bacterial species and functions in each subsystem were
shared (i.e., found in at least one site of every population) than were isolated to each population

alone (see Figures S4.15-S4.21).

4.3.2 Differentially abundant taxonomy and functions

We found many differentially abundant bacterial phyla across the soils, rhizospheres and
endospheres (Figure 4.1e; Table S4.12). Among those with the highest log fold change in abundance
from the endosphere to rhizosphere, and endosphere to bulk soil were Actinomycetota (-1.794 and -
2.6091, respectively), Myxococcota (-1.02 and -1.984, respectively), and Pseudomonadota (-0.735 and -
1.374, respectively) (Figure 4.1a, e). Conversely, phyla that had a positive log fold change in
abundances from the endospheres into the rhizospheres and soils were: Bacteroidota (0.929 and
1.231, respectively), Cyanobacteriota (0.712 and 1,234, respectively), Ignavibacteriota (1.438 and 2.033,
respectively), Atribacterota (1.151 and 1.915, respectively), and Chlamydiota (1.192 and 2.084,

respectively) (among others) (Figure 4.1a, e; Table S4.12).
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We focused our analysis on the differences between soils, rhizospheres and endospheres, primarily
across three main functional subsystems: secondary metabolism, motility and chemotaxis, and
nitrogen metabolism (see Figures S4.22-S4.27 for all differences between soils, rhizosphere and
endospheres at SEED subsystem 1). For secondary metabolism, there were more abundances of
functional genes associated with plant a variety of growth hormones, defence, and plant-microbial
interactions in T. triandra endospheres (see Figure S4.25). Within the motility subsystem, T. triandra
endospheres also had more chemotaxis functions, but lower abundances of functions related to
flagellar and non-flagellar movement of bacteria (see Figure S4.22). Finally, we found that the
abundances of nitrogen fixation functions decreased in the endospheres, but we found more
functions related to nitric oxide synthase (see Figure S4.23). Differential abundance analysis showed

changes in a low number of functions across the aridity gradient (see Figures S4.28-S4.32).

4.3.3 Canonical correspondence analysis

Our CCAs revealed variable associations between soil physicochemical parameters and bacterial
taxonomic and functional communities within each of the T. triandra microbial compartments. After
correlated variables were removed (Figure S4.34a), the taxonomic bulk soil communities were
associated with pH, aridity, shrub vegetation and T. triandra density (Figure S4.34b). In the
rhizospheres, bacterial community compositions corresponded with aridity, soil pH, host
magnesium, and litter levels (Figure S4.34¢). In the endospheres, however, bacterial communities
had significant structural associations with aridity, electrical conductivity of the soil, host calcium
and copper levels, in addition to soil pH, and graminoid and canopy cover in the vegetation (Figure

S4.34d).

The taxonomic and functional CCAs corresponding to the remaining subsystems revealed numerous

other environmental associations (Figure S4.35-S4.37; Tables S4.4). The rhizosphere functions
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associated with motility were significantly structured by pH, host magnesium, and aridity (Figure
4.3d). In the stress responses, we observed important drivers from pH, soil ammonium, electrical
conductivity, litter, aridity, and host iron and magnesium levels (Figure 4.3¢). Finally, the secondary
metabolism functions, which included plant hormone functions (among others), corresponded with
ammonium, potassium, phosphorus, electrical conductivity, host zinc and magnesium, and

herbaceous plants (Figure 4.3f).

4.3.4 Network analysis

We conducted co-occurrence network analysis across six gene function categories, three plant
compartments (soil, rhizosphere, endosphere), and three aridity levels (low, medium, high), focusing
on stress response functions (Figure 4.5). Mean edge weights across the remaining five functional
subsystems were also analysed (Table S4.13; Figure 4.6). In bulk soil, stress response function
networks had higher closeness centrality in high-aridity networks (mean +SD; 7.2x103 +1.3x1073)
compared to low and medium aridity networks (6.2x103 +0.6x103 and 4.7x103 +0.5x1073, respectively).
Rhizosphere centrality was lower in high aridity (2.4x103+0.3x103) than in the medium (4.9x103
+0.7x103) and low (4.6x103 +0.7x1073) aridity networks (Figure 4.5b). The endosphere centrality
remained consistent across the high, medium and low aridity levels (3.9x103 +0.6x103, 3.5x107
+0.4x103, and 3.4x103 +0.4x1073, respectively). In all the bulk soils, rhizospheres and endospheres,
mean node degree generally decreased from the medium (61.5 +34.1, 63.0 £42.8, and 30 +26.2,
respectively) and low aridity (63.9 +35.4, 21.7 +17.1, and 40.8 +31.2, respectively), into the high aridity

(8.8 £6.1, 12.1£6.8, and 32.5 +28.2, respectively) networks (Figure 4.5b).

The top 20 hub functions in each aridity and compartment network (Table S4.14) primarily related to
heat stress in soils, accounting for 43%, 40%, and 23% of the low, medium, and high aridity
networks, respectively (Figure 4.5). Oxidative stress hub functions were also important, comprising

30% in low aridity rhizosphere networks and increasing to 47% and 37% in medium and high aridity
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networks, respectively. In endosphere networks, oxidative stress functions comprised 33% of the hub
functions in low aridity networks, rising to 47% and 37% in medium and high aridity, respectively
(Figure 4.5). The proportion of osmotic stress hub functions increased from 7% in soil to 17% in
rhizosphere and 33% in endosphere high aridity networks. Comparatively, in the low-aridity
networks, osmotic stress comprised 7%, 23%, and 20% of soil, rhizosphere, and endosphere hub
functions, respectively, while in medium aridity networks, it comprised 10%, 7%, and 13%,

respectively (Figure 4.5).

4.4 Discussion

This study advances our understanding of plant-root colonisation by soil microbiota in wild plant
roots by using shotgun metagenomics on soils, rhizospheres, and endospheres of T. triandra - a
globally important C4 grass species. We report clear evidence that the two-step selection process -
the colonisation of microbes first from bulk soils into plant rhizospheres, and then from
rhizospheres into endospheres via host plant regulation - was acting on bacterial communities
across an aridity gradient. Most endosphere microbiota were a subset of those in the bulk soil,
supporting our first hypothesis. Surprisingly, microbial functions showed the opposing trend - which
goes against our second hypothesis. Here, functional diversity increased from bulk soil into
rhizospheres and endospheres despite the filtering of taxa entering the roots. These results highlight
the potential ecological advantage of functional redundancy within endospheres, and the diversity of
microbial functions recruited by host plants. In support of our third hypothesis, we also show that
increasing aridity modulated taxonomic and functional recruitment by host plants, most noticeably
influencing rhizospheres. These communities became more homogeneous and exhibited highly
diverse stress response functions. Our findings suggest that T. triandra likely benefits from
microbiota via higher functional redundancy and/or retention of a diverse suite of microbial
functions under more arid conditions (particularly stress response genes). By expanding the two-step

selection model to incorporate microbial functions, our study not only advances our knowledge of
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plant-soil ecology in wild T. triandra populations but also provides applications to the restoration of

grasslands.

4-4.1 Contrasting taxonomic and functional microbial colonisation

We show that bacterial taxonomic alpha diversity decreased from bulk soils into rhizospheres, then
into root endospheres, supporting our first hypothesis and aligning with the two-step selection
process (Bulgarelli et al., 2012, Lundberg et al., 2012). However, we observed that microbial functions
showed the opposite trend; functional diversity increased from bulk soil to rhizospheres, and into
the endospheres. This enriched functional diversity is likely produced by the increased evenness (i.e.,
via Pielou’s evenness index) among different types of functions within the endospheres. The relative
abundance weighting in Shannon’s diversity index means that greater evenness in functional
contributions leads to higher overall diversity. Given the significant changes in microbial profiles
observed from rhizospheres into endospheres, this likely reflects substantially different functional
requirements of the host plant across these two compartments, and the strong influence of the
plant’s immune system (Adeleke et al., 2021). While we acknowledge that our functional and
taxonomic annotations may be subject to biases, our study contributes valuable new insights into

how the two-step selection process operates through a functional ecology lens.

4.4.2 Variation in endosphere functional profiles

We report that endosphere functional and taxonomic profiles converged into more homogeneous
communities than in bulk soils and rhizospheres. This suggests that T. triandra strongly regulates
the entry of microbiota into its endospheres, maintaining a common functional capacity, despite
wide geographic distances and varying levels of aridity. We observed converging patterns in
endosphere functional communities across almost all functional groupings measured at subsystem
level 1 (i.e., motility and chemotaxis, nitrogen metabolism, phosphorus metabolism, regulation and

cell signalling, and stress response functions). Only secondary metabolism functions were more
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heterogeneous in root endospheres compared to rhizospheres and bulk soils (discussed below). The
selection pressures for endosphere colonisation are likely driven by the functional needs of T.

triandra and host traits promoting mutually beneficial interactions (Bulgarelli et al., 2013).

All endosphere samples consistently showed increases in flagellar movement and chemotaxis
functions, which are important for the movement and navigation of bacteria (Bulgarelli et al., 2013).
Endospheres also became more similar by excluding functions like microbial gliding, which help
bacteria travel through biofilms and are commonly found in rhizospheres and soils (Bhattacharyya et
al., 2023). Comparable trends occurred for nitrogen metabolism, where we found increased
abundances of genes associated with nitric oxide synthases in the endospheres - crucial for
signalling between plants and their associated microbiota, and which play key roles in helping plants
respond to oxidative and drought stress, although they may also aid microbiota in tolerating the host
plant’s immune system (Shah et al., 2023). Conversely, nitrogen-fixing functions were less abundant
in endospheres, being more prevalent in bulk soils where they are involved in well-described
processes within the nitrogen cycle (Stein and Klotz, 2016). These functional roles may differentially
affect the fitness of colonising microbiota within the endosphere (e.g., optimized movement and
navigation) while contributing to improved host growth and fitness (e.g., enhanced stress
responses). Furthermore, the consistent recruitment and exclusion of microbial functions into the

endospheres by host plants suggests strong symbiotic community assembly processes.

Unlike motility and nitrogen metabolism, the secondary metabolism functions were more
heterogeneous in T. triandra endospheres compared to the rhizospheres and soils. Secondary
metabolism functions are typically involved with survival adaptations, defence or derived
environmental responses, and are not necessarily essential for growth (Khare et al., 2018, Srivastava
and Raghuwanshi, 2023). Specifically, we observed changes in functions across biosynthesis and

degradation of key metabolites like auxins, flavonoids, and phenylpropanoids, which likely support
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plant responses to environmental stresses and pathogens, and maintain structural integrity during
growth (Kincses et al., 2024). We also suspect that functions associated with clavulanic acid and
phenazine metabolites may shape plant-microbe interactions due to their noted associations with
antibiotics (Wang et al., 2021). Strong regulation of microbial entry into endospheres is observed in
many plant species and can be influenced by factors including growth stage, genotype, and
geography (Lumibao et al., 2022). Nevertheless, the high-endosphere variation in secondary
metabolism functions provides a unique and novel finding that highlights the diverse ecological

needs of different T. triandra populations across their natural distribution.

4.4.3 Effect of aridity on rhizospheres

We show that aridity increased with taxonomic and functional diversity of T. triandra rhizospheres,
but not soils or endospheres. This increased diversity was found across stress responses, motility,
and nitrogen metabolism, which included functions related to (but not limited to) oxidative stress,
flagellar movement of microbiota, and nitric oxide synthases. Functional redundancy is often
associated with ecosystem stability and resilience (Guo et al., 2024). As such, increasing functional
diversity in T. triandra rhizospheres suggests that there may be greater selection for plants to
develop functional redundancy in more arid conditions, which could provide protection for these
plants from water stress (Louca et al., 2018). Here, we found that the alpha diversity of the stress
response functions was lower in the bulk soils of arid populations. Furthermore, previous work has
shown that deterministic processes (i.e., host/environment-driven) more strongly shape
microbiomes of drier grasslands over temperate grasslands (Zhong et al., 2022). Our findings
highlight the impact T. triandra has on its rhizospheres to potentially counter stress from elevated

aridity by recruiting high microbial functional diversity around its roots.

We also showed that rhizospheres in lower aridity populations were more heterogeneous compared

to those in higher aridity environments (increasing community dissimilarity). Coupled with the
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higher alpha diversity in arid rhizospheres, this suggests that higher aridity promotes microbial
communities that are taxonomically similar yet functionally diverse, a complexity not seen in the
general soil environment (Lumibao et al., 2022). Evidence of stronger microbial selection pressures
reinforces our third hypothesis that arid conditions alter host plant recruitment and colonisation
dynamics. Overall, we provide new evidence of these dynamics in the C4 grass T. triandra, with

microbe-mediated assistance under arid conditions.

4-4-4 Stress response functions with varying aridity

In our stress response network analysis, the hub functions highlight that the microbiomes across
bulk soils, rhizospheres, and endospheres likely have mechanisms to cope with heat shock, oxidative
stress, and osmotic stress — especially in high aridity populations. Oxidative stress responses are
important mechanisms for plants to thrive in low water conditions by addressing the buildup of
reactive oxygen species, which can be toxic to plants and tend to accumulate in tissues when under
environmental stress (Berrios and Rentsch, 2022). Furthermore, osmotic stress directly affects
cellular water potential responses, which are crucial for sustaining microbial community resilience
and functioning under dehydration (Bremer and Kramer, 2019). Ultimately, the hub functions
associated with heat shock, oxidative and osmotic stress likely facilitate important connections that

help T. triandra and its microbiota to thrive in hot, arid environments.

Across the stress response and regulation and cell signalling networks, edge weights were
unexpectedly more negative in high aridity populations of the rhizospheres and endospheres,
indicating mutual exclusion among functional processes. This could be due to heightened resource
competition among microbiota within our gradient, particularly if highly specialised functions are
being selected at the expense of others (i.e. strong niche partitioning) (Lin et al., 2021). Only the
rhizosphere secondary metabolism genes, and endosphere motility and chemotaxis genes had more

positive edge weights in the high aridity networks, compared to low aridity networks. This suggests
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convergence towards functional niches, or more cooperation across functional processes with
stronger mutualistic relationships between microbiota (e.g., possibly involving more complex and

interconnected pathways of organic molecule synthesis and/or degradation).

4.4.5 Patterns of community variation

We found that only a small proportion of species and functions were unique to any given sampling
population or compartment. This contrasts with previous amplicon-based studies, which have
shown more unique taxonomic variation among T. triandra populations (Hodgson et al., 2024a). It is
possible, however, that these differences might arise due to differences in taxonomic resolution of
the two approaches. Despite the high occurrence of functions common to the endospheres, we still
observed significant functional community differentiation across populations. While there appear to
be commonalities in the availability of microbial functions to host plants, there was still strong
community differentiation across endosphere profiles in each population, driven by changes in soils

and vegetation (Fitzpatrick et al., 2018).

4.5 Conclusion

Our study reveals key functional differences within T. triandra root systems across an aridity
gradient. We found that endospheres exhibit higher functional diversity than both rhizospheres and
bulk soils. This arose due to expanded functional evenness within endospheres, despite declines in
functional richness through the two-step selection process. Furthermore, changes in alpha and beta
diversity suggest that in arid populations, rhizospheres foster increasingly homogenous microbiomes
with high functional redundancy, which likely bolsters the resilience of T. triandra to water-limited
environments by supporting key microbial functions under stressful conditions. Ultimately, T.
triandra actively facilitates symbioses with microbiota in its rhizospheres and endospheres by driving

specific functional profiles that impact host metabolism and select for high microbial fitness. These
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findings advance our understanding of functional plant-microbial dynamics in grasslands and offer

new insights for restoration and management of grasslands under climate change.
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Figures

Figure 4.1. Alpha and beta diversity metrics for normalised bacterial species abundances
associated with plant compartments (i.e., bulk soil, rhizosphere, endosphere). (a) Relative

abundances of bacterial phyla across all bulk soil, rhizosphere, endosphere samples. Sample labels
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are ordered by aridity index and box colours denote plant compartment. (b) Alpha diversity
estimates for bacteria associated within their plant compartments for the effective number of species
(see Table S4.7 for statistical output). (c) Bacterial community compositions with plant
compartments is shown via NMDS ordinations with Bray-Curtis distances (stress =0.059; Table S4.8)
(beta diversity). Point shape and hull colours represent samples from each different plant
compartment, and point colour shows the aridity index. (d) Beta dispersion differences are
represented by distance to centroid estimates for each compartment (see Table S4.9). (e) Heatmap
showing all differentially abundant bacterial phyla across bulk soils, rhizosphere and endosphere at
the 0.05 significance level based on log fold change (see Table S4.12 for detail, including full names of
abbreviated phyla). Log fold changes are reported as Group1 vs Groupz, where Groupz2 is the

reference category (i.e., positive values indicate greater abundance in Groupi relative to Groupz).
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Figure 4.2. Alpha and beta diversity metrics for normalised functional gene abundances
associated with plant compartments (bulk soil, rhizospheres and endospheres). Alpha
diversity estimates for microbial genes associated within their plant compartments for (a) functional
gene richness, (b) the effective number of functions, and (c) Pielou’s evenness index (see Table

S4.10). Light grey lines connect the data points with shared plant ID across the bulk soils,
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rhizospheres, and endospheres. Beta diversity for estimates across functional gene compositions with
plant compartments are shown via (d) NMDS ordinations with Bray-Curtis distances (stress =0.071;
Table S4.8). Shape and hulls show the sample compartments, whereas point colour shows the aridity

index. (e) Beta dispersion is represented by distance to centroid estimates (see Table S4.9).
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Figure 4.3. Changes in the diversity of functions in plant compartments and canonical
correspondence analysis (CCA) showing the effect of the environmental variables on
microbial functional structure in T. triandra rhizospheres. Aridity index is plotted against the
alpha diversisty for: (a) motility and chemotaxis, (b) stress response, and (c) secondary metabolism,
showing 2000 bootstrapped estimates (see Table S4.2 for all bootstrapped statistical output). CCAs

show genes at subsystem level 1 attributed to (d) motility and chemotaxis, (b) stress response, and (f)
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secondary metabolism. Vectors represent significant variables associated with gene community
compositions. Points are coloured by sampling population. The remaining bulk soil, rhizosphere,
and endosphere CCAs are found in Figures S4.35-S4.37, see Table S4.4 for explanation of explanatory

variables.
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Figure 4.4. Aridity influences the homogeneity of taxonomic and functional microbiomes
differently across plant compartments. (a) Beta diversity of average Bray-Curtis distances of each
bacterial taxonomic community, and beta diversity (Bray-Curtis distances) of functions at SEED
subsystem level 1: (b) motility and chemotaxis, stress responses, phosphorus metabolism, nitrogen
metabolism, regulation and cell signalling, and secondary metabolism. For all comparisons, the
mean estimate and 2000 bootstrapped estimates are plotted to give an indication of each

relationship (see Tables S4.2-S4.3 for all bootstrapped statistical output).
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Figure 4.5. Network analysis showing the stress response functions across T. triandra
compartments (bulk soil, rhizosphere, and endosphere), across low, medium and high
aridity levels. (a) Each network analysis comprises nodes representing functional processes of stress
response genes, coloured at subsystem level 2. Node size shows the relative abundance of each
function, connected via positive (blue) or negative (red) edges. Doughnut plots indicate the
proportion of functions at subsystem level 2 for each network. (b) Hub functions were chosen as the
top rannked functions by node degree, and closeness centrality (Table S4.14). (c) Mean edge weights
with upper and lower CIs showing the degree of positive (co-occurrences) versus negative
associations (mutual exclusion) between functions in low to high aridity across all plant

compartments. For reporting of all statistical output for Kruskal-Wallis tests, see Table S4.13.
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Figure 4.6. Network analysis edge weights across six functional levels in T. triandra
microbial compartments (bulk soil, rhizosphere, and endosphere), across low, medium and
high aridity levels. Mean edge weights with upper and lower Cls showing the degree of positive
(co-occurrences) versus negative associations (mutual exclusion) in (a) motility and chemotaxis, (b)
stress response, (¢) phosphorus metabolism, (d) nitrogen metabolism, (e) regulation and cell
signalling, and (f) secondary metabolism. For reporting of all statistical output for Kruskal-Wallis

tests, see Table S4.13.
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Abstract

Plant-microbe interactions are critical to ecosystem functioning and result in soil legacies, where
plants influence the soil in which they grow affecting the fitness of future generations. Soil legacies
are driven in part by the two-step selection process, where soil microbes are recruited from bulk soil
into rhizospheres (space around roots) and then into endospheres (within plant roots). However, the
potential of these soil legacies to provide host plant drought tolerance is poorly understood. In a
drought stress greenhouse trial, we show that arid-associated soil legacies increased the biomass
under both drought and control conditions of the keystone grass Themeda triandra. We report
strong positive associations between T. triandra biomass and bacterial alpha diversity across soils,
rhizospheres and endospheres. These findings show that bacterial soil legacies have an important
but underappreciated role in grassland resilience to drought, and could be better harnessed to

support resilient grassland restoration efforts.

5.1 Introduction

Grasslands are in significant decline globally (Bardgett et al. 2021). The productivity, diversity, and
resilience of these ecosystems is heavily shaped by their soil microbiota (Koziol and Bever 2017,
Wang et al. 2019, Liu et al. 2022). Despite strong plant-soil interactions in grasslands (i.e., plant-soil
feedbacks), these interactions are under acknowledged and underutilised in conservation and
restoration efforts (Robinson et al. 2023, Peddle et al. 2024). As climate change and land-use
pressures intensify, understanding how soil microbiota support grassland productivity and stress
tolerance is increasingly important to aid conservation and restoration efforts (Trivedi et al. 2022,

Fadiji et al. 2023).

Carbon and nutrient cycling are among the many microbial-driven processes in soil that can shape
plant communities (Bever et al. 2010, Wagg et al. 2014). Plants also form direct symbioses with soil

microbiota in their rhizospheres (areas around plant roots) and endospheres (inside plant roots)
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(Bulgarelli et al. 2013). The colonisation of these plant compartments by soil microbiota is described
by the two-step selection process (Bulgarelli et al. 2012, Lundberg et al. 2012, Bulgarelli et al. 2013).
This process involves initial resource provision through plant roots which support microbial
assemblages from the bulk soil to colonise host rhizospheres (step 1). Microbiota are then filtered
into the endosphere with plant immune system regulation (step 2) (Bulgarelli et al. 2013). These
rhizosphere and endosphere microbiota aid in plant nutrient acquisition and metabolic processes,
but we currently lack a clear understanding of how recruitment is affected by plants growing under
stressful conditions, such as drought. We also lack knowledge of how plant recruitment of these
microbiota is affected by ecological contexts (e.g., high vs low aridity) (Ling et al. 2022, Santoyo

2022).

Harnessing soil biodiversity is increasingly recognised for its potential to enhance plant growth in
applied ecology contexts (Mariotte et al. 2018, Porter and Sachs 2020, Peddle et al. 2024). One
promising method to do this is through whole soil inoculations via the translocation of soil,
including their microbiota, into new areas (Gebhardt et al. 2017, Wolfsdorf et al. 2021, Han et al.
2022). This approach leverages positive soil legacies where plant populations naturally cultivate soil
microbiota that support the offspring of these plants (Kaisermann et al. 2017, Pineda et al. 2017,
Buchenau et al. 2022). Positive soil legacies can improve plant tolerance to water stress and herbivory
(Kaisermann et al. 2017, Hannula et al. 2021), but we lack theoretical understanding of the
colonisation mechanisms within soil and plant compartments. Experimental testing of how different
soils and their microbiota influence plant growth along with comprehensive characterisation of
bacterial colonisation patterns can address these knowledge gaps, especially when accounting for

stress scenarios.

Themeda triandra (Forssk.) is a globally important keystone C4 grass species with a pan-
palaeotropical distribution (Snyman et al. 2013, Dunning et al. 2017, Pascoe 2018). Currently, the

processes by which microbiota colonise and influence the growth of T. triandra remain poorly
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understood. To address this, we conducted a greenhouse experiment on how soil microbiota from
high and low aridity--associated regions affected the germination and growth of T. triandra under
both water-available and drought-like (i.e., water stress) conditions. We used 16S rRNA amplicon
sequencing to characterise the T. triandra-associated microbiota of high and low aridity-associated
soils under live versus sterilised, and water stress treatment conditions, plus the recruitment
patterns of these microbiota from the bulk soils into T. triandra rhizospheres and endospheres. We
hypothesised that: (1) soil microbiota sourced from arid-associated sites would enhance T. triandra
growth under stress conditions by providing mutualistic microbiota that support growth under
drought-like conditions; (2) distinct microbial communities would be recruited into the rhizosphere
and endosphere under each water treatment, reflecting shifts in host plant requirements; and (3) the
presence of T. triandra plants would alter the bacterial community in soil due to a cumulative
influence of microbe-root interactions. By assessing how microbiota impact the drought responses of
this important grass, and monitoring their recruitment across root compartments, we can better
understand the value of soil biodiversity as a tool for improving the resilience of grassland

ecosystems.

5.2 Methods

5.2.1 Experimental design

We prepared a germination and five-month growth trial to test the influence of microbiota in soils
collected from either high or low aridity-associated locations by growing T. triandra under sterilised
and live microbiota conditions. We also assessed the germination and growth of T. triandra plants in
these soils under water-available versus water-stress conditions (mimicking a drought). Each of the
eight treatments (i.e., 2 x aridity-associated soil levels, 2 x sterilisation treatments, 2 x water
availability) had 10 replicate pots, making 8o pots in total (see Figure Ss.1a-b). Each pot received an
equal 1,190 g dry weight of its assigned soil. We calculated the relative soil water content for each soil

treatment to give a standardised measure of moisture, with 0% corresponding to oven-dry soil and
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100% to maximum water-holding capacity. For our control treatment, we watered each pot to 100%
relative soil water content, while we kept the water stress treatment to 40% relative soil water
content by regularly weighing and watering according to methods described by Earl (2003). Relative
soil water content generally sat between 75-88% for the control (no-stress) treatment, and 35-38%
for the water stress treatment (Figure S5.2). We included an additional 24 soil-only pots to account

for changes in microbiota across each treatment in the absence of T. triandra (Figure Ss.1c).

To capture naturally occurring soil microbiota associated with T. triandra, bulk soil was collected
from around the roots of T. triandra plants in two undisturbed remnant sites (Figure 5.1a) associated
with different levels of aridity: Kuitpo Forest Reserve at 35.2279°S, 138.7199°E (the mesic, low aridity
site; aridity index = 0.658 - henceforth low aridity soil) and Quorn Floral Reserve at 32.3434°S,
138.0182°F (the semi-arid, high aridity site; aridity index = 0.2277 - hereafter high aridity soil) on 14
and 16 November 2023, respectively (Table S5.1). Seeds were collected from the remnant T. triandra
in Kuitpo Forest Reserve in December 2020. After collection, soils were sieved at 5 mm to remove
large stones and litter and then stored at 4°C for one month prior to setting up the growth trial. Half

of the soil volumes were sterilised by autoclaving them twice at 121°C, two days apart.

5.2.2 Germination and growth trial

The greenhouse was set at 16 h - 8 h day-night cycle, with temperatures set to 30°C and 18°C,
respectively. In each pot (14 cm diameter, 2 L pots), we sowed eight T. triandra seeds and recorded
their weights before placing them in identifiable wells in each pot on 13 December 2023 (Figure S5.3;
80 seeds per treatment, 640 seeds total). We monitored seedling emergence rates across each
treatment. After 8 weeks, seedlings were randomly thinned to one plant per pot to avoid intra pot
competition for space and soil resources such as water and nutrients (6 February 2024). Following
this, water stress conditions were imposed at 10 weeks (21 February 2024). At the conclusion of the
experiment (23 weeks; 21 May 2024), we recorded aboveground and belowground biomass, root-mass

fraction (Pérez-Harguindeguy et al. 2013), and plant-soil feedback ratios (described below). Soils
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were collected immediately post-harvest for both physicochemical and bacterial community
profiling in 40 pots (5 pots per treatment). We also collected rhizosphere and endosphere samples

from 40 pots for microbial profiling (described below).

5.2.3 Soil physicochemical analysis

We analysed the following soil physicochemical conditions from each sampling site before and from
pots after the growth trial at CSBP Laboratories (Bibra Lake, Australia): phosphorus and potassium
(Colwell 1965), sulphur (KCI 40) (Blair et al. 1991), organic carbon (Walkley and Armstrong 1934),

nitrate, ammonium, electrical conductivity and pH (CaCl,).

5.2.4 DNA extraction, sequencing and bioinformatics

We prepared DNA extractions from T. triandra root endospheres following methods outlined in
Hodgson et al. (2024b). This involved cleaning the exterior of plant root surfaces by sonication at five
30 s on/off burst cycles in 0.02% Silwet L-77 supplemented PBS buffer (pH = 6.5) for 5 min, followed
by five 5 min washes in sterilised, distilled water. These methods underwent prior validation
described in Hodgson et al. (2024b). To extract microbial DNA from rhizospheres, we followed the
protocol from McPherson et al. (2018). Briefly, root samples were washed in 0.02% Silwet L-77
supplemented PBS buffer, vortexed for 45 min and then filtered using 100 pm sieves (Thermo Fisher
Scientific, Waltham, USA) and centrifuged at 1000 RPM. Soils samples taken from the plant plots at
either the start or end of the trial were stored at -20 °C after collection. DNA from soil, rhizosphere
and endosphere samples was extracted using the DNeasy PowerLyzer PowerSoil Kit (Qiagen, Hilden,

Germany), as per manufacturer’s instructions.

Amplicon libraries of the 16S rRNA V3-4 gene region were generated by the Australian Genome
Research Facility (Brisbane, Australia). Sequences were generated using the 300 base pair paired end
run of the Illumina NextSeq 2000 platform. The DADA2 bioinformatics pipeline was used to infer
amplicon sequence variants (ASVs), with monotonicity enforced during error estimation.
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Additionally, loess smoothing was applied with specified weights, span, and degree to improve error
rate modelling. Qiime2 was used to identity profiles from amplicon sequence data from the SILVA
database (v138.1) (Wang et al. 2007, Quast et al. 2013), using a naive Bayesian classifier (Wang et al.
2007, Callahan et al. 2016, Bokulich et al. 2018). Taxa that were not assigned as Bacteria, unassigned
at the Phylum level, and associated to mitochondria or chloroplasts were removed. We also removed
remove taxa that did not occur in at least two samples, that is, we avoided including
unrepresentative taxa which were only present in a single sample. We were unable to extract and
sequence viable DNA concentrations from sterilised low aridity conditions at the beginning of the

experiment, possibly due to the sterilising effects of autoclaving on microbiota and their DNA.

5.2.5 Statistical analysis

All analyses were performed using R version 4.0.2 (R Core Team 2022).

Germination analysis

Seed germination across treatments was compared using generalised linear mixed effects models
with a binomial link function with the R package Ime4 (Bates et al. 2015). Soil source, sterilisation
and seed mass were used as fixed effects, and pot ID was included as a random effect. The random
effect was included in the event that germination across multiple seeds in a shared pot environment
could be influence by shared soil characteristics. We decided to include seed mass as a fixed effect in
addition to our two main treatment variables (Soil source, sterilisation) to account for the potential
influence of variation in seed maturity on our germination outcomes (see Table Ss.2 for full model

details).

Plant functional trait analysis
To compare the differences in total biomass, aboveground biomass, belowground biomass, and root-
mass fractions of T. triandra, we used randomised linear mixed-effects models. Across our models,

we included soil source, sterilisation and water stress as fixed effects, with interaction terms in
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different combinations, and random effects to account for within-group variation. This was done to
better focus on different hypotheses (i.e., the impacts of our sterilisation, water stress etc. on plant

responses), given our fully factorial experimental design.

For each response variable, we first constructed a model with sterilisation and water stress as fixed
effects, including their interaction term, and treated aridity as a random effect. We then tested an
alternative model in which aridity, sterilisation, and water stress were treated as fixed effects with all
interaction terms, while sterilisation and water stress were also included as random effects to
account for variance not captured by the fixed components (for full details, see Table S5.3-S5.4).
Model significance was assessed using 10,000 permutations, comparing observed test statistics to the

simulated null distributions.

For root-mass fractions, we separated samples from low- and high-aridity sites and tested models
with sterilisation as a fixed effect and water stress as a random effect. We also ran general linear
models on water-stress and water-stress control subsets, testing aridity, sterilisation, and their
interaction. A final model was fitted using the full dataset, with aridity, sterilisation, and water stress
included as fixed effects, and sterilisation and water stress included as random effects. As our design
was factorial and strong interactions were present, this approach allowed us to better account for
non-independence and to estimate treatment-level variance more accurately (for full details, see

Table S5.3-S5.4).

We assessed plant-soil feedback (PSF) ratios for each plant trait across the different aridity soils and
water stress treatment groups. For each treatment group, we calculated the average plant response
under live and sterilised conditions, using the following formula, where x represents average plant
biomass from the live or sterile treatment groups:

( x Live — x_Sterile)

PSF ratio = —
X Sterile
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Using the R package boot, we generated distributions of plant-soil feedback ratios by calculating
95% bias-corrected and accelerated (BCa) bootstrapped confidence intervals from 10,000 repetitions.
Significant differences were found when there was no overlap between the 95% confidence intervals

with the mean PSF ratios of other treatments.

Bacterial diversity analysis

Samples were rarefied to 18,738 reads to normalise variation in library sizes across samples of the
soil, rhizosphere and endosphere samples (Cameron et al. 2021) (Figure S5.4). We also visualised the
relative abundance of major phyla, and used differential abundance analysis to evaluate differences
across each treatment using the ancombc2 function in the R package ANCOMBC using non-rarified

data (Lin and Peddada 2020).

To calculate alpha diversity across plant compartments and treatments, we estimated the effective
number of ASVs by taking the exponential transformation of Shannon’s diversity (Jost 2006).
Comparisons in alpha diversity levels across treatments were conducted using permuted linear
mixed effects models, and permuted analysis of variance (ANOVAs). Here, treatments were included
as fixed an random effects as per our plant functional traits analyses. For instance, for each alpha
diversity response variable, we first constructed a model with sterilisation and water stress as fixed
effects, including their interaction term, and treated aridity as a random effect. We then tested an
alternative model in which aridity, sterilisation, and water stress were treated as fixed effects with all
interaction terms, while sterilisation and water stress were also included as random effects to
account for variance not captured by the fixed components (for full details, see Table S5.6). Model
significance was assessed using 10,000 permutations, comparing observed test statistics to the

simulated null distributions.

Bacterial communities were visualised using non-metric multidimensional scaling (NMDS) and

principal coordinates analysis (PCoA) ordinations based on Bray-Curtis distances. The effects of
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treatments on bacterial communities were assessed using permutational multivariate analysis of
variance (PERMANOVA) via the adonis2 function in vegan (Oksanen et al. 2019). We first fitted an
overarching model to test how bacterial communities were shaped by plant compartment. We then
ran separate models within each compartment dataset, testing the effects of sterilisation, aridity, and
water stress, individually, to ensure independence of data points in our statistical analysis (see Table

Ss5.7, for full details of our statistical models).

5.3 Results

5.3.1 Germination

We found no effects of high/low aridity-associated soils (hereafter referred to as soil aridity) (GLMM;
estimate =0.09, z =0.422, p =0.67) or sterilisation treatments (GLMM; estimate =-0.09, Z =-0.426, p
=0.67) on germination rates (Figure S5.5a), however larger seeds germinated faster (GLMM; estimate

=397.87, Z =9.97, p <0.001).

A generalised linear mixed model (GLMM) with a binomial distribution revealed no significant
effects of soil aridity (estimate = 0.09 + 0.21 SE, z = 0.42, p = 0.67) or sterilisation (estimate = -0.09 +
0.21 SE, z = -0.43, p = 0.67) on germination probability. In contrast, seed weight had a strong positive
effect (estimate = 397.87 + 39.91 SE, z = 9.97, p < 0.001). The model included random intercepts for
pot ID (variance = 0.195), capturing between-pot variation (see Table S5.2). The marginal R2
(variance explained by fixed effects) was 0.241, and the conditional R? (variance explained by both
fixed and random effects) was 0.284. We also produced a predicted effects plot showing how

germination changes with seed weight (Figure Ss.5b).

5.3.2 Plant biomass and stress responses

Water stress and soil sterilisation treatments significantly reduced the total T. triandra biomass

recorded compared to control (no-stress) and live soil conditions (both p<o.oo01; Figure 5.1b; Table
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S5.3-S5.4). The water stress-sterilisation interaction was significant, with the most notable difference
being increased biomass in the live control (no-stress) soil treatment (p<o.001; Table S5.3-S5.4;
Figure S5.6). Plants in the live high aridity soils had greater biomass than those in live low aridity
soils (p<o.001; Figure 5.1b; Table S5.3-S5.4), and the soil aridity-sterilisation interaction was also
significant, and showed plant biomass was higher under high aridity soil conditions (p=0.022; Table

S5.3-S5.4; Figure S5.6).

The aboveground biomass of T. triandra plants was lower in the water stress (p<o.oo1; Figure 5.1¢;
Table S5.3-Ss5.4) and sterilisation treatments (p<o.oo1; Figure 5.1c; Table S5.3-S5.4). A water stress-
sterilisation interaction was also present, where aboveground plant biomass was greater under live
soil, with control water conditions, while unaffected by sterile soil conditions under both water
availabilities (p<o.001; Table S5.3-S5.4; Figure Ss.7). Like total biomass, we found higher T. triandra
aboveground biomass for plants grown under high compared to low aridity soil conditions (p<o.001;
Figure 5.1¢; Table S5.3-S5.4). We also found significant interactions between soil aridity-sterilisation
(p=0.032; Figure Ss.7; Table S5.3-S5.4), soil aridity-water stress (p<o0.001; Table S5.3-S5.4; Figure S5.7),
and soil aridity-sterilisation-water stress (p=0.046; Table S5.3-S5.4; Figure S5.7). Here, there was a
stronger increase in aboveground biomass in the live high aridity soils compared to the sterile high
aridity soils. We also found that the aboveground biomass increase was greater between the water

stress and the control treatments in high aridity soils than in the low aridity soils (Figure Ss.7).

We found that belowground biomass decreased when under water stress (p<o0.001; Figure 5.1d; Table
S5.3-S5.4) and sterilisation treatments (p<o.oo1; Figure 5.1c; Figure 5.1d; Table S5.3-Ss5.4). High aridity
soils also led to increased belowground biomass than low aridity soils (p<o.oo1; Figure 5.1d; Table
S5.3-S5.4). Belowground biomass was also affected by a water stress-sterilisation interaction (p=
0.014; Figure 5.1d; Table S5.3-S5.4; Figure S5.8). Here, sterilisation reduced belowground biomass

more under low aridity soil conditions than under high aridity soil conditions.
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There was no effect of water stress on root-mass fraction. However, sterilisation of low aridity soils
increased the root-mass fractions (p=0.003; Figure 5.1e; Table S5.3-S5.4) and sterilisation of high

aridity soils reduced the root-mass fraction (p=0.002; Figure 5.1e; Table S5.3-S5.4; see Figure Ss.9).

All plant soil feedback ratios were positive in each treatment, though we found significantly higher
plant soil feedback ratios in the low aridity soils compared to high aridity soils for total,
aboveground, and belowground biomass and root mass fractions (see Table Ss5.5; Figure Ss5.10). The
elevated plant soil feedback ratios in low aridity soils appear to be driven by the very low biomass
outcomes when these soils were sterilised (Figure 5.1b-d). In the low aridity soils, the plant soil
feedback ratios were higher in the control treatments compared to water stress treatments for total,

aboveground, and belowground biomass (Table Ss.5; Figure S5.10a-c).

5.3.3 Bacterial diversity across belowground compartments

We observed 1 bacterial phyla across all samples, which represented 94.8% of reads and had
abundance estimates of >10% across all plant compartments, treatments and timepoints throughout
this experiment (Figure 5.2a). The soil-only pots had 8 bacterial phyla, which represented 96.9% of

reads and had abundance estimates of >2.5% (Figure S5.11).

Alpha diversity levels across the soils and rhizospheres were both higher than the T. triandra
endospheres in the live (permutedANOVA: F(5;5) = 14.26, p <0.001; Figure 5.3a) and sterilised
treatments (permutedANOVA: F6;) = 5.824, p = 0.003). Alpha diversity was also higher for soil-only
pots (in all treatments) at the beginning of the trial than at harvest (permutedANOVA: F,,.) = 7.932,
p = 0.01), though there were no differences between soils in the sterilised soil-only pots over time

(permutedANOVA: F(.y) = 0.313, p = 0.59).

Sterilisation reduced alpha diversity of all soils at the beginning of the experiment (p<o.001; Table

S5.6; Figure Ss.12a) and these differences persisted until harvest (p<o.001; Table S5.6; Figure Ss.12).
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We saw no effect of soil aridity (live p =0.875; sterile p = 0.086; Table S5.6; Figure S12) or water-stress
treatment (live p = 0.312, sterile p =0.840; Table S5.6; Figure Ss5.12) on soil alpha diversity. The soil-
only pots also did not vary in alpha diversity between low and high aridity soil conditions or water
availability treatment groups (live permutedLMEM: t-value -0.567, p = 0.584, sterile

permuted LMEM: t-value 1.159, p= 0.255).

Bacterial communities significantly varied by compartment (i.e., soils, rhizospheres, endospheres)
across all treatments (PERMANOVA: F(,s5)- 7.465, R*=0.075, p<0.001; Figure 5.3b; Figure S5.13).
Sterilisation (p<o.001, p<0.001, and p=0.013, respectively; Figure 5.4a; Table S5.6), soil aridity
(p<0.001, p<0.001, and p=0.023, respectively; Figure 5.4a; Table S5.6), and water stress treatments
(p<0.001, p<0.001, and p=0.033, respectively; Figure 5.4a; Table S5.6) each affected soil, rhizosphere

and endosphere bacterial community composition.

There was no detectable difference between the bacterial community compositions between the soil-
only pots to the plant-present pots (PERMANOVA: F(, 103= 0.733, R*= 0.007, p=0.755; Figure 5.4b),
but we did observe a difference in communities from the initial sampling to the harvest

(PERMANOVA: F(, 103)= 7.354, R*>= 0.066, p<0.001; Figure 5.4b).

Soil aridity, sterilisation, and water-stress treatments had effects on differential abundance of

bacterial phyla across the soils, rhizospheres and endospheres (Figure 5.1b; Tables S5.8-S5.9).

Bacterial alpha diversity in soils, rhizospheres, and endospheres correlated positively and strongly

with plant biomass (LMEM: t-value = 10.857, p <0.001; Figure 5.5). Biomass increased more with

bacterial alpha diversity in high aridity soils (Figure 5.5).

5.3.4 Soil physicochemical conditions
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Organic carbon and pH were both higher in low aridity soils compared with high aridity soils.
Sterilisation increased ammonium levels in high aridity soils, and potassium for low aridity soils
(Figure S5.14). Nitrate, phosphorus, sulphur and electrical conductivity did not statistically differ

across treatments.

At harvest, most soil physicochemical variables showed differences across treatments, except for
ammonium, nitrate and electrical conductivity, which did not differ (Figure S5.14). The greatest
differences were increases in phosphorus in sterilised soils, higher potassium in the high aridity soils,

higher organic carbon in the low aridity soils, and higher pH in the low aridity soils (Figure S5.14).

5.4 Discussion

We experimentally assessed the effects of high and low aridity-associated soil legacies on the growth
of the keystone grass species, Themeda triandra, under drought conditions. We show that microbiota
from high aridity-associated soil supported increased growth of this grass species under both
drought-like, water stress and control treatments, highlighting the powerful impact of soil legacies
and supporting our first hypothesis. We also show that bacterial alpha diversity was positively
correlated with T. triandra biomass, and that each of our treatments (i.e., aridity-associated soils,
sterilisation, and water stress) led to distinct bacterial assemblages in soils, rhizospheres and
endospheres. While site differences likely reflect aridity, they may also capture other environmental
variables (e.g., soil P or C), supporting our second hypothesis that 7. triandra forms context-
dependent relationships with its bacterial communities. Finally, we did not see meaningful
differences across the bacterial communities of our soil-only versus plant-present pots, which goes
against the expectations of our third hypothesis. Our findings highlight the importance of soil
microbiota for host plant growth and fitness under climate change. Our study underscores the
importance of protecting diverse soil communities to support grassland health, and highlights the
potential of harnessing these communities to increase grassland restoration that is more resilient to

climate change.
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5.4.1 Microbially mediated effects on biomass

We show that live soil communities enhanced plant growth in high and low aridity-associated soils,
and under control and water-stress conditions. Additionally, bacterial alpha diversity across the soils,
rhizospheres and endospheres were positively correlated with T. triandra biomass, suggesting that a
greater variety of unique bacteria, either naturally present in the soil or recruited into the
rhizospheres and endospheres, leads to greater plant growth. Alpha diversity is a well-known driver
of plant productivity and is associated with greater ecosystem functionality (Schnitzer et al. 201,
Byrnes et al. 2014, Wang et al. 2019). Our findings support previous research which shows that host-
benefiting microbial functions are present within T. triandra soils, rhizospheres and endospheres
(Hodgson et al. 2024a), and the importance of the habitat source of microbes (e.g., arbuscular
mycorrhizal fungi) for T. triandra drought response (Petipas et al. 2017). As such, there is now a
strong body of evidence to suggest that soil microbiota support T. triandra growth across diverse

ecosystems, under both stress and non-stress conditions.

Our T. triandra plants developed larger root-mass fractions in the sterilised high aridity-associated
soils, compared to the live high aridity-associated soils. This shows that a higher proportion of plant
resources were allocated to the development of roots under sterilised soil conditions, perhaps in
response to an absence of microbiota which typically aid the acquisition or unblocking of nutrient
resources in the soil (Pérez-Harguindeguy et al. 2013, Bai et al. 2022, Wang et al. 2024). Interestingly,
we observed the opposite trend in the low aridity-associated soils, where greater root investment
occurred in the live low aridity-associated soils compared to those grown in sterilised low aridity-
associated soils. As the bacterial communities were distinct, the low aridity-associated soil
microbiota may not provide the same functional benefits as those found in the high aridity-
associated soils — where different soil conditions, like available moisture or organic matter, could
create different host needs (Hodgson et al. 2024a). Plants growing in the low aridity-associated soils

may not typically produce such strong microbial-root interactions, given the potential absence of
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these stress-tolerance benefits by the microbiota (Comas et al. 2013, Hodgson et al. 2024a). The
importance of microbiota for plant growth, and the strength of their interactions, may therefore
depend on the aridity of the soil and broader environmental conditions, which involve a complex

interplay of factors such as soil nutrients, moisture, and structure (De Long et al. 2019).

5.4.2 Treatment effects on the two-step selection process

We show a decrease in bacterial diversity in the rhizosphere and endosphere versus bulk soils, which
is consistent with previous findings expected under the two-step selection process (Bulgarelli et al.
2012, Lundberg et al. 2012, Urbina et al. 2018). T. triandra plants recruited different communities of
bacteria from the soil into their rhizospheres and endospheres depending on whether they
underwent soil sterilisation or water-stress treatments. These findings show that the plant’s growth
environment alters the recruitment dynamics of soil bacteria. It also shows that T. triandra plants
under stress appear to alter their entry screening strategies of soil bacteria when growing under

drought-like conditions.

Endosphere recruitment dynamics were most sensitive to the long-term effects of soil sterilisation,
compared to aridity-associated soil or water-stress treatments. In all sterilised treatments,
endosphere diversity was lower and bacterial communities were differently structured to the
unsterilised soils. However, it remains unclear how bacteria from sterilised soils were selectively
recruited into the endospheres — whether they originated from the seed microbiome or were
microbiota that were not entirely removed from the soils during sterilisation (Kim et al. 2022, Ling et
al. 2022, Abdelfattah et al. 2023, He et al. 2024). Given the reduced T. triandra growth rates (biomass)
in the low aridity-associated sterilised soils (which was much lower than in high aridity-associated
sterilised soil treatments), we suspect that this grass may also be more susceptible to colonisation by
microbial pathogens that possible thrive under the low competition environment created by soil
sterilisation (Mallon et al. 2015, Mawarda et al. 2022). Furthermore, seeds were not sterilised at the

start of the germination trial, and so may be responsible for introducing some initial cohort of
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microbiota from their exterior surfaces that may shaped resultant microbiota across all treatments.
Shotgun metagenomic analysis could help identify properties of microbial endosphere colonisation,
such as the acquisition of growth-promoting functions. Alternatively, it could reveal whether
colonisation dynamics are being hijacked by pathogenic or opportunistic microbes (i.e., ‘cheater’
organisms) that do not provide the same host plant services, despite other shared traits (Kiers et al.
2002, Kiers et al. 2011). The consequences of these interactions could help inform the vulnerability of

T. triandra to soil degradation, making this an important avenue for future research.

5.5 Conclusion

In our study, we sought to determine whether the widespread keystone grass, Themada triandra,
relied on soil microbiota from arid-associated locations to gain growth advantages when grown
under drought conditions. We report that soil microbiota from more arid-associated sources had
strong positive effects on plant growth under drought conditions. We also show that aridity-
associated soil, water stress, and sterilisation treatments shaped both plant growth and the soil-to-
endosphere recruitment as described by the two-step selection process. Finally, soil physicochemical
variables associated with our stress and sterilisation conditions influenced the composition of
bacterial communities far more strongly that the presence of T. triandra plants. Together, these
results suggest that grassland decline driven by increased aridity or other suboptimal
physicochemical soil conditions, arising from climate and land cover change, may be partly
mitigated by the beneficial effects of healthy soil microbiota on keystone grass species. To validate
these findings, further studies are needed that replicate a broader range of aridity conditions and
assess their influence on the soil environment, which we were unable to fully capture in this
experiment. Based on our results, we anticipate that soil-based interventions aimed at enhancing
microbiota could play an increasingly important role in the restoration of climate-resilient

grasslands, pending further investigation.
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Figures

Figure 5.1. High and low aridity sampling sites, and T. triandra plant trait responses to
treatment effects. (a) High and low aridity sampling sites for the collection of soil microbiota for
experimental manipulation (yellow points). Mean annual aridity index data layer (ADM) is sourced
from the Soil and Landscape Grid of Australia (Searle et al. 2022), where aridity index is calculated
via annual precipitation/annual potential evaporation. T. triandra plant growth responses to soil
aridity, sterilisation treatments, and water stress, showing: T. triandra (b) total biomass, (c)

aboveground biomass, (d) belowground biomass, and (e) root-mass fraction differences.
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Figure 5.2. Mean relative abundance of major bacterial phyla across plant-present pots
within T. triandra compartments over time. (a) Compartment and timpeoint included were the
initial soil sampling period, soils at plant harvest, T. triandra rhizospheres at plant harvest, and T.
triandra endospheres at plant harvest. Treatments include sterilisation (live, sterile), soil aridity
(high, low aridity soils), and watering regime (water-stress as red text labels, control as blue text
labels). Note: we did not sequence viable DNA from sterilised low aridity soils. (b) Differential
abundance analysis comparing changes in phyla within each timpoint and compartment across

treatments. Each category compares differences to a reference group (the high aridity, live, control
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soil treatment). Log fold changes for the reference groups identify differences from the grandmean of

each phyla.
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Figure 5.3. Bacterial community differences across T. triandra compartments and
timepoints. (a) Alpha diversity (effective number of ASVs) across treatments, time, and plant-

present versus soil-only pots. (b) Non metric multidimenional scaling (NMDS) plot showing
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bacterial community composition differences for each sampling treatment. Each point represents a
sample, and closer points have more similar communities. Sample library sizes were rarified to 18,738

reads.
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Figure 5.4. Bacterial community differences across each experimental treatment, and
comparisions to soil-only pots. Non metric multidimensional scaling (NMDS) plot showing
bacterial community composition differences across treatments in (a) sample types from plant-
present pots, and (b) soil-only containing low versus high aridity soils. NMDS ordinations are based
on Bray-Curtis distances (sample library sizes were rarified to 18,738 reads). Each point represents a

sample, and closer points have more similar communities.
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Figure 5.5. Bacterial diversity is correlated with T. triandra total biomass. Alpha diversity
(effective number of ASVs) is positively correlated with post harvest T. triandra biomass across all
plant compartments, and watering treatments. Soil aridity is denoted by colour (red = high aridity
soils, blue = low aridity soils), and soils exposed to sterilisation at the beginning of the trial are

shown with point shape (sterilisation = triangles, live = circles).
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Chapter six: Thesis discussion

This thesis explored the interactions between the pan-palaeotropical, keystone C4 grass species,
Themeda triandra, and its soil microbial communities across an aridity gradient. As climate change
pressures intensify, the way in which environmental conditions alter plant-microbe interactions
under stress is increasingly important for understanding and potentially enhancing grassland
resilience. My data chapters investigated the changing host plant recruitment of microbial
communities found across bulk soils, rhizospheres, and endospheres under varying aridity
conditions and highlighted the importance of local host-microbiota interactions. By understanding
these dynamics, we can make more well-informed decisions on ecological interventions that improve

grassland plant establishment via the soil microbiome.

6.1 Data chapter synthesis, limitations and future research

recommendations

The findings of my thesis provide a broad foundation of evidence for the aridity-modulated
interactions between T. triandra and its bacterial communities, but there are still important
knowledge gaps. Below, I discuss the primary findings of each thesis chapter and evaluate their
implications with respect to my thesis aims and outline further research directions that could
advance our understanding of T. triandra-microbiome interactions. Finally, I consider approaches for
addressing potential limitations of my thesis chapters, and raise research questions that stem from

my thesis outcomes which could help improve grassland restoration practices.

6.1.1 Geographic variation in bulk soil and rhizosphere bacterial communities

In Chapter two, I showed changing bacterial communities within the rhizospheres and associated
bulk soils of T. triandra across an aridity gradient, using a space-for-time substitution design. I found
that aridity altered the abundances of core T. triandra rhizosphere bacteria, identifying a suite of

host-selected, arid bacterial taxa (aim 1). Additionally, T. triandra rhizosphere bacterial communities
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were distinct from those of bulk soils, but there was little difference between the bacterial
communities found in bulk soil beyond the rhizosphere, i.e., at 2 m and 30 cm from host plants (aim
2). Consequently, T. triandra plants are unlikely to produce strong bacterial community turnover in
soils outside the zone of rhizosphere influence. Ultimately, I concluded from Chapter two that aridity
strengthens the core microbiome associations in T. triandra rhizospheres, and this builds on
previous research that shows how plant-microbiome associations are strongly shaped by aridity

(Chen et al. 2021, Dadzie et al. 2022, Zhong et al. 2022).

Characterising soil and rhizosphere community complexity

While Chapter two only characterises bacterial interactions, it is known that bulk soils and
rhizospheres also contain a diverse array of different microbiota, including fungi, eukaryotes, and
archaea (Anthony et al. 2023). Previous research has considered how arbuscular mycorrhizal fungi
interact with T. triandra (Petipas et al. 2017, Gonzalez et al. 2018, Tang et al. 2021). Fungal organisms
can be profiled using amplicon sequencing (i.e., via the ITS gene region) or fungi enriched shotgun
metagenomic techniques (Cuadros-Orellana et al. 2013); and fungal characterisation using these
approaches could detect taxonomic patterns and indicate functional roles. For instance, functional
roles for fungi can be obtained via taxonomy-based functional annotation using the FungalTraits
database on amplicon data (P3dlme et al. 2020), or via annotation of metagenomic sequences (e.g.,
using the KEGG orthology database) (Kanehisa et al. 2016). This could reveal patterns in T. triandra

root and soil structures, not provided by bacterial communities.

Future analysis of root fungal communities could identify trends and benefits and/or impediments of
long-term soil legacies provided by slow-forming fungal mycelial networks which take longer to
recover following disturbance (Koziol and Bever 2017, Sun et al. 2017, Watson et al. 2022). This could
identify key fungal interactions which are critical to the stability and success of T. triandra grassland

communities.
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Below, I propose a limited set of ‘next step’ research questions to advance our understanding of T.

triandra-microbe interactions:

e Do bacterial and fungal interactions (i.e., inter-kingdom interactions) influence T. triandra-soil
feedbacks?

e What are the long-term effects of plant-microbe interactions on the successional dynamics of

grassland ecosystems dominated by T. triandra?

6.1.2 Rhizosphere-to-endosphere bacterial colonisation trends

In Chapter three, I explored how soil bacteria colonise T. triandra root endospheres from their
rhizospheres, according to the two-step selection process posed by Bulgarelli et al. (2012). Building
on the spatial patterns explored in Chapter two, | examined how T. triandra plants differentially
recruit endosphere microbiota across an aridity gradient (Aim 2), using a space-for-time
substitution. Bacterial community change patterns were consistent with the expected trends
described by the two-step selection process, with decreasing bacterial taxonomic diversity from
rhizospheres into the endospheres (Bulgarelli et al. 2012, Lundberg et al. 2012, Urbina et al. 2018).
Despite local variation across endosphere microbial communities, bacterial community
compositions converged from bulk soils into the endospheres for all sites. Across the aridity
gradient, I found that most bacterial community variation was reduced from rhizosphere samples
into the endosphere samples. Furthermore, I provide evidence that the T. triandra endospheres were
assembled by deterministic processes with greater homogeneous selection (i.e., selection for more
phylogenetically similar species) compared to rhizospheres; a process that was likely imposed by the
host plant (Stegen et al. 2012, Stegen et al. 2013). As such, despite good evidence of broad selective
pressure across all T. triandra endospheres, bacterial recruitment strategies differed across sites,
showing the impact of local conditions on assembly processes (Lumibao et al. 2020, Moroenyane et

al. 2020, He et al. 2024).

Representative sampling of bacterial colonisation sources
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My data chapters, two and three, together assessed the colonisation of bacterial communities from
soil into rhizospheres, and from rhizospheres into endospheres, respectively. This involved collecting
soil and plant samples (including across each plant compartment: soils, rhizospheres or
endospheres) across an aridity gradient in a singular sampling period, representing a cross-sectional
(or one off) observation. However, a more comprehensive explanation of bacterial colonisation
processes could be provided by expanding sampling and amplicon sequencing to consider repeated
soil sampling across different seasons (i.e., those not captured during my sampling by chance), or
potential non-soil sources (i.e., flowers, seeds, pollinators). As such, repeated sampling of soils and
plant compartments would better reveal the full breadth of bacterial colonisation in T. triandra
plants, and broad environmental influences on microbial community compositions. This would build
a more complete representation of T. triandra microbiomes than I can provide with my current

research.

Plant-soil interactions change seasonally and across a plant host’s lifecycle in response to changing
biotic and abiotic conditions (Casper and Castelli 2007, Hawkes et al. 2013). As such, exploring shifts
in host-microbiome recruitment processes across key lifecycle stages, including early growth, mature
growth, and during flowering and seed production would expand on the findings of this thesis, and

identify complexity in symbiotic relationships.

The following research questions represent key additional steps that would build on these thesis

outcomes, and address remaining knowledge gaps raised above:

e Are microbiota inherited from parent plants, during seed development, and/or are they
transferred across different aboveground compartments (e.g., to and from phyllosphere
microbiota)?

e Do T. triandra plant-soil interactions change across different developmental stages of its lifecycle

(e.g., as seedlings, mature plants, and during reproduction)?
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e How does seasonal variations affect the colonisation of different soil microbiota into T. triandra
rhizospheres and endospheres?
e Do spatial trends in microbial community composition across soils, rhizospheres and/or

endospheres reflect those observed in temporal colonisation studies?

6.1.3 Functional microbiomes of T. triandra under changing aridity conditions

In Chapter four I used shotgun metagenomics to analyse the functional roles of microbiota spatially
in bulk soils, rhizospheres, and endospheres across the same aridity gradient (aims 2 and 3). I also
examined plant recruitment of microbiota based on specific functional properties, contributing a
new perspective on the two-step selection process. Unlike taxonomic diversity, which decreased
from bulk soils into rhizospheres, and then endospheres — a common pattern found in the literature
(Bulgarelli et al. 2012, Lundberg et al. 2012, Urbina et al. 2018), and found in chapters two and three -
I discovered that functional diversity increased from bulk soils, rhizospheres, and into endospheres.
Specifically, this was achieved through increasing levels of functional evenness, which overcame the
pattern of taxonomic filtering. This meant that the functional diversity measure based on Shannon’s
index - reflecting both richness (which declined with taxonomic filtering) and evenness - ultimately
increased within endospheres compared to other plant compartments. This outcome highlights the
many specialised roles performed by microbes within host plant roots, and provides a novel

contribution to our understanding of plant-microbiota recruitment dynamics.

Rhizosphere functional diversity was positively correlated with higher aridity, and community
compositions became more heterogeneous as aridity conditions decreased. Specific functional
changes included the increasing diversity and abundance of microbial functions related to plant
growth and metabolism in T. triandra endospheres compared to rhizospheres. While under high
aridity conditions, I found increased importance of osmotic and oxidative stress functions in the

rhizospheres and endosphere - important for plants under water-stress (Cruz de Carvalho 2008,
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Bremer and Kramer 2019). These findings underscore the influence of aridity on microbiota and
supports their role in promoting host plant growth under changing climatic conditions. They also
show that the roles of microbiota change with climatic variation, as does the likely importance of

specific components of soil, rhizosphere and endosphere microbiomes to T. triandra.

Better understanding functional links between plant-soil compartments

While this chapter identifies trends in soils, rhizospheres, and endospheres that describe changing
bacterial compositions and functional roles, different methods could have provided direct functional
activity occurring between plants and microbes within each of these compartments. Characterising
exudates that are released by T. triandra plants in rhizospheres could indicate the degree of resource
investment occurring, and highlight functional properties of specific microbiota promoted by the
plant. Additionally, considering the meta-transcriptomes of soils and host plant roots would further
highlight the direct shifts in microbial activity and/or plant investment as needs and external stimuli
change (Carvalhais et al. 2012, Martinez et al. 2016, Yates et al. 2021) (see Chapter one, 1.3.2 Tools and
techniques for microbial community profiling). Together, these approaches would provide stronger
causal links to the nutrient cycling roles and host-metabolic processes in T. triandra belowground

compartments.

Below, I provide additional research questions that continue to explore the functional interactions

between T. triandra and its bulk soils, rhizospheres and endospheres in greater detail. Expanding the

analysis of my data chapters will help define causal links between host and microbial functional

processes:

e How does aridity alter the specific signalling pathways, and exudate release in T. triandra roots
and soil microbes?

e Are there specific genetic traits in T. triandra that influence its ability to form symbioses with soil

microbes?

231



Chapter six: Thesis discussion

6.1.4 Soil microbial communities alter T. triandra biomass under drought-stress

In Chapters two, three, and four, | present strong evidence that aridity influences plant-microbe
interactions, based on observational studies using space-for-time substitution. In Chapter five, I used
a greenhouse experiment to verify the influence of a high and low aridity soil bacterial community
on the growth and drought tolerance of T. triandra (aim 4). By manipulating soil conditions (aridity-
associated soil, sterilisation and drought stress), [ was able to investigate the direct effects of
microbiota on plant growth and how these soil manipulations influenced bacterial bulk soil-to-

endosphere colonisation dynamics (aim 2).

[ found that arid T. triandra associated soil legacies lead to greater T. triandra biomass under both
drought-stress and control conditions. I also found that bacterial alpha diversity was positively
correlated with T. triandra biomass, with improved growth of plants under sterilised conditions for
all treatment groups (autoclaving is discussed further below). These results expose the important
causal influence of microbiota on T. triandra fitness, especially in arid and drought conditions -
indeed, they are in direct support of the observational findings in earlier chapters plus previous
research findings that arbuscular mycorrhizal fungi improve T. triandra growth under drought stress
(Petipas et al. 2017). In Chapters two and four, I showed that local arid microbiota are likely
important to host fitness, and recruitment patterns are shaped by host plant needs. In Chapter three,
I also found that local soil conditions were important factors for bacterial recruitment in both
rhizospheres, and endospheres. In Chapter five I then showed that soil manipulations influenced the
bacteria that were found in T. triandra root compartments. As such, there is strong evidence that T.
triandra is dependent on available local soil microbiota to shape its bacterial recruitment. Based on
these findings, it will be important to differentiate the general fitness improving microbes (i.e., ‘core
microbiota’, important across all populations), from the microbiota that provide specific host

benefits under environmental stress conditions (i.e., conditionally important microbes).

Improving experimental designs: from glasshouse to field
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Different implementation of greenhouse trial designs can influence project outcomes, however, there
are often experimental trade-offs that need to be considered. Autoclaving, as used in Chapter five,
has been found to release micronutrients into soils that can confound the effects of sterilisation in
greenhouse experiments (Berns et al. 2008). Additional analyses could consider sterilising soils using
other techniques (e.g., gamma irradiation) to minimise confounding and ensure reproducibility.
Furthermore, my approach in Chapter five had a greater risk of soil physicochemical confounders
due to the use of different high and low aridity soils. To address this, many greenhouse experiments
will inoculate microbiota into standardised, and often artificially constructed common soils to
explore microbial impacts on plant growth under standardised soil physicochemical conditions.
However, these methods assume that inoculation will not alter microbial community composition
and function from its original state - for example, based on effects the new physicochemical soil
environment (like pH, and soil aggregate stability) and/or inoculation technique (like intact vs.
disturbed whole-soil transfer) (see Chapter one, 1.3.3 Applications of whole-soil translocations of
microbiota for ecosystem interventions). As such, further studies should incorporate different soil
manipulations and treatments that account for these experimental limitations to form a complete

picture of microbial community dynamics.

While controlled greenhouse experiments are important to isolate specific predictor-response
relationships in highly controlled environments, they do not capture the complexity of natural field
conditions (Forero et al. 2019). As such, my greenhouse experiment has a limited capacity to predict
real world plant-microbe dynamics, which need to be considered in a context of greater abiotic and
biotic complexity. Field experiments that include the impacts of other plant species, and their
associated microbiota on T. triandra growth would strengthen the findings of this thesis (Bever et al.
2010). This could be done using reciprocal transplant experiments that expand on outcomes from
this thesis and investigate how they perform under natural conditions. These methodologies could
reveal the impacts of competitive native or exotic plants on T. triandra which may constitute

microbial barriers to ecosystem restoration (Robinson et al. 2023, Peddle et al. 2024).
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The following research questions can address the methodological constraints in my thesis chapters.
These reflect experimental limitations that can deepen our understanding of the outcomes from this
thesis:

e Do we find that soil microbiota under drought stress provide the same host-benefits, and
microbial colonisation patterns in different soil types, or under different soil manipulations
(autoclaving, and/or imposed drought stress duration)?

e (Can we restore the local ecosystems condition to historic states to build resilient ecosystems
with native grass community assemblages?

e How dependent are local soil microbiota on soil physicochemical characteristics (i.e., pH, soil
structure, nutrient availability)?

e Are there effective methods to transfer microbial biodiversity and functional properties
across local and regional scales?

e  What are the mechanisms by which natural stress events shape root colonisation dynamics,
and alter root-microbiome functioning?

e How do root endosphere microbiota differ from microbiota naturally occurring on seeds or

within seed tissues prior to germination?

6.2 Thesis conclusions

In this thesis, I identify changing patterns of bacterial communities across an aridity gradient within
T. triandra bulk soils, rhizospheres, and endospheres. I explore the regional taxonomic recruitment
trends and examine which host and environmental community assembly processes have shaped
them. I also show specific functional properties of T. triandra microbiomes that improve host fitness
under high and/or low aridity-associated conditions. Finally, I directly show that T. triandra
microbiota impact host plant growth and drought stress responses via a glasshouse experiment,

identifying advantages of arid-associated soil microbial and physicochemical legacies. These findings
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not only highlight important species-specific processes, but contribute to our understanding of
broader soil-to-endosphere colonisation processes, furthering our knowledge of the two-step

selection process.
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Supplementary tables

Table S2.1. Our Themeda triandra sampling sites in southern Australia. Aridity data sourced

from the Atlas of Living Australia (Belbin 2011, ALA 2014).

Site name Latitude, longitude = Mean annual aridity index Sampling date
Alligator Gorge -32.71487, 138.10172 0.4450 15 Dec 2021
Mount Maria -32.65862, 138.08985 0.3179 16 Dec 2021
Barlunga Gap -33.82, 138.17392 0.3469 14 Dec 2021
Maitland -34.37366, 137.71203 0.4532 21 Dec 2021
Neagles Rock Reserve -33.85031, 138.60674 0.6507 14 Dec 2021
Scott Creek -35.0872, 138.67266 0.9031 19 Dec 2021
Sturt Gorge -35.03311, 138.57324 0.6345 13 Dec 2021
Frahn’s Farm -35.07231, 139.09781 0.4539 19 Dec 2021

Table S2.2. Explanatory variables included in canonical correspondence analysis (CCA) across

bulk soil and plant rhizospheres.

Model variables Description
Latitude Latitude coordinates for each sampling site
Longitude Longitude coordinates for each sampling site
Functional vegetation, Relative abundance at each site for graminoids, herbs, shrubs,
trees/canopy cover, litter, and bare soil.
Aridity Mean annual aridity index for each sample site, Atlas of Living

Aboveground biomass
T. triandra site-density

Trace elements and
macronutrients (for

rhizosphere analyses only)

Physicochemical

measurements (for bulk soil

analyses only)

Australia (Belbin 2011, ALA 2014)

Aboveground biomass from the host plant that each sample is
centred around

Values pertaining to the density of T. triandra individuals for each
sampling site

Boron, calcium, copper, iron, magnesium, manganese, Phosphorus,

potassium, sodium, sulphur, total nitrogen, and zinc contained in the

leaf tissue in sampled host plants

Ammonium nitrogen, nitrate, phosphorus, potassium, sulphur,
organic carbon, electrical conductivity and pH (CaClz) contained in
the soil sampled at either 2 m or 30 cm from host plants
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Table S2.3. Correlations for each bacterial phyla with mean annual aridity gradient.
Belowground zone reflects samples obtained from bulk soil at 2 m, or 30 cm from T. triandra
plants, or their rhizospheres. Test indicates if Pearson’s correlation or Spearman’s correlation
was used. Estimate, between -1 to 1, shows r for Pearson’s correlation, and Rho for Spearman’s

(%)

rank order correlation). Model significance is indicated by **’ at the level of 0.05. Only the top
11 bacterial phyla are shown. A decrease in site aridity is associated with an increase in aridity

index (annual precipitation/annual potential evaporation), therefore an increase in relative

abundance ), accords with less dryness.

Belowground

zZone Phylum Test Estimate Df Test statistic P-value Significance
Acidobacteriota ~ Spearman  -0.4141 NA 26054.20 0.0034 *
Actinobacteriota Spearman  -0.0302 NA 18980.24 0.8386 NS

_ Armatimonadota Spearman 0.0604 NA 17311.51 0.6835 NS

Soil 2 m-~ Bacteroidota Spearman  0.2048 NA 14651.12 0.1627 NS
Chloroflexi Pearson -0.2539 46 -1.78 0.0816 NS
Firmicutes Spearman  0.1398 NA 15848.35 03433 NS
Gemmatimonadot -0.4321 -3.25 0.0022
a Pearson 46 *
Myxococcota Spearman 0.1149 NA 16307.86 0.4369 NS
Patescibacteria Spearman  0.4892 NA 0410.39 0.0004 *
Proteobacteria Pearson 0.3995 46 2.96 0.0049 *
Verrucomicrobiota Spearman  0.4561 NA 10019.89 0.0011 *
Acidobacteriota ~ Spearman  -0.4397 NA 24901.49 0.0020 *
Actinobacteriota Pearson -0.1935 45 -1.32 01926 NS

_ Armatimonadota Spearman 0.0935 NA 15678.63 0.5318 NS

Soil 30 cm ~ Bacteroidota Spearman  0.2540 NA 12903.22 0.0849 NS
Chloroflexi Pearson -0.1780 45 -1.21 0.2312 NS
Firmicutes Spearman  0.0157 NA 17024.92 0.9167 NS
Gemmatimonadot -0.5182 -4.06 0.0002
a Pearson 45 *
Myxococcota Spearman  0.2694 NA 12636.16 0.0671 NS
Patescibacteria Spearman  0.4594 NA 9349.98 0.0012  *
Proteobacteria Pearson 0.4541 45 3.42 0.0013 ¥
Verrucomicrobiota Spearman  0.4260 NA 9928.34 0.0028 *

Rhizosphere ~ Acidobacteriota  Pearson 0.3409 43 2.38 0.0219  *
Actinobacteriota Pearson -0.4294 43 -3.12 0.0032 ¥
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Armatimonadota Spearman

Bacteroidota Spearman
Chloroflexi Pearson
Firmicutes Spearman
Gemmatimonadot

a Spearman
Myxococcota Spearman
Patescibacteria Spearman
Proteobacteria Spearman

0.3301
-0.0021

-0.2980
0.1031

-0.3689

0.1363
0.0679
0.3157

NA
NA

43
NA

NA
NA
NA
NA

10168.40
15212.25
-2.05

13615.64

20780.52

13110.92

14148.99
10387.76

0.0268
0.9889
0.0467
0.5005

0.0126

0.3720

0.6575
0.0346

NS

NS

NS
NS
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Supplementary figures
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Figure Sz.1. Photographs of sampling populations across (i) Alligator Gorge, (ii) Burunga Gap,
(iii) Frahn’s Farm, (iv) Neagles Rock Reserve, (v) Maitland, (vi) Mount Maria, Scott Creek, and

(viii) Sturt Gorge.

243



Supplementary information: Chapter two

@ ) ©)
25mx25m Ao 25mx25m

T T T T
1 1 1 1
k 1 1 1 1
3 1 1 1 1 -E
k 1 1 1 1 H
K 1 1 1 1 o
1 1 1 1
E| ¥ 1 1 1 10.5m
w | I 1 1 1 :.‘E
Nk X 1 1 1 12.5m <
£ ¥ 1 1 1
K ¥ 1 1 1
¥ 1 1 1
K & 1 1 1
b3 1 1 1
k
i i 1 | |
28 I L L]
A—
5m

Figure S2.2. (a) Design for each of the six 25 m point-intercept transects spaced 5 m apart in a
North-South direction (black dashed lines). At each 1 m interval along the transect, vegetation
type was recorded (red crosses). (b) In each sampling site, five 4 x 4 m quadrats were used to
measure T. triandra density (red squares). (c) Soil and rhizosphere sample collection for each
targetted T. triandra plant within our sampling sites. Soil physicochemical analysis was
performed in each soil sample, and bacterial profiling using amplicon sequencing occurred in

the soils and rhizosphere samples.
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Figure S2.3. Principal components analysis of each site based on centroid point for relative

abundance of functional vegetation.
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Figure S2.4. Mean gravimetric water content from soil samples according to each sampling
site taken at (a) 2 m and (b) 3ocm from T. triandra host plants, against mean annual aridity

index values.

1500

1000

Number of ASVs

500

T T T T T T T
10000 20000 30000 40000 50000 60000

o

Number of reads

Figure S2.5. Rarefaction plot showing number of ASVs by number of reads per sample.
Samples were rarified to 11,336 reads (red dashed line). Samples that did not meet the

minimum threshold of reads were removed from analysis.
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Figure S2.6. ASVs relative estimated abundance of bacterial phyla in samples across: soils at 2 m from host plant, soils at 30 cm from host plant,

and rhizospheres, with mean annual aridity index. Samples represented 98.8% of reads for taxa at greater than 2% estimated abundances.
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Figure S2.7. Change in relative abundance of major bacterial phyla in: rhizospheres, soils at 30

cm from host plants, and soils at 2 m from host plants. Taxa included represented 98.8% of

reads at greater than 2% estimated abundances.
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Figure S2.8. Effective number of ASVs across different sampling sites across: rhizospheres,
bulk soil at 30 cm from host plant, and bulk soil at 2 m from host plant; crosses denote mean

values and red error bars show 95% confidence intervals.
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Figure S2.9. Non-metric multi-dimensional scaling (NMDS) plot of differences between

bacterial community composition using Bray-Curtis distances (stress: 0.1097). Points represent

samples with colour denoting (a) belowground zone, or (b) sampling sites.
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Figure S2.10. Abundance occupancy curves to prioritise candidate bacterial for core
microbiome membership across (a) soils at 2 m from host plant (193 ASVs), and (b) soils at 30
cm from host plant (177 ASVs) Blue points represent amplicon sequence variants (ASVs)
selected as prioritised candidates for core rhizosphere microbiome membership, white points
represent non-prioritised candidates for core microbiome membership. The solid grey line
represents a neutral model, with dashed lines showing 95% confidence intervals above and

below the neutral taxa.
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Figure S2.11. Occupany of core microbial taxa compared to core-excluded taxa determined

using sloan neutral abundance occupancy curves.
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Figure Sz.12. Venn diagram showing the number of unique taxa (ASVs) according to each
sampling site for T. triandra plants across the (a) bulk soil at 2 m from host plants, 30 cm from
host plants, and (c) rhizospheres. Taxa present in at least two, but fewer than all sites not

represented.
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Figure S2.14. T. triandra density across sampling sites
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Figure S2.15. Canonical correspondence analysis (CCA) of the effect of the environmental
variables on bacterial 16S community structure for soil at 2 m from host plant using: (a) CCA1
and CCA2, (b) CCA1 and CCA3, (c) CCA2 and CCA3. Bulk soil analyses considered soil
physicochemical conditions potential environmental drivers for community structure (Table

S2.2). Each point represents a sample from a given site based on colour.
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Figure S2.16. Canonical correspondence analysis (CCA) of the effect of the environmental
variables on bacterial 16S community structure for soil at 30 cm from host plant using: (a)
CCA1 and CCA2, (b) CCA1 and CCA3, (c) CCA2 and CCA3. Bulk soil analyses considered soil
physicochemical conditions potential environmental drivers for community structure (Table

S2.2). Each point represents a sample from a given site based on colour.
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Figure S2.17. Canonical correspondence analysis (CCA) of the effect of the environmental
variables on bacterial 16S community structure T. triandra rhizospheres: (a) CCA1 and CCA2,
(b) CCA1 and CCA3, (c¢) CCA2 and CCA3. Rhizosphere analyses considered plant nutrient
conditions as potential drivers for community structure (Table 2.2). Each point represents a

rhizosphere sample from a given site based on colour.
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Figure S2.18. Canonical correspondence analysis (CCA) of the effect of the climatic, edaphic
geographic, and host related variables on candidate core bacterial 16S community structure for
soil at 2 m from host plant using: (a) CCA1 and CCA2, (b) CCA1 and CCA3, (c¢) CCA2 and
CCA3. Bulk soil analyses considered soil physicochemical conditions potential environmental
drivers for community structure (Table S2.2). Each point represents a sample from a given site

based on colour.
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Figure S2.19. Canonical correspondence analysis (CCA) of the effect of the climatic, edaphic
geographic, and host related variables on candidate core bacterial 16S community structure for
soil at 30 cm from host plant using: (a) CCA1 and CCAz2, (b) CCA1 and CCA3, (c¢) CCA2 and
CCAs3. Bulk soil analyses considered soil physicochemical conditions potential environmental
drivers for community structure (Table S2.2). Each point represents a sample from a given site

based on colour.
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Figure S2.20. Canonical correspondence analysis (CCA) of the effect of the climatic, edaphic
geographic, and host related variables on candidate core bacterial 16S community structure for
T. triandra rhizospheres using: (a) CCA1 and CCA2, (b) CCA1and CCA3, (c) CCA2 and CCA3.
Bulk soil analyses considered soil physicochemical conditions potential environmental drivers
for community structure (Table S2.2). Each point represents a sample from a given site based

on colour.
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Figure S2.21. Correlation plot of environmental variables in soil at 2 m from host plants. Prior
to canonical correspondance analysis. Where variable pairs contained correlations of greater

than 0.75, one was removed.
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Figure S2.22. Correlation plot of environmental variables in soil at 30 cm from host plants at
the sampling site. Prior to canonical correspondance analysis. Where variable pairs contained

correlations of greater than 0.75, one was removed.
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Figure S2.23. Correlation plot of environmental variables in host rhizospheres of the sampling
site. Prior to canonical correspondance analysis. Where variable pairs contained correlations

of greater than 0.75, one was removed.
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Supplementary methods

Pilot experiment

In March 2022, endospheres from T. triandra plants were obtained from 15 individuals at
Flinders University (35°1' 42.95", 138° 34’ 37.38") to test the efficacy of different root cleaning
methods to isolate endosphere microbiota (n=3). Endosphere microbe isolation is a common
procedure undertaken across a variety of different plants, often studies employ sonication of
the plant roots to remove surface microbiota, or chemical sterilisation with solutions such as
NaQC(], for instance (Barra et al. 2016, Richter-Heitmann et al. 2016). These methods have been
published for a host of model species (Bulgarelli et al. 2013, Urbina et al. 2018), outcomes and
effectiveness, however, could differ depending on the species of plant and root types. For T.
triandra plants obtained under field conditions, we tested four root washing treatments:
sterilisation of root surfaces by submerging in either 2% or 4% NaOCl for a period of 3
minutes; sonication by probe in 0.02% Silwet L-77 amended PBS buffer for either 3 minutes or
5 minutes, each in 30 second burst and rest periods; and a wash only control treatment in the
amended PBS buffer. Following these cleaning processes, plant roots were subsequently
washed three times in 0.02% Silwet L-77 amended PBS buffer solution. During the final wash
step a 100 uL. samples was taken for each sample and plated on LB (Luria-Bertani Agar), and
placed in an incubator at 28°C. Root samples were subsequently prepared for DNA extraction,

in anticipation for amplicon sequencing of the 16S rRNA gene to identify bacteria present.
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Supplementary results

Pilot study

Following bioinformatic processing, we show that diversity was reduced in the bleached root
samples, significantly below that of sonication and the control group (Figure S3.1a).
Interestingly, the community composition did not appear to change much with sonication and
control group, though there was a significant shift with the bleached treatments at 2% and 4%

(Figure S3.1b-c).

Microbial colonies present on Luria Bertani agar showed different results following each the
root cleaning processes. Results found that 2-4% bleach was the most effective process for
removing contaminant taxa from root surfaces, followed 5 min sonication treatment compared
to the control groups (Figure S3.2a). Log transformed concentrations of DNA extracted from
root tissue across different cleaning methods (Figure S3.2b). Both bleach treatments appeared
to have too great an effect on removing DNA from root samples, additionally removing DNA
from the internal root structures, whereas in sonication treatments concentrations remained
high, in similar quantities to the control group. Sonication of the roots for 5 minutes (30
second burst and rest periods) was identified as the most appropriate methods for use on T.
triandra sampled roots based on our sampling procedure. To fine-tune sonication methods
before applying this approach to samples from the field experiment, we explored the effect of
increasing the number of different 0.02% Silwet L-77 amended PBS buffer wash steps before
extraction. Additional wash steps improved the cleaning of the roots, as shown by the number
of colonies identified on LB agar plates with the fewest colonies shown after 5 washes (Figure

S3.2b).

Differential abundance analysis of ASVs and Phyla with neutral model fits
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When we performed the differential abundance analyses separately for each site, and
compared site outcomes together, we found an average of 8.5 (+0.98 SE) differentially
abundant phyla were present across rhizospheres and endospheres (Figure S3.7b). Specifically
looking at directional trends, we found that 4.5 (+o.5 SE) phyla were more abundant in the
endospheres (negative log fold changes) and 4 (+0.8 SE) phyla were more abundant in

rhizospheres (positive log fold changes; Figure S3.11; Figure S3.12).

The ASVs that were differentially abundant between the T. triandra rhizospheres and
endospheres were also tested with neutral assembly models, and revealed to be differently
impacted by microbial community assembly selection dynamics (Figure S3.16). Differentially
abundant rhizosphere-favoured ASVs (those with a significant positive log fold change, see
Main document, Figure 4a) displayed a better fit to the neutral models in rhizospheres (R* =
0.286; Figure S3.16a), compared to endosphere abundant taxa (negative log fold change, see
Main document, Figure 3.4a) (R* = 0.014; Figure S3.16e). ASVs that were not differentially
abundant between the rhizospheres and endospheres still collectively deviated from the
neutral models, suggesting that deterministic processes were influencing many taxa in these
compartments. This pattern was consistent across compartments, with a similar deviation
from neutral models measure in the non-differentially abundant ASVs in rhizospheres (R*

=0.039, Figures S3.16¢) as those in the endospheres (R* =0.028, Figure S3.16f).

When looking at how the neutral models fitted the endosphere-favoured ASVs (negative log
fold change) within the rhizosphere samples (i.e., low abundance rhizosphere taxa), we
observed strong neutral influences (R* = 0.695, Figure S3.16b); and similarly, the rhizosphere-
favoured ASVs (positive log fold change) when found in endosphere samples (i.e., low
abundance endosphere taxa) saw comparatively strong neutral influences (R* = 0.454, Figure

S3.16d).
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Supplementary tables

Table S3.1: Differentially abundant bacterial phyla with positive or negative magnitude of
change across in the rhizospheres relative to root endosphere taxa. Data includes all

differentially abundant phyla with a positive or negative direction of change, and log fold

change.
Phylum Direction Log fold change
RCP2-54 Increasing 1.367
Gemmatimonadota Increasing 1172
Acidobacteriota Increasing 1.1
Planctomycetota Increasing 1.056
Nitrospirota Increasing 0.911
Verrucomicrobiota Increasing 0.853
WPS-2 Increasing 0.762
Chloroflexi Increasing 0.545
Armatimonadota Increasing 0.509
Patescibacteria Decreasing -0.531
Actinobacteriota Decreasing -0.75
Proteobacteria Decreasing -0.772
Myxococcota Decreasing -0.783
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Table S3.2: Differentially abundant bacterial taxa with positive or negative magnitude of change across in the rhizospheres relative to root

endosphere taxa. Data includes top 30 bacterial ASVs with a positive or negative direction of change, log fold change, and taxonomic rank.

Log
fold
ASV_1 Directi cha
D on nge Phylum Class Order Family Genus Species
ASV_2 Increas Acidobacteri
497 ing 2161 ota Holophagae Subgroup_7  Subgroup_7 Subgroup_7 Unclassified
ASV_ 11 Increas Acidobacteri uncultured_Acidobac
81 ing 1713 ota Acidobacteriae Subgroup_2  Subgroup_2 Subgroup_2 teria
ASV_3 Increas 170 Acidobacteri Solibacterale Candidatus_Solibact
182 ing 6 ota Acidobacteriae s Solibacteraceae er Unclassified
ASV_3 Increas 1.65
081 ing 4 Myxococcota bacteriap2s bacteriap2s bacteriap2s bacteriapz2s Unclassified
ASV 1 Increas 1.62 Acidobacteri Acidobacteri
085 ing 8 ota Acidobacteriae ales uncultured uncultured Unclassified
ASV_8 Increas Proteobacter Alphaproteoba
300 ing 1.619 ia cteria Rhizobiales =~ Xanthobacteraceae uncultured Unclassified
ASV_7 Increas 1.59 Actinobacter Microtrichale uncultured_bacteriu
131 ing 9 iota Acidimicrobiia s uncultured uncultured m
ASV_3 Increas Proteobacter Alphaproteoba Rhodospirilla
741 ing 1.592 ia cteria les Magnetospiraceae uncultured metagenome
ASV 2 Increas Thermomicr uncultured_bacteriu
695 ing 1.501 Chloroflexi Chloroflexia obiales JG30-KF-CM45 JG30-KF-CM45 m
ASV_1 Increas 1.46 uncultured_bacteriu
814 ing 6 Chloroflexi  TKio TKio TKio TKio m
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ASV_6
991
ASV 2
961
ASV_3
17
ASV 1
480
ASV 1
02
ASV_4
64
ASV 1
670
ASV 2
122
ASV 1
754
ASV_8
348
ASV_3
31
ASV 1
661
ASV 2
171
ASV_3
53

Increas
ing
Increas
ing
Increas
ing
Increas
ing
Increas
ing
Increas
ing
Increas
ing
Increas
ing
Increas
ing
Increas
ing
Increas
ing
Increas
ing
Increas
ing
Increas
ing

1.46

1.443
1.433
1.39
1.372
1.371
1.348
1.322
1.315
1.307
1.285
1.282

1.26

1.241

Chloroflexi
Verrucomicr
obiota
Acidobacteri
ota
Proteobacter
ia
Acidobacteri
ota
Proteobacter
ia
Proteobacter
ia

Chloroflexi
Gemmatimo
nadota
Acidobacteri
ota
Verrucomicr
obiota
Acidobacteri
ota
Acidobacteri
ota
Acidobacteri
ota

Chloroflexia
Verrucomicrob
lae

Acidobacteriae
Alphaproteoba
cteria

Blastocatellia
Alphaproteoba
cteria
Gammaproteo
bacteria

KD4-96
Gemmatimona
detes

Acidobacteriae
Verrucomicrob
lae
Blastocatellia
Vicinamibacte

ria

Acidobacteriae

Kallotenuales
Chthoniobac
terales
Acidobacteri
ales

Elsterales
Blastocatellal
es

Elsterales
Burkholderia
les

KD4-96
Gemmatimo
nadales
Acidobacteri
ales
Chthoniobac
terales
Blastocatellal
es
Vicinamibact
erales
Acidobacteri
ales

AKIW781
Chthoniobacteraceae
uncultured
uncultured
Blastocatellaceae
uncultured
Nitrosomonadaceae
KD4-96
Gemmatimonadaceae
Acidobacteriaceae_(S
ubgroup_1)
Chthoniobacteraceae
Blastocatellaceae

uncultured

uncultured

AKIW781
Candidatus_Udaeoba
cter

uncultured
uncultured
uncultured
uncultured

MND1

KD4-96

uncultured
uncultured
Candidatus_Udaeoba
cter
JGI_ooo1001-Ho3

uncultured

uncultured

uncultured_soil
uncultured_Spartobac
teria

Unclassified
uncultured_bacteriu
m
uncultured_Acidobac
teria
uncultured_Alphapro
teobacteria

Unclassified

Unclassified
uncultured_Gemmati
monadales

Unclassified
uncultured_Spartobac
teria

Unclassified

Unclassified

Unclassified
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ASV 1

695
ASV_5

79
ASV 2

518
ASV 1

244
ASV_g¢

59
ASV_7

45

ASV 1
ASV_5

ASV 1

ASV 2

ASV_4

ASV_7

Increas
ing
Increas
ing
Increas
ing
Increas
ing
Increas
ing
Increas
ing

Decrea
sing
Decrea
sing
Decrea
sing

Decrea
sing

Decrea
sing
Decrea
sing

1.219

1173

1.168

1.158

1139

113

2.051

Acidobacteri
ota
Actinobacter
iota
Verrucomicr
obiota
Verrucomicr
obiota
Verrucomicr
obiota
Actinobacter
iota

Proteobacter
ia
Actinobacter
iota
Actinobacter
iota

Actinobacter
iota

Actinobacter
iota
Actinobacter
iota

Vicinamibacte
ria
Thermoleophil
ia
Verrucomicrob
iae
Verrucomicrob
iae
Verrucomicrob
iae
Thermoleophil
ia

Alphaproteoba
cteria

Actinobacteria

Actinobacteria
Actinobacteria

Actinobacteria

Actinobacteria

Vicinamibact
erales

Gaiellales
Chthoniobac
terales
Chthoniobac
terales
Chthoniobac
terales

Gaiellales

Rhizobiales
Streptomycet
ales
Streptospora
ngiales

Micromonos
porales

Frankiales
Micromonos
porales

uncultured
uncultured
Chthoniobacteraceae
Xiphinematobacterac
eae

Chthoniobacteraceae

uncultured

Rhodomicrobiaceae
Streptomycetaceae

Thermomonosporace
ae

Micromonosporaceae

Acidothermaceae

Micromonosporaceae

uncultured
uncultured
Candidatus_Udaeoba
cter
Candidatus_Xiphine
matobacter
Candidatus_Udaeoba

cter

uncultured

Rhodomicrobium
Streptomyces

Actinocorallia

Unclassified

Acidothermus

Actinoplanes

Unclassified

Unclassified

Unclassified

Unclassified

Unclassified

Unclassified

uncultured_bacteriu
m

Unclassified

metagenome

Unclassified

Unclassified
uncultured_bacteriu
m
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ASV 1
83
ASV 1

44
ASV 2

64
ASV 1
00
ASV 1

ASV_4

ASV 1

ASV_4

ASV_3

ASV 2
25

ASV 1
73

Decrea
sing
Decrea
sing
Decrea
sing
Decrea
sing
Decrea
sing
Decrea
sing

Decrea
sing

Decrea
sing

Decrea
sing
Decrea
sing

Decrea
sing

Chloroflexi
Actinobacter
iota
Proteobacter
ia
Actinobacter
iota
Actinobacter
iota
Actinobacter
iota

Actinobacter
iota

Actinobacter
iota

Actinobacter
iota
Proteobacter
ia

Actinobacter
iota

Ktedonobacter
ia

Actinobacteria
Gammaproteo
bacteria

Actinobacteria

Actinobacteria

Actinobacteria

Actinobacteria

Actinobacteria

Actinobacteria
Alphaproteoba
cteria

Actinobacteria

Ktedonobact
erales

Frankiales
Burkholderia
les
Micromonos
porales
Pseudonocar
diales
Micromonos
porales

Micromonos
porales

Pseudonocar
diales

Pseudonocar
diales

Rhizobiales

Frankiales

Ktedonobacteraceae
Acidothermaceae
Comamonadaceae
Micromonosporaceae
Pseudonocardiaceae

Micromonosporaceae

Micromonosporaceae

Pseudonocardiaceae

Pseudonocardiaceae

Rhodomicrobiaceae

Acidothermaceae

Thermosporothrix
Acidothermus
uncultured
Unclassified
Pseudonocardia

Unclassified

Actinoplanes

Longimycelium

Pseudonocardia

Rhodomicrobium

Acidothermus

uncultured_bacteriu
m
uncultured_bacteriu
m

Leptothrix_sp.
Unclassified
Unclassified

Unclassified

uncultured_bacteriu
m

uncultured_bacteriu
m

Unclassified
uncultured_bacteriu
m

Unclassified
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ASV 2

ASV_8

ASV 1

29

ASV 1

ASV 2

10

ASV s

ASV_3
ASV_7

62
ASV_8

ASV_8

Decrea
sing

Decrea
sing

Decrea
sing

Decrea
sing

Decrea
sing

Decrea
sing

Decrea
sing
Decrea
sing
Decrea
sing

Decrea
sing

Actinobacter
iota

Actinobacter
iota

Actinobacter
iota

Actinobacter
iota

Actinobacter
iota

Actinobacter
iota

Actinobacter
iota
Proteobacter
ia
Actinobacter
iota

Actinobacter
iota

Actinobacteria

Actinobacteria

Actinobacteria

Actinobacteria

Actinobacteria

Actinobacteria

Actinobacteria
Alphaproteoba
cteria

Actinobacteria

Actinobacteria

Pseudonocar
diales

Micromonos
porales

Micromonos
porales

Pseudonocar
diales

Micromonos
porales

Pseudonocar
diales

Pseudonocar
diales
Caulobactera
les
Micromonos
porales

Micromonos
porales

Pseudonocardiaceae

Micromonosporaceae

Micromonosporaceae

Pseudonocardiaceae

Micromonosporaceae

Pseudonocardiaceae

Pseudonocardiaceae
Caulobacteraceae

Micromonosporaceae

Micromonosporaceae

Actinophytocola

uncultured

Virgisporangium

Actinophytocola

Actinoplanes

Lechevalieria

Actinophytocola
Asticcacaulis

Actinoplanes

Unclassified

Actinophytocola_sp.

uncultured_actinomy

cete

Unclassified

Unclassified

Unclassified

Unclassified

Unclassified
uncultured_bacteriu
m

Unclassified

Unclassified
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ASV 1

ASV_3

ASV 1

Decrea
sing

Decrea
sing

Decrea
sing

4.07

519

Actinobacter
iota

Proteobacter
ia

Proteobacter
ia

Actinobacteria

Alphaproteoba
cteria

Alphaproteoba
cteria

Micromonos
porales

Rickettsiales

Rickettsiales

Micromonosporaceae

Mitochondria

Mitochondria

Actinoplanes

Mitochondria

Mitochondria

uncultured_bacteriu
m

Triticum_aestivum

Triticum_aestivum

a1} 1dey) :uoneuriojur Areyusdwajddng



1/

Table S3.3: List of endosphere HUB taxa from bacterial ASV network analysis showing taxonomic for all taxa and node degree with negative edges

only.
Node degrees
ASV 1 (negative
D Phylum Class Order Family Genus edges)
Alphaproteobacteri
ASV_23 Proteobacteria a Rhizobiales Xanthobacteraceae Bradyrhizobium 26
Alphaproteobacteri
ASV_7  Proteobacteria a Rhizobiales Xanthobacteraceae Unclassified 22
Actinobacteri
ASV_29 ota Actinobacteria Frankiales Acidothermaceae Acidothermus 1
Gammaproteobact ~Gammaproteobacteria_Incertae_
ASV_47 Proteobacteria eria Sedis Unknown_Family Acidibacter 10
Actinobacteri Kibdelosporangiu
ASV 20 ota Actinobacteria Pseudonocardiales Pseudonocardiaceae = m 9
Alphaproteobacteri
ASV_36 Proteobacteria a Elsterales uncultured uncultured 8
Actinobacteri
ASV_12  ota Actinobacteria Pseudonocardiales Pseudonocardiaceae  Pseudonocardia 7
Actinobacteri
ASV_13 ota Actinobacteria Pseudonocardiales Pseudonocardiaceae  Actinophytocola 6
Actinobacteri
ASV_35 ota Actinobacteria Pseudonocardiales Pseudonocardiaceae =~ Pseudonocardia 6
Actinobacteri
ASV_77 ota Actinobacteria Pseudonocardiales Pseudonocardiaceae  Saccharothrix 5
Actinobacteri
ASV_10 ota Actinobacteria Streptomycetales Streptomycetaceae Streptomyces 4
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ASV 10

ASV 1

ASV_19
ASV_28
ASV_43
ASV 1

ASV_18
ASV_19
ASV_20
ASV_26
ASV_i15

ASV_15

ASV_23

ASV_24

Actinobacteri
ota

Proteobacteria
Actinobacteri
ota
Actinobacteri
ota

Proteobacteria

Proteobacteria
Actinobacteri
ota

Proteobacteria
Acidobacterio
ta
Actinobacteri
ota
Acidobacterio
ta
Acidobacterio
ta
Acidobacterio
ta
Actinobacteri
ota

Actinobacteria
Alphaproteobacteri
a

Actinobacteria
Actinobacteria
Gammaproteobact
eria
Alphaproteobacteri
a

Actinobacteria
Gammaproteobact
eria
Vicinamibacteria
Actinobacteria
Vicinamibacteria
Acidobacteriae

Vicinamibacteria

Actinobacteria

Corynebacteriales
Sphingomonadales
Micrococcales
Micromonosporales
Burkholderiales
Rhizobiales

Pseudonocardiales

Gammaproteobacteria_Incertae_

Sedis
Vicinamibacterales
Pseudonocardiales
Vicinamibacterales
Subgroup_2
Vicinamibacterales

Streptomycetales

Mycobacteriaceae
Sphingomonadaceae
Promicromonosporac
eae
Micromonosporaceae
Comamonadaceae
Rhodomicrobiaceae
Pseudonocardiaceae
Unknown_Family
Vicinamibacteraceae
Pseudonocardiaceae
Vicinamibacteraceae
Subgroup_2

Vicinamibacteraceae

Streptomycetaceae

Mycobacterium
Sphingomonas
Promicromonosp
ora

Unclassified
uncultured
Rhodomicrobium
Kutzneria
Acidibacter
Vicinamibacter
Actinophytocola
uncultured
Subgroup_2

Vicinamibacter

Streptomyces
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ASV_30
ASV_31
ASV_35
ASV_o9

ASV 1

ASV_10
ASV_13
ASV_i15
ASV_17
ASV_19
ASV_3

ASV_30
ASV_32

ASV_33

Proteobacteria
Proteobacteria
Proteobacteria
Actinobacteri
ota
Proteobacteria
Actinobacteri
ota
Actinobacteri
ota
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Actinobacteri
ota

Proteobacteria

Bacteroidota

Gammaproteobact
eria
Alphaproteobacteri
a
Alphaproteobacteri
a

Actinobacteria
Alphaproteobacteri
a

Rubrobacteria

Actinobacteria
Alphaproteobacteri
a
Alphaproteobacteri
a
Alphaproteobacteri
a
Alphaproteobacteri
a

Thermoleophilia
Alphaproteobacteri

a

Bacteroidia

Gammaproteobacteria_Incertae_

Sedis

Reyranellales
Rhizobiales
Pseudonocardiales
Rickettsiales
Rubrobacterales
Pseudonocardiales
Sphingomonadales
Dongiales
Rhizobiales
Rickettsiales
Solirubrobacterales
Acetobacterales

Cytophagales

Unknown_Family
Reyranellaceae
Beijerinckiaceae
Pseudonocardiaceae
Mitochondria
Rubrobacteriaceae
Pseudonocardiaceae
Sphingomonadaceae
Dongiaceae
Devosiaceae
Mitochondria

67-14
Acetobacteraceae

Microscillaceae

Acidibacter
Reyranella
Microvirga
Pseudonocardia
Mitochondria
Rubrobacter
Pseudonocardia
Sphingomonas
Dongia

Devosia
Mitochondria
67-14
Roseomonas

uncultured
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ASV_31

ASV_57
ASV_72

Alphaproteobacteri
Proteobacteria a
Actinobacteri
ota Actinobacteria

Alphaproteobacteri
Proteobacteria a

Rhizobiales

Frankiales

Rhizobiales

Rhodomicrobiaceae

Acidothermaceae

Xanthobacteraceae

Rhodomicrobium

Acidothermus

uncultured
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Table S3.4: List of endosphere HUB taxa from bacterial ASV network analysis showing taxonomic for all taxa and node degree with positive edges

only.
Node
degrees

ASV_I (positive

D Phylum Class Order Family Genus edges)
Actinobacteri

ASV_13 ota Actinobacteria Pseudonocardiales Pseudonocardiaceae Actinophytocola 29
Actinobacteri

ASV_12 ota Actinobacteria Pseudonocardiales Pseudonocardiaceae Pseudonocardia 25

ASV_2  Actinobacteri

8 ota Actinobacteria Micromonosporales Micromonosporaceae Unclassified 25
Actinobacteri

ASV_35 ota Actinobacteria Pseudonocardiales Pseudonocardiaceae Pseudonocardia 25
Actinobacteri Promicromonospo

ASV_19 ota Actinobacteria Micrococcales Promicromonosporaceae ra 24

ASV_7  Actinobacteri

7 ota Actinobacteria Pseudonocardiales Pseudonocardiaceae Saccharothrix 22

ASV_2  Actinobacteri

6 ota Actinobacteria Pseudonocardiales Pseudonocardiaceae Actinophytocola 21

ASV_n  Proteobacteri Alphaproteobacter

7 a ia Rhizobiales Rhodomicrobiaceae Rhodomicrobium 19

ASV 10 Actinobacteri

7 ota Actinobacteria Corynebacteriales Mycobacteriaceae Mycobacterium 16

ASV_15 Acidobacterio

2 ta Vicinamibacteria  Vicinamibacterales Vicinamibacteraceae uncultured 16
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ASV_19
ASV 1
ASV >
ASV 2

07
ASV_31

ASV 10

ASV_23

ASV 2

ASV_23
ASV_35

ASV_15
ASV_7

ASV_17

Proteobacteri
a
Proteobacteri
a
Actinobacteri
ota
Acidobacterio
ta
Proteobacteri
a
Actinobacteri
ota
Acidobacterio
ta
Actinobacteri
ota
Proteobacteri
a
Proteobacteri
a

Proteobacteri
a
Actinobacteri
ota
Proteobacteri
a

Gammaproteobact
eria
Alphaproteobacter
ia

Actinobacteria

Vicinamibacteria
Alphaproteobacter
ia

Actinobacteria
Vicinamibacteria

Actinobacteria
Alphaproteobacter
ia
Alphaproteobacter
ia

Alphaproteobacter
ia

Actinobacteria
Alphaproteobacter
ia

Gammaproteobacteria_Incertae
_Sedis

Sphingomonadales
Pseudonocardiales
Vicinamibacterales
Reyranellales
Streptomycetales
Vicinamibacterales
Frankiales
Rhizobiales

Rhizobiales

Rhizobiales
Corynebacteriales

Dongiales

Unknown_Family
Sphingomonadaceae
Pseudonocardiaceae
Vicinamibacteraceae
Reyranellaceae
Streptomycetaceae
Vicinamibacteraceae
Acidothermaceae
Xanthobacteraceae

Beijerinckiaceae

Rhizobiaceae
Mycobacteriaceae

Dongiaceae

Acidibacter
Sphingomonas
Kibdelosporangiu
m
Vicinamibacter
Reyranella
Streptomyces
Vicinamibacter
Acidothermus
Bradyrhizobium
Microvirga
Allorhizobium-
Neorhizobium-
Pararhizobium-
Rhizobium

Mycobacterium

Dongia

16

14

14

14

14

13

13

13
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ASV_o9
ASV_32
ASV_33
ASV_35
ASV_3
ASV_7
ASV 12
ASV_i15
ASV_4
ASV_5

02
ASV_5

ASV_57
ASV_8

ASV 18

Actinobacteri
ota
Proteobacteri
a

Bacteroidota

Myxococcota
Proteobacteri
a
Proteobacteri
a
Actinobacteri
ota
Acidobacterio
ta
Proteobacteri
a
Proteobacteri
a
Actinobacteri
ota
Actinobacteri
ota
Actinobacteri
ota
Actinobacteri
ota

Actinobacteria
Alphaproteobacter
ia

Bacteroidia
Polyangia
Alphaproteobacter
ia
Alphaproteobacter
ia

Actinobacteria
Acidobacteriae
Gammaproteobact
eria
Alphaproteobacter
ia

Actinobacteria
Actinobacteria

Actinobacteria

Actinobacteria

Pseudonocardiales
Acetobacterales
Cytophagales
Polyangiales
Elsterales
Rhizobiales
Micromonosporales
Subgroup_2
Gammaproteobacteria_Incertae
_Sedis

Rhizobiales
Streptomycetales
Frankiales

Propionibacteriales

Pseudonocardiales

Pseudonocardiaceae
Acetobacteraceae
Microscillaceae
Blriig1

uncultured
Xanthobacteraceae
Micromonosporaceae
Subgroup_2
Unknown_Family
Rhizobiaceae
Streptomycetaceae
Acidothermaceae
Nocardioidaceae

Pseudonocardiaceae

Pseudonocardia
Roseomonas
uncultured
Blriig1
uncultured
Unclassified
Virgisporangium
Subgroup_2
Acidibacter
Unclassified
Streptomyces
Acidothermus
Kribbella

Kutzneria
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ASV_4
ASV_31
ASV_52
ASV 53
ASV_8
ASV_13
ASV_i15
ASV_16
ASV_18
ASV_19
ASV 2
ASV_3
04
ASV_4

62
ASV_6

Proteobacteri
a
Proteobacteri
a

Bacteroidota
Actinobacteri
ota
Actinobacteri
ota
Actinobacteri
ota
Proteobacteri
a
Proteobacteri
a
Proteobacteri
a
Proteobacteri
a
Proteobacteri
a
Actinobacteri
ota
Proteobacteri
a
Actinobacteri
ota

Gammaproteobact
eria
Alphaproteobacter
ia

Bacteroidia
Actinobacteria
Actinobacteria

Actinobacteria
Alphaproteobacter
ia
Alphaproteobacter
ia
Alphaproteobacter
ia
Alphaproteobacter
ia
Gammaproteobact
eria

Thermoleophilia
Alphaproteobacter

1a

Actinobacteria

Burkholderiales
Rhizobiales
Cytophagales
Pseudonocardiales
Micromonosporales
Pseudonocardiales
Sphingomonadales
Rhizobiales
Rhizobiales
Rhizobiales
Steroidobacterales
Solirubrobacterales
Micropepsales

Pseudonocardiales

Comamonadaceae

Rhodomicrobiaceae

Microscillaceae

Pseudonocardiaceae

Micromonosporaceae

Pseudonocardiaceae
Sphingomonadaceae
Rhizobiaceae
Rhizobiaceae
Devosiaceae
Steroidobacteraceae
67-14
Micropepsaceae

Pseudonocardiaceae

uncultured
Rhodomicrobium
Unclassified
Lechevalieria
uncultured
Pseudonocardia
Sphingomonas
Unclassified
Phyllobacterium
Devosia
Steroidobacter
67-14
uncultured

Lechevalieria
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ASV_7
21

ASV 1
ASV 10

ASV 10
ASV 1
ASV 1
ASV 12
ASV_13
ASV_13
ASV_15
ASV_19
ASV 21
ASV 2

40
ASV 2

42

Proteobacteri
a
Proteobacteri
a
Proteobacteri
a
Actinobacteri
ota
Actinobacteri
ota
Proteobacteri
a
Actinobacteri
ota
Actinobacteri
ota
Acidobacterio
ta
Actinobacteri
ota
Proteobacteri
a
Actinobacteri
ota

Chloroflexi
Acidobacterio
ta

Alphaproteobacter
ia
Alphaproteobacter
ia
Alphaproteobacter
ia

Rubrobacteria
Actinobacteria
Alphaproteobacter
ia

Actinobacteria
Actinobacteria
Acidobacteriae
Actinobacteria
Alphaproteobacter
ia
Thermoleophilia
Chloroflexia

Acidobacteriae

Rhizobiales
Rickettsiales
Rhizobiales
Rubrobacterales
Corynebacteriales
Rickettsiales
Micromonosporales
Pseudonocardiales
Bryobacterales
Streptomycetales
Rhizobiales
Solirubrobacterales
Thermomicrobiales

Solibacterales

Xanthobacteraceae
Mitochondria
Beijerinckiaceae
Rubrobacteriaceae
Mycobacteriaceae
Mitochondria
Micromonosporaceae
Pseudonocardiaceae
Bryobacteraceae
Streptomycetaceae
Rhizobiaceae
Solirubrobacteraceae
JG30-KF-CM45

Solibacteraceae

uncultured
Mitochondria
Unclassified
Rubrobacter
Mycobacterium
Mitochondria
Unclassified
Pseudonocardia
Bryobacter
Streptomyces
Mesorhizobium
Conexibacter
JG30-KF-CM45

Candidatus_Soliba
cter
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ASV 2
81

ASV_3
ASV_3
06

ASV_33
ASV_3

ASV_37
ASV_3
8o
ASV_3
88
ASV_3

95
ASV_4
ASV_4

ASV_6

ASV_7

ASV_8

Actinobacteri
ota
Proteobacteri
a
Proteobacteri
a
Proteobacteri
a
Actinobacteri
ota
Actinobacteri
ota
Acidobacterio
ta
Actinobacteri
ota
Proteobacteri
a
Actinobacteri
ota
Actinobacteri
ota
Actinobacteri
ota
Proteobacteri
a
Actinobacteri
ota

Actinobacteria
Alphaproteobacter
ia
Gammaproteobact
eria
Alphaproteobacter
ia

Actinobacteria
Actinobacteria
Acidobacteriae
Actinobacteria
Alphaproteobacter
ia

Actinobacteria
Actinobacteria
Actinobacteria
Alphaproteobacter

1a

Actinobacteria

Micrococcales

Rickettsiales

Gammaproteobacteria_Incertae

_Sedis

Rickettsiales
Streptomycetales
Pseudonocardiales
Acidobacteriales
Propionibacteriales
Dongiales
Frankiales
Micromonosporales
Frankiales
Sphingomonadales

Pseudonocardiales

Microbacteriaceae
Mitochondria
Unknown_Family
Mitochondria
Streptomycetaceae

Pseudonocardiaceae
Acidobacteriaceae_(Subgro

up_1)
Nocardioidaceae
Dongiaceae
Acidothermaceae
Micromonosporaceae
Geodermatophilaceae
Sphingomonadaceae

Pseudonocardiaceae

Agromyces
Mitochondria
Acidibacter
Mitochondria
Streptomyces
Actinophytocola
Occallatibacter
Nocardioides
Dongia
Acidothermus
Unclassified
Geodermatophilus
Sphingomonas

Amycolatopsis
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ASV_8
0

Actinobacteri
ota

Actinobacteria

Micromonosporales

Micromonosporaceae

Unclassified
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Table S3.5: List of rhizosphere HUB taxa from bacterial ASV network analysis showing taxonomic for all taxa and node degree with negative edges

only.
Node degrees
(negative

ASV_ID Phylum Class Order Family Genus edges)

ASV_7 Proteobacteria  Alphaproteobacteria Rhizobiales Xanthobacteraceae Unclassified 20

ASV_23 Proteobacteria  Alphaproteobacteria Rhizobiales Xanthobacteraceae Bradyrhizobium 1
Actinobacteriot

ASV_109 a Rubrobacteria Rubrobacterales ~ Rubrobacteriaceae Rubrobacter 4

ASV_36 Proteobacteria  Alphaproteobacteria  Elsterales uncultured uncultured 4

Thermomicrobial

ASV_240  Chloroflexi Chloroflexia es JG30-KF-CM45 JG30-KF-CM45 3
Actinobacteriot

ASV_10 a Actinobacteria Streptomycetales  Streptomycetaceae Streptomyces 2
Acidobacteriot Vicinamibacterale Vicinamibacterace

ASV_12245 a Vicinamibacteria S Vicinamibacteraceae ae 2
Actinobacteriot

ASV_185 a Rubrobacteria Rubrobacterales Rubrobacteriaceae Rubrobacter 2
Acidobacteriot

ASV_317 a Acidobacteriae Acidobacteriales  uncultured uncultured 2
Actinobacteriot

ASV_490 a Rubrobacteria Rubrobacterales ~ Rubrobacteriaceae Rubrobacter 2
Actinobacteriot

ASV_497 a Rubrobacteria Rubrobacterales Rubrobacteriaceae Rubrobacter 2

ASV_683  Proteobacteria  Alphaproteobacteria Rhizobiales Beijerinckiaceae Microvirga 2

Sphingomonadale
ASV_79 Proteobacteria  Alphaproteobacteria s Sphingomonadaceae Sphingomonas 2
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ASV_og50
ASV_107
ASV_ng
ASV 12
ASV_152
ASV_1670
ASV_2034
ASV_239
ASV_259
ASV 262

ASV_2718
ASV_313

ASV_402

ASV_407
ASV_488

Actinobacteriot
a
Actinobacteriot
a

Proteobacteria
Actinobacteriot
a
Acidobacteriot
a

Proteobacteria
Actinobacteriot
a
Acidobacteriot
a

Proteobacteria

Chloroflexi

Proteobacteria
Proteobacteria
Actinobacteriot
a
Actinobacteriot
a
Proteobacteria

Rubrobacteria
Actinobacteria
Alphaproteobacteria
Actinobacteria
Vicinamibacteria
Gammaproteobacter
ia

Acidimicrobiia
Vicinamibacteria
Gammaproteobacter
ia

Chloroflexia
Gammaproteobacter
ia
Alphaproteobacteria

Thermoleophilia

Rubrobacteria
Alphaproteobacteria

Rubrobacterales

Corynebacteriales
Sphingomonadale
s
Pseudonocardiale
s
Vicinamibacterale
s

Burkholderiales

Microtrichales
Vicinamibacterale
s

Xanthomonadales
Thermomicrobial
es

PLTA13
Reyranellales

Gaiellales

Rubrobacterales
Rhizobiales

Rubrobacteriaceae
Mycobacteriaceae
Sphingomonadaceae
Pseudonocardiaceae
Vicinamibacteraceae
Nitrosomonadaceae
lamiaceae
Vicinamibacteraceae
Xanthomonadaceae
JG30-KF-CM45

PLTA13
Reyranellaceae

Unclassified

Rubrobacteriaceae
Beijerinckiaceae

Rubrobacter
Mycobacterium
Sphingomonas
Pseudonocardia
uncultured
MND1

[amia
Vicinamibacter
Luteimonas
JG30-KF-CM45

PLTA13
Reyranella

Unclassified

Rubrobacter
Microvirga
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ASV_6

ASV_655
ASV_674
ASV_704
ASV_816

ASV_987

Actinobacteriot
a
Actinobacteriot
a
Actinobacteriot
a
Actinobacteriot
a
Acidobacteriot
a

Chloroflexi

Actinobacteria
Rubrobacteria
Actinobacteria
Thermoleophilia
Acidobacteriae

Chloroflexia

Streptomycetales

Rubrobacterales
Propionibacterial
es
Solirubrobacteral
es

Acidobacteriales
Thermomicrobial
es

Streptomycetaceae
Rubrobacteriaceae

Propionibacteriaceae

67-14
Acidobacteriaceae_(Subgroup

1)

JG30-KF-CM45

Streptomyces
Rubrobacter
Microlunatus
67-14
uncultured

JG30-KF-CM45
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Table S3.6: List of rhizosphere HUB taxa from bacterial ASV network analysis showing taxonomic for all taxa and node degree with positive edges

only.
Node degrees

ASV_ID  Phylum Class Order Family Genus (positive edges)
ASV_109 Actinobacteriota Rubrobacteria Rubrobacterales  Rubrobacteriaceae Rubrobacter 18
ASV_49
7 Actinobacteriota Rubrobacteria Rubrobacterales  Rubrobacteriaceae Rubrobacter 12
ASV_185 Actinobacteriota Rubrobacteria Rubrobacterales  Rubrobacteriaceae Rubrobacter 1
ASV_24 Thermomicrobia
o Chloroflexi Chloroflexia les JG30-KF-CM45 JG30-KF-CM45 9
ASV_68 Alphaproteobacteri
3 Proteobacteria a Rhizobiales Beijerinckiaceae Microvirga
ASV_10  Actinobacteriota Actinobacteria Streptomycetales Streptomycetaceae Streptomyces
ASV 26 Thermomicrobia
2 Chloroflexi Chloroflexia les JG30-KF-CM45 JG30-KF-CM45 8
ASV_o8 Thermomicrobia
7 Chloroflexi Chloroflexia les JG30-KF-CM45 JG30-KF-CM45 8
ASV_67 Propionibacterial
4 Actinobacteriota Actinobacteria es Propionibacteriaceae Microlunatus 6

Vicinamibacteral
ASV_152 Acidobacteriota  Vicinamibacteria es Vicinamibacteraceae uncultured 5

Alphaproteobacteri

ASV_313 Proteobacteria a Reyranellales Reyranellaceae Reyranella 5
ASV_38
9 Actinobacteriota Rubrobacteria Rubrobacterales  Rubrobacteriaceae Rubrobacter 5

a1} 1dey) :uoneuriojur Areyusdwajddng



98¢

ASV_40

7
ASV_48
8
ASV_65
5
ASV_ng

7
ASV_35

9
ASV_40

2
ASV_49
o)

ASV_107
ASV _110
2

ASV 12

ASV_331

ASV_36
ASV_167

ASV 20

Actinobacteriota

Proteobacteria

Actinobacteriota

Actinobacteriota

Proteobacteria

Actinobacteriota

Actinobacteriota

Actinobacteriota

Acidobacteriota

Actinobacteriota

Verrucomicrobi

ota

Proteobacteria

Proteobacteria

Actinobacteriota

Rubrobacteria

Alphaproteobacteri

a

Rubrobacteria

Rubrobacteria

Alphaproteobacteri

a
Thermoleophilia
Rubrobacteria
Actinobacteria
Blastocatellia
Actinobacteria

Verrucomicrobiae

Alphaproteobacteri

a

Gammaproteobacte

Ila

Thermoleophilia

Rubrobacterales
Rhizobiales
Rubrobacterales
Rubrobacterales
Rhizobiales
Gaiellales

Rubrobacterales
Corynebacteriale
s

Blastocatellales
Pseudonocardial
es
Chthoniobactera
les

Elsterales

Burkholderiales
Solirubrobacteral
es

Rubrobacteriaceae
Beijerinckiaceae
Rubrobacteriaceae
Rubrobacteriaceae
Beijerinckiaceae
Unclassified
Rubrobacteriaceae
Mycobacteriaceae
Blastocatellaceae
Pseudonocardiaceae
Chthoniobacteraceae
uncultured
Nitrosomonadaceae

Solirubrobacteraceae

Rubrobacter
Microvirga
Rubrobacter
Rubrobacter
Microvirga
Unclassified
Rubrobacter
Mycobacterium
uncultured
Pseudonocardia
Candidatus_Udaeobac
ter

uncultured

MND1

Solirubrobacter

a1} 1dey) :uoneuriojur Areyusdwajddng



Lge

ASV_23
ASV_46

ASV_7
ASV_o5

ASV_104
ASV_mu13

ASV_1n
ASV_24
ASV_25
ASV_26

ASV_29

ASV_317

ASV_34
ASV_34

ASV_353
ASV_377

Proteobacteria

Proteobacteria

Proteobacteria

Actinobacteriota

Actinobacteriota

Actinobacteriota

Acidobacteriota

Acidobacteriota

Proteobacteria

Actinobacteriota

Acidobacteriota
Acidobacteriota

Actinobacteriota

Acidobacteriota
Acidobacteriota

Acidobacteriota

Alphaproteobacteri

a

Alphaproteobacteri

a

Alphaproteobacteri

a

Rubrobacteria

Actinobacteria
Thermoleophilia
Vicinamibacteria

Acidobacteriae

Gammaproteobacte

ria

Actinobacteria

Acidobacteriae
Acidobacteriae

Actinobacteria

Acidobacteriae
Acidobacteriae

Acidobacteriae

Rhizobiales
Elsterales
Rhizobiales

Rubrobacterales

Streptomycetales

Gaiellales
Vicinamibacteral
es

Solibacterales
Xanthomonadale
s

Micrococcales

Acidobacteriales
Acidobacteriales

Streptomycetales

Acidobacteriales
Acidobacteriales

Bryobacterales

Xanthobacteraceae
uncultured
Xanthobacteraceae

Rubrobacteriaceae

Streptomycetaceae
Gaiellaceae
Vicinamibacteraceae
Solibacteraceae
Xanthomonadaceae

Microbacteriaceae
Acidobacteriaceae_(Subgrou

p_1)
uncultured

Streptomycetaceae
Acidobacteriaceae_(Subgrou

p_1)

uncultured

Bryobacteraceae

Bradyrhizobium
uncultured
Unclassified

Rubrobacter

Streptomyces
Gaiella

Vicinamibacteraceae
Candidatus_Solibacte
r

Luteimonas
Agromyces

Unclassified
uncultured

Streptomyces

Granulicella
uncultured

Bryobacter
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ASV_38
0
ASV_57
9
ASV_58
7

ASV_601
ASV_63
8
ASV_7o0
4
ASV_74
2

ASV_79

ASV_816
ASV_87
9
ASV_881
4
ASV_89g
8

Acidobacteriota

Actinobacteriota

Proteobacteria

Proteobacteria

Acidobacteriota

Actinobacteriota

Acidobacteriota

Proteobacteria

Acidobacteriota

Actinobacteriota

Acidobacteriota

Chloroflexi

Acidobacteriae
Thermoleophilia
Alphaproteobacteri
a
Alphaproteobacteri
a

Acidobacteriae
Thermoleophilia
Acidobacteriae
Alphaproteobacteri
a

Acidobacteriae
Thermoleophilia

Vicinamibacteria

KD4-96

Acidobacteriales
Gaiellales
Micropepsales
Rhizobiales
Acidobacteriales
Solirubrobacteral
es
Bryobacterales
Sphingomonadal
es
Acidobacteriales
Gaiellales
Vicinamibacteral

es

KD4-96

Acidobacteriaceae_(Subgrou
p_1)

uncultured
Micropepsaceae
Beijerinckiaceae
uncultured
67-14
Bryobacteraceae

Sphingomonadaceae
Acidobacteriaceae_(Subgrou

p_1)
uncultured

Vicinamibacteraceae

KD4-96

Occallatibacter
uncultured
uncultured
Unclassified
uncultured
67-14
Bryobacter
Sphingomonas
uncultured
uncultured
Vicinamibacteraceae

KD4-96
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Supplementary figures
a) b)
" I 1 Treatment
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Figure S3.1. Root cleaning methods to isolate endosphere microbiota in T. triandra
individuals. (a) bacterial diversity as effective number of ASVs, against chemical and
mechanical cleaning methods. (b) NMDS ordination showing the effect of diferent cleaning
methods on bacterial community composition. Polygons are coloured by treatment group. (c)

Relative abundance of major bacterial phyla across samples and cleaning treatments.
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b)
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Figure S3.2. (a) Microbial colonies present on Luria Bertani agar following different root
cleaning processes. Results found that 2-4% bleach was the most effective process for
sterilising root surfaces, followed 5 min sonication, compared to the control groups. (b) Log
transformed concentrations of DNA extracted from root tissue across different cleaning
methods. Bleach appeared to have too great an effect on removing DNA from root samples,

whereas sonication concentrations remained high, in similar quantities to the control group.
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100 .
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Figure S3.3. After establishing sonication as the most effective root cleaning method to isolate
endosphere microbiota, with most sterilised wash mediums and best DNA yields. We
compared the number of wash steps in 0.02% Silwet L-77 amended PBS, following primary

cleaning of the roots to limit the formation of bacterial colonies.
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Figure S3.4. Rarefaction plot showing number of ASVs by number of reads per sample.
Samples were rarified to 11,491 reads (red dashed line). Samples that did not meet the

minimum threshold of reads were removed from analysis.
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Figure S3.5. Faith’s phylogenetic diversity for rhizospheres and endospheres communities.
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Figure S3.6. Non-metric multi-dimensional scaling (NMDS) ordinations with Bray-Curtis
distances showing the difference between sampling sites across (a) endosphere samples (stress

= 0.0922) and (b) rhizosphere samples (stress = 0.1200). Site are represented by colour.
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Figure S3.7. Non-metric dimensional scaling plot with Bray-Curtis distances showing the
difference between plant compartments. Endosphere samples represented by circles, and
rhizospheres by triangles. Mean annual aridity index of sampling sites is indicated by colour

gradient with a lower aridity index values corresponding to higher site aridity estimates.
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Figure S3.8. (a) Non-metric dimensional scaling plot with beta mean nearest taxon distances
(bMNTD) showing the differences between bacterial community composition across plant
rhizospheres (blue) and endospheres (red). (b) NMDS plot with beta mean nearest taxon
distances (bMNTD) showing the differences between bacterial community composition.
Endosphere samples represented by triangles, and rhizospheres by circles. Mean annual
aridity index of sampling sites is indicated by colour gradient with a lower aridity index values
corresponding to higher site aridity estimates. (c) Distance to centroid of samples comparing

rhizosphere (blue) and endosphere (red) samples, calculated from bMNTD.
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Figure S3.9. (a) Non-metric dimensional scaling plot with weighted unifrac distances showing
the differences between bacterial community composition across plant rhizospheres (blue)
and endospheres (red). (b) NMDS plot with weighted unifrac distances showing the
differences between bacterial community composition. Endosphere samples represented by
triangles, and rhizospheres by circles. Mean annual aridity index of sampling sites is indicated
by colour gradient with a lower aridity index values corresponding to higher site aridity
estimates. (c) Distance to centroid of samples comparing rhizosphere (blue) and endosphere

(red) samples, calculated from weighted unifrac distances.
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Figure S3.10. (a) Heatmap showing 13 differentially abundant bacterial phyla across T.

triandra rhizospheres and endosphere samples and (b) the number of differentially abundant
phyla calculated within each sampling site. The negative grouping includes those phyla
favoured in the endosphere (negative log fold change), whereas the positive grouping includes
phyla favoured in the rhizosphere (positive log fold change). (c) Upset plot showing the
number of shared and unique bacterial phyla across each site that are differentially abundant.
This plot shows only the first 22 most populated ASV intersections between sites (see Figure 10

for full figure).
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Figure S3.12. Upset plot showing the number of shared and unique bacterial phyla across each sampling site that are differentially

abundant with either a (a) negative and (b) positive log fold change in the rhizosphere relative to the endosphere
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Figure S3.13: Upset plot showing the number of shared and unique bacterial ASVs across each sampling site that are differentially abundant. The
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order of the bars representing site intersections (overlapping ASVs between sites) are ordered first by the sites with the highest to lowest total

number of ASVs (left panel bar), and then within sites by the groupings from highest to lowest intersection counts with other sites.
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Figure S3.14: Upset plot showing the number of shared and unique bacterial ASVs across each sampling site that are differentially
abundant with either a (a) negative and (b) positive log fold change in the rhizosphere relative to the endosphere. The order of the bars
representing site intersections (overlapping ASVs between sites) are ordered first by the sites with the highest to lowest total number of

ASVs (left panel bar), and then within sites by the groupings from highest to lowest intersection counts with other sites.
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Figure S3.15. Abundance-occupancy curves fitted with Sloan neutral model in T. triandra (a-d) rhizospheres and (e-h) endospheres. Each

point represents a bacterial ASV that was categorised as moderate taxa (MT, orange; panels a and e), rare taxa (RT, blue; panels b and f),

conditionally rare taxa (CRT, pink; panels c and f), and the conditionally rare and abundant taxa plus the conditionally abundant taxa

(CRAT+CAT, yellow and green, respectively; panels d and h), against a neutral model (black line) with 95% confidence intervals (dashed

lines). The negative coefficient of determination for rare taxa (panel b) indicates failure to fit a model.

uoneuniojul Areyjuswad[ddng

a3 =ydey)



z0¢

a) Nm=4662; Rsqr=0.286 b)  Nm = 7.448; Rsar = 0.695 ¢) Nm=49.873; Asqr = 0.039

[y
%u 50
-]
0284
£
0004
= v 3 = 0 = 3 3 2 3 = % 3 2 =1 g
log10{mean relative abundance) log10{mean relative abundance) log10{mean relative abundance) J—
d) Nm=3.317; Rsqr = 0.454 e) Nm=13.992; Rsqr = 0.014 f) Nm = 46.42; Rsqr = 0.028 )
100 1 B
£
[nd
0781 -9}
g E
050 =
8 =
=)
5
%
-t
i o
000 O
¥ .a4 A oA o . T T P G =]
log10{mean relative abundancea) log10{mean relative abundance) log10{mean relative abundance) oo
ic change to

* Posive log lokd change
* Nogative log foid change
@ Non—cifferentially abundant taxa

Figure S3.16. Abundance-occupancy curves fitted with Sloan neutral model in T. triandra (a-c) rhizosphere only samples and (d-f)

a3 =ydey)

endosphere only samples. Each point represents a bacterial ASV that was either differentially abundant with positive log fold change in the
rhizosphere (rhizosphere-favoured, red; a and d), those with a negative log fold change compared to the rhizosphere (endosphere-
favoured, blue; b and e), or those that were not differentially abundant (white; ¢ and f). Each was plotted against a neutral model (black

line) with 95% confidence intervals (dashed lines).
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Figure S3.17. BNTI values for rhizospheres and endosphere within each site (See main
document Figure 5c¢), but pooled for simpler interpretation. Aridity index values indicate the
aridity level for each of the sampling sites (0.318-0.907), where low aridity index indicates drier
conditions, and high aridity index indicates wetter conditions. Heterogeneous and
homogeneous selection is attributed BNTI values of > +2 or < -2, respectively. Communities
without significant BNTI values (|BNTI | <2) indicate the influences of stochastic processes on

microbial community assembly.
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Supplementary information: Chapter four
Supplementary methods

Vegetation surveys

At each study population (Figure S4.1a, e), T. triandra density estimates and vegetation
assessments were taken alongside plant and soil samples within 25 m x 25 m quadrats. T.
triandra density was measured from five 4 m x 4 m quadrats within the target area. To
characterise vegetation at each population, we ran six point-intercept transects within our 25 x
25 m quadrats (Bonham 2013). Each transect was spaced 5 m apart in a North-South direction
and involved observations of the occurrence of plant species found every meter. Functional
categories for the vegetation were as follows: graminoids, herbs (forbs), shrubs, trees/canopy
cover, litter, and bare earth (exposed dirt or rock). Where more than one functional unit

occurred at a given point, all were recorded (Figure S4.1f).

Analysis of plant and soil physicochemical conditions

We collected T. triandra leaf samples and analysed them for nutrient concentrations, as were
the bulk soil samples that were collected at 30 cm from the base of these plants, along with
other physicochemical conditions. Soil physicochemical conditions at 30 cm from host
included: phosphorus and potassium (Colwell 1965), sulphur (KCI 40 method) (Blair et al.
1991), organic carbon (Walkley and Armstrong 1934), nitrate, ammonium, electrical
conductivity and pH (CaCl,) at CSBP Laboratories (Bibra Lake, Australia), in addition to mean
gravimetric water content (McPherson et al. 2018), which correlated with mean aridity index
values across sampling sites (Figure S4.4). Nutrient analysis in T. triandra root and leaf
samples were also conducted at CSBP Laboratories (Bibra Lake, Australia) using inductively
coupled plasma (ICP) spectroscopy to measure trace elements and macronutrients within the
plant, including: nitrogen, phosphorus, potassium, sulphur, copper, zinc, manganese, calcium,

magnesium, sodium, iron, and boron.
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Supplementary tables

Table S4.1. T. triandra sampling sites across southern Australia

Site name Latitude, longitude Aridity index Sampling date
Alligator Gorge -32.71487, 138.10172 0.4450 15 Dec 2021
Barlunga Gap -33.82, 138.17392 0.3469 14 Dec 2021
Frahn’s Farm -35.07231, 139.09781 0.4539 19 Dec 2021
Maitland -34.37366, 137.71203 0.4532 21 Dec 2021
Mount Maria -32.65862, 138.08985 0.3179 16 Dec 2021
Neagles Rock -33.85031, 138.60674 0.6507 14 Dec 2021
Scott Creek -35.0872, 138.67266 0.9031 19 Dec 2021
Sturt Gorge -35.03311, 138.57324 0.6345 13 Dec 2021
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Table S4.2. Upper and lower 95% confidence intervals for linear mixed-effect model estimates of the slope coefficient denoting a trend

relationship between functional subsystems (level 1) of Themeda triandra soil/root microbiomes (i.e., see response variables listed) and mean

annual aridity index, and the coefficient of determination (R?), following bootstrapping at 2000 permutations. Subsystem denotes the functional

process at subsystem level 1: motility = motility and chemotaxis, stress = stress response, nitrogen = nitrogen metabolism, phosphorus =

phosphorus metabolism, signal = regulation and cell signalling, and secondary metabolism. Compartment refers to whether these associations

were tested with functions in T. triandra endospheres, rhizosphere, or bulk soils. Trend denotes the significant directional relationship in response

to increasing aridity index (where high aridity index corresponds to increasingly wetter conditions, and low aridity index reflects drier conditions;

i.e., a positive trend means the response variable increases with wetter conditions).

R*: Lower  R?: Upper Estimate: Upper
confidenc confidenc Estimate: Lower confidence
Response Subsystem Compartment einterval einterval confidence interval interval Trend
Beta 0.0000 0.0268
diversity ~
(Bray-
Curtis
distances) motility endosphere -0.1137 0.035 None
motility rhizosphere 0.0019 0.5947 0.0048 0.1568 Positive
motility soil 0.0004 0.3187 -0.1825 0.0221 None
stress endosphere 0.0000 0.1435 -0.1044 0.0107 None
stress rhizosphere 0.0886 0.7645 0.0541 0.2494 Positive
stress soil 0.0001 0.2397 -0.1106 0.0366 None
nitrogen endosphere 0.000 0.074 -0.0676 0.0304 None
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Alpha
diversity ~
(Richness
of
functions)

nitrogen
nitrogen
phosphorus
phosphorus
phosphorus
signal
signal

signal
secondary
metabolism
secondary
metabolism
secondary
metabolism

motility
motility
motility
stress
stress
stress
nitrogen

nitrogen

rhizosphere
soil

endosphere
rhizosphere
soil

endosphere
rhizosphere

soil
endosphere
rhizosphere

soil

endosphere
rhizosphere
soil

endosphere
rhizosphere
soil

endosphere

rhizosphere

0.0226
0.0000
0.0000
0.0616
0.0016
0.0000
0.0375
0.0002

0.0000

0.0857

0.0015

0.0004

0.0000
0.0000
0.0002
0.0003
0.0000

0.0001

0.0001

0.6326

0.1274
0.0754
0.6841

0.3217
0.0906
0.7237
0.2976

0.0812

0.7320

0.3437

0.2936

0.1980
0.0171
0.2939
0.3262
0.0590
0.2187
0.2683

0.0357
-0.1044
-0.0203

0.0394
-0.1486
-0.1262

0.0435
-0.1403

-0.1247
0.0641

-0.1611

-7.55
-34.07
-89.77

-36.9
3553
-23.1

-26.32

0.1975
0.0702
0.0454

0.1543
-0.0013
0.0244

0.2314

0.0111

0.0849

0.2989

-0.0039

76.04
73-07
54.368
266.6
3653
193.46
74-96
96.88

Positive
None

None

Positive
Negative
None

Positive

None
Positive

Negative
None

None
None
None
None
None
None

None
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Alpha
diversity ~
(Effective
no.
functions)

nitrogen
phosphorus
phosphorus
phosphorus
signal
signal

signal
secondary
metabolism
secondary
metabolism
secondary
metabolism

motility
motility
motility
stress
stress
stress
nitrogen
nitrogen

nitrogen

soil
endosphere
rhizosphere
soil
endosphere
rhizosphere

soil
endosphere
rhizosphere

soil

endosphere
rhizosphere
soil

endosphere
rhizosphere
soil

endosphere
rhizosphere

soil

0.0000
0.0010
0.0001

0.0000
0.0002
0.0008
0.0000

0.0000

0.0002

0.0001

0.0000

0.0024
0.0000
0.0000
0.0036
0.0258
0.0052

0.0101

0.0000

0.0635
0.3479
0.2478
0.0285
0.2858
0.3168
0.0402

0.0000

0.3272

0.1970

0. 3322

0.5325
0.0912
0.0022
0.5750
0.4823
0.2738
0.6302

0.0635

-97.58
-1.47
-15.29
-59.403
-33.25

-14.39

-23.9613

-2.79

-61.51

-13.187
-30.82
-7-532
-18.333
-88.04
14.28
1.646
-25.79
-6.916

54.87
60.46
65.22
38.683
184.55
262.3

26.77

17.9999

52.21

18.56

6.722
-1.36
9.931
25.395
-1.14
63.76
12.909
-2.81

9.843

None
None
None
None
None
None
None

None
None

None

None

Negative
None

None

Negative
Positive
Positive
Negative

None
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Functional
gene
relative
abundanc
e (%) ~

phosphorus
phosphorus
phosphorus
signal
signal

signal
secondary
metabolism
secondary
metabolism
secondary
metabolism

motility
motility
motility
stress
stress
stress
nitrogen
nitrogen
nitrogen

phosphorus

endosphere
rhizosphere
soil

endosphere
rhizosphere

soil
endosphere
rhizosphere

soil

endosphere
rhizosphere
soil
endosphere
rhizosphere
soil
endosphere
rhizosphere
soil

endosphere

0.0401
0.0018
0.0745
0.0002
0.0008
0.0000

0.0000

0.0015

0.0438

0.0122

0.0004
0.0105
0.0005
0.0000
0.0716
0.0000
0.0012
0.0001

0.0001

0.4046
0.5681
0.4982
0.3477
0.4691
0.3084
0.0388

0.4358

0.6264

0.3092

0.2945
0.4205
0.2292
0.0006
0.4520

0.1055
0.5083
0.3014
0.2348

3.225
-15.259
3.661
-22
-41.71

-211.14

-12.167

-0.282

1.236

0.1525
-0.7116
0.1665

-0.2662

-0.3769

0.665
-0.1795
-0.4057
-0.124

-0.1369

9.818

0.534
11.959
0.08
3.78
130.3

9179
6.03

4.968

0.7833
0.0611
1.1414
-0.0076
0.6685
1.97
0.0757
0.0436
0.3465
0.0296

Positive
None

Positive
None

None
None

None

None

Positive

Positive
None
Positive
Negative
None

Positive
None

None
None

None
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phosphorus
phosphorus
signal
signal
signal
secondary
metabolism
secondary
metabolism

secondary
metabolism

rhizosphere
soil

endosphere
rhizosphere

soil
endosphere
rhizosphere

soil

0.0000
0.0000
0.0000

0.000
0.0392

0.0000

0.0041

0.0017

0.0279
0.0062
0.0005

0.111
0.4837

0.0278

0.6476

0.3213

-0.2017
-0.1209
-0.1899

-0.1227

0.154
-0.0564
-0.1138

-0.1121

0.1573
0.1447
0.1518

0.3295
0.6785

0.1011

-0.0102

-0.0061

None
None
None

None

Positive
None
Negative

Negative
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Table S4.3. Upper and lower 95% confidence intervals for linear mixed effect model estimates

of the slope coefficient denoting a trend between Themeda triandra soil/root bacterial

taxonomic beta diversity (Bray-Curtis distances), R? and mean annual aridity index following

bootstrapping at 2000 permutations. Compartment refers to whether these associations were

tested in T. triandra endospheres, rhizospheres, or bulk soils. Trend denotes the directional

relationship in response to increasing aridity index (where high aridity index corresponds to

increasingly wetter conditions, and low aridity index reflects drier conditions, i.e., a positive

trend means the response variable increases with wetter conditions).

Response R2: Lower R2: Upper Estimate: Estimate:

Compartment confidence confidence Lower Upper Trend

interval interval confidence confidenc
interval e interval

Beta diversity ~ 0.0454 0.3003 -0.1570 -0.0375
(Bray-Curtis Negative
distances) Endosphere

Rhizosphere 0-0044 0-6779 0.0472 0.3420 Positive

. 0.0000 0.0714
Soil -0.1229 0.1252 None
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Table S4.4. Explanatory variables included in canonical correspondence analysis (CCA) across

T. triandra bulk soils, rhizospheres and endospheres.

Model variables Description

Aboveground biomass

Aridity

Functional vegetation,

Latitude
Longitude

Physicochemical
measurements (for bulk
soil analyses only)

Themeda triandra site-
density

Trace elements and
macronutrients (for
rhizosphere analyses only)

Aboveground biomass of the host plant that each sample
attributed to (bulk soil, rhizosphere or endosphere)

Mean annual aridity index for each sample site, Atlas of
Living Australia (Belbin 2011, ALA 2014)

Relative abundance at each site for graminoids, herbs,
shrubs, trees/canopy cover, litter, and bare soil.

Latitude coordinates for each sampling site

Longitude coordinates for each sampling site

Ammonium nitrogen, nitrate, phosphorus, potassium,
sulphur, organic carbon, electrical conductivity and pH
(CaCl2) contained in the soil sampled at either 2 m or 30 cm
from host plants

Values pertaining to the density of T. triandra individuals
for each sampling site

Boron, calcium, copper, iron, magnesium, manganese,
Phosphorus, potassium, sodium, sulphur, total nitrogen,
and zinc contained in the leaf tissue in sampled host plants
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Table S4.5. Sample sequencing information for taxonomic and functional annotation. Reads

shows taxonomic and functional library sizes. The number of unique species and functions are

also represented. All values reported are after data processing (i.e., removal of non-

representative taxa, and quality control filtering).

Sample Compartment Site Plant Aridity Reads Unique  Reads Unique
ID ID  index (taxonomy) Species (functions) functions
(bacteria)

EA2 endosphere  Sturt Az 0.6344784 148,881 7,546 168,228 11,712
Gorge

EA3 endosphere  Sturt A3 0.6344784 197,097 7,800 228,762 12,622
Gorge

EA4 endosphere  Sturt A4 0.6344784 176,143 7,958 205,948 12,399
Gorge

EAs endosphere  Sturt A5 0.6344784 1,295,071 9,157 1,339,565 18,345
Gorge

EA6 endosphere  Sturt A6  0.6344784 1,544,200 9,061 1,603,085 18,441
Gorge

EB1 endosphere  Barunga Bi 0.3468773 70,931 5,721 56,953 7,899
Gap

EB2 endosphere  Barunga B2 0.3468773 264,316 7,959 274,509 12,865
Gap

EB3 endosphere  Barunga B3  0.3468773 71,402 7,111 65,065 8,658
Gap

EBs5 endosphere  Barunga Bs  0.3468773 384,699 8,086 401,163 14,189
Gap

EB6 endosphere  Barunga B6  0.3468773 231,724 7,951 260,666 13,059
Gap

EC1 endosphere  Neagles Ci1  0.6507292 22,793 5,744 26,975 6,580
Rock

EC2 endosphere  Neagles C2  0.6507292 409,149 8,641 550,736 15,406
Rock

EC3 endosphere  Neagles C3  0.6507292 98,305 7,325 117,101 10,836
Rock

EC4 endosphere  Neagles C4  0.6507292 365,726 9,084 583,958 14,859
Rock
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ED2

ED3

EDs

ED6

EE1

EE2

EE3

EE4

EE5

EE6

EF1

EF2

EF3

EF4

EFs5

EF6

EG1

endosphere

endosphere

endosphere

endosphere

endosphere

endosphere

endosphere

endosphere

endosphere

endosphere

endosphere

endosphere

endosphere

endosphere

endosphere

endosphere

endosphere

endosphere

Alligator
Gorge

Alligator
Gorge

Alligator
Gorge

Alligator
Gorge

Alligator
Gorge

Mount
Maria

Mount
Maria

Mount
Maria

Mount
Maria

Mount
Maria

Mount
Maria

Frahns
Farm

Frahns
Farm

Frahns
Farm

Frahns
Farm

Frahns
Farm

Frahns
Farm

Scott
Creek

D2

D3

D4

D6

E1

E2

Es

E6

F1

F2

F3

F4

F6

G1

0.4450030

0.4450030

0.4450030

0.4450030

0.4450030

0.2927616

0.2927616

0.2927616

0.2927616

0.2927616

0.2927616

0.4539200

0.4539200

0.4539200

0.4539200

0.4539200

0.4539200

0.9030759

141,325

137,210

187,026

229,766

432,808

820,531

327,595

269,652

324,325

238,082

129,403

234,588

227,154

353,919

240,658

227,168

148,847

564,358

7,319

7,252

7,520

7,801

7,878

8,740

8,250

7,878

7,801

7,555

7,697

7,727

7779

8,040

7,738

7,773

7,436

8,430

160,209

158,492

203,397

245,451

488,464

888,789

353,716

294,926

372,015

271,555

141,205

277,724

264,451

408,296

263,158

263,060

164,995

737,550

11,887

11,229

12,400

12,923

14,716

16,588

14,114

13,110

14,052

12,827

11,447

13,685

13,021

14,239

13,115

13,215

11,526

15,364
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EG2

EGs

EG6

EH1
EH2
EH3

EHs
EH6
RA1

RA2

RB1

RB2

RD1

RD6

RE1

endosphere

endosphere

endosphere

endosphere

endosphere

endosphere
endosphere
endosphere
endosphere
endosphere
endosphere

rhizosphere

rhizosphere

rhizosphere

rhizosphere

rhizosphere

rhizosphere

rhizosphere

rhizosphere

rhizosphere

rhizosphere

Scott
Creek

Scott
Creek

Scott
Creek

Scott
Creek

Scott
Creek

Maitland
Maitland
Maitland
Maitland
Maitland
Maitland

Sturt
Gorge

Sturt
Gorge

Sturt
Gorge

Sturt
Gorge

Sturt
Gorge

Barunga
Gap

Barunga
Gap

Alligator
Gorge

Alligator
Gorge

Mount
Maria

G2

G3

G4

A6

B1

B2

D1

D6

E1

0.9030759

0.9030759

0.9030759

0.9030759

0.9030759

0.4532474
0.4532474
0.4532474
0.4532474
0.4532474
0.4532474
0.6344784

0.6344784

0.6344784

0.6344784

0.6344784

0.3468773

0.3468773

0.4450030

0.4450030

0.3178943

566,530

358,633

125,461

174,958

767,711

1,171,644
1,496,065
505,697
370,951

216,793
432,286

979,435

196,556

169,331

195,745

186,873

112,966

183,869

228,563

145,898

172,850

8,708

8,387

6,958

8,618

8,789

9,050
8,884
8,154
7,981
6,701
8,127
8,865

8,039

8,467

8,610

8,595

8,035

8,551

8,647

8,539

8,563

772,271

464,984

156,709

218,455

1,009,624

1,302,793
1,552,796
541,837
408,061
215,328
464,166

124,7696

273,390

328,812

365,039

336,609

212,035

349,185

443,737

305,006

356,732

16,035

14,137

11,062

12,880

16,987

17,825
17,979
14,978
14,540

12,081
14,225
17,327

12,459

12,010

12,368

11,801

10,655

12,025

13,329

11,544

12,279
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RE3

RE4

RF3

RF4

RF5

RG3

RG4

RGs

RG6

RH1
RH3
RH4
RH6
SA1

SA2

SA3

SA4

SAs

SA6

SB1

rhizosphere

rhizosphere

rhizosphere

rhizosphere

rhizosphere

rhizosphere

rhizosphere

rhizosphere

rhizosphere

rhizosphere
rhizosphere
rhizosphere
rhizosphere

soil

soil

soil

soil

soil

soil

soil

Mount
Maria

Mount
Maria

Frahns
Farm

Frahns
Farm

Frahns
Farm

Scott
Creek

Scott
Creek

Scott
Creek

Scott
Creek

Maitland
Maitland
Maitland
Maitland

Sturt
Gorge

Sturt
Gorge

Sturt
Gorge

Sturt
Gorge

Sturt
Gorge

Sturt
Gorge

Barunga
Gap

E3

Eq

F3

F5

G3

Gq

Gs

G6

Hi
H3
Hg
Ho
A1

A2

As

A6

B1

0.3178943

0.3178943

0.4539200

0.4539200

0.4539200

0.9030759

0.9030759

0.9030759

0.9030759

0.4532474
0.4532474
0.4532474
0.4532474
0.6344784

0.6344784

0.6344784

0.6344784

0.6344784

0.6344784

0.3468773

110,858

398,165

298,688

198,734

116,606

497,08

7,115

12,214

NA

19,271
128,490

179,149
158,816

119,443

72,704

87,519

68,022

137,506

108,078

90,468

8,410

8,626

8,796

8,595

8,342

7,466

3,128

4,362

NA

4,980

8,354
8,240

8,540
8,500

7,675

8,126

8,006

8,640

8,273

7,741

237,807

623,623

673,559

382,951

251,405

18,077

11,011

23,651

13,609

44,438
257,185
398,595
384,701
264,693

171,912

190,795

155,098

292,297

246,037

277,375

10,897

15,223

13,349

13,157

11,611

8,851

3,843

5,246

4,181

6,050
11,120
10,286
11,222

10,268

8,648

9,474

9,204

10,950

9,986

8,903
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SB2

SB3

SB4

SBs

SB6

SC1

SC2

SC3

SC4

SCs

SC6

SD1

SD2

SDs3

SD4

SE3

SF2

SF3

soil

soil

soil

soil

soil

soil

soil

soil

soil

soil

soil

soil

soil

soil

soil

soil

soil

soil

Barunga
Gap

Barunga
Gap

Barunga
Gap

Barunga
Gap

Barunga
Gap

Neagles
Rock

Neagles
Rock

Neagles
Rock

Neagles
Rock

Neagles
Rock

Neagles
Rock

Alligator
Gorge

Alligator
Gorge

Alligator
Gorge

Alligator
Gorge

Mount
Maria

Frahns
Farm

Frahns
Farm

B2

B3

Bg

B6

C1

C2

Co

D1

D2

0.3468773

0.3468773

0.3468773

0.3468773

0.3468773

0.6507292

0.6507292

0.6507292

0.6507292

0.6507292

0.6507292

0.4450030

0.4450030

0.4450030

0.4450030

0.3178943

0.4539200

0.4539200

84,868

78,110

106,651

95,049

19,462

74,654

105,413

133,725

72,670

117,833

137,826

118,696

146,304

13,813

166,267

60,442

53,889

125,801

7,609

7,670

8,349

8,100

5,592

8,043

8,408

7,414

7,952

8,450

8657

8,533

8,709

8,570

8,671

6,726

7,506

8,696

234,708

186,826

275,450

255,235

56,302

171,753

238,124

279,538

169,533

275,391

315,805

201,863

380,494

288,153

354,156

151,270

121,066

297,857

8,546

8,710

10,070

9,552

6,131

9,334

10,622

9,167

9,444

10,572

11,432

11,174

11,880

10,961

12,263

8,240

8,303

11,428
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SF4 soil Frahns F4  0.4539200 87,930 8,301 216,252 10,307
Farm

SFs5 soil Frahns F5 0.4539200 87,996 8,325 196,589 10,059
Farm

SG1 soil Scott G1  0.9030759 61,711 6,388 111,736 7,574
Creek

SG2 soil Scott G2  0.9030759 95,039 8,465 268,302 10,368
Creek

SG3 soil Scott G3  0.9030759 110,860 8,474 308,153 11,551
Creek

SG4 soil Scott G4  0.9030759 641,625 9,342 1,530,255 15,849
Creek

SGs soil Scott G5 0.9030759 629,842 9,368 1,417,307 15,966
Creek

SG6 soil Scott G6  0.9030759 963,770 9,289 1,976,684 16,507
Creek

SH1 soil Maitland H1  0.4532474 175,366 8,800 421,075 12,147

SH2 soil Maitland H2  0.4532474 115,035 8,513 271,665 11,007

SH3 soil Maitland H3  0.4532474 107,227 7,534 264,682 9,185

SH4 soil Maitland H4  0.4532474 129,221 8,148 343,810 10,307

SHs5 soil Maitland H5  0.4532474 109,460 8,397 275,408 10,378

SH6  soil Maitland H6  0.4532474 156,345 8,731 389,924 11,421
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Table S4.6. Mean relative abundance of reads, and standard deviations (SD) attributed to six

isolated functional categories at SEED subsystem level 1 across the bulk soils, rhizospheres,

and endospheres of T. triandra plants.

Subsystem 1 Compartment Mean relative abundance SD relative abundance
(%) (%)

Motility and endosphere 1.438 0.224

Chemotaxis

Motility and rhizosphere 1.375 0.263

Chemotaxis

Motility and soil 1.052 0.314

Chemotaxis

Nitrogen Metabolism  endosphere 1.235 0.084

Nitrogen Metabolism  rhizosphere 0.9 0.137

Nitrogen Metabolism  soil 0.677 0.122

Phosphorus endosphere 1.221 0.05

Metabolism

Phosphorus rhizosphere 1.302 0.095

Metabolism

Phosphorus soil 1.304 0.081

Metabolism

Regulation and Cell endosphere 1.99 0.081

signalling

Regulation and Cell rhizosphere 1.821 0.121

signalling

Regulation and Cell soil 1.655 0.155

signalling

Secondary Metabolism endosphere 0.228 0.051

Secondary Metabolism rhizosphere 0.207 0.029

Secondary Metabolism  soil 0.209 0.035

Stress Response endosphere 4188 0.092

Stress Response rhizosphere 4.086 0.291

Stress Response soil 3.67 0.469
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Table S4.7. Full statistical output for taxonomic alpha diversity linear mixed effects models and subsequent pairwise comparisons.

Test Test
Response Random statistic  statistic
Type Test Full model variable predictor Effects  df type value P-value  Significance
taxonomy
alpha Bacterial Richness ~ site +  Bacterial
diversity LMEM compartment + (1|plant_id) Richness site Plant_ID X2 11.3733 0.1231 NS
compartment  Plant_ID X2 2.5627 0.2777 NS
taxonomy
alpha Bacterial richness ~ Bacterial
diversity LMEM compartment + (1|plant_id) Richness compartment Plant_ID X2 2.9945 0.2237 NS
taxonomy
alpha Shannon diversity ~ site + Shannon's
diversity LMEM compartment + (1|plant_id) diveristy  site Plant_ID X2 19.999 0.005572 **
Barunga Gap -
Alligator
Tukey site pairwise comparisons Gorge - z value -2.993 0.0549 NS
Frahns Farm -
Alligator
Gorge - 0.133 1 NS
Maitland -
Alligator
Gorge - -2.077 0.4273 NS
Mount Maria
- Alligator
Gorge - -0.57  0.9992 NS

Inoj 1a1dey) :uoneuriojur Areyuswajddng



(443

Neagles Rock
- Alligator
Gorge

Scott Creek -
Alligator
Gorge

Sturt Gorge -
Alligator
Gorge

Frahns Farm -
Barunga Gap
Maitland -
Barunga Gap
Mount Maria
- Barunga Gap
Neagles Rock
- Barunga Gap
Scott Creek -
Barunga Gap
Sturt Gorge -
Barunga Gap
Maitland -
Frahns Farm
Mount Maria
- Frahns Farm
Neagles Rock
- Frahns Farm
Scott Creek -
Frahns Farm

0.103

-1.681

-1.878

3.258

1.104

2.285

3.013

1.477

1.303

-2.325

-0.723

-0.022

-1.903

0.6978

0.5641

0.0247

0.9556

0.3

0.0525

0.8184

0.8971

0.278

0.9963

0.5461

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS
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LMEM

Tukey

compartment pairwise

comparisons

Sturt Gorge -
Frahns Farm
Mount Maria
- Maitland
Neagles Rock
- Maitland
Scott Creek -
Maitland
Sturt Gorge -
Maitland
Neagles Rock
- Mount
Maria

Scott Creek -
Mount Maria
Sturt Gorge -
Mount Maria
Scott Creek -
Neagles Rock
Sturt Gorge -
Neagles Rock
Sturt Gorge -
Scott Creek

compartment
rhizosphere -
soil
endosphere -
soil

Plant_ID

z value

-2.117

1.383

2.104

0.408

0.214

0.644

-1.008

-1.195

-1.731

-1.908

-0.197
092.283

-2.529

-9.41

0.4013

0.8642

0.4095

0.9999

0.9982

0.9731
0.9331

0.665

0.5431

1

2.20E-16

0.0304

<0.001

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

*k%

*k%
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taxonomy
alpha
diversity

taxonomy
alpha
diversity

LMEM

Tukey

LMEM

Tukey

Shannon ~ compartment +
(1|plant_id)

compartment pairwise
comparisons

effective no species ~ site +
compartment + (1|plant_id)

site pairwise comparisons

Shannon's
diveristy

Effective
no.
species

rhizosphere -
endosphere

compartment
rhizosphere -
soil
endosphere -
soil
endosphere -
rhizosphere

site

Barunga Gap -
Alligator
Gorge

Frahns Farm -
Alligator
Gorge
Maitland -
Alligator
Gorge

Mount Maria
- Alligator
Gorge
Neagles Rock
- Alligator
Gorge

Plant_ID

Plant_ID

X2

z value

X2

z value

-5-379

80.453

-2.551

-8.854

-4.858

22.448

-0.027

-2.436

-0.978

-0.319

<0.001

<0.001

0.0286

<0.001

<0.001

0.002126

0.0294

0.2215

0.9773

*kk

*kk

*k%

*kk

*%

NS

NS

NS

NS
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Scott Creek -
Alligator
Gorge

Sturt Gorge -
Alligator
Gorge

Frahns Farm -
Barunga Gap
Maitland -
Barunga Gap
Mount Maria
- Barunga Gap
Neagles Rock
- Barunga Gap
Scott Creek -
Barunga Gap
Sturt Gorge -
Barunga Gap
Maitland -
Frahns Farm
Mount Maria
- Frahns Farm
Neagles Rock
- Frahns Farm
Scott Creek -
Frahns Farm
Sturt Gorge -
Frahns Farm

-1.865

-2.62

3.307

0.955

2.063

2.773

1.508

0.751

-2.526

-0.993

-0.304

-1.923

-2.721

0.5731

0.1468

0.0211

0.9803

0.4371

0.1009

0.802

0.9953

0.1833

0.9753

0.5319

0.1151

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS
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LMEM

Tukey

compartment pairwise

comparisons

Effective
no.
species

Mount Maria
- Maitland
Neagles Rock
- Maitland
Scott Creek -
Maitland
Sturt Gorge -
Maitland
Neagles Rock
- Mount
Maria

Scott Creek -
Mount Maria
Sturt Gorge -
Mount Maria
Scott Creek -
Neagles Rock
Sturt Gorge -
Neagles Rock
Sturt Gorge -
Scott Creek

compartment
rhizosphere -
endosphere
soil -
endosphere

Plant_ID

1.287

1.994

0.597

-0.213

-0.75
-1.469
“1.457
-2.166

-0.804

2 X2 109.074
z value 5.49

10.308

0.903

0.4843

0.9989

0.9985

0.9953

0.8226

0.8292

0.3701

0.9929

<0.001

<0.001

<0.001

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

*k%

*kk

*hk
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taxonomy
alpha
diversity

taxonomy
alpha
diversity

taxonomy
alpha
diversity

LMEM

Tukey

LMEM

Tukey

LMEM

Tukey

Effective
effective no species ~ no.
compartment + (1|plant_id) species
compartment pairwise
comparisons

Pielou's
Pielou's evenness ~ site + evenness
compartment + (1|plant_id) index

compartment pairwise
comparisons

Pielou's
Pielou's evenness ~ site + evenness
compartment + (1|plant_id) index
compartment pairwise
comparisons

soil -
rhizosphere

compartment
rhizosphere -
endosphere
soil -
endosphere
soil -
rhizosphere

site
compartment
rhizosphere -
endosphere
soil -
endosphere
soil -
rhizosphere

compartment
rhizosphere -
endosphere
soil -
endosphere

Plant_ID

Plant_ID
Plant_ID

Plant_ID

3.157

X2 95.27

z value 4.884

9.698
3.206
X2 12.744
X2 73-731
z value 5.056
8.345
1.966
X2 68.538
z value 4.784
8.108

0.00455

<0.001

<0.001

<0.001

0.00368

0.0786

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

**

*kk

*k%

*k%

*&

NS

*k%

*kk

*k%

*k%

*kk

*k%
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taxonomy
alpha
diversity
taxonomy
alpha
diversity
taxonomy
alpha
diversity

LMEM

LMEM

LMEM

Bacterial richness ~ Aridity
index + (1|plant_id)

Shannons diversity ~
Aridity index + (1|plant_id)

Pielou's evenness~ Aridity
index + (1|plant_id)

Bacterial
Richness

Shannon's
diveristy

Pielou's
evenness

soil -

rhizosphere -

Aridity index  Plant_ID 1 X2
Aridity index  Plant_ID 1 X2
Aridity index  Plant_ID 1 X2

2.022

1.667

0.2774

0.2448

0.106

0.1967

0.5984

0.6207

NS

NS

NS

NS
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Table S4.8. Beta diversity analysis output showing the effects of plant compartment (bulk soil, rhizosphere and endosphere) on bacterial

community compositions using PERMANOVAS via the adonis2 function in the R package Vegan.

Response variable Statistical test Predictor variable Degrees of F-statistic R squared P value
freedom value

Bacterial taxonomy PERMANOVA ~Compartment 2and 101 55.96 0.53 <0.001***

Bacterial taxonomy PERMANOVA ~Aridity index 1and 102 3.53 0.03 0.027*

Bacterial taxonomy PERMANOVA ~Sampling site 7and 96 2.73 0.17 0.002**

Microbial functions PERMANOVA ~Compartment 2 and 102 45.73 0.47 <0.001***

Microbial functions PERMANOVA ~Aridity index 2 and 102 4.61 0.04 0.008**
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Table S4.9. Full statistical output for distance to centroid estimates for taxonomic and functional beta diversity

Degree
) L Permutation Predictor s of o
Response variable Statistical test : statisti P value
s variable freedo
m
Distance to centroid - taxonomic beta  Permutation test for homogeneity of Compartmen 2 and
diversity~ multivariate dispersions 999 t 102 4.7072 0.015
Rhizosphere- 0.009004
Pairwise compartment test Endosphere 7
Soil-
Pairwise compartment test Endosphere 0.7666314
Soil-
Pairwise compartment test Rhizosphere 0.0488275
Distance to centroid - functional beta ~ Permutation test for homogeneity of Compartmen 2 and
diversity~ multivariate dispersions 999 t 102 14.647 <0.001
Rhizosphere- 0.000488
Pairwise compartment test Endosphere 7
Soil- 0.000006
Pairwise compartment test Endosphere 8
Soil-
Pairwise compartment test Rhizosphere 0.9255204
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Table S4.10. Full statistical output for functional alpha diversity linear mixed effects models and subsequent pairwise comparisons

Respons Test Test
e Random statistic statisti
Type Test  Full model variable  predictor Effects df type cvalue P-value Significance
functiona Functional richness ~
l alpha LME  site + compartment + Functiona
diversity M (1|plant_id) I richness  site Plant_ID 7 X2 2.6844 0.912583 NS
Functiona compartmen
I richness t Plant_ID 2 X2 10.0471 0.006581 **
compartment pairwise rhizosphere
Tukey comparisons - endosphere - z value 2.887 0.0107 *
soil -
endosphere - 2.328 0.0515 NS
soil -
rhizosphere - -0.865 0.661 NS
functiona Functional richness ~
| alpha LME  compartment + Functiona compartmen 0.00579
diversity M (1|plant_id) I richness t Plant_ID 2 X2 10.3 9 **
compartment pairwise rhizosphere
Tukey comparisons - endosphere - z value 2.84 0.0124 *
soil -
endosphere - 2.519 0.0315 *
soil -
rhizosphere - -0.676 0.7765 NS
functiona Shannon's diversity ~
l alpha LME  site + compartment + Shannon's
diversity M (1)plant_id) diversity  site Plant_ID 7 X2 30.992 <0.001 ok
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Tukey

site pairwise
comparisons

Barunga Gap
- Alligator
Gorge
Frahns Farm
- Alligator
Gorge
Maitland -
Alligator
Gorge
Mount Maria
- Alligator
Gorge
Neagles
Rock -
Alligator
Gorge

Scott Creek -
Alligator
Gorge

Sturt Gorge -
Alligator
Gorge
Frahns Farm
- Barunga
Gap
Maitland -
Barunga Gap

z value

-4.372

-0.264

-2.465

-0.927

-1.583

-2.028

-0.498

4.281

2.209

<0.001

0.2095

0.9833

0.75901

0.4605

0.9997

<0.001

0.3439

*kk

NS

NS

NS

NS

NS

NS

*k*

NS
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Mount Maria
- Barunga
Gap

Neagles
Rock -
Barunga Gap
Scott Creek -
Barunga Gap
Sturt Gorge -
Barunga Gap
Maitland -
Frahns Farm
Mount Maria
- Frahns
Farm
Neagles
Rock -
Frahns Farm
Scott Creek -
Frahns Farm
Sturt Gorge -
Frahns Farm
Mount Maria
- Maitland
Neagles
Rock -
Maitland
Scott Creek -
Maitland

3.242

2.595

2.667

4.256

-2.296

-0.709

-1.381

-1.837

-0.233

1.371

0.66

0.485

0.0255

0.1565

0.1315
<0.001

0.2938

0.9967

0.865

0.592

0.8695

0.9979

0.9997

*

NS

NS

*k*

NS

NS

NS

NS

NS

NS

NS

NS
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functiona
| alpha
diversity

LME

Tukey

LME
M

compartment pairwise

comparisons

Shannon's diversity ~
compartment +

(1|plant_id)

Shannon's

Shannon's

Sturt Gorge -
Maitland
Neagles
Rock -
Mount Maria
Scott Creek -
Mount Maria
Sturt Gorge -
Mount Maria
Scott Creek -
Neagles
Rock

Sturt Gorge -
Neagles
Rock

Sturt Gorge -
Scott Creek
compartmen
t
rhizosphere
- endosphere
soil -
endosphere
soil -
rhizosphere

compartmen
t

Plant_ID

Plant_ID

2 X2

z value

2.178

-0.627

-0.95

0.521

-0.24

1.221

1.694

182.969

-8.463

-13.013

-2.663

159.95

0.3625

0.9985

0.9808

0.9996

0.9251

0.6894

<0.001

<0.001

<0.001

0.0207

<0.001

NS

NS

NS

NS

NS

NS

NS

*k*

*k*

*kk

*k%
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functiona
l alpha
diversity

Tukey

LME
M

TUkey

Effective no. functions  Effective
~ site + compartment + no.
(1|plant_id) functions
site pairwise

comparisons

rhizosphere
- endosphere
soil -
endosphere
soil -
rhizosphere

site

Barunga Gap
- Alligator
Gorge
Frahns Farm
- Alligator
Gorge
Maitland -
Alligator
Gorge
Mount Maria
- Alligator
Gorge
Neagles
Rock -
Alligator
Gorge

Scott Creek -
Alligator
Gorge

Plant_ID

z value

X2

z value

-7.576

-12.334

-2.03

31.449

-4.376

-0.282

-2.548

-0.845

-1.772

-1.976

<0.001

<0.001

0.00959

<0.001

<0.001

0.1741

0.9903

0.6368

0.4959

*kk

*k*

**

*kk

*k*

NS

NS

NS

NS

NS
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Sturt Gorge -
Alligator
Gorge
Frahns Farm
- Barunga
Gap
Maitland -
Barunga Gap
Mount Maria
- Barunga
Gap

Neagles
Rock -
Barunga Gap
Scott Creek -
Barunga Gap
Sturt Gorge -
Barunga Gap
Maitland -
Frahns Farm
Mount Maria
- Frahns
Farm
Neagles
Rock -
Frahns Farm
Scott Creek -
Frahns Farm

-0.502

4.267

2.126

3-329

2.401

2.726

4.257

-2.364

-0.607

-L.559

-1.764

0.9997

<0.001

0.3953

0.0196

0.2389

0.136

<0.001

0.258

0.9988

0.7729

0.6427

NS

*kk

NS

NS

NS

*k*

NS

NS

NS

NS
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Effective
no.

functions

Sturt Gorge -
Frahns Farm
Mount Maria
- Maitland
Neagles
Rock -
Maitland
Scott Creek -
Maitland
Sturt Gorge -
Maitland
Neagles
Rock -
Mount Maria
Scott Creek -
Mount Maria
Sturt Gorge -
Mount Maria
Scott Creek -
Neagles
Rock

Sturt Gorge -
Neagles
Rock

Sturt Gorge -
Scott Creek

compartmen
t

- -0.218

- 1.539

- 0.536
- 0.635

- 2.266

- -0.887

- -0.989

- 0.429

- 0.014

- 1.421

- 1.632

Plant_ID 2 X2 218.189

0.7845

0.9995

0.9984

0.3105

0.9872

0.9759

0.9999

0.8467

0.7287

<0.001

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

*xk
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functiona
l alpha LME
diversity M

functiona
l alpha LME
diversity M

functiona
l alpha LME
diversity M

compartment pairwise
comparisons

Effective no. functions  Effective
~ compartment + no.
(1|plant_id) functions
Pielou's evenness ~ site

+ compartment + Pielou's
(1|plant_id) evenness
compartment pairwise
comparisons

Pielou's evenness ~

compartment + Pielou's
(1|plant_id) evenness

compartment pairwise
comparisons

rhizosphere
- endosphere
soil -
endosphere
soil -
rhizosphere

compartmen
t

site
compartmen
t

rhizosphere
- endosphere
soil -
endosphere
soil -
rhizosphere

compartmen
t

rhizosphere
- endosphere

Plant_ID

Plant_ID

Plant_ID

Plant_ID

z value

X2
z value

X2

X2

z value

X2

z value

-9.664

-14.64

-2.858

202.35
-8.632
-13.841

-3.16

4.0765

40.3641

-4.844

-5.672

-0.045

159.95

-7.576

<0.001

<0.001

0.0118

<0.001

<0.001

<0.001

0.00455

0.7709

<0.001

<0.001

<0.001

0.999

<0.001

<0.001

*kk

*k*

*kk
*k*
*k*

*%*

NS

*kk

*kk

*k*

NS

*k%

*kk
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functiona
l alpha
diversity
functiona
l alpha
diversity
functiona
| alpha
diversity
functiona
| alpha
diversity

LME

LME

LME

LME
M

Functional richness ~
Aridity index +
(1|plant_id)
Shannons diversity ~
Aridity index +
(1|plant_id)

Effective no. functions
~ Aridity index +
(1|plant_id)

Pielou's evenness~
Aridity index +
(1|plant_id)

Functiona
I Richness

Shannon's
diveristy
Effective
no.
functions

Pielou's
evenness

soil -
endosphere
soil -
rhizosphere

Aridity index

Aridity index

Aridity index

Aridity index

Plant_ID

Plant_ID

Plant_ID

Plant_ID

X2

X2

X2

X2

12.334 <0.001

-2.03

1.367

0.0817

0.1165

0.4785

0.00928

0.2423

0.775

0.7328

0.4891

*xk

*%*

NS

NS

NS

NS
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Table S4.11. Statistical output for linear mixed effects model (LMEM) comparing bacterial alpha diversity by functional alpha diversity.

Test Test
Response  Predictor Random statistic  statistic

Test Full model variable variable Effects df type value P-value Significance

Effective no. functions ~

Effective no. species + Effective

compartment + no. Effective no.
LMEM (1] compartment) functions species Compartment X2 20.0432 <0.001 ***

Compartment Compartment X2 5.3444 0.0601 NS
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Supplementary information: Chapter four

Table S4.12. Log fold change (LFC) of differentially abundant bacterial phyla across
bulk soils, rhizospheres and endospheres. Significance value is indicated by *’ for p < 0.05,

“** for p < 0.01, and *** for p < 0.001. NS indicates non-significant taxa within a given

comparison.
LFC Rhizosphere vs. LFC Soil vs. LFC Soil vs.

Bacterial Phylum Endosphere Endosphere Rhizosphere
Coprothermobacterota 0.479 NS 0.824*** 0.345 NS
Chrysiogenota 0.453% 0.482** 0.029 NS
Caldisericota 0.869** 1.8%** 0.931%*
Nitrospinota 0.609** 0.203 NS -0.407*
Atribacterota 1.151%%% 1.915%** 0.764*
Elusimicrobiota 0.71%% 1.496%** 0.786**
Dictyoglomota 0.795% 1.783%** 0.987**
Calditrichota 1.085*** 1.292%** 0.207 NS
Aquificota 0.694*** 1.355%** 0.661***
Deferribacterota 0.755** 1.481%** 0.726**
Candidatus_Bipolaricaulota 0.082 NS -0.906*** -0.988***
Candidatus_Fervidibacteria 0.854*** 0.981%** 0.127 NS
Candidatus_Absconditabacteri
a 0.756* 1.565%** 0.809*
Candidatus_Saccharibacteria 1.04** 1.055%** 0.015 NS
Bdellovibrionota 0.699** 1.134%** 0.435%
Thermotogota 0.818*** 1.515*** 0.697**
Nitrospirota 0.834™** 0.798*** -0.036 NS
Fusobacteriota 0.465* 1.387%** 0.923***
Myxococcota -1.02%** -1.984*** -0.964**
Spirochaetota 0.546™* 0.991*** 0.446*
Acidobacteriota 0.41 NS -0.438 NS -0.848*
Thermodesulfobacteriota 0.254 NS 0.125 NS -0.129 NS
Campylobacterota 0.555% 1.282%** 0.727**
Candidatus_Omnitrophota 0.965*** 0.848%** -0.117 NS
Lentisphaerota 0.786*** 1.376%** 0.59*
Kiritimatiellota 0.438* 0.205 NS -0.233 NS
Chlamydiota 1.192*** 2.084*** 0.893***
Verrucomicrobiota 0.321 NS -0.123 NS -0.444*
Planctomycetota -0.055 NS -0.661*** -0.606™
Pseudomonadota -0.735%** -1.374%** -0.639**
Fibrobacterota 0.808*** 0.925%** 0.16 NS
Candidatus_Cloacimonadota 0.9** 1.692*** 0.792**
Gemmatimonadota 0.047 NS -1.201%** -1.247%*
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Balneolota 0.827%** 0.926*** 0.099 NS
Rhodothermota 0.054 NS -0.627*** -0.681**
Ignavibacteriota 1.438*** 2.033*** 0.596*
Chlorobiota 0.675%** 0.675%** -0.001 NS
Bacteroidota 0.929*** 1.231%%* 0.302 NS
Thermomicrobiota 0.024 NS -0.714*** -0.738*
Armatimonadota 0.562* -0.092 NS -0.654*
Deinococcota -0.328 NS -0.972*** -0.644*
Chloroflexota 0.346* 0.618*** 0.272 NS
Mycoplasmatota 0.455% 1.319*** 0.864™*
Cyanobacteriota 0.712%** 1.234%%* 0.522*%
Bacillota 0.623*** 1.094*** 0.47*
Actinomycetota -1.794*** -2.691%** -0.897*
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Table S4.13. Statistical output for Kruskal-Wallis test and Dunn’s Test comparing edge average weights from the network analysis of

functional genes from subsystem 1 with. These tests compared bulk soils, rhizospheres and endospheres networks low, medium and high

aridity levels. Global significance denotes significance level at P<0.05 = **, P<o.01 = **’, P<0.001 = ***’, and P=0.05 = ‘NS’ (non-significant result).

Test Global
Subsystem Aridity level statisti  Statistic Significanc
1 Zone Test comparison c value P unadj. Adj. P value e
Motility
and
chemotaxis Soil Kruskal-Wallis X2 4.696 0.096 NS
Rhizospher
e Kruskal-Wallis X2 15.628 0.000 e
Dunn's
Test High aridity - Low aridity z -3.773 0.000 0.000
High aridity - Medium
aridity z -3.428 0.001 0.001
Low aridity - Medium
aridity y/ 1.230 0.219 0.219
Endosphere Kruskal-Wallis X2 9.732 0.008 *
Dunn's
Test High aridity - Low aridity z 3.045 0.002 0.007
High aridity - Medium
aridity z 2.511 0.012 0.024
Low aridity - Medium
aridity z -0.729 0.466 0.466
Nitrogen Soil Kruskal-Wallis X2 4.164 0.125 NS
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Rhizospher
e
Endosphere

Phosphoru

] Soil
Rhizospher
e

Endosphere
Secondary
metabolism  Soil
Rhizospher
e

Dunn's
Test

High aridity - Low aridity
High aridity - Medium
aridity

Low aridity - Medium
aridity

Kruskal-Wallis

Kruskal-Wallis

Dunn's
Test

High aridity - Low aridity
High aridity - Medium
aridity

Low aridity - Medium
aridity

Kruskal-Wallis

Kruskal-Wallis

Kruskal-Wallis

Dunn's
Test

High aridity - Low aridity
High aridity - Medium
aridity

X2
X2

X2

X2

X2

X2

X2

0.523
7-750

-2.363

-2.698

-0.422

1.678

36.122

-5.762

-5.061

1.495
3.437

3.822

10.547

3.190

0.984

1.432€-08

8.305e-09

4.176e-07

0.770
0.021

0.018

0.007

0.673

0.432

0.135
0.179

0.148
0.005

0.001

0.325

0.036

0.021

0.673

2.491e-08

8.353e-07

0.135

0.004

0.325

NS

NS

*kk

NS

NS

*%
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Regulation
and cell
signalling

Stress
response

Endosphere

Soil

Rhizospher
e

Endosphere

Soil

Low aridity - Medium
aridity

Kruskal-Wallis

Kruskal-Wallis

Dunn's
Test

High aridity - Low aridity
High aridity - Medium
aridity

Low aridity - Medium
aridity

Kruskal-Wallis

Dunn's
Test

High aridity - Low aridity
High aridity - Medium
aridity

Low aridity - Medium
aridity

Kruskal-Wallis

Dunn's
Test

High aridity - Low aridity
High aridity - Medium
aridity

Low aridity - Medium
aridity

Kruskal-Wallis

X2

X2

X2

-2.252

1.031

7.107

-2.098

-1.627

1.843

60.927

-7.760

-6.831

2.506
6.949

-2.491

-2.169

0.077

4.232

0.024

0.597

0.029

0.036

0.104

0.065

5.886e-14

8.526e-15

8.445e-12

0.012

0.031

0.013

0.030

0.939

0.120

0.049

0.108

0.104

0.131

2.558e-14

1.68ge-11

0.012

0.038

0.060

0.939

NS

*k%

NS
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Rhizospher
e

Endosphere

Kruskal-Wallis

Dunn Test  High aridity - Low aridity
High aridity - Medium
aridity
Low aridity - Medium
aridity

Kruskal-Wallis

Dunn Test  High aridity - Low aridity
High aridity - Medium
aridity
Low aridity - Medium
aridity

X2

51.016 8.355e-12
-6.891 5.526e-12

-6.515 7.290e-11
1.748

7-785

-2.788

-1.762

0.993

0.080
0.020
0.005

0.078

0.321

1.658e-11

1.458e-10

0.080

0.016

0.156

0.321

*kk
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Table S4.14. Hub functions for the stress response (subsystem 1) networks for each plant compartment (bulk soil, rhizosphere and

endosphere) at three different aridity levels (low aridity, medium aridity, and high aridity). The top 20 bub functions in each network

were selected based on highest node degree, then closeness centrality.

Closeness
Compartment Aridity Function Subsystem 2 Subsystem 3 Degree centrality
Low
Bulk soil~ aridity~ FUN28191 - Dimethylarginine metabolism 108 0.0049
FUN28255 - Flavohaemoglobin 11 0.0053
FUN28405 - Universal stress protein family 114 0.005
Housecleaning nucleoside triphosphate
FUN28464 Detoxification = pyrophosphatases 124 0.0051
Housecleaning nucleoside triphosphate

FUN28467 Detoxification  pyrophosphatases 110 0.0052
FUN28636 Heat shock Ats5g63290 113 0.0049
FUN28649 Heat shock Ats5g63290 119 0.0052
FUN28655 Heat shock Ats5g63290 108 0.0051
FUN28661 Heat shock Ats5g63290 112 0.0054
FUN28686 Heat shock Heat shock dnak gene cluster extended 106 0.0052
FUN28697 Heat shock Heat shock dnaK gene cluster extended 12 0.0052
FUN28706 Heat shock Heat shock dnaK gene cluster extended 17y 0.0053
FUN28707 Heat shock Heat shock dnaK gene cluster extended 107 0.0049

FUN28717 Heat shock Heat shock dnaK gene cluster extended 110 0.0051
FUN28718 Heat shock Heat shock dnaK gene cluster extended 108 0.0048
FUN28719 Heat shock Heat shock dnaK gene cluster extended 110 0.0048
FUN28725 Heat shock Heat shock dnaK gene cluster extended u8 0.005
FUN28735 Heat shock Heat shock dnaK gene cluster extended 114 0.0052
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Medium

aridity~

FUN28871
FUN28893

FUN289g01
FUN29o012
FUN29123
FUN29158
FUN29g191
FUN29240
FUN29356
FUN29g365
FUN29376
FUN29382
FUN281911
FUN282721
FUN283001

FUN283311

FUN284641

Osmotic stress
Osmotic stress

Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Periplasmic
Stress
Periplasmic
Stress

Detoxification

Osmoregulation
Synthesis of osmoregulated periplasmic glucans

Glutaredoxins
Glutathione: Biosynthesis and gamma-glutamyl

cycle

Oxidative stress

Oxidative stress

Oxidative stress

Oxidative stress
Rubrerythrin

Rubrerythrin

Periplasmic Stress Response
Periplasmic Stress Response
Dimethylarginine metabolism
Flavohaemoglobin
Flavohaemoglobin

Hfl operon

Housecleaning nucleoside triphosphate
pyrophosphatases

108
107

14

112

123

107

108

112

17

126

129

110

111

110
111

15

115

0.0052
0.0053

0.0054
0.0049
0.0053
0.0052
0.0051

0.0051

0.0049
0.0053
0.0052
0.0049
0.0066
0.0067
0.007

0.0066

0.0065
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FUN284671
FUN286031
FUN286301
FUN286361
FUN286411
FUN286491
FUN286531
FUN286581
FUN286861
FUN2869g71
FUN287061
FUN287131

FUN287171

FUN287251

FUN287711

FUN288571
FUN288881
FUN289g541
FUN290981

FUN2091581

FUN2091951

Detoxification
Detoxification
Heat shock
Heat shock
Heat shock
Heat shock
Heat shock
Heat shock
Heat shock
Heat shock
Heat shock
Heat shock
Heat shock
Heat shock

Osmotic stress
Osmotic stress
Osmotic stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress

Housecleaning nucleoside triphosphate
pyrophosphatases

Uptake of selenate and selenite
At5g63290

At5g63290

At5g63290

At5g63290

At5g63290

At5g63290

Heat shock dnaK gene cluster extended
Heat shock dnak gene cluster extended
Heat shock dnaK gene cluster extended
Heat shock dnaK gene cluster extended
Heat shock dnaK gene cluster extended
Heat shock dnaK gene cluster extended
Choline and Betaine Uptake and Betaine
Biosynthesis

Gycosylglycerates

Synthesis of osmoregulated periplasmic glucans

Glutaredoxins
Glutathione: Redox cycle
Oxidative stress

Oxidative stress

109
110
15

17y
116

104
12
106
18
114
109
106

13
116

112

104
108

17

104

110

111

0.0065
0.0063
0.0066
0.0064

0.007
0.0068
0.0065
0.0065
0.0069
0.0069

0.007
0.0066
0.0068
0.0067

0.0065
0.0066
0.0062
0.0066
0.0066

0.0065

0.0066
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High
aridity~

FUN29g2911
FUN29g3251
FUN293561
FUN293681

FUN281542
FUN281912

FUN283312

FUN283732
FUN283802
FUN284052
FUN284192
FUN284232

FUN284902
FUN285002
FUN286362
FUN286532
FUN286712
FUN286772
FUN287072
FUN287112

FUN287352

Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative

stress

Cold shock
Cold shock

Detoxification
Detoxification

Heat shock
Heat shock
Heat shock
Heat shock
Heat shock
Heat shock
Heat shock

Protection from Reactive Oxygen Species
Redox-dependent regulation of nucleus
processes

Rubrerythrin
Rubrerythrin

Bacterial hemoglobins
Dimethylarginine metabolism

Hfl operon

SigmaB stress responce regulation
SigmaB stress responce regulation
Universal stress protein family

Cold shock, CspA family of proteins
Cold shock, CspA family of proteins
Nucleoside triphosphate pyrophosphohydrolase
MazG

Nudix KE

At5g63290

At5g63290

At5g63290

At5g63290

Heat shock dnaK gene cluster extended
Heat shock dnaK gene cluster extended
Heat shock dnaK gene cluster extended

14

112

107

104

22
14
18
12
14
23
20
17

25
15
12

16
18
17
14

0.0065

0.0068

0.0066

0.0063

0.0085
0.0079
0.0085
0.0083
0.0085
0.0085
0.0085
0.0092

0.0081
0.0093
0.0093
0.0083
0.0083
0.0085
0.0086
0.0087
0.0081
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Rhizosphere

Low
aridity~

FUN287732

FUN287962

FUN289342

FUN289972

FUN290302

FUN2909g82

FUN291232

FUN2091752

FUN292872

FUN292932

FUN293562

FUN293822

FUN293902

FUN281702
FUN281772

Osmotic stress

Osmotic stress

Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Periplasmic
Stress
Periplasmic
Stress

Choline and Betaine Uptake and Betaine
Biosynthesis
Choline and Betaine Uptake and Betaine
Biosynthesis

Glutaredoxins

Glutathione: Biosynthesis and gamma-glutamyl

cycle

Glutathione: Non-redox reactions
Glutathione: Redox cycle

Oxidative stress

Oxidative stress

Protection from Reactive Oxygen Species
Protection from Reactive Oxygen Species
Rubrerythrin

Periplasmic Stress Response

Periplasmic Stress Response

Carbon Starvation
Carbon Starvation

25

16

10

21

18

19

21

18

17

19

63
55

0.0096

0.0084

0.0086

0.0095

0.0085

0.0092

0.0084

0.0064

0.0065

0.0065

0.0083

0.0088

0.0084

0.0054
0.0054
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FUN281913

FUN282452
FUN283372
FUN283722
FUN284053
FUN284193

FUN284803
FUN286202
FUN286323
FUN286552
FUN287233
FUN287362
FUN287733
FUN287862
FUN287963

FUN287992

FUN288181
FUN288552
FUN288612

FUN289g222

Cold shock

Detoxification
Detoxification
Heat shock
Heat shock
Heat shock
Heat shock

Osmotic stress
Osmotic stress
Osmotic stress
Osmotic stress
Osmotic stress
Osmotic stress
Osmotic stress

Oxidative
stress

Dimethylarginine metabolism
Flavohaemoglobin

Hfl operon

SigmaB stress responce regulation
Universal stress protein family

Cold shock, CspA family of proteins
Housecleaning nucleoside triphosphate
pyrophosphatases

Uptake of selenate and selenite
At5g63290

At5g63290

Heat shock dnaK gene cluster extended
Heat shock dnaK gene cluster extended
Choline and Betaine Uptake and Betaine
Biosynthesis

Choline and Betaine Uptake and Betaine
Biosynthesis

Choline and Betaine Uptake and Betaine
Biosynthesis

Choline and Betaine Uptake and Betaine
Biosynthesis

Choline and Betaine Uptake and Betaine
Biosynthesis

Gycosylglycerates

Gycosylglycerates

Glutaredoxins

58

47
67

52
55
45
44
47
50
53

53
62

49

47

43

47

51

57

59

0.0059
0.0055
0.0057
0.0057
0.0051
0.0053

0.0056
0.0054
0.0053
0.0058
0.0057
0.0056
0.0053
0.0052
0.0055

0.0052

0.0059
0.005
0.0055

0.0054
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Medium
aridity~

FUN289343
FUN290303
FUN290422
FUN29o0613
FUN201682
FUN2091912
FUN292263
FUN29g3222
FUN281603
FUN281703
FUN281773
FUN281914
FUN282723
FUN284644

FUN284673

FUN285572
FUN286304

Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress

Detoxification

Detoxification

Detoxification
Heat shock

Glutaredoxins

Glutathione: Non-redox reactions
Glutathione: Non-redox reactions
Glutathione: Non-redox reactions
Oxidative stress

Oxidative stress

Oxidative stress
Redox-dependent regulation of nucleus
processes

Bacterial hemoglobins

Carbon Starvation

Carbon Starvation

Dimethylarginine metabolism
Flavohaemoglobin

Housecleaning nucleoside triphosphate
pyrophosphatases

Housecleaning nucleoside triphosphate
pyrophosphatases

Nudix proteins (nucleoside triphosphate
hydrolases)

At5g63290

44

51
48
67
53
67
48
19
16
17
17
115

124

121

15
120

0.0053
0.0059
0.0057
0.0056
0.0055
0.0057
0.0057
0.0057
0.0052
0.0054
0.0054
0.0052
0.0053
0.0053

0.0054

0.0051
0.0053
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FUN286363
FUN286864
FUN287024
FUN287074

FUN287613
FUN288884

FUN289974

FUN289992

FUN29o0124

FUN29go271

FUN290984

FUN2091343

FUN201834

FUN2091953

FUN292044

FUN292264

FUN292773

Heat shock
Heat shock
Heat shock
Heat shock

Osmotic stress
Osmotic stress

Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress

At5g63290

Heat shock dnaK gene cluster extended

Heat shock dnaK gene cluster extended

Heat shock dnaK gene cluster extended
Choline and Betaine Uptake and Betaine
Biosynthesis

Synthesis of osmoregulated periplasmic glucans
Glutathione: Biosynthesis and gamma-glutamyl

cycle
Glutathione: Biosynthesis and gamma-glutamyl

cycle
Glutathione: Biosynthesis and gamma-glutamyl
cycle

Glutathione: Non-redox reactions
Glutathione: Redox cycle
Oxidative stress

Oxidative stress

Oxidative stress

Oxidative stress

Oxidative stress

Protection from Reactive Oxygen Species

120
18

15
15

15
124

18

115

116

17

120

17

122

115

18

17

116

0.0051
0.0051
0.0054
0.0053

0.0055
0.0054

0.0054

0.0052

0.005

0.0056

0.0052

0.0054

0.0051

0.0053

0.0053

0.0052

0.0053
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High
aridity~

FUN292914
FUN293074
FUN293653
FUN293823

FUN281915

FUN283344
FUN283514
FUN283735

FUN285495
FUN286134
FUN286204
FUN286614
FUN286694
FUN287143
FUN287255
FUN287295

FUN287715
FUN287735

FUN287903

Oxidative
stress
Oxidative
stress
Oxidative
stress
Periplasmic
Stress

Detoxification
Detoxification
Detoxification
Heat shock
Heat shock
Heat shock
Heat shock
Heat shock

Osmotic stress
Osmotic stress

Osmotic stress

Protection from Reactive Oxygen Species
Protection from Reactive Oxygen Species
Rubrerythrin

Periplasmic Stress Response

Dimethylarginine metabolism

Hfl operon

SigmaB stress responce regulation
SigmaB stress responce regulation
Nudix proteins (nucleoside triphosphate
hydrolases)

Uptake of selenate and selenite

Uptake of selenate and selenite
At5g63290

At5g63290

Heat shock dnak gene cluster extended
Heat shock dnaK gene cluster extended
Heat shock dnaK gene cluster extended
Choline and Betaine Uptake and Betaine
Biosynthesis

Choline and Betaine Uptake and Betaine
Biosynthesis

Choline and Betaine Uptake and Betaine
Biosynthesis

116

116

15

116

23
21
20

20

23
22
20
20
21
25
27
24

20

21

20

0.0055

0.0051

0.0052

0.0053

0.0027
0.0027
0.0027
0.0027

0.0027
0.0026
0.0027
0.0029
0.0027
0.0027

0.003
0.0027

0.0027

0.0029

0.0026
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FUN287965
FUN288613

FUN289913

FUN289975

FUN289993

FUN29o0272

FUN290565

FUN29o0615

FUN291004

FUN291324

FUN291425

FUN291914

FUN29g2275

FUN293805

FUN293905

Osmotic stress
Osmotic stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Periplasmic
Stress
Periplasmic
Stress

Choline and Betaine Uptake and Betaine
Biosynthesis

Gycosylglycerates

Glutathione: Biosynthesis and gamma-glutamyl

cycle
Glutathione: Biosynthesis and gamma-glutamyl

cycle
Glutathione: Biosynthesis and gamma-glutamyl

cycle

Glutathione: Non-redox reactions
Glutathione: Non-redox reactions
Glutathione: Non-redox reactions
Glutathione: Redox cycle
Oxidative stress

Oxidative stress

Oxidative stress

Oxidative stress

Periplasmic Stress Response

Periplasmic Stress Response

22

22

22

22

25

25

24

20

23

21

22

20

20

23

21

0.0025
0.0026

0.0027

0.0026

0.0027

0.0027

0.0028

0.0026

0.0026

0.0026

0.0028

0.0025

0.0028

0.0025

0.0025
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Endosphere

Low
aridity~

FUN281705

FUN281774
FUN281916

FUN282454
FUN283375
FUN283723
FUN284056
FUN284196

FUN284806
FUN286205
FUN286326
FUN286555
FUN287236
FUN287365

FUN287736
FUN287864
FUN287966
FUN287995
FUN288184

FUN288554
FUN288614

Cold shock

Detoxification
Detoxification
Heat shock
Heat shock
Heat shock
Heat shock

Osmotic stress

Osmotic stress

Osmotic stress

Osmotic stress

Osmotic stress

Osmotic stress
Osmotic stress

Carbon Starvation

Carbon Starvation

Dimethylarginine metabolism
Flavohaemoglobin

Hfl operon

SigmaB stress responce regulation
Universal stress protein family

Cold shock, CspA family of proteins
Housecleaning nucleoside triphosphate
pyrophosphatases

Uptake of selenate and selenite
At5g63290

At5g63290

Heat shock dnaK gene cluster extended
Heat shock dnaK gene cluster extended
Choline and Betaine Uptake and Betaine
Biosynthesis

Choline and Betaine Uptake and Betaine
Biosynthesis

Choline and Betaine Uptake and Betaine
Biosynthesis

Choline and Betaine Uptake and Betaine
Biosynthesis

Choline and Betaine Uptake and Betaine
Biosynthesis

Gycosylglycerates

Gycosylglycerates

55
58

47

52
55
45

44
47
50
53

53
62

49
47
43
47

51

46
57

0.0054
0.0054
0.0059
0.0055
0.0057
0.0057
0.0051
0.0053

0.0056
0.0054
0.0053
0.0058
0.0057
0.0056

0.0053
0.0052
0.0055
0.0052
0.0059

0.005
0.0055
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Medium
aridity~

FUN289225
FUN289346
FUN29g0306
FUN290425
FUN290616
FUN201685
FUN291915

FUN292266
FUN29g3225
FUN281605
FUN281706
FUN281775

FUN281917

FUN282726

FUN284647

FUN284676

Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress

Detoxification

Detoxification

Glutaredoxins

Glutaredoxins

Glutathione: Non-redox reactions
Glutathione: Non-redox reactions
Glutathione: Non-redox reactions
Oxidative stress

Oxidative stress

Oxidative stress
Redox-dependent regulation of nucleus
processes

Bacterial hemoglobins

Carbon Starvation

Carbon Starvation

Dimethylarginine metabolism
Flavohaemoglobin

Housecleaning nucleoside triphosphate
pyrophosphatases

Housecleaning nucleoside triphosphate
pyrophosphatases

59

44

67

51

48

67

53

48

119
116

17
17
15

124

121

0.0054
0.0053
0.0059
0.0057
0.0056
0.0055
0.0057
0.0057
0.0057
0.0052
0.0054
0.0054
0.0052
0.0053

0.0053

0.0054
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FUN285573
FUN286307
FUN286365
FUN286867
FUN287027
FUN287077

FUN287615
FUN288887

FUN289977

FUN289995

FUN2go127

FUN29go0274

FUN2909g87

FUN201346

FUN201837

FUN291955

FUN292047

Detoxification

Heat shock
Heat shock
Heat shock
Heat shock
Heat shock

Osmotic stress
Osmotic stress

Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress

Nudix proteins (nucleoside triphosphate
hydrolases)

At5g63290

At5g63290

Heat shock dnaK gene cluster extended

Heat shock dnak gene cluster extended

Heat shock dnaK gene cluster extended
Choline and Betaine Uptake and Betaine
Biosynthesis

Synthesis of osmoregulated periplasmic glucans
Glutathione: Biosynthesis and gamma-glutamyl

cycle
Glutathione: Biosynthesis and gamma-glutamyl

cycle
Glutathione: Biosynthesis and gamma-glutamyl

cycle

Glutathione: Non-redox reactions
Glutathione: Redox cycle
Oxidative stress

Oxidative stress

Oxidative stress

Oxidative stress

15
120

120
18
15
115

115
124

18

15

116

17

120

17

122

15

18

0.0051
0.0053
0.0051
0.0051
0.0054
0.0053

0.0055
0.0054

0.0054

0.0052

0.005

0.0056

0.0052

0.0054

0.0051

0.0053

0.0053
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High
aridity~

FUN292267

FUN29g2776

FUN29g2917

FUN293077

FUN293655

FUN293824

FUN281918
FUN283347
FUN283517
FUN283738

FUN285498
FUN286137

FUN286207
FUN286617
FUN286696
FUN287146

FUN287258
FUN287298

FUN287718

Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Periplasmic
Stress

Detoxification
Detoxification
Detoxification

Heat shock
Heat shock
Heat shock
Heat shock
Heat shock

Osmotic stress

Oxidative stress

Protection from Reactive Oxygen Species
Protection from Reactive Oxygen Species
Protection from Reactive Oxygen Species
Rubrerythrin

Periplasmic Stress Response

Dimethylarginine metabolism

Hfl operon

SigmaB stress responce regulation
SigmaB stress responce regulation
Nudix proteins (nucleoside triphosphate
hydrolases)

Uptake of selenate and selenite

Uptake of selenate and selenite
At5g63290

At5g63290

Heat shock dnaK gene cluster extended
Heat shock dnaK gene cluster extended
Heat shock dnaK gene cluster extended
Choline and Betaine Uptake and Betaine
Biosynthesis

17

116

116

116

115

116

23
21
20

20

23
22
20
20
21
25
27
24

20

0.0052

0.0053

0.0055

0.0051

0.0052

0.0053

0.0027
0.0027
0.0027
0.0027

0.0027
0.0026
0.0027
0.0029
0.0027
0.0027

0.003
0.0027

0.0027
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FUN287738

FUN287905

FUN287968
FUN288615

FUN289916

FUN289978

FUN289996

FUN29o0275

FUN290568

FUN290618

FUN291007

FUN2091327

FUN291428

FUN2091917

FUN292278

Osmotic stress

Osmotic stress

Osmotic stress
Osmotic stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress
Oxidative
stress

Choline and Betaine Uptake and Betaine

Biosynthesis

Choline and Betaine Uptake and Betaine

Biosynthesis

Choline and Betaine Uptake and Betaine

Biosynthesis

Gycosylglycerates

Glutathione
cycle
Glutathione

cycle
Glutathione

cycle

Glutathione
Glutathione
Glutathione
Glutathione

Oxidative st

: Biosynthesis and gamma-glutamyl
: Biosynthesis and gamma-glutamyl

: Biosynthesis and gamma-glutamyl

: Non-redox reactions
: Non-redox reactions
: Non-redox reactions
: Redox cycle

ress

Oxidative stress

Oxidative st

Oxidative st

ress

ress

21

20

22

22

22

22

25

25

24

20

23

21

22

20

20

0.0029

0.0026

0.0025
0.0026

0.0027

0.0026

0.0027

0.0027

0.0028

0.0026

0.0026

0.0026

0.0028

0.0025

0.0028
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FUN293808

FUN293908

Periplasmic
Stress
Periplasmic
Stress

Periplasmic Stress Response

Periplasmic Stress Response

23

21

0.0025

0.0025
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Table S15. Statistical output for distance to centroid estimates for functional genes at subsystem level 1.

Degree
Response variable Statistical test Permutations Predictor :r(e)fe o statist P value
m i
Permutation test for homogeneity of 2 and
Motility and chemotaxis~ multivariate dispersions 999 Compartment 102 8.9856  0.002
Pairwise compartment test Rhizosphere-Endosphere 0.001
Pairwise compartment test Soil-Endosphere 0.003
Pairwise compartment test Soil-Rhizosphere 0.716
Permutation test for homogeneity of 2 and
Phosphorus metabolism~ multivariate dispersions 999 Compartment 102 8.8053  0.002
0.008740
Pairwise compartment test Rhizosphere-Endosphere 2
0.000525
Pairwise compartment test Soil-Endosphere 2
0.952630
Pairwise compartment test Soil-Rhizosphere 2
Permutation test for homogeneity of 2 and
Nitrogen metabolism~ multivariate dispersions 999 Compartment 102 0.001  0.002

Pairwise compartment test

Pairwise compartment test

Pairwise compartment test

Rhizosphere-Endosphere

Soil-Endosphere

Soil-Rhizosphere

0.000003
9
0.00000
02

0.987434
6
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Regulation and cell
signalling~

Secondary metabolism~

Stress response~

Permutation test for homogeneity of
multivariate dispersions

Pairwise compartment test

Pairwise compartment test

Pairwise compartment test
Permutation test for homogeneity of
multivariate dispersions

Pairwise compartment test

Pairwise compartment test

Pairwise compartment test
Permutation test for homogeneity of
multivariate dispersions

Pairwise compartment test

Pairwise compartment test

Pairwise compartment test

Rhizosphere-Endosphere
Soil-Endosphere

Soil-Rhizosphere

Rhizosphere-Endosphere
Soil-Endosphere

Soil-Rhizosphere

Rhizosphere-Endosphere

Soil-Endosphere
Soil-Rhizosphere

999 Compartment

999 Compartment

999 Compartment

2 and
102

2 and
102

2 and
102

8.5343 0.001
0.000859
1

0.00671
0.539278
9

7.3946  0.002

0.1191559
0.000677
8
0.426164
1

11.477 <0.001
0.001010

3

0.002786

3
0.7161791
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Table S16. Statistical output for differential abundance analysis of each functional subsystem, across each plant compartment (soil, rhizosphere,

and endosphere). Table shows statistical output for global models from ANCOMBC differential abundance analysis, and pairwise log fold change

Go¢

differences.
LFC LFC Soil vs
Test statistic Adjusted  Endospherevs  LFC Endosphere  Rhizospher
Subsystem 1 Subsystem 3 (W) Pvalue  Pvalue Rhizosphere vs Soil e
Motility and
Chemotaxis Archaeal Flagellum 23.874 4E-06 4E-06 0.521 0.876 0.355
Motility and
Chemotaxis Bacterial Chemotaxis 90.032 6E-23 4E-22 -0.449 -0.830 -0.381
Motility and
Chemotaxis Bacterial motility:Gliding 68.997 2E-19 7E-19 0.675 0.606 -0.070
Motility and
Chemotaxis Flagellar motility 25.574 2E-09 3E-09 -0.199 -0.458 -0.259
Motility and
Chemotaxis Flagellum 19.312 2E-o07 2E-o7 -0.224 -0.327 -0.102
Motility and
Chemotaxis Flagellum in Campylobacter 39.728 3E-13 7E-13 -0.469 -0.634 -0.165
Nitrogen
metabolism Allantoin Utilization 46.818 8E-15 2E-14 -0.260 -0.770 -0.510
Nitrogen Amidase clustered with urea
metabolism and nitrile hydratase functions 110.377 6E-26 4E-25 -0.767 -1.960 -1.193
Nitrogen
metabolism Ammonia assimilation 22.530 2E-08 3E-08 0.193 -0.458 -0.650
Nitrogen
metabolism Cyanate hydrolysis 6.088 6E-03 6E-03 0.093 -0.240 -0.333
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Nitrogen
metabolism
Nitrogen
metabolism
Nitrogen
metabolism
Nitrogen
metabolism
Nitrogen
metabolism
Nitrogen
metabolism
Nitrogen
metabolism
Nitrogen
metabolism

Phosphorus
metabolism
Phosphorus
metabolism
Phosphorus
metabolism
Phosphorus
metabolism

Secondary
metabolism

Denitrification

Dissimilatory nitrite reductase

Nitrate and nitrite
ammonification

Nitric oxide synthase
Nitrilase

Nitrogen fixation
Nitrogen Metabolism in
Aspergillus nidulans

Nitrosative stress

High affinity phosphate
transporter and control of
PHO regulon

P uptake (cyanobacteria)
Phosphate metabolism

Phosphonate metabolism
2-isocapryloyl-3R-
hydroxymethyl-gamma-
butyrolactone and other
bacterial morphogens

6.869

25.879

69.727

180.086

9.940

26.420

8.452

16.237

22.747

14.151

15.917

21.438

145.431

3E-03
2E-09
2E-19
7E-34
2E-04
1E-09
8E-04

2E-06

1E-08
2E-o05
2E-06

4E-08

2E-21

3E-03

3E-09

7E-19

8E-33

3E-04

3E-09

1E-03

2E-06

8E-08

3E-05

4E-06

1E-o7

9E-21

0.569

-0.358

0.026

-0.914

0.452

0.794

-0.643

0.681

0.144

0.703

0.155

-0.313

-1.782

0.120

-0.653

-0.833

-1.425

-0.263

0.400

-0.522

-0.194

0.423
0.816
0.320

-0.660

-2.480

-0.449

-0.295

-0.860

-0.510

-0.715

-0.394

0.121

-0.876

0.279

0.113

0.165

-0.347

-0.699
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Secondary
metabolism
Secondary
metabolism
Secondary
metabolism
Secondary
metabolism
Secondary
metabolism
Secondary
metabolism
Secondary
metabolism

Secondary
metabolism

Secondary
metabolism

Secondary
metabolism
Secondary
metabolism
Secondary
metabolism

Alkaloid biosynthesis from L-
lysine

Apigenin derivatives
Auxin biosynthesis
Auxin degradation
Biflavanoid biosynthesis
Caffeic acid derivatives

Clavulanic acid biosynthesis
Flavanones and
dihydroflavonols biosynthesis
in plants

Homomethionine biosynthesis
and methionine chain
elongation pathway for
glucosinolates in plants
Nonribosomal peptide
synthetases (NRPS) in Frankia
sp. Ccl3

Paerucumarin Biosynthesis

Phenazine biosynthesis

72.838

4.609

91.308

8.747

21.011

110.847

51.818

17.417

54.353

204.046

5.402

35.076

4E-20

3E-02

2E-16

6E-04

5E-08

7E-24

5E-15

2E-o05

1E-10

4E-29
1E-02

5E-12

2E-19

4E-02

5E-16

9E-04

8E-08

5E-23

1E-14

2E-o05

2E-10

8E-28

2E-02

1E-11

0.873

-0.205

-1.829

-0.156

-0.582

-1.790

-1.311

-0.258

-0.901

-2.536

-0.569

-0.806

1434

0.348

-2.190

-0.527

-0.829

-1.888

-1.388

-0.867

-1.600

-2.981

-0.162

-1.151

0.561

0.554

-0.361

-0.371

-0.247

-0.099

-0.076

-0.609

-0.699

-0.445

0.407

-0.345
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Secondary
metabolism
Secondary
metabolism
Secondary
metabolism
Secondary
metabolism
Secondary
metabolism

Regulation and
cell signalling

Regulation and
cell signalling

Regulation and
cell signalling
Regulation and
cell signalling
Regulation and
cell signalling
Regulation and
cell signalling
Regulation and
cell signalling

Phenylpropanoids general
biosynthesis in plants

Phenylpropionate Degradation

Salicylic acid biosynthesis1
Sinapate ester biosynthesis in
plants

Tannin biosynthesis

A conserved operon linked to
TyrR and possibly involved in
virulence

Acyl Homoserine Lactone
(AHL) Autoinducer Quorum
Sensing_

Autoinducer 2 (Al-2) transport
and processing (IsrACDBFGE
operon)

Bacterial Caspases
Biofilm Adhesin Biosynthesis
Biofilm formation in

Staphylococcus

cAMP signalling in bacteria

157.371
67171
16.722
110.145

21.011

44.364

14.921

39-295
6.951
9:597

318.381

4.604

1E-26

6E-17

2E-06

5E-21

5E-08

4E-o07

8E-06

7E-13

4E-03

5E-04

3E-42

2E-02

1E-25

2E-16

3E-06

2E-20

8E-08

7E-07

1E-o05

2E-12

5E-03

8E-04

4E-s1

3E-02

~2.333

-1.341

-0.956

-2.519

-0.582

0.412

0.048

0.908

0.191

-0.010

-1.277

0.242

-2.364
-1.633

-0.842
-2.001

-0.829

-0.757

-0.583

1.595

-0.324

-0.484

~2.957

-0.145

-0.031

-0.292

0.114

0.517

-0.247

-1.170

-0.631

0.687

-0.515

-0.474

-1.681

-0.387
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Regulation and
cell signalling
Regulation and
cell signalling
Regulation and
cell signalling
Regulation and
cell signalling

Regulation and
cell signalling

Regulation and
cell signalling
Regulation and
cell signalling
Regulation and
cell signalling

Regulation and
cell signalling
Regulation and
cell signalling
Regulation and
cell signalling
Regulation and
cell signalling

Cell envelope-associated LytR-

CpsA-Psr transcriptional
attenuators

Coagulation cascade

CytR regulation
DNA-binding regulatory
proteins, strays
G-protein-coupled receptor
(GPCR) system in
Actinobacteria

Global Two-component
Regulator PrrBA in
Proteobacteria

HPr catabolite repression
system

lojap

MazEF toxin-antitoxing
(programmed cell death)
system

Murein hydrolase regulation
and cell death

Orphan regulatory proteins

Oxygen and light sensor PpaA-

PpsR

58.856

6.302

32.491

103.573

662.394

438.940

9.896

5.976

84.684

81.755

40.181

25.022

2E-17

9E-03

7E-10

6E-25

5E-51

7E-46

2E-04

7E-03

4E-22

2E-21

3E-13

3E-09

6E-17

1E-02

2E-09

4E-24

2E-49

1E-44

4E-04

9E-03

2E-21

7E-21

8E-13

7E-09

-0.749

0.541

-0.067

-0.558

-2.840

-1.138

0.524

0.328

1.100

-0.454

-0.132

0.712

-1.282

0.028

-0.915

-1.538

-4.664

-3.187

0.251

-0.159

1187

-1.095

-0.771

0.427

-0.533

-0.513

-0.848

-0.980

-1.824

-2.049

-0.273

-0.487

0.087

-0.641

-0.638

-0.285
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Regulation and
cell signalling

Regulation and
cell signalling
Regulation and
cell signalling
Regulation and
cell signalling
Regulation and
cell signalling
Regulation and
cell signalling

Regulation and
cell signalling
Regulation and
cell signalling

Regulation and
cell signalling
Regulation and
cell signalling
Regulation and
cell signalling
Regulation and
cell signalling
Regulation and
cell signalling

P38 MAP kinase pathways
Phd-Doc, YdcE-YdcD toxin-
antitoxin (programmed cell
death) systems
Phosphoinositides
biosynthesis in plants
Plastidial (p)ppGpp-mediated
response in plants

Quorum sensing in Yersinia
Rcs phosphorelay signal
transduction pathway

Sex pheromones in
Enterococcus faecalis and
other Firmicutes

Stringent Response, (p)ppGpp
metabolism

Symbiotic colonization and
sigma-dependent biofilm
formation gene cluster

The Chv regulatory system of
Alphaproteobacteria
Toxin-antitoxin replicon
stabilization systems
Toxin-antitoxin system in
Mycobacterium
Toxin-antitoxin systems (other
than RelBE and MazEF)

9.067

29.771

4.052

19.437

12.947

10.875

157.903

9.938

5.699

110.951

20.147

72.721

61.093

5E-04

1E-10

4E-02

1E-o7

2E-o05

1E-04

1E-31

2E-04

1E-02

1E-25

9E-o07

2E-18

7E-18

7E-04

4E-10

5E-02

3E-07

4E-o05

2E-04

1E-30

4E-04

1E-02

9E-25

2E-06

8E-18

2E-17

0.287

0.647

-0.521

-0.023

0.518

0.228

-0.595

0.474

0.242

-0.631

1.005

-0.381

1.011

0.552

0.550

0.008

-0.598

0.474

-0.536

-1.423

0.18

-0.235

-2.022

0.586

-1.390

0.832

0.265

-0.098

0.529

-0.575

-0.045

-0.764

-0.828

-0.356

-0.477
-1.391

-0.419
-1.009

-0.179
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Regulation and
cell signalling
Regulation and
cell signalling
Regulation and
cell signalling
Regulation and
cell signalling
Regulation and
cell signalling
Stress response
Stress response
Stress response

Stress response
Stress response
Stress response
Stress response

Stress response

Stress response
Stress response

Stress response

Trans-envelope signalling
system VreARI in
Pseudomonas
Two-component regulatory
systems in Campylobacter
Two-component Response
Regulator of Virulence ResDE
WhiB and WhiB-type
regulatory proteins_

Zinc regulated enzymes
At5g63290

Bacterial hemoglobins
Carbon Starvation

Choline and Betaine Uptake
and Betaine Biosynthesis
Cold shock, CspA family of
proteins

Commensurate regulon
activation
D-tyrosyl-tRNA(Tyr) deacylase
Dimethylarginine metabolism
Ectoine biosynthesis and
regulation

Flavohaemoglobin

FOL Commensurate regulon
activation

70.536
21.357
114.817
5741
4.717
30.123
79.606
24.907
150.352
96.177

4.878
74.126
5-332

223.447
55.767

9.338

6E-18

4E-08

2E-23

9E-03

2E-02
1E-10
3E-21
3E-09

8E-31
7E-24
3E-02
4E-20

1E-02

6E-36
9E-17

4E-04

2E-17
8E-08
1E-22
1E-02
3E-02
2E-10
1E-20
6E-o09
7E-30
4E-23
3E-02
1E-19

2E-02

7E-35
2E-16

6E-04

-0.511

0.606

1.380

0.286

0.009

0.436
-0.567
0.027

-0.614

0.783

0.386
0.786
-0.250

-1.522

-0.315

-0.009

-L.777
0.394
2.078
0.221

-0.225

0.359
-0.774
-0.528

-1.014

0.744

0.375
0.806

-0.194

-2.116

-0.671

-0.496

-1.266

-0.212

0.698

-0.065

-0.234

-0.077
-0.206

-0.555

-0.399

-0.039

-0.011
0.020

0.056

-0.594
-0.356

-0.488
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Stress response

Stress response

Stress response
Stress response
Stress response

Stress response
Stress response

Stress response
Stress response
Stress response

Stress response
Stress response

Stress response

Stress response

Glutamate transporter
involved in acid tolerance in
Streptococcus

Glutathione analogs:
mycothiol
Glutathione-dependent
pathway of formaldehyde
detoxification

Glutathione: Biosynthesis and
gamma-glutamyl cycle
Glutathione: Non-redox
reactions
Glutathionylspermidine and
Trypanothione
Gycosylglycerates

Heat shock dnaK gene cluster
extended

Hfl operon

Housecleaning nucleoside
triphosphate
pyrophosphatases

Nucleoside triphosphate
pyrophosphohydrolase MazG
Nudix KE

Nudix proteins (nucleoside
triphosphate hydrolases)
O-antigen capsule important
for environmental persistence

44.877

511.520

205.311

86.491

73-049

101.258
12.866

20.420

5.171

8.075

12.449
1.854

107.852

5752

1E-o7

3E-49

5E-36

2E-22

4E-20

6E-24
2E-o05

7E-08

1E-02

1E-03

3E-05
5E-05

1E-25

2E-02

2E-07

1E-47

7E-35
1E-21
2E-19

4E-23
4E-o05

1E-o7

2E-02

1E-03

5E-05
7E-05

1E-24

2E-02

0.966

-2.443

-0.757

-0.379

-0.454

-0.457
0.575

0.257

0.104

0.124

0.163

-0.120

-0.473

-0.471

-0.080

-3.722

-1.466

-0.732

-0.706

-1.448
0.675

0.296

0.167

0.248

0.364
-0.285

-0.731

-0.448

-1.046

-1.279

-0.709
-0.353
-0.251

-0.991
0.101

0.039
0.063
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Figure S4.1. Sampling sites and aridity index with schematic of Themeda triandra plant
compartments. (a) Pan-palaeotropical distribution of T. triandra based on observations
(points) from the Global Biodiversity Information Facility between years 2000-2023 (GBIF.org
2023). Points are likely underrepresented geographically across its distribution due to different
practises of obtaining reliable records of occurrence. The colour gradient represents mean
annual aridity index from Version 3 of the Global Aridity Index and Potential
Evapotranspiration Database (Zomer et al. 2022). (b) Map of sampling sites (points) with
aridity index with sourced from the Global AI-PET database (version 3), (c) Mantel test
showing no correlation between comparisons of site-site geographic distances and aridity
distances across each of the sampling sites (Mantel: p = 0.489; r = -0.021). (d) Density plot of
global T. triandra occurrences based on records from the Global Biodiversity Information
Facility between the years 2000-2023 with upper and lower limits from the Atlas of Living
Australia aridity index data which included 87% of T. triandra occurrences (blue bar), and the
Global AI-PET database (version 3) which included 41% of T. triandra occurrences (red bar).
(e) Diagram of T. triandra plant compartments showing bulk soil, rhizosphere, and
endospheres microbiota. (f) Photographs of sampling populations across (i) Alligator Gorge,
(ii) Burunga Gap, (iii) Frahn’s Farm, (iv) Neagles Rock, (v) Maitland, (vi) Mount Maria, (vii)
Scott Creek, and (viii) Sturt Gorge. (g) Bar plot of relative abundance of functional vegetation
groups in each site. Functional categories for the vegetation were as follows: graminoids, forbs

(herbs), shrubs, trees/canopy cover, litter, and bare earth (exposed dirt or rock).
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Figure S4.2. Non-metric multidimensional scaling ordination with Bray-Curtis
distances showing bacterial taxonomic community differences across sampling sites.
Plots represent: (a) bulk soils (triangles), (b) rhizospheres (squares), and (c) endospheres

(circles) (see Table S4.4).
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Figure S4.3. Alpha diversity with aridity index. Effective number of functions across plant
compartment (bulk soil=blue, rhizosphere=pink, endosphere=yellow). Functional annotations
include: (a) motility and chemotaxis, (b) stress genes, (c) nitrogen metabolism, (d)
phosphorus metabolism, (e) regulation and cell signalling, and (f) secondary metabolism. For

full statistical output, see Table S4.2
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b) Stress Response
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Figure S4.4. Functional richness across mean aridity index. Colour represents plant

compartment (bulk soil=blue, rhizosphere=pink, endosphere=yellow) across several key

functional gene categories. Functional annotations include: (a) motility and chemotaxis, (b)

stress genes, (¢) nitrogen metabolism, (d) phosphorus metabolism, (e) regulation and cell

signalling, and (f) secondary metabolism. For full statistical output, see Table S4.2
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Figure S4.5. The alpha diversity of bacterial species of samples is correlated with the
alpha diversity of microbial functions. (a) Effective number of species for each plant
compartment (bulk soil=blue, rhizosphere=pink, endosphere=yellow) increases with their

effective number of functions. (b) An increase in effective number of species for all samples is
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correlated with a general decrease in the effective number of functions. Effective number of
species/functions represents the exponential transformation of Shannon’s diversity index.
Density plots above the x and y axes, represent the distribution of samples showing the
differences in median values across each compartment. For full statistical output, see Table

Sg.1.
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Figure S4.6. Relative abundance of microbial functional processes pertaining to motility and chemotaxis genes across all bulk soil,
rhizosphere, endosphere samples. Sample labels are coloured by aridity index of sampling sites, whereas bar labels indicate plant compartment

(bulk soil = blue, rhizosphere = pink, and endosphere = yellow).
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Figure S4.7. Relative abundance of microbial functional processes pertaining to nitrogen metabolism across all bulk soil, rhizosphere,
endosphere samples. Sample labels are coloured by aridity index of sampling sites, whereas bar labels indicate plant compartment (bulk soil =

blue, rhizosphere = pink, and endosphere = yellow).
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Figure S4.8. Relative abundance of microbial functional processes pertaining to phosphorus metabolism across all bulk soil,
rhizosphere, endosphere samples. Sample labels are coloured by aridity index of sampling sites, whereas bar labels indicate plant compartment

(bulk soil = blue, rhizosphere = pink, and endosphere = yellow).
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Figure S4.9. Relative abundance of microbial functional processes pertaining to secondary metabolism across all bulk soil,
rhizosphere, endosphere samples. Sample labels are coloured by aridity index of sampling sites, whereas bar labels indicate plant compartment

(bulk soil = blue, rhizosphere = pink, and endosphere = yellow).
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Figure S4.10. Relative abundance of microbial functional processes pertaining to regulation and cell signalling across all bulk soil,
rhizosphere, endosphere samples. Sample labels are coloured by aridity index of sampling sites, whereas bar labels indicate plant compartment

(bulk soil = blue, rhizosphere = pink, and endosphere = yellow).
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Figure S4.11. Relative abundance of microbial functional processes pertaining to stress responses across all bulk soil, rhizosphere,
endosphere samples. Sample labels are coloured by aridity index of sampling sites, whereas bar labels indicate plant compartment (bulk soil =

blue, rhizosphere = pink, and endosphere = yellow).
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Figure S4.12. Principal coordinates analysis with Bray-Curtis distances for six different
functional gene categories annotated to subsystem 1, showing principal coordinates 1
(axis.1) and 2 (axis.2). Point shape and hull colours represent the samples belonging to the
different plant compartments (bulk soil =blue, rhizosphere = pink, endosphere =yellow),
whereas point colour shows the mean annual aridity index. Functional annotations include:
(a) motility and chemotaxis, (b) stress genes, (c) nitrogen metabolism, (d) phosphorus
metabolism, (e) regulation and cell signalling, and (f) secondary metabolism (see Table S4.15
for statistical output on distance to centroid estimates of samples to their respective

compartments).
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Figure S4.13. Principal coordinates analysis with Bray-Curtis distances for six different
functional gene categories annotated to subsystem 1, showing principal coordinates 2
(axis.2) and 3 (axis.3). Point shape and hull colours represent the samples belonging to the
different plant compartments (bulk soil =blue, rhizosphere = pink, endosphere =yellow),
whereas point colour shows the mean annual aridity index. Functional annotations include:
(a) motility and chemotaxis, (b) stress genes, (c) nitrogen metabolism, (d) phosphorus
metabolism, (e) regulation and cell signalling, and (f) secondary metabolism (see Table S4.15
for statistical output on distance to centroid estimates of samples to their respective

compartments).
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Figure S4.14. Distance to centroid estimates for functional genes annotated to
subsystem 1, based on principle coordinates analyses (PCoA). Colour represent the
samples belonging to the different plant compartments (bulk soil =blue, rhizosphere = pink,
endosphere =yellow). Functional annotations include: (a) motility and chemotaxis, (b) stress
genes, (¢) nitrogen metabolism, (d) phosphorus metabolism, (e) regulation and cell signalling,

and (f) secondary metabolism. See Table S4.15 for full statistical output.
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Figure S4.15. Counts of unique and shared bacterial species across each T. triandra
compartment and site. (a) Venn diagram showing unique and overlapping bacterial species
across bulk soils rhizospheres and endospheres. Petal diagram showing counts that reveal
which species are unique or common to each sampling site across: (b) bulk soils, (c)

rhizospheres and (d) endospheres.

Figure S4.16. Petal diagram showing counts for motility and chemotaxis functions.
Counts show which functions are unique within each site or common to all sites across: (a)

bulk soils, (b) rhizospheres and (c) endospheres.
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Figure S4.17. Petal diagram showing counts for nitrogen metabolism functions. Counts
show which functions are unique within each site or common to all sites across: (a) bulk soils,

(b) rhizospheres and (c) endospheres.

Figure S4.18. Petal diagram showing counts for phosphorus metabolism functions.
Counts show which functions are unique within each site or common to all sites across: (a)

bulk soils, (b) rhizospheres and (c) endospheres.
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Figure S4.19. Petal diagram showing counts for secondary metabolism functions.
Counts show which functions are unique within each site or common to all sites across: (a)

bulk soils, (b) rhizospheres and (c) endospheres.

Figure S4.20. Petal diagram showing counts for regulation and cell signalling
functions. Counts show which functions are unique within each site or common to all sites

across: (a) bulk soils, (b) rhizospheres and (c) endospheres.
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Figure S4.21. Petal diagram showing counts for stress response functions. Counts show
which functions are unique within each site or common to all sites across: (a) bulk soils, (b)

rhizospheres and (c) endospheres.

Figure S4.22. Heatmap of differentially abundant motility and chemotaxis functions
annotated at subsystem level 3. Comparisons show the differences across plant

compartments (bulk soils, rhizospheres and endospheres). See Table S4.16.
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Figure S4.23. Heatmap of differentially abundant nitrogen metabolism functions
annotated at subsystem level 3. Comparisons show the differences across plant

compartments (bulk soils, rhizospheres and endospheres). See Table S4.16.

Figure S4.24. Heatmap of differentially abundant phosphorus metabolism functions
annotated at subsystem level 3. Comparisons show the differences across plant

compartments (bulk soils, rhizospheres and endospheres). See Table S4.16
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Figure S4.25. Heatmap of differentially abundant secondary metabolism functions
annotated at subsystem level 3. Comparisons show the differences across plant

compartments (bulk soils, rhizospheres and endospheres). See Table S4.16.
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Figure S4.26. Heatmap of differentially abundant regulation and cell signalling
functions annotated at subsystem level 3. Comparisons show the differences across plant

compartments (bulk soils, rhizospheres and endospheres). See Table S4.16
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Figure S4.27. Heatmap of differentially abundant stress response functions annotated
at subsystem level 3. Comparisons show the differences across plant compartments (bulk

soils, rhizospheres and endospheres). See Table S4.16.
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Figure S4.28. Heatmap of differentially abundant motility and chemotaxis across
aridity groups annotated at subsystem level 3. Intercept differences compare the low

aridity functions to a grand mean.
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Figure S4.29. Heatmap of differentially abundant nitrogen metabolism functions
across aridity groups annotated at subsystem level 3. Intercept differences compare the

low aridity functions to a grand mean.
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Figure S4.30. Heatmap of differentially abundant phosphorus metabolism functions
across aridity groups annotated at subsystem level 3. Intercept differences compare the

low aridity functions to a grand mean.
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Figure S4.31. Heatmap of differentially abundant secondary metabolism functions
across aridity groups annotated at subsystem level 3. Intercept differences compare the

low aridity functions to a grand mean.
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Figure S4.32. Heatmap of differentially abundant regulation and cell signalling
functions across aridity groups annotated at subsystem level 3. Intercept differences

compare the low aridity functions to a grand mean.
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Figure S4.33. Heatmap of differentially abundant stress response functions across
aridity groups annotated at subsystem level 3. Intercept differences compare the low

aridity functions to a grand mean.
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Figure S4.34. Canonical correspondence analysis (CCA) on bacterial taxonomic
community structure. (a) Covariates with r < 0.75 were removed from CCA analyses. CCAs
were constructed against environmental predictor variables in (b) bulk soil, (c) rhizosphere,

and (d) endosphere communities. Sample points are coloured by sampling site.
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Figure S4.35. Canonical correspondence analysis on microbial functional community
structure against environmental predictor variables in bulk soils. Functional gene
categories include (a) motility and chemotaxis, (b) stress response, (c) nitrogen metabolism,
(d) phosphorus metabolism, (e) secondary metabolism, and (f) regulation and cell signalling.
Coloured points represent samples belonging to each sampling site, black vectors indicate

significant environmental variable associations.
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Figure S4.36. Canonical correspondence analysis on microbial functional community
structure against environmental predictor variables in rhizospheres. Functional gene
categories include (a) motility and chemotaxis, (b) stress response, (c) nitrogen metabolism,
(d) phosphorus metabolism, (e) secondary metabolism, and (f) regulation and cell signalling.
Coloured points represent samples belonging to each sampling site, black vectors indicate

significant environmental variable associations.
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Figure S4.37. Canonical correspondence analysis on microbial functional community
structure against environmental predictor variables in endospheres. Functional gene
categories include (a) motility and chemotaxis, (b) stress response, (c) nitrogen metabolism,
(d) phosphorus metabolism, (e) regulation and cell signalling. Coloured points represent
samples belonging to each sampling site, black vectors indicate significant environmental

variable associations.
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Supplementary tables

Table S5.1. Sampling sites for high and low aridity soil microbiota. Aridity index data
values were extracted from the mean annual aridity index data layer (ADM) and annual
precipitation data layer (Clim_PTA) were sourced from the Soil and Landscape Grid of
Australia (Searle et al. 2022), where aridity index is calculated via annual precipitation/annual

potential evaporation.

Sampling Latitude, Mean Aridity Annual Provenance
site Longitude annual category precipitation

aridity (mm)

index
Quorn 32.3434°S, 0.227 High aridity =~ 355.2 Soil
Floral 138.0182°E microbiota
Reserve
Kuitpo 35.2279°S, 0.658 Low aridity 850.5 Soil
Forest 138.7199°E microbiota
Reserve and T.

triandra seed

Table Ss.2. T. triandra germination rates analysed using generalised linear mixed
models (GLMM), with statistical output. **’ denotes p values <0.05, **’ denotes p values

<o0.01, *** denotes p values <0.001. 1Only output related to aridity variables is reported.

Formula Fixed effects Estimate SE z-statistic P-Value

Germination rate ~
Soil aridity +
Sterilisation + Seed  ggj] aridity

(Intercept) -4.472 0.465 -9.61 <0.001

weight + (1/Pot ID) (Quorn) 0.087 0.206 0.42 0.67
Sterilisation (yes) -0.088 0.206 -0.43 0.67
Seed weight (g) 397.87 39.91 9.97
Standard
Random Effects Group Variance afl fir -
Deviation
Intercept Pot ID 0.195 0.442 -
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Table S5.3. T. triandra growth traits analysis using randomised linear mixed effects

models, with statistical output. Fixed effects estimates, and standard error represent the

initial model outputs, prior to our permutations. *’ denotes p values <o0.05, **’ denotes p

values <o0.01, ***” denotes p values <0.001. $Only output related to aridity variables is reported.

Formula Random Permutations Fixed effects t- P-Value
(response and effects statistic
predictors)
Total biomass ~ Aridity 10,000 Sterilisation -6.877 <0.001***
Sterilisation x
Water stress
Water stress 6.566 <0.001***
Sterilisation x -4183 <0.001***
Water stress
Total biomass~ Sterilisation + 10,000 Aridity 6.246 <0.001***
Aridityt x Water stress
Sterilisation x
Water stress
Aridity x -1.015 0.311
Sterilisation
Aridity x 2.323 0.022*
Water stress
Aridity x -0.910 0.364
Sterilisation x
Water stress
Aboveground Aridity 10,000 Sterilisation -5.549 <0.001***
biomass ~
Sterilisation x
Water stress
Water stress 5.700 <0.001***
Sterilisation x <0.001***
Water stress -3.539
Aboveground Sterilisation + 10,000 Aridity 6.983 <0.001***
biomass~ Water stress

Aridityt x
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Sterilisation x
Water stress

Belowground
biomass ~
Sterilisation x
Water stress

Belowground
biomass~
Aridityt x
Sterilisation x
Water stress

Root-mass
fraction ~
Sterilisation
(High aridity
only)
Root-mass
fraction ~

Sterilisation (Low

aridity only)
Root-mass

fraction ~ Aridity

x Sterilisation

Aridity 10,000
Sterilisation + 10,000
Water stress

Water 10,000
Water 10,000
NA (General 10,000

linear model)

411

Aridity x
Sterilisation
Aridity x
Water stress
Aridity x
Sterilisation x
Water stress
Sterilisation

Water stress
Sterilisation x
Water stress
Aridity

Aridity x
Sterilisation
Aridity x
Water stress
Aridity x
Sterilisation x
Water stress
Sterilisation

Sterilisation

Aridity

-2.221

4.252

-2.046

-4.864

3.67
-2.484

3.586

0.470

-0.900

0.834

3-239

-3-373

-3-305

0.032*

<0.001%**

0.046"*

<0.001%**

<0.001%**

0.014*

<0.001%**

0.6368

0.3627

0.4033

0.003**

0.0016**

0.0016**



Supplementary information: Chapter five

(Control soils

only)
Sterilisation -3.259 0.0026**
Aridity x 3.527 0.001**
Sterilisation

Root-mass NA (General 10,000 Aridity -1.664 0.104

fraction ~ Aridity  linear model)

x Sterilisation

(Water stress

soils)
Sterilisation -2.303 0.026%
Aridity x 2.860 0.0071**
Sterilisation

Root-mass Sterilisation + 10,000 Aridity 3.586 <0.001***

fraction ~ Water stress

Aridityt x

Sterilisation x

Water stress
Aridity x 0.470 0.6368
Sterilisation
Aridity x -0.900 0.3627
Water stress
Aridity x 0.834 0.4033
Sterilisation x

Water stress
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Table S5.4. Linear mixed model output for T. triandra growth traits. Random and fixed

effects from REML-fitted models. Estimates and standard errors represent unpermuted model

outputs.
Model Effect Type Estimate Std.
Dev.
Total biomass ~ (Intercept) Fixed 1.8363 -
sterilisation * water + (1 |
sterilisation) + (1 | water)
sterilisation Fixed -1.1609 -
(sterilised)
water (available) Fixed 1.0939 -
sterilisation Fixed -0.9922 -
(sterilised) x water
(available)
Intercept (soil.source) Random - 1.0558
Residual Random - 0.5268
Total biomass ~ soil.source  (Intercept) Fixed 1141 -
* sterilisation * water + (1 |
sterilisation) + (1 | water)
soil.source (Quorn) Fixed 1.3905 -
sterilisation Fixed -0.9877 -
(sterilised)
water (available) Fixed 0.7282 -
soil.source (Quorn) x  Fixed -0.3241 -
sterilisation
(sterilised)
soil.source (Quorn) x  Fixed 0.7314 -

water (available)

sterilisation Fixed -0.79903

(sterilised) x water

(available)
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soil.source (Quorn) x  Fixed -0.4079 -
sterilisation

(sterilised) x water

(available)
Intercept Random - 1.0772
(sterilisation random
effect)
Intercept (water Random - 0.1434
random effect)
Residual Random - 0.4978
Aboveground biomass ~ (Intercept) Fixed 11219 -
sterilisation * water + (1 |
sterilisation) + (1 | water)
sterilisation Fixed 0.7439 -
(sterilised)
water (available) Fixed -0.7338 -
sterilisation Fixed -0.6575 -
(sterilised) x water
(available)
Intercept (soil.source) Random - 0.7646
Residual Random - 0.4127
Aboveground biomass ~ (Intercept) Fixed 0.6109 -
soil.source * sterilisation *
water + (1 | sterilisation) +
(1 | water)
soil.source (Quorn) Fixed 1.022 -
sterilisation Fixed -0.4871 -
(sterilised)
water (available) Fixed 0.3039 -
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Belowground biomass ~
sterilisation * water + (1 |

sterilisation) + (1 | water)

Belowground biomass ~

soil.source * sterilisation *

soil.source (Quorn) x
sterilisation
(sterilised)
soil.source (Quorn) x
water (available)
sterilisation
(sterilised) x water
(available)
soil.source (Quorn) x
sterilisation
(sterilised) x water
(available)

Intercept
(sterilisation random
effect)

Intercept (water
random effect)
Residual

(Intercept)

sterilisation
(sterilised)

water (available)
sterilisation
(sterilised) x water
(available)

Intercept (soil.source)
Residual

(Intercept)

Fixed

Fixed

Fixed

Fixed

Random

Random

Random

Fixed

Fixed

Fixed

Fixed

Random
Random

Fixed

-0.466

0.88

-0.3697

-0.603

0.7652

0.3408

-0.4514
-0.326

0.53009

0.06148

0.092

0.32724

0.3398
0.2935

415



Supplementary information: Chapter five

water + (1 | sterilisation) +

(1 | water)

Root-mass fraction ~
sterilisation + (1 | water)

(high aridity soil data only)

soil.source (Quorn)
sterilisation
(sterilised)

water (available)
soil.source (Quorn) x
sterilisation
(sterilised)
soil.source (Quorn) x
water (available)
sterilisation
(sterilised) x water
(available)
soil.source (Quorn) x
sterilisation
(sterilised) x water
(available)

Intercept
(sterilisation random
effect)

Intercept (water
random effect)
Residual

(Intercept)

sterilisation
(sterilised)
Intercept (water

random effect)

Fixed 0.47022

Fixed -0.49492

Fixed 0.4243
Fixed 0.08708

Fixed -0.16691

Fixed -0.4353

Fixed 0.21865

Random - 0.23496
Random - 0.06838
Random - 0.29321
Fixed 0.3366 -

Fixed 0.1089 -
Random - 0.03362
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Root-mass fraction ~
sterilisation + (1 | water)

(Low aridity soil data only)

Root-mass fraction ~
sterilisation * soil source

(water control data only)

Root-mass fraction ~
sterilisation * soil source

(water stress data only)

Root-mass fraction ~
sterilisation * soil source *
water + (1]sterilisation) +

(1)water)

Residual

(Intercept)

sterilisation
(sterilised)
Intercept (water
random effect)
Residual

(Intercept)

sterilisation

(sterilised)

soil.source (Quorn)

soil.source (Quorn) x

sterilisation
(sterilised)

(Intercept)

sterilisation

(sterilised)

soil.source (Quorn)

soil.source (Quorn) x

sterilisation
(sterilised)

(Intercept)

Random

Fixed

Fixed

Random

Random

Fixed

Fixed

Fixed

Fixed

Fixed

Fixed

Fixed
Fixed

Fixed

0.4932

-0.1774

0.5168

-0.2069

-0.2097

0.3166

0.4697

-0.1473

-0.1035

0.2552

0.46967

0.10627

0.1641
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soil.source (Quorn) Fixed -0.10355 -
sterilisation Fixed -0.14727 -
(sterilised)

water (available) Fixed 0.04709 -
soil.source (Quorn) x  Fixed 0.25524 -
sterilisation

(sterilised)

soil.source (Quorn) x  Fixed -0.1062 -

water (available)

sterilisation Fixed -0.0596 -
(sterilised) x water

(available)

soil.source (Quorn) x  Fixed 0.06136 -
sterilisation

(sterilised) x water

(available)

Intercept Random - 0.01499
(sterilisation random

effect)

Intercept (water Random - 0.01042
random effect)

Residual Random - 0.14057

78



Table Ss.5. Statistical output for T. triandra Plant-soil feedback (PSF) ratios for
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biomass and root-mass fractions with bootstrapped 95% confidence intervals at 10,000

permutations. Significant differences between pairwise groups were interpreted when upper

or lower confidence intervals did not alight with means in the comparative treatment (See

Figure S8).
Growth trait Comparison = Comparison Mean Lower Upper Significanc
group1 group 2 difference CI Cl e
Total High aridity- Low aridity- -6.264 -13.136 -1.740 ¥
Biomass ~ Stress Stress
High aridity- High aridity- -0.688 -1.970 0.262
Stress Control
High aridity- Low aridity- -21.138  -20.971  -14.546 *
Stress Control
Low aridity- High aridity- 5.576 0.927 12424 *
Stress Control
Low aridity- Low aridity- -14.874  -25.247 -5189 *
Stress Control
High aridity- Low aridity- -20.450 -29.328 -13.754 *
Control Control
Aboveground High aridity- Low aridity- -3.546 -9.109 0.270
Biomass~ Stress Stress
High aridity- High aridity- -0.830 -2.518 0.443
Stress Control
High aridity- Low aridity- -13.655  -20.457 -8.410 *
Stress Control
Low aridity- High aridity- 2.716 -1.429 8.439
Stress Control
Low aridity- Low aridity- -10.109  -18.259 -2.251 ¥
Stress Control
High aridity- Low aridity- -12.824  -19.669  -7.394 *
Control Control
Belowground High aridity- Low aridity- -14.610 -28.628  -7.284 *
Biomass~ Stress Stress
High aridity- High aridity- -0.320 -1.358 0.585
Stress Control
High aridity- Low aridity- -39.186 -61.129 -22.930 *
Stress Control

419



Root-mass
Fraction~
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Low aridity-
Stress

Low aridity-
Stress

High aridity-
Control
High aridity-
Stress

High aridity-
Stress

High aridity-
Stress

Low aridity-
Stress

Low aridity-
Stress

High aridity-
Control

High aridity-
Control

Low aridity-
Control

Low aridity-
Control

Low aridity-
Stress

High aridity-
Control

Low aridity-
Control
High aridity-
Control

Low aridity-
Control

Low aridity-
Control

14.290

-24.576

-38.867

-0.744

0.036

-0.924

0.780

-0.179

-0.959

6.973

~47-994

-60.890

-1.599

-0.212

-1.641

0.252

-1.057

-1.658

28.433

-3.071

-22.576

-0.185

0.298

-0.281

1.624

0.820

-0.356
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Table S5.6. Statistical output for randomised linear mixed effects models, and

randomised ANOVAs. The effect of each treatment variables on T. triandra associated with

bacterial alpha diversity under live and sterile communities. *’ denotes p values <o.05,

Chk?

denotes p values <o0.01, ***’ denotes p values <o.001. +Only output related to aridity variables

is reported.

Formula Random Permutations Fixed T-statistic P-value
effects effect

Effective No. Compartment 10,000 Aridity -0.156 0.875

ASVs (Live + Water stress

only) ~ Aridity

Effective No. Aridity + 10,000 Water stress  -1.049 0.312

ASVs (Live Compartment

only) ~ Water

stress

Effective No. Compartment 10,000 Aridity -1.774 0.086

ASVs (Sterilised + Water stress

only) ~ Aridity

Effective No. Aridity + 10,000 Water stress  0.211 0.833

ASVs (Sterilised Compartment

only) ~ Water

stress

Effective No. Water stress + 10,000 Sterilisation  -8.760 <0.001***

ASVs ~ Water Aridity

stress (Initial

sampling)

Effective No. Compartment 10,000 Sterilisation  -17.296 <0.001%**

ASVs ~ Water
stress (Harvest)

+ Water stress
+ Aridity
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Table Ss.7. Statistical output for alpha beta diversity (bacterial community

composition) across T. triandra bulk soils, rhizospheres and endospheres using

permuted multivariate analysis of variance (PERMANOVA). *’ denotes p values <0.05,

Chk)

denotes p values <o0.01, ***’ denotes p values <o.001. +Only output related to aridity variables

is reported.

Compartment Predictor Degrees of F-statistic Rsquared P-Value
variable Freedom

Soil~ Aridity 1and 102 22.129 0.153 P<0.001***
Sterilisation 1and 102 18.117 0.126 Pp<0.001***
Water Stress 1and 102 2.116 0.015 p=0.013*

Rhizosphere~  Aridity 1and 36 11.737 0.191 P<0.001***
Sterilisation 1and 36 11.630 0.189 p<0.001***
Water Stress 1and 36 2.215 0.036 p<0.023*

Endosphere~ Aridity 1and 36 10.522 0.172 P<0.001***
Sterilisation 1and 36 12.696 0.207 P<0.001***
Water Stress 1and 36 1.976 0.032 P=0.033*
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Table S5.8. Differential abundance output showing log fold change in bacterial phyla

across each plant timepoint and compartment (soil, rhizosphere and endosphere),

and each treatment (microbial aridity, sterilisation and water stress). All comparisons

are made to high aridity, live, control watering treatments. Reference comparisons represent

LFC change from grand mean. ‘NS’ indicate non-significant LFC results. *

Chek?

represents p<o.01, and ***’ represents p<0.001.

*

' represents p<o.05,

Referenc
e (High
aridity:
Compartme Live: ~Low ~Water
nt Bacterial phylum Control) aridity -~Sterile -stress
Initial
sampling: - 0.208
Soil~ Actinobacteriota 0.523* 0.668**  -1.332** NS
0.214
Firmicutes -0185 NS -1.209**  2.161** NS
0.205
Verrucomicrobiota 0.553* -1.021**  -0.941NS NS
0.739 0.467
Bacteroidota -0.676* NS 0.839 NS NS
0.279
Gemmatimonadota 0535 NS -0.668* -1.499 NS NS
-0.084
Myxococcota -0145 NS  0.887** -0.58 NS NS
Cyanobacteria 0.441 NS -1.171° -1.364* 0.51 NS
0.485
Armatimonadota 0336 NS -1.549** -0.076 NS NS
0.032
RCP2-54 -1.775%%* 2.26"*  2.408** NS
0.327
Nitrospirota 0.294 NS -1.554** o0.007NS NS
2.489** -0.439
WPS-2 1.35%% * -0.735 NS NS
2.544*" 0.444
Methylomirabilota -2.001%** ¥ 0.895 NS NS
0.832
Dependentiae -1.175%* NS 2.427%* 114 NS
-0.377 -0.19
Deinococcota -0.553 NS NS 2.325% NS
-0.371 0.831
WS2 -0.706 NS NS 3.278** NS
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-0.088
Entotheonellaeota 0.45 NS -1.108*  0.084 NS NS
-0.047 0.773**
Harvest: Soil~ Actinobacteriota1 0.028 NS NS -0.757%%*
0.788** 0.662**
Fibrobacterota -0.421% * 0.958***  *
-0.263 0.124
Firmicutes1 -114%%* NS 2.853*** NS
-0.037
Verrucomicrobiota1 -0.255 NS NS 0.754* 0.02 NS
-0.058 -
Acidobacteriota 0.714%** NS -0.9*** 0.524**
-0.425
Bacteroidota1 -0.692* 0.721% 1.476*** NS
-0.273
Myxococcotal -0101NS  0.506* 0157 NS NS
1.308**
Sumerlaeota 0436 NS  * 2.008***  -1101***
Desulfobacterota -0.251 NS 0.664*  1.363*** 1.192***
-0.312 2.077**
Dadabacteria -0.8u*** NS 2.132%%* *
Armatimonadotai 0.54 NS -0.721*  0.367NS  -0.657*
0.129
Patescibacteria 0.75* NS -0.524 NS -1.028**
-0.469
RCP2-541 0.858** NS -0.428 NS -0.736*
0.078 -0.353
Bdellovibrionota -0.385 NS NS 1.64*** NS
0.443 -
Hydrogenedentes -0.1 NS NS 1.071%%* 1.533***
-0.414
Nitrospirotai 0.515* -0.534*° -0.146 NS NS
-0.466 -
WPS-21 0.683* NS 0.195 NS  1.076***
1.979™*
Methylomirabilotai -0.81*** * -1154%%*  -0.4*
2.576™* -0.38
Latescibacterota -1.434%%F * 0.047 NS NS
Dependentiae1 0.404 NS -0.62*  1.081*** 0.858**
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Harvest:
Rhizosphere~

Deinococcota1
MBNT15

WS21
NBi1-j

Entotheonellaeota1
Planctomycetota
SAR324_clade
(Marine_group_B)
Elusimicrobiota
Actinobacteriota2
Fibrobacterotai
Firmicutes2
Chloroflexi
Acidobacteriota1
Bacteroidotaz
Gemmatimonadotai
Myxococcotaz
Sumerlaeotal

Desulfobacterotal

Dadabacteria1

Armatimonadotaz
Patescibacterial

RCP2-542

-0.721%**

0.37 NS

0‘933***
0.518**

0.318 NS
-0.188 NS

-0.748***
0.514"

-0.398 NS

—1.378***

-1.217%*

0.559™*

0.616***

-0.225 NS

0.344 NS
-0.737 NS

0.994™*

-0.471 NS

6***

-3.15

0.914***
0.71 NS

1.277***

0.205
NS

-0.057
NS

*k%

0.85
0.614**

-0.526*

0.336
NS

0.648**

-0.549"
0.06
NS

1.057**

0.079
NS

-0.15
NS

0.476*
0.166
NS

0.826**

0.806*

-0.952*

0.712**
0.943**

0.959™*

-0.237
NS

-0.562
NS

1.592***
0.696**

0.025 NS
-1.226%%*

-0.093 NS

0.669*

1.09***
0.017 NS

-0.024 NS

*%

0.95
1.741***

-0.543**

-1.217%%*

0.486*

-0.041 NS

-0.54 NS

0.703 NS

0.576*

3.805***

-0.253 NS
-1.821%**

_1‘352***

-0.27
NS

1.152%%*

0.931%**
1.0g**
0.003
NS
-0.352
NS

-1 18***

-0.535"*
0.916**

0.726
NS
0.562
NS
-0.187
NS
-0.218
NS
-0.024
NS

0.364
NS

1.367

*k*

1.499™*

-0.165
NS

-1 41***

-0.384
NS
0.885
NS

-0.355
NS
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Harvest:
Endosphere~

Hydrogenedentes:
Methylomirabilota2
Latescibacterotai
Dependentiae2
WS22

NBi1-j1
Spirochaetota

SAR324_clade(Marine_group_

B)1

Fibrobacterotaz
Firmicutes3
Proteobacteria
Chloroflexii
Verrucomicrobiotaz
Bacteroidota3
Gemmatimonadota2

Myxococcota3

Sumerlaeota2
Desulfobacterotaz
Cyanobacteria1
Armatimonadotas
Patescibacteria2

Bdellovibrionota1

0.045 NS
-0.348 NS
-0.819%*

0.396 NS

0.805**

1.459***
1.105***

-0.685*
-1.827%**
-1.726%%*
-0.36*
0.455 NS
-0.553 NS
0.083 NS
0.493 NS

-0.287 NS

0.747*

*k*

-1.484
-0.68%
0.585*
-

1.289

_0.913***

1.075**
1.109***

3518+
-0.141
NS
-0.361
NS
0.052
NS
-1.185%*

0.639*
0.272
NS
0.071
NS
0.327
NS
0.223
NS
0.336
NS
-0.322
NS

-0.969*
0.452
NS
1.847**

1.074**

0.128
NS

-1.053**
-0.663
NS

0.736*

0.509 NS
-1.815%**
-0.682*
0.565*

1.867%**

-2.722%%*
-0.861**

0.861**

3.456%+*
3.49***
0.833%**
-0.415 NS
1.768%**

0.795™*

-0.544 NS

0.591*

0.674*
2.049***
1.706™**
0.323 NS
-1.966***

1.883***

1.645***

0.244
NS

-0.554
NS

1.004%**
0.131 NS

-0.612*
-1.042**

-0.447
NS

0.06 NS
0.032
NS
-0.298
NS

-0.577*

-0.856*
-0.498
NS
0.668
NS
-0.328
NS

-0.73
NS
-0.24
NS
-0.333
NS
-0.332
NS
-0.107
NS
-0.651
NS
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Hydrogenedentesz
Nitrospirotaz
WPS-22
Dependentiae3
Deinococcotaz
MBNTi151

WS23

NBi1-j2
Spirochaetotai

Planctomycetotai

SAR324_clade(Marine_group_

B)2

-0.581 NS
-0.213 NS
-0.406 NS
-0.099 NS
-1.232%%*
-1.384%**
-0.49"
1739
-0.333 NS

-0.801**

0.049 NS

-0.707*
0.124
NS
-0.176
NS

-0.3 NS
1.959™*
0.652*
0.53%

2.091%*

0.545"
0.636

-0.501*

1.493%*
-0.682**
1.323%%*
1.169***
-0.726
1.303***
0.909™**
-L114%**
0.795™

1.288***

-0.103 NS

-0.179
NS

0.239
NS
-0.561
NS
-0.602
NS
-0.131
NS
-0.272
NS
-0.071
NS
-0.031
NS

2.101%**
-0.562
NS

0.47 NS
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Table S5.9. Differential abundance output showing log fold change in bacterial phyla

across each control pot (plant-absent) across and each treatment (microbial aridity,

sterilisation and water stress). All comparisons are made to high aridity, live, control

watering treatments. Reference comparisons represent LFC change from grand mean. ‘NS’

indicate non-significant LFC results,

represents P<0.001.

' represents p<o0.05,

Chek?

represents p<o.01, an

d Ckk k)

Reference (High

aridity: Live: ~Low

Compartment Bacterial phylum Control) aridity ~Sterile ~Water-stress

Initial

sampling:

Soil~ Actinobacteriota 0.015 NS -0.182 NS  -0.662* 0.318 NS
Firmicutes -0.508 NS -0.025 NS 195" 0.356 NS
Chloroflexi -0.568** 0.466 NS 0.739% 0.195 NS
Bacteroidota -0.872** 0.567 NS 1.372% 0.37 NS
Gemmatimonadota 0.3 NS -0.597 NS -0.581* 0.334 NS
Myxococcota -0.15 NS 1.262* -1.13 NS -0.122 NS
Cyanobacteria -0.667 NS -0.834 NS 1.306* 1.199*
RCP2-54 -2.273** 2.828* -0.268 NS 0.854 NS
WPS-2 0.886* -1.927** -1.235 NS -0.17 NS
Methylomirabilota -1.548%* 3.001%* 0.722 NS 0.138 NS
Entotheonellaeota -0.642 NS 0.274 NS -0.435 NS 1.197*
Planctomycetota -1.294** 0.902 NS 1.385 NS 1.002 NS

Harvest: Soil~ Actinobacteriota1 -0.247 NS 0.09 NS -0.437 NS 1.03**
Fibrobacterota -0.752* 0.877 NS 1.233%* -1.013**
Firmicutes1 -2.417%* -0.014 NS 3.701*** 1.085 NS
Proteobacteria -0.099 NS 0.3 NS 0.657* -0.414 NS
Acidobacteriota 0.633 NS 0.416 NS -0.476 NS -1.097*
Bacteroidota1 -1.128* 1.375%* 2.027%%* -0.878*
Sumerlaeota 0.064 NS -0.847 NS 2.013** -1.142%
Desulfobacterota -0.493 NS 0.819 NS 1.484* -1.481*
Dadabacteria 1.258** -0.005 NS -0.021NS  -2.353***
Armatimonadota 0.369 NS 0.151 NS 0.589 NS -1.382**
Patescibacteria 0.914 NS 1.123 NS -1.147* -172%*
Bdellovibrionota -0.676* 0.376 NS 1.381%** -0.176 NS
Hydrogenedentes -0.177 NS 1.28 NS 0.37 NS -2.497***
Nitrospirota 0.926™ -0147 NS  -0.502 NS -1.198**
Latescibacterota -2.879*** 5.28%** 0.161 NS -1.641%*
Dependentiae 0.161 NS 0.051 NS 1.026** -1.261%%
MBNT15 0.571 NS 0.207 NS 0.516 NS -2.14%**
WS2 0.203 NS 0.346 NS 0.258 NS -1.262%%
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NBi1-j 1.802**
Planctomycetota1 0.069 NS
SAR324_clade

(Marine_group_B) -0.634 NS

-0.209 NS -2.81*** -1.864™*
0.565 NS 0.632 NS -1.184*

0.811 NS 0.559 NS -2.007**
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Supplementary figures

Figure S1. Experimental design for T. triandra growth trial. a) 8 experimental treatments
with microbiota sourced from high (sun) and low aridity (cloud) soils, plants are then raised in
these soils under live (block colour) and sterilised (striped colour) conditions, then subjected
to water stress and control treatments (10 pots per treatment). (b) After sowing of 8 plant
seeds per pot, and thinning of seedlings (one per pot), plants across each treatment are grown
in the glasshouse for a total of 5 months, before growth trait measurements are made during
harvest. (c) An additional 24 soil-only pots were maintained across these treatments with not
T. triandra seeds planted to monitor changes in microbial communities in the absence of

growing plants (8 treatments, 3 pots per treatment).
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Figure S5.2. The relative soil water content (RSWC) percentage of each pot throughout
the duration of the growth trial. Each line represents a single pot, coloured by treatment
group including label codes for: High (Q) and low (K) microbial aridity; live (L) and sterile
(S)treatments; water stress (D) and control (W), as well as the plant absent, control pots (C).
Dotted lines indicate watering levels throughout the experiment. Control treatments were
watered to 100% RSWC throughout the duration, whereas the water stress treatments were
gradually stressed first to 70%, then 50% and finally 40% RSWC. RSWC is based on the
average of lowest RSWC value (before watering) and highest RSWC value (after watering), for

each recorded day.

Figure S5.3. Seed planting template for pots during germination trial. Eight different

seeds were planted radially with identifying marks on the lip of each part for traceability.
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Figure Ss.4. Rarefaction plot showing number of reads against estimated number of
species (ASVs). Each sample is coloured by plant compartment (soil, rhizosphere, and
endosphere) at the initial soil sampling and the plant harvest. Samples were rarefied to 18,738

reads (black vertical line).

Figure S5.5. (a) Cumulative germination curve showing average recorded germination
percentage per pot, across each soil treatment and (b) predicted effects plot showing
predicted germination against seed weight. Treatments include: (Quorn, Kuitpo), and

sterilisation treatment (Live, Sterile). Errorbars represent 95% confidence intervals.
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a) Low aridity High aridity b) Low aridity High aridity
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Figure S5.6. Interaction plot for T. triandra total biomass (g). Interaction plots show: a)
low and high ardity microbiotas, showing how sterilisation impacts 7. triandra growth under
water stress versus control, and b) how low and high ardity microbiotas impact T. triandra
growth under water stress conditions. Lines connect means across treatments to highlight
interaction patterns between categorical levels; they are included for interpretive clarity and

do not imply continuity.
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Figure S5.7. Interaction plot for aboveground T. triandra biomass (g). a) low and high
ardity microbiotas, showing how sterilisation impacts T. triandra aboveground biomass under
water stress versus control, and b) how low and high ardity microbiotas impact T. triandra
aboveground biomass under water stress conditions, and c) T. triandra aboveground biomass
response to water stress is impacted by microbial aridity across live and sterile conditions.
Lines connect means across treatments to highlight interaction patterns between categorical

levels; they are included for interpretive clarity and do not imply continuity.
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Low aridity

High aridity

Microbiota
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Figure S5.8. Interaction plot for belowground T. triandra biomass (g). a) low and high

ardity microbiotas, showing how sterilisation impacts T. triandra belogground biomass under

water stress. Lines connect means across treatments to highlight interaction patterns between

categorical levels; they are included for interpretive clarity and do not imply continuity.
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Figure S5.9. Interaction plot for T. triandra biomass root-mass fractions. This plot

shows how sterilisation impacts T. triandra root investment across low and high aridty

microbiotas. Lines connect means across treatments to highlight interaction patterns between

categorical levels; they are included for interpretive clarity and do not imply continuity.

434



Supplementary information: Chapter five

Figure Ss.10. Plant-soil feedback ratios from T. triandra high and low arid microbial
communities under water stress versus control. These plot show differences in Plant-soil
feedback ratios based on T. triandra (a) total biomass, (b) aboveground biomass, (c)
belowground biomass, and (d) root-mass fractions. Significant differences are indicated by

unique lettering (See table S3).
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Figure S5.11. Mean relative abundance of major bacterial phyla across plant-absent
control pots within T. triandra pot soils over time. (a) Compartment and timpeoint
included were the initial soil sampling period (t,: orange crosslabel), soils at plant harvest (t;:
red crosslabel). Treatmens include sterilisation (live, sterile), microbiome aridity (high, low
arid sourced soil microbiotas), and watering regime (water-stress as red text labels, control as
blue text labels). (b) Differential abundance analysis comparing changes in phyla within each
timpoint and compartment across pot soils. Each category compares differences to a reference
group (the high aridity, live, control treatment). Log fold changes for the reference groups

show changes compared to the grandmean of each phyla.
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Figure Ss.12. Bacterial alpha diversity differences across T. triandra compartments and
timpoints. Alpha diversity is indicated by the effective number of ASVs for high and low

aridity soils, live and sterilised soils, and water stress and control plants.
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Figure S5.13. Principal co-ordinates analysis of bacterial communities associated with

T. triandra bulk soils rhizospheres and endosphere. These orination plto show patterns

of soil to endosphere community colonisation as per the two- step selection process (beta

diversity). Axis 1 and 2 refer to the principal components 1 and 2, respectively.
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Figure S5.14. Soil physicochemical differences across each plant treatment. Soil
variables included (a) ammonium nitrogen, (b) nitrate nitrogen, (c) phosphorus, (d)
potassium, (e) sulphur, (f) organic carbon, (g) electrical conductivity, and (h) pH (CaCl,). Each
point represents a sampled pot, coloured by treatment group. Treatment codes label codes are
described by lettering with: High (Q) and low (K) microbial aridity; live (L) and sterile (S)
treatments; water stress (D) and control (W), as well as the plant absent, control pots (C).
Unique indicates significant differences between treatments at the 0.05 significance level

using a Dunn test with Holm adjusted p-values.
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