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Abstract
Ecological assessments of Pseudomonas communities in pastoral soils:
implications for disease suppression and sustainable production in agricultural
grasslands

by
Bryony E. A. Dignam

Grasslands are an important source of biodiversity, providing a range of essential ecosystem services
such as ensuring water quality and soil carbon storage. An increasing proportion of grasslands are
being used to support grazing livestock, with agricultural grasslands covering over 25% of the Earth’s
ice-free land surface. Despite the increasing economic value of pasture-derived exports, and the
recognised importance of soil-borne disease to pasture productivity, there has been little
fundamental or applied research effort aimed at understanding or controlling the diverse and
dynamic soil-borne pathogen complexes that develop under pasture.
Soil-borne plant pathogens can be suppressed through the general activity of the total soil
microbiota acting in competition with the pathogenic microbiota, or by increases in the abundance
and activity of specific microbes or microbial consortia that are antagonistic against selected
pathogens. Management of the diverse soil microbial communities towards a disease suppressive
microbiome is an emerging approach to plant disease control in agricultural systems. In comparison
to arable systems however, disease suppression under pastoral agriculture remains vastly
understudied. As such, the overarching aim of this thesis was to “identify farm management
practices that provide opportunities by which the indigenous microbial communities of pastoral soils
may be ‘engineered’ towards an enhanced state of general disease suppression”.
Soil microbial community properties known to be associated with disease suppression were
examined across 50 pastoral fields. The composition and abundance of the disease-suppressive
community was assessed from both taxonomic and functional perspectives. Pseudomonas bacteria
were selected as a general taxonomic indicator of disease suppressive potential, while genes
associated with the biosynthesis of a suite of secondary metabolites provided functional markers
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(GeoChip 5.0 microarray analysis). Land use intensification was identified as the primary driver of the
compositions of both Pseudomonas communities and disease suppressive functional genes.
Furthermore, using a multivariate statistical approach, it was possible to associate main changes in
the soil Pseudomonas populations, and functional gene abundance, with measures of soil organic
matter quality, C:P ratio (nutrient stoichiometry), and aromaticity of the dissolved organic matter
content (carbon recalcitrance).
These associations between soil organic matter quality and soil disease suppressive communities
were challenged and validated using a structured experimental design. Soils collected from a longterm grassland field trial were used to investigate the impact of 20 years of plant residue
management on soil suppressiveness. A novel, pasture-relevant plant pathogen bioassay, Rhizoctonia
solani AG2-1 induced damping-off (wirestem) of kale (Brassica oleracea), was used to detect natural
variation in soil disease suppression and link this with changes in soil biology and chemistry. Frequent
inputs of plant material into soil altered the chemical, physical, and microbiological parameters of
the pasture. Notably, Pseudomonas community composition (species richness and diversity), soil
organic matter content, and carbon recalcitrance were associated with enhanced suppression of
damping-off disease.
Subsequent microcosm experiments, simulating on-farm management of carbon availability,
assessed the importance of soil, plant, and proximity to the plant root, in shaping microbial
communities in pastoral soils. While the ‘parent’ soil (within which crops were planted or residues
added) was identified as the primary driver of both bacterial and Pseudomonas communities, the
composition of the Pseudomonas community, particularly species diversity indices, was more
sensitive to plant species-specific effects than the total bacterial community.
Collectively, the research conducted in this PhD programme has demonstrated how edaphic,
environmental, and farm-management factors can alter key phylogenetic and functional traits of the
resident soil community. Importantly, pastoral management decisions that affect soil organic matter
content, particularly carbon quality, were identified here as key opportunities to manage the
indigenous microbial communities of pastoral soils to favour development of a suppressive
microbiome.

Keywords: soil-borne plant pathogens, disease suppressive soil, general disease suppression,
grassland ecosystems, pastoral agriculture, sustainable production, land use intensification, soil
microbial communities, molecular microbial ecology, bacteria, Pseudomonas spp., environmental
genomics, functional diversity, soil organic matter, farm management.
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Chapter 1
Introduction and thesis outline

1.1 General introduction
Globally, grassland ecosystems represent one of the most extensive forms of land cover, providing a
key resource in terms of biodiversity and ecosystems services (White et al., 2000). An increasing
proportion of grasslands are being used to support grazing livestock, with agricultural grasslands
covering over 25% of the Earth’s ice-free land surface (FAOSTAT, 2011). The sustainability of these
systems is of great importance to many countries reliant on pasture-derived production for both
domestic and export purposes.
In New Zealand, for example, as the basis of the wool, meat and dairy industries, the pastoral sector
is collectively responsible for exports exceeding $17 billion per annum (MAF, 2010). Demand for food
and fibre derived from livestock production is increasing globally and, as a result, pastoral agriculture
is undergoing intensification. This involves increased inputs of fertilisers and water, alteration of the
botanical composition, changes in grazing practices, and closer management to achieve optimal
profitability. Collectively, such changes lead to new abiotic and biotic environments within which
pasture diseases may develop (Dignam et al., 2016).
Diverse and dynamic soil-borne pathogen complexes develop in pastoral agricultural systems and can
substantially constrain potential pasture productivity (Skipp and Watson, 1996). As the host plants
remain relatively constant, many of these pathogens increase in abundance (inoculum potential)
over the life of a pasture (Skipp and Sarathchandra, 1999).
Despite the increasing economic value of pasture-derived exports, and the recognised importance of
soil-borne disease to pasture productivity, the past 15 years has seen little fundamental or applied
research effort aimed at understanding or controlling the disease complexes that develop under
pasture (Wakelin et al., 2016a). However, the consensus of early studies from New Zealand are highly
illustrative and show that pasture production losses to soil-borne diseases are likely to be between
40 and 50% (Skipp and Watson, 1996, and references within). Furthermore, in a recent study that
focussed on clover in high value dairy-based systems, Wakelin et al. (2016a) showed that elimination
of soil biological constraints by soil pasteurisation led to significant increases in clover growth,
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exceeding 60% in some soils (average = 28.5%). Such production losses translated to economic costs
of between $750 and $1506 (NZD) ha-1 year-1. Control of soil-borne diseases through the
development of disease suppressive soils is a sustainable approach to increasing on-farm
profitability. Yet, the multitude of interactions between soil physical, chemical and biological
properties renders the control of soil-borne diseases a complex challenge.
In intensive agronomic systems, cultivation practices such as crop rotation, breeding for resistant
cultivars, and the application of synthetic fungicides, provide only partial or ephemeral control of
soil-borne diseases (Haas and Défago, 2005; Bonanomi et al., 2010). In addition, public concern
regarding the effect of agrichemicals on environmental and human health is driving renewed
research into naturally occurring and environmentally-friendly methods for the control of plant
pathogens (Raaijmakers et al., 2002). In pastoral systems, disease control is further complicated by,
and must account for, the multi-plant-multi-pathogen complexes that develop with perennial plant
species, and the expansive nature and potentially challenging topography of pastoral farming
systems that hinder practicable delivery of external inputs (Dignam et al., 2016).
In disease suppressive soils, susceptible plant hosts are protected from virulent pathogens by either
the competitive activity of the overall soil microbiota (general suppression), or by the antagonistic
activities of individual or a consortia of microorganisms (specific suppression; Weller et al., 2002).
Well-characterised examples of soil suppressiveness have provided a wealth of understanding
regarding the processes associated with the release of plants from pathogen pressure in arable
(Weller et al., 2002) and, more recently, natural grassland systems (Maron et al., 2011; Schnitzer et
al., 2011; Latz et al., 2012). This new knowledge provides opportunities to exploit such processes in
pastoral systems if the underlying mechanistic relationships are common to both arable and pastoral
systems. However, little is known about the distribution of disease-suppressive communities in
agricultural grasslands and how these communities and their functions relate to plant protection and
productivity (Dignam et al., 2016).

1.2 Suppressive soil microbiology
1.2.1 Exploiting the suppressive microbiota: ‘a community perspective’
Considerable research effort has been invested in identifying microbial taxa involved in suppression
of various soil-borne diseases. A range of bacterial taxa have long been considered as ‘biocontrol
bacteria’, including Agrobacterium, Arthrobacter, Azotobacter, Bacillus, Burkholderia, Collimonas,
Pantoea, Pseudomonas, Serratia, Stenotrophomonas, and Streptomyces (Raaijmakers and Mazzola,
2012). Similarly, various fungi have also been found to be associated with disease suppression,
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mostly non-pathogenic strains of Fusarium, Gliocladium, Trichoderma, and Penicillium spp.
(Alabouvette et al., 1993; Haas and Défago, 2005; Raaijmakers et al., 2009). While numerous studies
have explored the ecology of these microbial taxa in suppressive soils, the selection of a single
microbial isolate (or species) and its subsequent application as a microbial inoculant in the field has
largely failed to deliver desired or consistent levels of disease control (Mazzola, 2007). This is perhaps
not surprising; the establishment and survival of introduced microbes is dependent on their ability to
compete with diverse and well-adapted resident microbial communities.
High throughput DNA sequencing, and other culture-independent community characterisation
approaches, such as phylogenetic microarrays (Kyselková et al., 2009; Mendes et al., 2011), and
metagenomic sequencing (Penton et al., 2014; Cha et al., 2015; Chapelle et al., 2015), are providing
the increasing evidence to suggest that disease suppressiveness cannot be attributed solely to the
presence or absence of individual taxa, but instead to the presence of a consortium of taxa.
Mounting evidence for the involvement of microbial consortia in the suppression of soil-borne
pathogens has led to calls for research to take on a community perspective (Raaijmakers and
Mazzola, 2016).
Management of the soil microbial community towards inducing or enhancing disease suppression
presents an emerging, and potentially more enduring, approach to disease control in agricultural
systems (Raaijmakers and Mazzola, 2016). Managing or ‘engineering’ the soil microbiome in this way
may prove to be particularly important in pastoral grasslands where the control of diverse pathogens
is complicated by multi-plant-multi-pathogen interactions (Dignam et al., 2016; Wakelin et al.,
2016a). To exploit the natural processes that lead to enhanced disease suppression in pastures, and
to support farmers in managing pastoral systems towards a more suppressive state, it is important to
develop understanding of the occurrence of suppressive microbiota in the field and how these vary
spatially, temporally, and with farm management practices (Dignam et al., 2016).
The development of disease suppression as an ecosystem property in pastoral soils will be
dependent on a number of components. These include the disease control potential within the soil
microbiome, suitable edaphic and environmental conditions to support mechanisms of disease
suppression, and the occurrence of disease complexes. In the absence of well-characterised,
suppressive pastoral systems, the development of theoretical, process-based models for disease
suppression will be of little use. We propose that key ecosystem components should be studied
separately, our understanding of the underlying ecology iteratively refined and integrated back into a
main ecosystem model (Figure 2.3; Dignam et al., 2016). This approach requires the identification
and experimental investigation of key phylogenetic and/or functional traits within the soil
community.
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1.2.2 Pseudomonas bacteria: a taxonomic indicator of disease suppressive
potential
Of the diverse microbial communities present in soil, members of the ubiquitous bacterial genus
Pseudomonas are abundant in agricultural soils where different strains may competitively colonise
the rhizosphere of plants, contribute to the cycling of soil organic matter, promote or inhibit plant
growth and/or suppress plant diseases caused by soil-borne pathogens (Weller, 2007). Pseudomonas
(γ-Proteobacteria subclass, Pseudomonadales order, Pseudomonadaceae family) are rod-shaped
Gram-negative bacteria, which are motile (due to one or several polar flagella), have a high DNA GC
content (58-69%), and have a respiratory metabolism (either aerobic or anaerobic, where oxygen or
nitrate is used as the terminal electron acceptor respectively; Haas and Défago, 2005; Couillerot et
al., 2009). The genus, under ongoing revision, currently contains 144 recognised and validly published
species. As such, Pseudomonas contains the largest number of species among all genera of Gramnegative bacteria, and is currently considered one of the most complex of all bacterial genera
(Gomila et al., 2015). The substantial diversity within, and ubiquitous nature of the genus, is
therefore unsurprising. For example, the genus harbours both plant pathogenic and beneficial
species. While P. syringae represents the most extensively studied plant pathogenic species (O'Brien
et al., 2011), many Pseudomonads are known to exhibit both plant growth promoting and biocontrol
traits (Weller, 2007). Notably, several strains of beneficial fluorescent Pseudomonas are recognised
as plant growth promoting rhizobacteria (PGPR), acting either as biofertilisers, directly stimulating
plant growth, or as biocontrol agents, contributing to soil suppressiveness (Haas and Défago, 2005;
Mercado-Blanco and Bakker, 2007). These strains have been characterised as belonging to a number
of Pseudomonas species, including P. fluorescens, P. chlororaphis, P. protegens, and P.
brassicacearum, which are, in turn, distributed among several important subgroups within the genus
(Gomila et al., 2015). Current understanding of the phylogeny between Pseudomonas species has
been established based on multilocus DNA sequence analysis of four concatenated genes (16S rRNA,
gyrB, rpoB, and rpoD; Gomila et al., 2015).
Pseudomonas spp. have been implicated in the suppression of diseases caused by diverse soil-borne
pathogens, including Gaeumannomyces graminis var. tritici (take-all disease), Fusarium oxysporum
(Fusarium wilt), Rhizoctonia solani (damping-off), and Thielaviopsis basicola (black root rot disease;
Couillerot et al., 2009). Associated strains have been isolated from a range of soils and shown to
suppress disease caused by distinct pathogens in a range of host plants. They have, therefore,
become models for the study of biocontrol mechanisms (Couillerot et al., 2009). The contribution of
these bacteria to disease suppression and plant protection has been attributed to varying
mechanisms, including nutrient competition (siderophore production; Lemanceau et al., 1992),
hyperparasitism (fungal cell wall degradation; Kobayashi et al., 2002; Hjort et al., 2010), induced
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systemic resistance (ISR; activation of plant defence mechanisms; Bakker et al., 2007), and antibiosis
(secondary metabolite biosynthesis; Raaijmakers and Mazzola, 2012).
Across the studies described in this thesis, Pseudomonas bacteria were selected to provide a
taxonomic indicator of suppressive potential. Although typically used as a model for the investigation
of biocontrol mechanisms in culture-based studies (Couillerot et al., 2009), culture-independent
analyses continue to point to a prominent role of γ-Proteobacteria (especially Pseudomonadaceae;
Mendes et al., 2011) and Pseudomonas spp. (Kyselková et al., 2009) in soil suppressiveness.
Furthermore, field-based studies have established associations between management-induced shifts
in the composition and diversity of indigenous Pseudomonas communities, and soil suppressiveness
across agricultural systems (Sarniguet et al., 1992; Garbeva et al., 2004b; van Overbeek et al., 2012).
In the context of this study, the demonstrated sensitivity of Pseudomonas was anticipated to be
particularly useful for monitoring changes in soil microbial communities in response to management
practices.
The wealth of knowledge surrounding biocontrol mechanisms of Pseudomonas bacteria, and the
continued development of molecular approaches that target associated functional genes, allow this
genus to be assessed from both phylogenetic and functional perspectives. It is important to note that
although knowledge of the mechanisms and metabolites involved in biological control by bacteria
result largely from studies with fluorescent Pseudomonas spp., antibiotics are produced by a diverse
range of biocontrol bacteria (Raaijmakers et al., 2002). As such, in targeting Pseudomonas-associated
functions in the soil environment, there is potential to simultaneously detect and/or monitor the
abundance and distribution of such functions across diverse microbial taxa. Thus this approach
provides coverage and understanding of the wider microbial community.
Investigations on the biological control of soil-borne phytopathogens by Pseudomonas spp. have
traditionally focussed on the antagonistic capacity of individual strains either in pure culture or that
have been introduced directly into soil or on plant roots (Raaijmakers et al., 2002). Instead, utilising a
community-focussed approach, we investigate relationships between indigenous Pseudomonas
communities in soil samples, and edaphic, environmental, and farm-management factors. To
determine whether Pseudomonas communities were associated with factors unique to those driving
wider changes in soil bacterial communities, these relationships were simultaneously investigated
with respect to changes in the abundance and structure of the total bacterial community.
Furthermore, we seek to confirm the association between Pseudomonas communities and soil
suppressiveness.
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Chapter 2 provides a review of the literature, summarising the unique challenges and opportunities
associated with harnessing disease suppression in complex, multiple-plant-multiple-pathogen
pastoral systems. Further, the chapter highlights the need for a systems-based and integrated
research approach that combines both phylogenetic and functional assessment of microbial
communities in soil. We propose that in utilising a range of emerging and existing high throughput
molecular techniques alongside novel pasture-relevant bioassays, it will be possible to determine
which changes in microbial community structure and function (with land use and management)
influence the disease suppressive capacity of soils.
In Chapter 3, soil microbial community properties related to disease suppression were examined in a
well-characterised set of 50 field-collected pasture soils, which varied in geographic location, edaphic
and environmental properties, and management intensification (Figure 1.2; Wakelin et al., 2013a).
The work combined both taxonomic and functional assessments of bacterial community ecology
from soils, and is the first study to describe and utilise a novel subset of disease suppressive gene
probes added to the latest iteration of the functional gene microarray GeoChip (5.0). Pseudomonas
bacteria were selected to provide a general taxonomic indicator of disease suppressive potential.
This study aimed to: (i) determine whether the structure and abundance of Pseudomonas bacteria
were associated with factors unique to those driving changes in the total bacterial community; (ii)
determine if soil and/or environmental variables were associated with the composition and
abundance of disease suppressive functional genes; and (iii) identify any shared soil or environmental
variables associated with Pseudomonas communities and disease suppressive functional genes. The
results provide novel insights into the wider environmental ecology of these bacteria, alongside
associated functional genes with putative roles in biocontrol mechanisms underpinning disease
suppression in the soil environment. Notably, changes in soil organic matter quality were shown to
influence both taxonomic (Pseudomonas) and functional indicators of disease suppressive potential
in these soils.
In Chapter 4, the isolation of the soil-borne fungal pathogen Rhizoctonia solani from pasture soil is
described, and a pasture-relevant bioassay developed: Rhizoctonia solani AG 2-1 induced dampingoff (wirestem) of kale (Brassica oleracea). Plant-pathogen bioassays are necessary to quantify the
disease suppressive capacity of soils by comparison of disease symptoms in inoculated and
uninoculated treatments (e.g. Mendes et al., 2011). To identify opportunities for the management of
disease suppressive components of pasture soils, the association between disease suppression and
community abundance, composition, and/or function must be established (Dignam et al., 2016). For
the assessment of disease suppression in pastures, we propose that assays that utilise host plants
unrelated to the current crop species present, along with broad-host range pathogens, will be
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indicative of inherent general, rather than specific, suppression. In combination with soil
physicochemical data and environmental DNA approaches, this bioassay can be used to further
advance understanding of the influence of farm management practices on disease suppression in
pasture soils.

Figure 1.2

Sampling locations, throughout the North and South Islands of New Zealand, and soil
orders of 50 field-collected pasture soils. Samples were collected as part of the ‘New
Zealand 50 Pastures Project’ described by Wakelin et al. (2013a). Environmental DNA
from each of these samples was used for taxonomic and functional assessment of
bacterial community ecology. Reprinted from “Physicochemical properties of 50 New
Zealand pasture soils: a starting point for assessing and managing soil microbial
resources” by Wakelin et al. (2013a). Reprinted with permission.
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Chapter 5 addresses the hypothesis (generated in Chapter 3) that management practices that result
in alteration of soil organic matter content, particularly carbon quality, will provide opportunities by
which indigenous soil microbes may be managed to enhance soil suppressiveness. The study
assessed the impacts of varied management of plant litter and senesced vegetation on soil chemical,
physical and microbiological parameters in a long-term, grassland field trial. The contributions of
management-induced changes in biotic and abiotic soil properties to soil suppressiveness were
investigated using the pasture-relevant bioassay detailed in Chapter 4.
The study tested the hypotheses that: i) incorporation of plant litter will lead to significant alterations
in soil chemistry, specifically SOM quantity and quality; ii) Pseudomonas species composition will be
sensitive to changes in SOM quality, resulting in a negative correlation between Pseudomonas
species diversity and C recalcitrance; and iii) through management-induced changes in Pseudomonas
community structure, increased Pseudomonas diversity will lead to enhanced soil suppressiveness.
Collectively, the results suggest that management-induced shifts in Pseudomonas community
composition, notably species diversity and richness, provided a better indicator of soil susceptibility
to disease caused by a broad host range pathogen (R. solani) than soil chemical parameters.
Importantly, it was demonstrated that frequent addition of organic residues to grassland soils
enhanced the diversity and activity of plant-beneficial bacterial taxa.
Chapter 6 addresses the hypothesis that Pseudomonas community composition will be sensitive to a
range of on-farm management practices that lead to alteration of soil organic matter. The impacts of
soil and plant-based selective pressures on bacterial and Pseudomonas community composition and
diversity in pasture soils were tested. Three hierarchical experiments were designed to simulate onfarm management practices that impact on carbon availability in soil, and demonstrate the response
of microbial communities to such practices.
The following sub-hypotheses were tested: i) the soil to which crops are planted or residues added
will be the dominant driver of Pseudomonas community composition; ii) plant species-specific effects
on community composition will be observed both in the rhizosphere and following the incorporation
of crop residues; and iii) selection by plant-derived substrates will be more pronounced with
increasing proximity to the soil-plant root interface, i.e. distinct communities will be detected in bulk,
rhizosphere, and rhizoplane samples.
While soil was the dominant factor driving the shape of both total bacterial and Pseudomonas
communities, plant species-specific effects were evident and were stronger with increasing proximity
to the plant root. Overall, the composition of the Pseudomonas community was found to be more
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sensitive to plant species effects than the total bacterial community. This work identified several
management practices, notably plant species selection for pasture renewal, ‘break-crops’, or organic
amendments, that may present opportunities by which indigenous soil communities could be
managed to favour a suppressive microbiome.
In Chapter 7, the most important findings of the thesis research are summarised, with particular
reference to the identification of opportunities for the on-farm management of key components of
the soil microbiome towards an enhanced state of disease suppression. Suggestions for future
research are discussed.
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2.1 Abstract
Grasslands are an important source of biodiversity, providing a range of essential ecosystem services
such as ensuring water quality and soil carbon storage. An increasing proportion of grasslands are
used for pastoral agriculture, supporting production of domestic livestock. Pasture productivity is
significantly affected by soil-borne microbial pathogens. Reducing the impact of soil-borne diseases
in pastures is challenging given the complexity of interactions within the soil/rhizosphere
microbiome and the diverse impacts of vegetation, land management, soil conditions and climate.
Furthermore, there are fewer opportunities to control plant pathogens in pastures compared to
arable cropping systems. The greater diversity of vegetation leads to the development of more
diverse and less well characterized pathogen complexes, and the application of agrochemicals for
control of soil-borne diseases is economically prohibitive and ecologically undesirable. Soil-borne
plant pathogens can be suppressed through the general activity of the total soil microbiota acting in
competition with the pathogenic microbiota, or by increases in the abundance and activity of specific
microbes or microbial consortia that are antagonistic against selected pathogens. The development
of strategies that enhance disease suppressiveness in pastures will depend not only on phylogenetic
assessment of microbial communities, but also on a mechanistic understanding of the functional
potential and properties (i.e. disease suppressive traits) of the soil microbiome. Collectively, this
fundamental knowledge will be essential to identify the factors driving the emergence of desired
disease suppressive microorganisms and traits. To understand and predict disease suppressive
functionality, the spatial and temporal variability of the soil and plant-associated microbial
populations and their activities must be taken into account. A systems-based approach is therefore
required to identify the obstacles and opportunities related to controlling plant pathogens in pasture
systems. Such an integrated approach should incorporate a “microbial” perspective to examine
traits, drivers and activities of soil-borne microbes, while utilizing emerging tools in ecological
genomics, as well as computational, statistical and modelling approaches that also accommodate the
chemical and physical complexity of soil ecosystems.

2.2 Introduction
Grassland ecosystems represent one of the most extensive types of land cover globally, representing
approximately 40% of the Earth’s ice-free land surface (White et al., 2000). Grasslands are important
sources of biodiversity, support production of grazing animals, provide essential ecosystem services
such as ensuring water quality and soil carbon storage and, in many areas, have considerable
touristic and recreational value. An increasing proportion of grasslands are used to support
production of domestic livestock, and the sustainability of pastoral-based agriculture is of great
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economic importance to many countries reliant on pasture-derived production for both domestic
and export purposes.
In New Zealand, for example, approximately 30% of the total land area is used for high-producing
pastoral agriculture (Statistics New Zealand, 2012). As the foundation of the dairy, meat and fibre
industries, pasture is the country’s most important agricultural system (Harvey and Harvey, 2009)
and thus, it’s protection and development is imperative for sustainable economic growth. As the
pastoral sector undergoes increasing intensification globally, changes in soil fertility, botanical
composition, and grazing management are occurring at a rapid rate. These changes provide new
abiotic and biotic contexts within which pasture diseases may emerge.
Although often not recognized, soil-borne plant diseases result in significant production losses
(Janvier et al., 2007), and they are known to drastically reduce the efficiency (plant production per
unit use) of water and nutrients (Baligar et al., 2001). As the symptoms of soil-borne diseases
primarily manifest below-ground, production losses are difficult to quantify and are consequently
greatly underestimated. Although production losses quantified in monoculture systems may not be
directly indicative of losses in multispecies grasslands, an array of transferable knowledge regarding
plant disease, and suppression thereof, has been acquired from grass-based agricultural systems of
importance for food production. Comprehensive studies on well characterised agricultural systems of
wheat and other cereals report highly variable yield increases in response to soil pathogen
eradication of up to 113% (average ≈43%), with the variation reflecting differences in crop type,
pathogen virulence and levels, and the specific disease mitigation strategies used (Raaijmakers et al.,
2009).
The control of soil-borne diseases remains an intractable challenge. In intensive agronomic systems,
cultivation practices such as crop rotation, breeding for resistant cultivars and the application of
synthetic fungicides provide, at best, only partial control of some diseases (Haas and Défago, 2005;
Bonanomi et al., 2010). Furthermore, the use of soil fumigation with certain broad spectrum
chemicals, such as methyl bromide, has been phased-out globally (United Nations Environment
Programme, 2012). The inconsistent control provided by conventional techniques, in addition to
increasing public concern about the effect of agrichemicals on environmental and human health, is
driving renewed research interest in environmentally benign methods for the control of plant
pathogens (Raaijmakers et al., 2002).
Disease suppressive soils, through the competitive activity of the resident total soil microbiota
(general suppression) or the antagonistic capabilities of specific groups of microorganisms (specific
suppression), are able to reduce the occurrence or severity of disease caused by soil-borne
phytopathogens (Weller et al., 2002). The management of soil ecosystems towards a state of
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increased disease suppressiveness represents one of the methods by which sustainable disease
control may be achievable. In contrast to the black-box approaches of previous decades, the
availability of high throughput community characterisation techniques provides new possibilities for
the ecological assessment of disease suppressive components in complex agricultural systems. Here,
we examine the challenges and opportunities of harnessing the microbial basis of naturally occurring
disease suppressive soils for sustainable pasture production. As a model system, we focus on the
pastoral sector of New Zealand, as this provides a diverse mosaic of high- and low-input grassland
systems, which are highly representative of grasslands across a wide range of global regions.

2.3 Pasture pathology: pathogens and associated production losses
Pastoral agroecosystems differ in a number of important ways from other forms of agricultural
production. Pastures are typified by having a mixed botanical composition often including grasses,
legumes, and herb species and may also include forage brassicas used in rotations. These mixed
swards may include annual and/or perennial species, with the botanical composition usually selected
for its suitability within wider agroecological conditions such as climate, soil fertility, drainage and
pest, weed and grazing pressures, as well as required growth rates and timing to meet livestock
needs. Belowground, the structure and composition of the soil microbial community in pastures
continually changes through plant-based selection. This selection is driven by seasonal changes in
plant growth and the characteristics of dominant plant species (Kennedy et al., 2005), as well as the
impacts imposed by fertiliser inputs, grazing and other management characteristics (Wakelin et al.,
2009). Plant species-dependent responses to high plant diversity have further implications for soil
microbial communities. For example, increased root biomass, by vertical niche differentiation
(Mueller et al., 2013) or interspecific growth stimulation (Mommer et al., 2010), increases the
potential for plant root-driven changes in the soil environment of pasture systems. The higher plant
diversity of pasture systems may limit the pathogen pressure that accumulates under arable
cropping (de Kroon et al., 2012) and a distinct positive relationship exists between plant biodiversity
and ecosystem productivity (Tilman et al., 2001). However, diverse and dynamic pathogen complexes
often substantially constrain pasture productivity (Skipp and Watson, 1996) and increase in inoculum
potential over the life of a pasture (Skipp and Sarathchandra, 1999).
A diverse range of soil-borne pathogens is known to cause disease in pastures. In New Zealand, for
example, surveys have consistently yielded long lists of fungal, oomycete and nematode pathogens
(e.g. Falloon, 1985; Skipp and Christensen, 1989; Waipara et al., 1996; Sarathchandra et al., 2000;
Harvey and Harvey, 2009). These range from ‘generalist’ pathogens that cause minor disease on a
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number of host species, such as Pythium irregulare and Fusarium oxysporum, through to highly
virulent and devastating ‘specialist’ pathogens such as Phytophthora clandestina (Flett, 1994; Figure
2.1). In typical pastoral soils, multiple pathogens interact as part of a disease complex that impacts
pasture yield (Skipp and Watson, 1996). The resulting complexity of disease symptoms hinders our
ability to quantify yield loss due to specific soil-borne diseases in pastures.
Chemicals that act selectively against specific pathogens or groups of pathogens have been used in
efforts to distinguish the relative contributions of nematodes, fungi, and oomycetes to production
losses caused by disease pressure (e.g. Leath et al., 1973; Barbetti et al., 1987). In many cases, the
increases in establishment and dry matter of pasture plants have been dramatic following such soil
treatments. Barbetti et al. (1987) demonstrated that application of several fungicides, individually
and in combination, could lead to increases in subterranean clover seedling survival of up to 28% and
reductions in root rot disease of up to 49%. Using a more general treatment (microwave) to partially
disinfest ‘old’ (> 10 years perennial ryegrass/white clover) and ‘new’ (2 years after establishment)
pasture soils, Skipp and Sarathchandra (1999) increased white clover seedling emergence and
establishment. Seedling dry weight increased by 53 - 66% in ‘old’ pasture soil and 26 - 33% in ‘new’
pasture soil, as compared with their corresponding untreated soils (range in each soil due to levels of
fertiliser supplementation). Across fertiliser increments, seedling dry weight was always lower in the
untreated pasture soil than in the unfertilised microwave-treated soil, thus the authors concluded
that it is unlikely that nutrient release following microwave treatment caused the increase in plant
productivity. Rather, the increase in productivity was attributed to release from the combined
pressure of damping-off pathogens (e.g. Pythium spp.), root-knot nematodes (e.g. Meloidogyne spp.)
and root-rot fungi (e.g. Codinaea fertilis) (Skipp and Sarathchandra, 1999).
Although losses attributable to soil-borne pathogen complexes are difficult to quantify, the
consensus of studies from New Zealand are highly illustrative and show that pasture production
losses are likely to be between 40 and 50% (Skipp and Watson, 1996 and references within). This
estimate is in general agreement with estimated yield losses for cereals, which is the most well
studied plant-pathogen system in terms of crop losses (Raaijmakers et al., 2009). However, data from
these and similar studies may be considered a conservative indication of yield losses. By focusing on
the effect of pathogens on seedling emergence and establishment, production losses in the years
following establishment are not considered. Furthermore, fungicide and soil sterilisation techniques
do not ensure that all pathogenic microbes are eliminated from the soil, and by compensating for
nutrient release following soil sterilisation, the influence of nutrient use deficiencies caused by
pathogen infection can be masked. The symptoms of soil-borne diseases predominantly manifest
below-ground (Figure 2.1), and pasture vegetation is typically consumed by grazing stock before
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above-ground symptoms become apparent (Harvey and Harvey, 2009), further complicating on-farm
estimates of yield loss.
In addition to established pathogen populations, pastures are at constant risk of invasion by exotic,
disease-causing organisms. For geographically isolated countries, there is an increased risk of
introduction and spread of new pathogens into both productive and native ecosystems (Goldson et
al., 2015). Increasing levels of international trade and importation of supplemental feed, such as
palm kernel expeller (Clark et al., 2007), contribute to this risk (Liebhold et al., 2012). As the natural
soil biodiversity is very high, and losses caused by soil-borne diseases are rarely directly measured, it
is highly likely that invasions of new pathogens are continuous and build on the background of
pathogenic taxa already present. Increasing the suppressiveness of pastoral systems to existing
pathogens is fundamental to limiting the establishment of new pathogens. Causing significant
disturbance in the soil microbial ecosystem through the use of chemical pesticides for disease control
may, in fact, create a (micro)biological vacuum thereby increasing the opportunity for invasion of
new pathogens. As such, soil-borne disease control methods should not impinge on natural
ecosystem resistance and resilience.
Strategies for control of soil-borne disease in pastoral systems must consider the diversity of
potential plant-pathogen combinations and disease complexes. The use of long-lived perennial plant
species reduces options for break-crops and allows pathogen populations to accrue over time. In
addition, the expansive nature of pastoral farming systems, and their often challenging topography,
makes it very costly and sometimes simply not practical to deliver external inputs (e.g. chemicals).
These issues amplify the already significant challenges in controlling soil-borne diseases, including
effective delivery of chemical or biological controls below-ground, immobilization of chemical control
agents by sorption to soil particles, high attrition of introduced biological control agents due to
natural processes such as competition with the native microflora, and access to cost-effective, broadspectrum chemicals or biological agents that are safe and registered for agricultural use.
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Figure 2.1

Soil-borne disease symptoms in New Zealand pasture species. Symptoms of soil-borne
diseases are most commonly manifested below-ground (A) or are inconspicuous,
occurring at the base of the stem (B). For a few soil-borne diseases, symptoms are
visible above ground (C). Photographs supplied by Dr Ian Harvey (PLANTwise Services
Ltd, NZ).
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2.4 Disease suppressive soils
Disease suppressive soils are defined as those in which the pathogen i) does not establish or persist,
ii) establishes but causes little or no damage, or iii) establishes and causes disease for a while but
thereafter the disease is less important (although the pathogen may persist in the soil) (Cook and
Baker, 1983). Naturally-occurring disease suppressive soils have been described worldwide (Weller
et al., 2002) for a range of important pathogens, including various fungi (Fusarium oxysporum,
Rhizoctonia solani, Thielaviopsis basicola, Gaeumannomyces graminis var. tritici), oomycetes
(Phytophthora cinnamomi, Pythium spp.), nematodes (Heterodera spp.) and bacteria (Streptomyces
scabies) (Mazzola, 2007). Early studies demonstrated the involvement of the soil microbiota by
demonstrating a loss of suppressive ability following soil sterilisation and the transmission of
suppression to previously non-suppressive soils by soil transplantation (Rovira and Wildermuth,
1981). Subsequent studies have often demonstrated that the disease suppressive properties of the
soils are, either directly or indirectly, a function of the activity of soil microorganisms or metabolites
thereof (Mazzola, 2002).
There are two distinct forms of disease suppression: general and specific. General suppression refers
to the natural ability of soils to suppress phytopathogens and is attributed to the activity of the total
microbiota, which competes with the pathogenic microbiota for resources present in the soil (Weller
et al., 2002). All soils, to some extent, can be considered disease suppressive and in the absence of
this capacity to suppress disease, agricultural production wouldn’t be possible (Cook and Baker,
1983; Mazzola, 2004). A key goal is to manage the soil towards ‘increased suppressiveness’.
Specific suppression, overlaying a soil’s level of general suppression, is derived from the distinct
biological mechanisms of individual or select groups of microorganisms, antagonistic towards a
specific pathogen or pathogen complex (Mazzola, 2002; Weller et al., 2002; Mazzola, 2004). Much of
our current understanding of this phenomenon comes from a range of well-studied examples. These
studies have demonstrated that specific suppression can be i) ‘induced’, such in the reduction of
take-all disease of wheat (caused by the pathogen Gaeumannomyces graminis var. tritici (Ggt)),
which is attributed to the enrichment of antibiotic-producing fluorescent pseudomonad bacteria
strains during wheat monoculture (Raaijmakers and Weller, 1998; Weller et al., 2002); or ii) ‘longstanding’, for example, black root rot suppressive soils in Morens (Switzerland), where suppression is
independent of crop monoculture and is based on a combination of factors including soil
pedogenesis, genotypic diversity of antibiotic-producing Pseudomonads and the abundance of nonPseudomonas rhizobacteria (Almario et al., 2014).
Well-characterised disease suppressive soils are a valuable resource for understanding the ecology of
disease suppression and the microbial functions and processes underpinning this phenomenon.
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Towards this, research into disease suppressive soils has provided substantial knowledge regarding
the microorganisms involved. A range of taxa has been typified as ‘biocontrol bacteria’, including
Agrobacterium, Arthrobacter, Azotobacter, Bacillus, Burkholderia, Collimonas, Pantoea,
Pseudomonas, Serratia, Stenotrophomonas, and Streptomyces (Raaijmakers and Mazzola, 2012).
Similarly, various fungi have also been found to be associated with disease suppression, most notably
non-pathogenic Fusarium, Gliocladium, Trichoderma, and Penicillium spp. (Alabouvette et al., 1993;
Haas and Défago, 2005; Raaijmakers et al., 2009). However, these represent only a very small
fraction of the total microbial diversity present in soils. Furthermore, while the extensive use of
traditional culture-based isolation techniques have contributed to understanding of the abundance
and distribution of disease suppressive populations in soil (Mazzola, 2004), it is important to note
that a considerable number of taxa cannot yet be cultivated in vitro (Borneman and Becker, 2007;
Hjort et al., 2007). As such, the role of most soil microbiota in disease suppression remains unclear.
The functional attributes harboured by some model disease suppressive genera have been studied in
considerable detail. For example, through deliberate introduction of potential biocontrol agents into
the rhizosphere, a number of studies have shown that the production of antibiotics including
phenazine-1-carboxylic acid (PCA), 2,4-diacetylphloroglucinol (DAPG), pyoluteorin (PLT) and
pyrrolnitrin (PRN) is an important aspect of pathogen suppression by certain strains of fluorescent
Pseudomonas spp. (Haas and Défago, 2005). By determining the complete genome sequences of
antagonistic isolates, subsequent studies have been able to identify gene clusters with established or
putative roles in the biosynthesis of secondary metabolites (Paulsen et al., 2005; Chen et al., 2007;
Garbeva et al., 2012). Such genomic studies are able to determine whether the same isolates
harbour genes conferring additional biocontrol traits, such as rhizosphere colonisation.

2.5 Exploiting suppressive soil microbiology
In order to exploit and/or manage the natural processes that lead to enhanced disease suppression
in pastures, it is important to develop our understanding of the occurrence of suppressive microbiota
in the field and how these vary spatially, temporally, and with farm management practices. Given
the complex interactions between dynamic biotic and abiotic parameters in soils, this remains a
challenging prospect (Janvier et al., 2007). Variation in soil environments, including soil type, mineral
ion content, humidity, temperature and fertiliser application, influences the spatial variability of
disease suppression (Haas and Défago, 2005).
Recent soil surveys are now attempting to collect biological data alongside edaphic and
environmental variables. Broad-scale surveys and analysis within long-term management trials are
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providing new knowledge about microbial resources present in pastoral soils, and how these are
influenced by management practises such as intensification (Wakelin et al., 2013a), regulation of
moisture inputs (Condron et al., 2014), and input of plant biomass (Adair et al., 2013). Alterations in
soil properties that result from varying grassland management have been shown to differentially
affect the structure of soil microbial communities and either specific taxa (McCaig et al., 1999;
Wakelin et al., 2012) or functional groups (Adair et al., 2013) within the soil community. However,
such studies have generally failed to link patterns in microbial community dynamics with properties
related to disease suppression.

2.5.1 Disease suppression in pastures - lessons from arable agriculture
Several disease suppressive model systems have been characterised in arable agricultural systems.
Most examples are of specific suppression resulting from a long-standing association between soil
pedogenesis and the rhizosphere microbiota (Alabouvette, 1999; Almario et al., 2014), or build-up of
an antagonistic microbial population after long-term monoculture (Raaijmakers and Weller, 1998).
Are there lessons here that are applicable within the more complex pastoral context?
The influence of agricultural practices, including crop selection, rotation, tillage, fertilisation and
organic amendments, on the biotic and abiotic disease suppressive components of soils has been
documented for several cases of specific disease suppression (Garbeva et al., 2004b; Mazzola, 2004;
Janvier et al., 2007; Raaijmakers et al., 2009). However, a number of critical issues have been
identified that hamper our ability to extend these generalizations to the pasture context (Figure 2.2).
Perhaps the greatest impediment to understanding of disease suppression in pasture soils is the
complexity of possible interactions between diverse vegetation and soil organisms, and determining
the relative impacts of individual plant species on these interactions in the development of disease
suppression. As such, studies of specific disease suppression provide useful starting points for
investigating the influence of identified factors, but inevitably encourage further studies that tease
apart the different potential interactions to more closely reflect the diversity of plant and microbial
communities associated with pasture systems (Figure 2.3). More recent studies have enhanced
understanding of the interactions between soil-borne phytopathogens and the disease suppressive
microbiota, in diverse plant communities (e.g. Garbeva et al., 2006; van Overbeek et al., 2012;
Senechkin et al., 2014).
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Figure 2.2

Generalised differences between arable and pasture-based agricultural systems in
New Zealand, relevant to the management of soil-borne pathogens. a Arable land is
typically managed under monoculture of annual plant species, whereas pastures have
a mixed botanical composition of annual and perennial plant species. b Soil nutrient
status is managed through the input of mineral fertilisers in arable systems, whereas
inputs from plant residues and grazing stock excreta are more prominent in pasture
systems. c Disease pressure in arable systems results from the accumulation of hostspecific pathogens, while diverse pathogen complexes reduce pasture productivity. d
The lower value per ha of pasture crops means that some conventional disease control
options used in arable systems are uneconomical in pasture systems. e Rotational
cropping is used to reduce plant host-specific disease pressure in arable systems. The
use of perennial plant species reduces the opportunity to use break-crops for disease
management over the extended life of pastures, which can be greater than 10 years. f
Across expansive pastoral farms and challenging topography, delivering the external
inputs utilised in arable systems (e.g. chemical or biological controls) to reduce
pathogen pressure is expensive and impractical. Similarly, the manipulation of soil
physicochemical properties, such as soil moisture and pH, to manage the pathogenic
or beneficial soil microbiota faces the same challenges. g While general disease
suppression is potentially higher under grassland when compared to arable land,
diverse pathogen complexes that develop under pastures increase in inoculum
potential over the extended life of the pasture.
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Increased disease suppressiveness in plant species-rich grassland soils (compared to adjacent arable
land) has been attributed to the higher levels of microbial diversity supported by the above-ground
vegetation (van Elsas et al., 2002; Garbeva et al., 2006). van Elsas et al. (2002) demonstrated that
grassland soil was able to suppress growth of the potato pathogen R. solani AG-3 to a greater extent
than cultivated soil (under rotation or monoculture). Community fingerprinting analysis indicated a
higher level of diversity among the bacterial genera Pseudomonas, Bacillus and Burkholderia in the
grassland soil; members of each of these genera have been identified as biocontrol bacteria
(Raaijmakers and Mazzola, 2012). Further experiments demonstrated that the extent of suppression
of R. solani AG-3 was dependent on the crop type previously planted to the soil, with soils planted to
maize or oats yielding distinct bacterial community fingerprints (van Elsas et al., 2002).
The selective effects of above-ground plant composition on rhizosphere microbial diversity have
been largely attributed to the composition of species, and even extend to cultivar-specific influences
(Kowalchuk et al., 2002; Berg and Smalla, 2009; Raaijmakers et al., 2009). Jousset et al. (2011) used a
barley split-root system to demonstrate a novel ‘tripartite’ interaction among plants, root pathogens
and biocontrol rhizobacteria, providing evidence for the role of root exudates in disease suppression.
In response to infection of one half of the root system with the broad host range pathogen Pythium
ultimum, and inoculation of the other half of the root system with the biocontrol bacterium
Pseudomonas fluorescens CHA0, levels of three compounds in barley root exudates increased by
factors of 2.9 - 5.1. In addition, P. fluorescens expression of phlA (a gene required for the biosynthesis
of the antifungal metabolite DAPG) was 18% higher in the presence of infected plants than in the
presence of uninfected control plants (Jousset et al., 2011). Furthermore, the authors demonstrated
that plants inoculated with antibiotic-producing P. fluorescens were protected from P. ultimum
infection. Interestingly, increased phlA expression was not reliant on direct contact between P.
fluorescens and P. ultimum, suggesting instead that an alteration in the plant-derived rhizosphere
metabolome drove the biocontrol response of the bacteria (Jousset et al., 2011).
Plant-derived changes to biotic and abiotic soil properties through root exudation have the potential
to influence the productive growth of the same or different plant species and/or genotypes in that
soil, a phenomenon referred to as ‘plant-soil feedback’ (Bever et al., 2012; van der Putten et al.,
2013). Plant-soil feedback mechanisms can be positive (e.g. host-specific mutualists) or negative (e.g.
host-specific bacterial or fungal pathogens) (Bever et al., 2012). In arable systems, rotational
cropping is typically implemented to circumvent the impacts of negative feedbacks. However, it is
more difficult to manage microbial community function through crop rotation in perennial pasture
systems. The phase of pasture renewal may provide a key opportunity for farmers to ‘break crop’
with, for example, a forage brassica or maize (for silage). The potential to use this timing to manage
soil microbial communities during return to pasture is a topic that demands further investigation.
22

The antagonistic suppression of phytopathogens in the rhizosphere represents a means of reducing
negative plant-soil feedbacks over time (Bever et al., 2012). Indeed, incorporation of plant-specific
root exudation profiles and characterisation of the rhizosphere microbiome into plant breeding
programmes and agricultural management practices has been suggested as a strategy for improving
soil health and plant productivity (Bakker et al., 2012; Chaparro et al., 2012). This approach may
enable the incorporation of existing or novel diverse plant species based upon root exudates
selective for a ‘disease suppressive microbiome’, but further investigations are necessary to translate
such approaches to pasture-relevant species.

2.5.2 Properties specific to pasture systems
The primary factors that distinguish pastoral agriculture from other forms of agricultural land use and
how these affect management of disease suppression in grassland systems are summarised in Figure
2.2. These include the mixed botanical composition and long-term nature of pastures, but also the
presence of grazing livestock, animal and plant-derived nutrient inputs, and low inputs of
agrichemicals.
Experimental evidence suggests that there is a positive relationship between soil biodiversity,
stability and a range of ecosystem functions, including disease suppression (Torsvik and Øvreås,
2002; Brussaard et al., 2007). Plant species-rich grasslands are considered ‘preservers’ of soil
microbial diversity (Garbeva et al., 2006). For example, Degens et al. (2001) showed that catabolic
evenness, a measure of microbial functional diversity through substrate-specific respiration, was
higher in soil under long-term pasture as compared to adjacent long-term arable land, and that the
increase in functional diversity increased community resistance to stress. Furthermore, compared to
long-term arable land (24 yrs), higher microbial diversity and greater abundance of antagonistic
isolates in soils collected from permanent grassland (54 yrs) were found to positively correlate with
suppression of R. solani AG3 (Garbeva et al., 2006).
Integrated analyses of the aboveground, positive relationship between plant diversity, primary
production and ecosystem stability (Loreau et al., 2001; Tilman et al., 2001) and belowground plantmicrobe interactions provide further insight into how productivity in plant species-rich grasslands
may be managed (de Kroon et al., 2012). Plant diversity (plant species number) and niche
complementarity (plant functional group composition) have been demonstrated to be important
drivers of aboveground biomass in the context of long-term grassland diversity experiments (Tilman
et al., 2001; Roscher et al., 2013). Until recently, disease suppression has typically not been tracked
in such investigations, although plant diversity has been shown to influence the composition and
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function of soil microbial communities, driving positive plant-soil feedbacks in a grassland ecosystem
(Zak et al., 2003).
In more recent studies of the plant diversity-productivity relationship, experimental manipulation of
soil microbial communities has demonstrated the importance of host-specific phytopathogen
accumulation in monocultures versus more diverse mixtures. Maron et al. (2011) established plant
communities, with varied diversity levels of native perennial grassland species, in untreated or
fungicide-treated field soil. Across diversity levels, average biomass (productivity) of fungicidetreated plots was 40% greater than in control plots with average root infection significantly reduced
(25%) in fungicide-treated plots. Furthermore, aboveground biomass increased and disease incidence
decreased with increasing plant diversity. Schnitzer et al. (2011) obtained similar results in plant
communities with diversity treatments of herbaceous species planted in untreated or gammairradiated field soil. The large positive response of low diversity systems to pathogen elimination
significantly reduced or eliminated the positive relationship between plant diversity and productivity
in both studies (Maron et al., 2011; Schnitzer et al., 2011). As such, the release from strong, densitydependent negative feedbacks (present in monoculture and low plant diversity systems) at high plant
diversity can contribute to the positive plant diversity-productivity relationship (de Kroon et al.,
2012).
Understanding the mechanisms that underlie improved productivity following release from pathogen
pressure in natural systems will provide opportunities for integrated management approaches that
exploit such mechanisms. Using a long-term grassland biodiversity trial, Latz et al. (2012)
demonstrated that the composition of grassland plant species (grasses, legumes and herbs)
influenced the abundance of soil-borne antagonistic bacteria that produce broad host range
antibiotics 2,4-diacetylphloroglucinol (DAPG) and pyrrolnitrin (PRN) (Haas and Défago, 2005). The
abundance of these bacteria increased with plant species richness. However, when plant species
were analysed individually, legume species richness and coverage, as well as tall herb species
richness, had a detrimental effect on the abundance of both bacterial groups, while the presence of
grasses had a positive effect on the abundance of PRN-producing bacteria. As expected, suppression
of damping-off of sugar beet caused by R. solani AG2-2 was greater in soils with high abundances of
DAPG- and PRN-producing bacteria. Interestingly, however, when only one bacterial group was
dominant in soil, disease suppression was reduced (Latz et al., 2012). These results provide further
support for the role of above-ground plant diversity in driving disease suppression in grassland
ecosystems and suggest that directed management of plant species can be used to manipulate the
functional components of the soil microbial community. For example, a combination of small herbs
and grasses was proposed to enhance the abundance of PRN-producing bacteria (Latz et al., 2012).
The authors suggested that this ‘indirect positive soil feedback’ mechanism may contribute to the
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reduction in root disease incidence and severity observed in communities from low to high plant
diversity (Maron et al., 2011; Schnitzer et al., 2011).
Long-term grassland and agricultural trials established to assess the impact of biodiversity and
management regimes have provided a wealth of information regarding impacts on soil properties,
microbial resources and ecosystem functioning. General trends can be gleaned from such
experiments, but consideration must be given to location- and system-specific aspects, such as plant
species present, grazing livestock, soil type and climate. For example, additional plant species, such
as forage brassicas, are incorporated into grazed pastures to provide high quality feed during midsummer and winter, when pasture quality is diminished (Stewart and Charlton, 2006).
Many long-term trials have been constrained to one soil type, which provides confidence in that the
observed influences are a result of differences in biodiversity and agricultural history rather than soil
pedogenesis. Yet, even within soil types, it is important to consider changes in disease suppression,
and the microbial groups associated with such changes, in the context of soil chemical properties
that can be manipulated by agricultural management practises (Mazzola, 2002; van Overbeek et al.,
2012; Senechkin et al., 2014). Following establishment (2 yrs) of grass-clover leys, van Overbeek et al.
(2012) investigated disease suppression in adjacent fields managed under varying organic
amendment regimes and with contrasting crop histories. The chemical parameters pH, organic
matter and water dissolvable organic carbon (DOC) were found to be the strongest drivers of
bacterial, fungal and Pseudomonas community structure. Such edaphic and microbiological
parameters influenced the suppression of R. solani AG2-2IIIB induced damping-off of sugar beet, with
lower disease incidence measured in soil with both the highest DOC fraction and the highest diversity
of Pseudomonas species.
Across expansive pasture systems, there are fewer opportunities to control disease through
conventional techniques utilised in arable systems, such as the application of chemical or biological
controls (Figure 2.2). Furthermore, pastures are typically maintained for many years, allowing for
accumulation of diverse and virulent pathogen complexes. General disease suppression in pasture
soils is potentially already higher than in comparable arable soils as a result of increased plant and
microbial diversity. Thus, the management of this biological resource presents a viable option for the
control of soil-borne diseases in pastures. The application of ‘microbiologically-active’ topdressings to
gradually modify the size and activity of soil microbial populations under intensively managed
turfgrass (used for golf courses and athletics fields) have provided consistent control of several foliar
and root diseases of turfgrass (Nelson and Boehm, 2002). For example, composted amendments
were shown to reduce the severity of Dollar Spot disease of turfgrass to levels comparable to those
achieved with fungicide application (Boulter et al., 2002). In a comparable system, this approach
25

provides a promising example of how microbial communities can be managed for disease control.
However, variability in the pathogen-specific control provided by such organic amendments (Nelson
and Boehm, 2002) highlights the need to gain further understanding of the underlying processes.
Broad surveys of pastoral soils will provide the opportunity to assess the impact of farm
management and intensification, as reflected in soil properties (e.g. increased nitrogen and
phosphorus associated with increased fertiliser application), biogeography and soil type on the
disease suppressive components of soils (Wakelin et al., 2013a).

2.6 Research needs
There is currently relatively little information about general disease suppression that is directly
applicable to managed/grazed pasture systems. To support farmers in managing pastoral systems
towards an increased disease suppressive state, further investigation is required to enhance our
fundamental understanding of how the structure and function of the disease suppressive community
is changed under pasture management and how this relates to quantifiable disease suppression.

2.6.1 Assessing and predicting the disease suppressive potential of soils in complex
ecosystems
The delivery of tangible outcomes to manage disease suppression in pastures will require a thorough
understanding of the phenomenon as an emergent ecosystem property that can be suitably
modelled, thereby providing more informed assessments and predictions of the disease suppressive
potential of soils. To achieve integrated analysis within a highly complex ecosystem, where
deterministic and stochastic elements may influence the structure and function of microbial
communities, a combination of both experimental and theoretical approaches will be required.
The continued study of well-characterised, disease suppressive systems has advanced the
understanding of disease suppression in arable systems. For example, take-all decline of wheat,
initially observed in the 1930s, is now considered to be a globally occurring field phenomenon
induced by wheat monoculture (Cook, 2003). Only relatively recent studies are beginning to
contribute to understanding on the occurrence of disease suppression under plant species-rich
grasslands (Garbeva et al., 2006; Latz et al., 2012; van Overbeek et al., 2012; Senechkin et al., 2014).
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Figure 2.3

Model for development of disease suppression in pastoral soils. The emergence of
disease suppression in pastoral soils will be the result of a number of components,
spanning the soil microbiome, the disease suppressive functional elements within this,
regulatory influences of edaphic and environmental conditions, and occurrence of
disease complexes (A). In the absence of exemplar systems, the development of
theoretical process-based ecosystem models for disease suppression will be
challenging. To address this, the key components, such as key functional elements
(e.g. suppressive genes) can be studied separately and knowledge associated with
their ecology progressively refined (B) and integrated back into the main model.

In the absence of well-characterised, disease suppressive pastoral systems, disease suppression will
need to be modelled theoretically, based on the ecology of key phylogenetic or functional traits. Such
models will need to explicitly account for the idiosyncratic relationships between disease suppressive
organisms and plant pathogen complexes, interactions within the wider soil microbiome, and plantderived influences on the soil environment and composition of the microbiome (Figure 2.3A). As
such, it will be necessary to identify key sub-components (for example, ecosystem regulation of
disease suppressive functional genes) and evaluate these within a defined experimental context and
at appropriate spatial scales (Figure 2.3B). Experimental observations can be used to iteratively refine
the sub-components, which can ultimately be used to re-construct the overall mechanistic model
(Figure 2.3).
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Assessing the relative contribution of individual components of these ecosystems to disease
suppression will require the application of tools spanning environmental genomics, soil
metabolomics, plant-microbe and microbe-microbe interactions. The analysis and interpretation of
these biotic and abiotic data sets will require a combination of computational biology and systemsbased ecological analysis that can assess how connectivity, within the many components of the
microbiome, drives disease suppressive function.

2.6.2 Pasture-relevant bioassay systems
Plant-pathogen bioassays can be used to quantify the disease suppressive capacity of soils by
comparison of disease symptoms in inoculated and uninoculated treatments (e.g. Rhizoctonia solaniinduced damping off symptoms of sugar beet seedlings; Mendes et al., 2011). To identify
opportunities for the management of disease suppressive components of pasture soils, the
association between disease suppression and community abundance, composition and/or function
must be established. Therefore there is a need for pasture-relevant disease suppressive model
systems. We propose that for the assessment of disease suppression in pastures, the use of one or
more host plants unrelated to the current crop species present would be more likely indicative of
inherent general suppression (Dignam et al., 2015). For example, brassica species (widely used as an
animal forage crop in New Zealand farming systems) could be used in such bioassays rather than a
grass or legume. In addition, the use of ubiquitous, broad-host range pathogens, such as Pythium,
Rhizoctonia and Fusarium spp. would be appropriate. As disease suppression can be induced by
monoculture (Weller et al., 2002), resistance to the pathogens specific to the host plants already
present may have also been enhanced. Therefore, it is likely that, in the absence of specific
suppression, an unrelated plant species and broad host range pathogen will better reflect general
suppression. Ideally, suppressiveness of soils to multiple soil-borne pathogens would be quantified
using bioassays including plant species present and plant species likely to be planted to this soil in the
future. Approaches based on similar principles have been used previously. To compare the influence
of varied organic amendments on general disease suppression, soils taken from under second year
grass-clover leys (as part of an 8-year rotation) were compared for their ability to suppress both
Rhizoctonia-induced damping-off of sugar beet (van Overbeek et al., 2012) and Fusarium wilt of flax
(Senechkin et al., 2014). Molecular analysis and sequencing of environmental DNA can be coupled
with disease suppression bioassays to provide information on the collective metagenome, identifying
changes in microbial communities and functional genes (potentially harboured by ‘as-yet-uncultured
microbiota’) associated with varying disease suppression (van Elsas et al., 2008).
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2.6.3 High throughput microbiome characterisation
A large amount of research effort has been invested in identifying the microbial taxa involved in the
suppression of various soil-borne diseases. The essential role of complex soil communities in
agricultural production and the provision of important ecosystem services has long been recognised
(Garrett, 1963; Stuart, 1984). However, high throughput and culture-independent community
characterisation approaches, such as phylogenetic microarrays (Kyselková et al., 2009; Mendes et al.,
2011) and metagenomic sequencing (Penton et al., 2014; Chapelle et al., 2015), are only relatively
recently providing the increasing evidence to suggest that disease suppressiveness cannot be
attributed solely to the presence or absence of individual taxa, but instead to the presence of a
consortium of taxa. Therefore, interactions at the community level are likely to underpin processes
driving disease suppression, and identification of individual taxa implicated may provide only partial
insights into the underlying mechanisms.
Mendes and colleagues (2011) coupled culture-independent bacterial phylogenetic microarray
analysis of the rhizosphere microbiome with culture-dependent functional analyses. The study
detected over 33,000 bacterial and archaeal species in the rhizosphere of R. solani diseasesuppressive and conducive soils and indicated a prominent role of γ-Proteobacteria (especially
Pseudomonadaceae) in suppression. From representative isolates of three Pseudomonadaceae
haplotypes, only one strain was able to suppress R. solani infection of sugar beet. This suggests that
although focussing on the phylogenetic composition of disease suppressive soils provides key
information about microbial diversity, it can also introduce noise by limiting the amount of data
available regarding specific, functional operational taxonomic units (OTUs) that contribute to disease
suppression (Berendsen et al., 2012). Furthermore, studies investigating disease suppression using a
solely phylogenetic approach will fail to appreciate the strain-to-strain variability of not only disease
suppressive mechanisms, but also other important attributes such as rhizosphere colonisation.

2.6.4 Moving beyond identity toward function
In aiming to measure, predict and ultimately manage the disease-suppressive capabilities of soils,
approaches that extend beyond phylogeny are required. Using functional gene quantitative PCR, Latz
and colleagues (2012) demonstrated that the abundance of both DAPG and PRN-producing
antagonistic bacteria corresponded with disease suppression in long-term grassland soils. Similarly,
GeoChip (functional gene microarray) analysis has been used to characterise the functional potential
of soils (with regards to a range of biogeochemical processes) in response to land use change
(Wakelin et al., 2013b; Paula et al., 2014) and varied agricultural management practises (Xue et al.,
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2013). Such studies have highlighted opportunities for the management of agriculturally important
ecosystem services provided by the soil microbiota. The inclusion of probes that cover disease
suppressive functional genes (including DAPG, PRN and others) on recent versions of GeoChip (e.g.
GeoChip5.0; J. Van Nostrand & J. Zhou, personal communication) and the continuing development of
quantitative PCR assays that target these genes (Raaijmakers et al., 1997; McSpadden Gardener et
al., 2001; Almario et al., 2013), provide powerful opportunities to study the ecology of these genes in
environmental samples.
An ecological approach based on functional-attributes, in addition to species assemblages, could
offer useful new insights into the development of general disease suppression in pastoral soils,
where the relevance of a single-host-single-pathogen relationship is diminished. Furthermore, to
effectively incorporate the disease suppressive microbiota into agricultural management systems, it
will be important to assess additional microbial functions that influence biocontrol efficacy. Such
biocontrol mechanisms were reviewed by Compant et al. (2005) and include rhizosphere
competence, niche and/or substrate competition, and induced systemic resistance.
In a R. solani suppressive soil, Chapelle and colleagues (2015) simultaneously assessed changes in
both the structure and function of the rhizosphere microbiome of sugar beet seedlings in response to
pathogen infection. Metagenomic sequencing analyses of both rhizosphere DNA and RNA showed
that, following pathogen ‘invasion’, the abundance of four bacterial families significantly increased
and that stress-related genes were upregulated within these families. The insight gained from
metatranscriptomics enabled the authors to propose a model in which changes in the rhizosphere
microbiome lead to the suppression of the disease and protection of the plant (Chapelle et al., 2015).
While the metabolic or expressed metabolic potential of microbial communities can be inferred by
metagenomics and metatranscriptomics, experimental verification of the translation of this potential
into functional activity is a notable limitation of ‘omics-based’ approaches (Warnecke and
Hugenholtz, 2007). The ability to assign function to sequenced mRNA is constrained by the number
of correctly annotated genes and characterised proteins (Warnecke and Hugenholtz, 2007; Moran,
2009). Furthermore, post-transcriptional modification (Moran, 2009) and regulation by complex
biotic and abiotic interactions within the soil environment (Burns et al., 2013) can render the
relationship between mRNA abundance and protein activity unpredictable (Maron et al., 2007). It is
therefore not surprising that the identification of functionally active components of suppressive soils
has, to date, required the application of complementary community-based and culture-dependent
techniques (Mendes et al., 2011; Cha et al., 2015). Further studies that are guided by communitybased ‘omics’ approaches will require in situ verification of the translation of functional potential to
functional activity (Figure 2.3B). The inherent biases associated specifically with soil metagenomics
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relate to soil structure hampering accessibility to all microbial inhabitants, DNA extraction efficiency,
and the classification of mainly dominant populations, and are reviewed in considerable detail by
Lombard et al. (2011). The on-going development of existing techniques and the advent of new high
resolution approaches will allow future studies to “unravel the ecological basis” of disease
suppression in soils (Cha et al., 2015).

2.6.5 Spatial and temporal considerations
The majority of studies offer only snapshots of the disease suppressive microbiome in space and
time. Given the vast diversity of microorganisms in soil, it is important to consider the distribution of
microbial communities both across spatial scales appropriate to their distribution and functional role
in the ecosystem, i.e. from landscape to micro-scale drivers (Bissett et al., 2010; Vos et al., 2013), and
over time, throughout the season as well as from year-to-year.
Due to spatial separation of microbial communities in soil, not all organisms directly interact (Vos et
al., 2013). As such, studies in soil microbial ecology and disease suppression must account for this.
One approach is to identify microbial niches in which the microbe-microbe and plant-microbe
interactions underlying disease suppression are most relevant, for example, the rhizosphere. Yet,
even within the rhizosphere, the influences of root zone and plant growth stage provide additional
spatiotemporal contexts for consideration (Philippot et al., 2013).
Experimental setups, such as rhizotrons (Shi et al., 2011) and constructed (artificial) soil ecosystems
(Weidner et al., 2015), are platforms in which spatial and temporal considerations can be selected for
and studied in detail. In combination with these experimental approaches, high throughput
community characterisation techniques provide greater insight into ‘who is there’ but it is the
application of techniques such as RNA-based approaches (Chapelle et al., 2015), stable isotope
probing (Prosser et al., 2006), and metaproteomics methods (Wang et al., 2010) that will capture
how the functions of the active members of the rhizosphere microbiome change over time and at
spatially appropriate scales. As these technologies have become routine and accessible to many
laboratories, suitable replication and experimental design is now possible. Clearly, these studies
remain resource intense and methodologically challenging. In conducting such detailed studies,
understanding of key sub-components of the ecosystem can be developed and refined (Figure 2.3),
presenting the opportunity for application of this knowledge to the field in well-characterised
pastoral systems.
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2.7 Conclusions
While extensive research has focussed on identifying or developing disease resistant crops, the
application of chemical fungicides and the introduction of biological controls, there has been less
focus on the soil microbiota present in pasture systems. The resident microbial community, and the
functional capacity that it harbours, has the potential to be managed to enhance the suppression of
soil-borne diseases in pastoral agriculture.
To overcome the challenges associated with pasture systems, fundamental research combining
edaphic, environmental and biological data is required to better understand how the continuum of
disease suppression varies over time, space, with soil type, environment, and farm management
decisions. Understanding how pastoral management practices influence disease suppressive soil
microbiota and how such practices can be adapted to enhance disease suppression will be essential
in making this an economically viable mechanism of disease control in pastures.
There is now the opportunity to combine a rich history of quality experiments with appropriate
replication, sampling over time and space, and an emerging high throughput toolbox with associated
bioinformatics, to yield biotic and abiotic factors that can be assessed by modelling and examined
with respect to intervention possibilities. The coupling of high throughput molecular techniques with
pasture-relevant disease suppressive bioassays will determine which changes in microbial
community structure and function (with land use and management) drive the disease suppressive
capacity of soils.
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3.1 Abstract
Cropping soils vary in extent of natural suppression of soil-borne plant diseases. However, it is
unknown whether similar variation occurs across pastoral agricultural systems. We examined soil
microbial community properties known to be associated with disease suppression across 50 pastoral
fields varying in management intensity from low- to high-input systems. The composition and
abundance of the disease-suppressive community was assessed from both taxonomic and functional
perspectives. Pseudomonas bacteria were selected as a general taxonomic indicator of disease
suppressive potential, while genes associated with the biosynthesis of a suite of secondary
metabolites provided functional markers (GeoChip 5.0 microarray analysis). The compositions of
both the Pseudomonas communities and disease suppressive functional genes were responsive to
land use intensification. Underlying soil properties explained 37% of the variation in Pseudomonas
community structure and up to 61% of the variation in the abundance of disease suppressive
functional genes. Notably, measures of soil organic matter quality, C:P ratio (nutrient stoichiometry),
and aromaticity of the dissolved organic matter content (carbon recalcitrance), influenced both the
taxonomic and functional disease suppressive potential of the pasture soils. Our results suggest that
key components of the soil microbial community may be managed on-farm to enhance disease
suppression and plant productivity.

3.2 Introduction
Globally, agricultural grasslands are an extensive form of land use and are a key resource in terms of
biodiversity and ecosystems services (White et al., 2000). As demand for livestock production (food
and fiber) increases, pastoral agriculture is undergoing intensification. This is driven by increased
inputs of fertilizers and water, alteration of the botanical composition, and shifts in grazing
management. Collectively, these lead to new abiotic and biotic environments within which pasture
diseases may develop (Dignam et al., 2016).
Diverse and dynamic soil-borne pathogen complexes develop in pastoral agricultural systems
(Dignam et al., 2016). These constrain potential primary productivity and reduce the efficiency (plant
utilization per unit growth) of water and nutrient utilization (Dignam et al., 2016). Due to the
complexity of disease symptoms, and their typical manifestation below-ground, yield losses directly
attributable to soil-borne pathogens in pastures are often unrecognized and greatly underestimated.
Thus, across agricultural systems, soil-borne diseases remain a costly yet intractable management
challenge (Raaijmakers et al., 2009).
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In disease suppressive soils, consortia of indigenous microbial taxa protect susceptible plant hosts
from disease caused by soil-borne pathogens (Kyselková et al., 2009; Mendes et al., 2011; Penton et
al., 2014; Cha et al., 2015; Chapelle et al., 2015). This phenomenon is driven either by the
competitive activity of the total soil microbiota (general suppression), or the antagonistic potential of
an individual or specific group of microorganisms (specific suppression; Weller et al., 2002).
Members of a diverse range of bacterial genera, including Agrobacterium, Arthrobacter, Azotobacter,
Bacillus, Burkholderia, Collimonas, Pantoea, Pseudomonas, Serratia, Stenotrophomonas, and
Streptomyces, have been identified as ‘disease suppressive bacteria’ (Raaijmakers and Mazzola,
2012). Of these, Pseudomonas spp. have routinely been utilized as model organisms for the
investigation of biocontrol mechanisms (Couillerot et al., 2009), and their role in disease suppression
has been consistently and independently established in different systems (Kyselková et al., 2009;
Mendes et al., 2011).
This study assessed the impacts of land use intensification, biogeography, environment, and soil type
on the composition and abundance of the microbial community in pastoral soils. The community was
examined with a specific focus on both taxonomic and functional characteristics related to disease
suppressive potential. There is increasing evidence that the bacterial community and specific taxa or
functional groups within this are differentially influenced by alterations in soil properties that result
from varying farm management practices in both arable (for example, Reeve et al., 2010) and
grassland (for example, Wakelin et al., 2009) systems. Phylogenetic community analyses targeted
Pseudomonas spp., and was coupled with functional gene microarray analysis (GeoChip 5.0) targeting
functional genes putatively linked with suppressive activity: nutrient competition (siderophore
production; Lemanceau et al., 1992), hyperparasitism (fungal cell wall degradation; Kobayashi et al.,
2002; Hjort et al., 2010), and antibiosis (secondary metabolite biosynthesis; Raaijmakers and
Mazzola, 2012). The study aimed to: (i) determine whether the structure and abundance of
Pseudomonas bacteria were associated with factors unique to those driving changes in the total
bacterial community; (ii) determine if soil and/or environmental variables were associated with the
composition and abundance of functional genes with a putative role in disease suppression; and (iii)
identify any shared soil or environmental variables associated with Pseudomonas communities and
disease-suppressive functional genes.
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3.3 Materials and methods
3.3.1 Soil sampling, physicochemical properties, and DNA extraction
Soil samples were collected from across both the North and South Islands of New Zealand between
November 2011 and January 2012, as part of the ‘New Zealand 50 Pastures Project’ described by
Wakelin et al. (2013a). Briefly, a broad survey of 50 New Zealand pasture soils was conducted
covering 10 geographical regions and 11 of New Zealand’s major soil types (sensu New Zealand soil
orders as defined by Hewitt (1998)). For analysis, the pastures were divided into two classes of farm
system intensification (land use) at the time of sampling: dairy farms were classified as ‘highintensity’, while others (e.g. sheep or beef grazing) were classified as ‘low-intensity’. As farming
system intensification, operationally defined as increases in nutrient, water, and/or other inputs, is a
continuum, our a priori classification of high v low intensity system might only partition disease
suppressive communities if effects were either very strong (bimodal response) or non-linear. As
such, the degree of system intensification was also assessed by comparing changes in soil microbial
communities with underlying soil properties (i.e. links with changes in nutrient levels). In these soils,
the concentrations of elements associated with fertilizer inputs (notably phosphorus, nitrogen and
sulphur) are significantly higher in dairy-based systems (Wakelin et al., 2013a). Hereon in, we classify
soils to high or low farming intensity (dairy or other grazing systems), but use underlying nutrient
levels as a measure of the continuum of intensification.
From each of the 50 pasture sites, a single soil sample was collected. The aim of this work was not to
determine variation within a field, farm, or catchment, but rather to assess changes in microbial
community composition across wider geographical ranges and with underlying soil properties.
Approximately 2 kg of soil was collected at each site from a single sampling point, to a depth of
approximately 15 cm (Wakelin et al., 2013a), and stored at 4°C. Within 5 days of collection,
environmental DNA (eDNA) was extracted from 0.25 g of each of the 50 soils, in triplicate, using the
PowerSoil DNA extraction kit (MoBio Inc, USA). Triplicate samples were pooled to increase total
quantity of eDNA available for analysis. The DNA concentration in each sample was quantified by
spectrophotometry (ND-1000; ThermoFisher Inc).
For each soil, a comprehensive set of edaphic and environmental properties is available (Wakelin et
al., 2013a). In addition, hot water extractable carbon (HWEC) and the aromatic content of the
dissolved organic carbon (DOC) fraction were empirically measured. HWEC was extracted from 3 g
(oven dry-weight equivalent) of field moist soil using the two-step process described by Ghani et al.
(2003). HWEC solutions were filtered to 0.45 µm and analyzed by a Shimadzu 5000A TOC analyzer.
Aliquots of the HWEC fraction were normalized by total dissolved organic carbon (DOC = total carbon
– inorganic carbon) to a final concentration of 45 µg/ml before the aromatic component of the
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carbon (DOC aromatic content) was quantified by UV absorbance at 254 nm (FLUOstar Omega
microplate reader, BMG Labtech; Volk et al., 2002). The complete abiotic dataset used for analysis in
this study is given in Appendix A.1.

3.3.2 Community (DNA) fingerprinting
Total bacteria: terminal restriction fragment length polymorphism (TRFLP)
For bacterial community TRFLP analysis, primers 8F and 1520R (Rasche et al., 2006; Appendix A.2)
were fluorescently labelled at the 5ʹ and 3’ ends with FAM and HEX, respectively (Wakelin et al.,
2009). Each 25 µl reaction mixture contained 400 nM of each primer, 1× Bioline MyHSTaq reaction
buffer, 1 U MyHSTaq DNA Polymerase (BioLine Pty Ltd.), and 2 µl of template DNA (1:100 dilution of
10 ng/µl environmental DNA). Thermocycling conditions are given in Appendix A.2. Reactions were
validated by agarose gel electrophoresis. PCR products were digested (separate reactions), with AluI
and CfoI (Promega) to generate fluor-labelled terminal restriction fragments (TRFs) of varying size.
Pre- and post-digestion PCR products were purified using AxyPrep Mag PCR paramagnetic bead
solution and 96 well magnetic plates, according to the manufacturer’s protocol.
Restriction fragments were separated by capillary electrophoresis (ABI 3730 DNA Analyzer) at the
Australian Genome Research Facility (Adelaide, Australia). The lengths (base pairs) of individual TRFs
were calculated by comparison to the internal size standard GS500LIZ (Applied Biosystems).
Electropherograms were imported into Peak Scanner (Applied Biosystems), visually inspected for
sizing quality and peak areas (in base pairs) determined for TRFs 50-500 bp in length. The online tool
T-Rex (Culman et al., 2009) was then used to distinguish true peaks from background fluorescence
(Abdo et al., 2006). The custom R script ‘interactive binner’ (Ramette, 2009) provided bacterial
community fingerprints by binning peaks to operational taxonomic units (OTUs). Each peak was
inferred to be an OTU and the height of each peak the relative abundance of each OTU.

Pseudomonas: denaturing gradient gel electrophoresis (DGGE)
A nested PCR approach was taken for the ampliﬁcation of Pseudomonas-specific 16S rRNA gene
fragments. Initially, Pseudomonas-specific PCR was conducted using primers F311Ps and R1459Ps
(Milling et al., 2005; Appendix A.2). The presence of amplicons of the expected size was validated by
agarose gel electrophoresis. Resultant PCR products were diluted 1/10 and used as template DNA for
the second, general bacterial amplification using DGGE primers F968-gc and R1378 (Heuer et al.,
1997; Appendix A.2). Each 25 µl reaction mixture contained 200 nM of each primer, 1× Bioline MyTaq
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reaction buffer, 1 U (Pseudomonas) or 0.625 U (Bacteria) MyHSTaq DNA Polymerase (BioLine Pty
Ltd.), and 2 µl (20 ng) of template DNA. Thermocycling conditions (Appendix A.2) and DGGE
methodology as described by Wakelin et al. (2012). The 50 PCR products were analyzed in a
randomized order across three DGGE gels. Band location and intensity data were collected using
TotalLab TL120 software (Nonlinear Dynamics, UK). Each band was inferred to be an OTU and band
intensity data considered a measure of the abundance of each OTU.

3.3.3 Quantitative PCR (qPCR)
Quantitative PCR was used to assess the size of the bacterial and Pseudomonas communities in each
eDNA sample. Assays were conducted on a Rotor-Gene 6000 detection system (Qiagen). Bacteriaspecific qPCR used primers Eub338 and Eub518 (Fierer et al., 2005; Appendix A.2) with SYBR-Green
detection. Each 25 µl reaction mixture contained 1 X SensiMix SYBR no-Rox master mix (BioLine Pty
Ltd.), 500 nM of each primer, and 2 µl (20 ng) of template DNA. TaqMan-based qPCR was used to
quantify Pseudomonas-specific 16S rRNA gene fragments. Primers Pse435F and Pse686R were used
in combination with the dual-labelled hydrolysis probe Pse449 (Bergmark et al., 2012; Appendix A.2).
Each 25 µl reaction mixture contained 1 × SensiMix II Probe master mix (BioLine Pty Ltd.), 300 nM of
each primer, 150 nM probe and 2 µl (20 ng) template DNA. Thermocycling conditions for both
reactions are detailed in Appendix A.2. Assay specificities were validated by melt curve analysis over
a 50–95°C temperature profile (SYBR-Green) or agarose gel electrophoresis (TaqMan).
The copy numbers of each gene were quantified against a standard curve that related standards of
defined DNA concentration with threshold cycle (CT) values. Standard curves were generated from
10-fold serial dilutions of plasmid DNA containing the gene fragments of interest with five standard
concentrations run in triplicate per assay. The target gene regions were amplified from DNA
extracted from either soil or a reference strain (Pseudomonas fluorescens F113; AgResearch culture
collection no. 1911) and PCR products cloned using the TOPO-TA cloning vector (Invitrogen). Samples
were analyzed in triplicate across three machine runs. To account for run-to-run variation, an interrun calibrator (Hellemans et al., 2007) was included in triplicate per run and standard curves adjusted
accordingly.
Copy numbers were expressed per gram soil and the relative abundance of Pseudomonas spp. was
calculated as the ratio between the group-specific qPCR assay and the bacteria-specific qPCR assay.
The log10 values of bacteria copy numbers and Pseudomonas:bacteria ratio were used for statistical
analysis. The relationship between standard concentrations and CT values was linear for both qPCR
assays across machine runs (R2>0.99) and amplification efficiency was consistently above 93%.
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3.3.4 GeoChip analysis of functional genes
The composition and abundance of functional genes were determined using the functional gene
microarray, GeoChip 5.0 (Yan et al., 2015). This is the first generation of the GeoChip to contain a
suite of probes for the detection of secondary metabolism genes putatively associated with soil
disease suppression. These include: antibiotic biosynthesis genes commonly associated with
biocontrol Pseudomonads, phlD (2,4-diacetylphloroglucinol), phzF (phenazine), and prnD
(pyrolnitrin); antibiotic biosynthesis genes of non-Pseudomonas bacteria, such as bacA (bacilysin) and
strR (streptomycin); and genes required for the biosynthesis of the volatile compound hydrogen
cyanide (hcnB). Alongside gene sets associated with lytic enzyme and siderophore production, these
constitute a subset of 2002 probes (from the 167,044 on the array) that provide coverage of genes
with a putative role in the suppression of soil-borne plant pathogens (Appendix A.3). The selected
genes were characterized into one of three categories: (i) carbon degradation (chitinase and
acetylglucosaminidase); (ii) nutrient competition (bacterial, fungal and archaeal siderophore
production); and (iii) secondary metabolism (antibiotic biosynthesis genes).
Sample DNA (500 ng) was labelled by random priming with the fluorescent dye cyanine 3 and
hybridized with the array as previously described (Yan et al., 2015; Institute for Environmental
Genomics, University of Oklahoma). Raw data was pre-processed using an established microarray
analysis pipeline (http://ieg.ou.edu/microarray/) as described by He et al. (2007). Poor-quality spots
(signal-noise ratio < 2.0) were removed from the analysis and the signal intensity of each spot was
normalized (divided by the total intensity of the microarray and multiplied by the average signal
intensity of the microarray), prior to log-transformation of the data.
The gene categories defined above were used collectively (All Genes) and individually to assess the
influence of soil properties on functional gene composition among soils (general analysis approach
described in Wakelin et al., 2016b). To compare the abundance of individual genes among soil
samples, signal intensities were first standardized by the number of probes per gene (to account for
disproportionate numbers of probes) and expressed as per gram of soil. Based on correlations among
individual genes, 13 gene categories were defined for univariate analysis of functional gene
abundance. Chitinase and acetyl-glucosaminidase gene abundances were highly correlated (>0.98),
thus the carbon degradation gene category was retained in the dataset. Similarly, bacterial, fungal
and archaeal siderophore production gene abundances were highly correlated (>0.94), thus the
nutrient competition gene category was retained in the dataset. Likewise, phzF (phenazine) and phzA
(phenazine) were highly correlated (0.98), and therefore phzF was retained in the dataset. The genes
bacA (bacilysin), pabA (chloramphenicol), hcnB (cyanide), phlD (DAPG), lgrD (gramicidin), lmbA
(lincomycin), prnD (pyrolnitrin), strR (streptomycin), spaR (subtilin), and pcbC (β-lactam) gene
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abundances were not strongly correlated and were therefore analyzed as individual genes. The array
contained only one probe for the pltC (pyoluteorin) and prnB (pyrolnitrin) genes; these were
removed from the analysis.

3.3.5 Statistical analysis
Biogeography of bacterial and Pseudomonas communities across New Zealand pastoral
soils
Relationships between geographic distance (km between sampling points) and soil microbial
community composition were tested across the 50 pasture sites spanning New Zealand (total
distance ~ 1,300 km). The underlying hypothesis is that if local soil type and/or environmental
factors are associated with disease suppressive microbiota, then a link to geographical proximity
would be evident in the dataset. However, if influences of management practices (intensification)
were dominant, these would override/obscure any biogeographical effects.
Pair-wise (Euclidean) distances between sampling points were calculated from the GPS coordinates.
Similarly, ecological ‘distances’ in microbial community assemblages among soils were calculated
using the Bray-Curtis method from biological TRFLP or DGGE OTU data (standardised and square
root-transformed; Clarke et al., 2006). Distance-decay relationships were then tested among the
geographic and biological distance matrices using non-parametric (Spearman’s; ρ) correlation with
permutation (x 999) based generation of a null-distribution to enable probability-based testing
(RELATE test; Clarke, 1993).

Influence of land use and soil type on bacterial and Pseudomonas communities, and
disease suppressive functional genes
Similarity in the composition of disease suppressive genes between soils was calculated from the
sub-set of GeoChip data using the Bray-Curtis method (as above). From the respective distance
matrices (bacterial, Pseudomonas, and functional genes), permutation-based multivariate analysis of
variance (PERMANOVA; 999 permutations; Anderson, 2001) was used to partition variance in
composition associated with land use by comparing high (dairy) or low (other) farm system
intensification, and soil type (11 New Zealand soil orders). Potential influences of sample distribution
across gels (DGGE) on the structure of the Pseudomonas community were accounted for in the
analysis; these were not significant (PERMANOVA; P=0.302). These analyses were performed in
PERMANOVA/PRIMER7 using described methods (PRIMER-E Ltd., UK; Anderson et al., 2008; Clarke
and Gorley, 2015).
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Analyses of community size (microbial, qPCR, or functional gene, GeoChip abundance data) were
performed in Genstat for Windows (17th Edition). Residual maximum likelihood (REML) analysis of
linear mixed models tested for effects of land use and soil type (three New Zealand soil orders). For
these three soil orders (brown, recent, and pallic), sufficient sampling replication exists to assess soiltype influences on abundance following a univariate analysis approach.

Linking edaphic and environmental properties to the composition and abundance of
microbial communities and functional genes
To reduce the size of the edaphic and environmental (abiotic) dataset, a correlation matrix was
generated and all but one of a highly mutually correlated (>90%) set of variables were removed from
the analysis. Skewed abiotic variables were transformed to correct the distribution, and all abiotic
variables were normalized to obtain homogeneous variances (Clarke and Gorley, 2015). The
transformed and normalized dataset was applied in both multi- and univariate analysis of the data.
BIOENV analysis (biota and/or environment matching; Clarke and Ainsworth, 1993) was used to find
the highest rank correlation (ρ) between the community assemblage data (Bray-Curtis Matrices) and
the associated soil and environmental variables (Euclidian Distance Matrix). The rank correlation (ρ)
indicates the amount of variation in the assemblage data that can be explained by the BIOENVselected abiotic variables. BIOENV was optimized for four variables and P values derived from nonparametric Mantel-type testing (99 permutations; BIO-ENV, PRIMER).
Step-wise regression analysis was used to select the five abiotic variables that collectively explained
the most variation in abundance data. ‘Total bacteria’, as determined by qPCR analysis in this study,
was added to the abiotic variables for regression analysis of functional gene abundances (GeoChip).
For all statistical analyses, P values were considered significant when ≤0.05 and marginally significant
when between 0.05 and 0.10.

Functional molecular ecological network (fMEN) analysis
To assess co-occurrence patterns, abundance data of individual functional genes (derived from
GeoChip hybridization intensity data) was used to generate separate correlation-based networks for
high (dairy) and low (other) intensity pasture systems. Nodes in the network represent individual
functional genes (labelled as such) and edges, or connections, between nodes represent the strength
of the correlation between nodes. Networks were derived from Pearson correlation matrices and
connection edges above the threshold of 0.9 are represented by bold lines, while connection edges
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between 0.8 and 0.9 are represented by fine lines. The appropriate threshold was selected using the
random matrix theory (RMT)-based network approach (Deng et al., 2012) applied to the entire
GeoChip dataset. Cytoscape 3.3.0 software was used to visualize networks and network parameters
average connectivity and density (Deng et al., 2012) were calculated to describe differences between
network structures.

3.4 Results
3.4.1 Bacterial and Pseudomonas community structure and abundance
Soil bacterial community structure was assessed based on the relative abundance of terminal
restriction fragments (TRFs; total bacteria) and denaturing gradient gel electrophoresis (DGGE)
banding patterns (Pseudomonas). Furthermore, the sizes of the bacterial and Pseudomonas
communities were determined by qPCR analysis. Across the 50 soils, total bacterial 16S rRNA gene
abundance was 4.24 × 107 (± 3.78 × 105) per gram of soil, and the Pseudomonas community
represented less than 1% of this total bacterial community (data not shown).
There was a distinct lack of association between geographic distance and either total bacteria
(P=0.681) or Pseudomonas (P=0.408) community structures. Furthermore, when the analysis was
constrained to a single soil type (e.g. within Brown soils) or within a land use system (e.g. dairy), no
biogeographical influences were present (P-values >0.092).
The results of PERMANOVA analyses that partitioned the influences of land use and soil type on
bacterial and Pseudomonas community composition showed that land use (dairy = high intensity;
other = low intensity) impacted the structure of both the total bacterial (P=0.035) and Pseudomonas
communities (P=0.084) (Appendix A.4). However, microbial community composition had no
relationship to soil type (P>0.97). These influences were evident in the MDS ordination (Figure 3.1).
Clear separation of microbial community structures by land use was evident (Figure 3.1B and D),
however there was no partitioning of community similarities by soil type (Figure 3.1A and C). It is
important to note that a large proportion of the variation in community composition among samples
could not be explained by either land use or soil type (Residual √CV; Appendix A.4).
As determined by REML analyses, land use had a significant effect on the size of the bacterial
community, with higher numbers of bacteria in soils under dairy pasture compared with those under
‘other’ (lower intensity) pasture systems (Figure 3.2A). In contrast, the influence of land use intensity
on Pseudomonas relative abundance was not significant (Figure 3.2B). Soil type had no effect on
either the abundance of bacteria or relative abundance of Pseudomonas spp. (Figure 3.2).
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Figure 3.1

Influence of soil type and land use on microbial community structure: metric MDS
ordination plots of mean total bacterial (A and B) and Pseudomonas (C and D)
communities. Mean communities (individual points) for each land use and soil type
were derived from 150 bootstrap averages. For land uses and soil types with sufficient
replication, 95% region estimates for the mean communities (clouds) represent the
spread of the bootstrap averages. Points and/or 95% region estimates in closer
proximity represent groups that share increasing similarity in microbial community
structure. Observations are statistically supported by PERMANOVA testing of BrayCurtis dissimilarity data (Appendix A.4).
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Figure 3.2

Influence of land use and soil type on (A) the abundance of the total bacterial
community and (B) the relative abundance of the Pseudomonas community (mean ±
SEM). The effects of land use and soil type were formally tested by REML analysis
(Genstat). Samples were characterized by land use as either high intensity ‘dairy’
systems or ‘other’, relatively lower intensity pasture systems, e.g. sheep and beef
grazing systems.
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3.4.2 Linking edaphic and environmental properties to bacterial and Pseudomonas
communities
The extent to which the variation in microbial community composition could be explained by soil and
environmental properties was determined by BIOENV analysis (Table 3.1). No correlation between
the total bacterial community structure and abiotic variables was evident when the analysis was
optimized for four variables. However, assessment of individual correlations revealed that variation
in pH (5.0–6.8) explained close to 20% of the variation in the structure of the bacterial community
(ρ=0.195; P=0.06).
In contrast, 37% of the variation in Pseudomonas community profiles between samples was
associated with variation in four soil and environmental properties (Table 3.1). Soil sodium content
was associated with the greatest proportion of this variation (22%). The quality of soil organic
matter, rather than the quantity (i.e. carbon availability sensu C:P ratio), also had a significant
correlation (15%). Individual correlations of Pseudomonas community assemblage data with C:N ratio
(ρ=0.131, P=0.081) and DOC aromatic content (ρ=0.121, P=0.084) supported this finding. The
influence of pH on Pseudomonas spp. composition (10%) was substantially reduced in comparison to
the total bacterial community (19.5%).

Table 3.1

Edaphic and environmental properties influencing microbial community structure

BIOENV Analysis
Spearman rank correlation (ρa)
Pb

Bacteria

Pseudomonas

26 %
0.542

37.1 %
0.059

ρc
Pb
Sodium
22%
0.03
C:P Ratio
15%
0.028
pH
10%
0.083
Rainfall
9%
0.122
a
BIOENV analysis was used to find the highest rank correlation between the bacteria (TRFLP) or
Edaphic & environmental variables

Pseudomonas (DGGE) community assemblage data and the associated soil and environmental
variables. Spearman rank correlations (ρ) indicate percentage variation accounted for by the selected
variables. ρa was optimized for four edaphic and environmental variables. bP values were derived
from permutation testing (× 999). cFor Pseudomonas the correlation was significant and these
variables are listed in order of decreasing individual correlations (ρc; RELATE-test).
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Although total bacterial abundance and Pseudomonas relative abundance were correlated (P=0.019),
the variance accounted for by the regression was only 9.2% (data not shown). To identify which
abiotic variables influenced microbial community abundances, step-wise regression analysis was
performed (Table 3.2). With the exception of potassium (selected as the third parameter in both
models), the explanatory variables differed between the total bacterial and Pseudomonas
communities. Soil temperature and DOC aromatic content were the first parameters selected to
explain total bacterial and Pseudomonas relative abundance, respectively (Table 3.2). Of the
variables selected, soil sodium content was the only one to be negatively correlated with bacterial
abundance. DOC aromatic content was positively associated with Pseudomonas relative abundance
(P=0.003; Table 3.2). Individual linear regressions attributed 15.6% and 13.5% of the variation in
Pseudomonas relative abundance to DOC aromatic content and volume weight, respectively.

Table 3.2

Edaphic and environmental properties influencing microbial community abundance.
Bacteria abundance

Pseudomonas relative abundance

<0.001

0.007

R
Regression model
termsa

51.8%

30.3%

1st

Significance of
regression (P)
2

a

Pb

Slopec

Pb

Slopec

Soil temperature

<0.001

0.085

2nd

Sodium

0.002

-0.142

DOC Aromatic Content

0.003

0.082

Volume weightd

0.129

0.199

3rd

Potassium

<0.001

0.064

Potassium

0.119

0.136

4th

Iron

0.045

0.061

Rainfall

0.16

0.132

5th

Sulphate sulphur

0.067

0.050

Total Calcium

0.155

0.100

Step-wise regression analysis selected the five variables that collectively explained the most

variation in the community abundance (qPCR). Terms of the regression model are listed in the order
they were added to the model. bP values were derived from accumulated analysis of variance.
c

Slopes of individual regressions describe the relationship between abundance and variables in the

regression model. dVolume weight is an indicator of soil bulk density.

3.4.3 Composition and abundance of disease suppressive functional genes
Multivariate analyses of three GeoChip gene categories (carbon degradation, nutrient competition,
and secondary metabolism) showed no evidence of biogeographical separation (all P values >0.114)
or influence of soil type (P>0.27; Appendix A.5) on functional gene composition. Variation in land use,
however, was found to be associated with each of the defined gene-categories (P<0.063), and there
was support for a soil type × land use effect (P<0.097; Appendix A.5). The influence of land use was
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not associated with the environmental or physicochemical soil properties measured in the study. For
each of the gene categories, the correlation between functional gene composition and the soil and
environmental variables was weak (BIOENV results; Appendix A.5).
The abundances of 13 individual functional genes/gene categories (see materials and methods) were
assessed by univariate analysis. There was no effect of land use or soil type on functional gene
abundance (REML; data not shown). To determine shared drivers of disease suppressive gene
abundance, step-wise regression models were generated for each of the genes/gene categories
(Appendix A.6). The five biotic and abiotic soil properties most commonly included in individual
regression models were fitted as a reduced linear model (Table 3.3). Regressions with this reduced
model were significant (P<0.05) for all but one of the suppressive genes/gene categories, and
explained between 17% and 61% of the variation in gene abundances (Table 3.3).
The size of the total bacterial community, total carbon (representative of total carbon, organic
matter content, total nitrogen and total sulphur), DOC aromatic content, and extractable aluminum
were associated with abundances of disease suppressive genes, with each of these variables included
in eight or more of the 13 original regression models (Appendix A.6). In all models, functional gene
abundance increased with increasing bacterial abundance, total carbon and soil moisture, and
decreased with increasing DOC aromatic content and extractable aluminum (Table 3.3).
Based on functional gene abundance data, network analysis was used to assess associations among
disease suppressive genes from both dairy and other pasture systems (Figure 3.3). In the low
farming-intensity network, the abundance of three out of 17 functional genes had relatively weak
correlation (≥0.9) with the other genes (Other; Figure 3.3B). Whereas, five of the 17 functional genes
did not correlate (≥0.9) with the abundance of any other genes in the high intensity network (Dairy;
Figure 3.3A). Furthermore, differences in network structure between land uses were observed; the
network parameters connectivity and density were higher in the low intensity (other) network than
the high intensity (dairy) network (Figure 3.3C).
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Table 3.3

The variation in disease suppressive gene abundance accounted for by a reduced linear model.
Disease suppressive genes
CDb

bacA

pabA

hcnB

phlD

lgrD

spaR

pcbC

lmbA

phzF

prnD

strR

NCc

<.001

0.309

<0.001

<0.001

0.002

<0.001

<0.001

<0.001

<0.001

<0.001

0.028

0.004

<0.001

49.8

2.6

43.5

52.1

29.6

52

42.1

49.2

61

54.2

17

26.2

53.3

Total bacteria

0.030

0.014

0.017

0.042

0.016

0.013

0.002

0.032

0.050

0.042

0.068

0.030

0.036

Total carbond

0.010

0.000

0.009

0.015

0.014

0.010

0.005

0.012

0.015

0.012

0.000

0.013

0.012

Extractable aluminium

-0.013

-0.003

-0.005

-0.018

-0.008

-0.011

-0.007

-0.013

-0.021

-0.016

-0.023

-0.011

-0.015

DOC aromatic content

-0.012

-0.007

-0.006

-0.011

-0.008

-0.008

-0.004

-0.012

-0.017

-0.014

-0.025

-0.015

-0.014

Soil moisture

0.009

0.003

0.004

0.010

0.005

0.010

0.004

0.011

0.021

0.013

0.003

0.013

0.012

P Value
2

% Variance accounted for by model (R )
Reduced Fitted Modela:

a

The reduced linear model was derived from the five biotic and abiotic variables that most commonly occurred in step-wise regression models generated for the

abundance of 13 individual genes or gene categories. The reduced model was fitted by generalized linear model regression analysis. Numbers associated with each
variable and functional gene/gene category are the slopes of individual regressions and describe the relationship between a particular variable and the abundance
of that gene. aCarbon degradation (CD). bNutrient competition (NC). cTotal carbon is representative of total carbon, organic matter content, total nitrogen and
total sulphur (see materials and methods).
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Figure 3.3

Network plots of disease suppressive functional gene abundance in (A) dairy (high intensity) and (B) other (low intensity) pasture soil. Nodes
represent each individual gene, rather than gene categories, with a putative role in disease suppression. Edges (blue lines) correspond to
associations between genes; bold lines reflect Pearson correlations ≥ 0.9, and fine lines correlations between 0.8 and 0.9. Sid_fun, Sid_arc and
Sid_bac represent fungal, archaeal and bacterial siderophore production genes, respectively. (C) Measures of average connectivity and density
were higher for other (low intensity) systems than for dairy (high intensity) systems.
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3.5 Discussion
3.5.1 Bacterial and Pseudomonas community abundance and composition:
biogeography and soil type
There was no influence of biogeographic (spatial) separation on the structure of the bacterial
community in New Zealand pastoral soils. This finding is important as it indicates that factors that
vary on the scales studied, particularly environmental conditions or regional soil types, are unlikely to
be important drivers of disease suppressive microbial communities. These findings are in broad
agreement with other studies of soil bacterial biogeography across landscapes (Fierer and Jackson,
2006). For example, there was no correlation with distance and bacterial community structure in
British soils spanning a similar range in latitude to our study (~1300 km) (Griffiths et al., 2011). Scaledependent influences of biogeographical separation have been detected in grassland soils (Yergeau
et al., 2010) and further demonstrated in a study in which environmental parameters had been
reasonably constrained (Bissett et al., 2010).
Consideration of taxonomic resolution may be important when investigating biogeographic patterns
in microbial communities (Ramette and Tiedje, 2007). Assessments of communities across broad taxa
or at low taxonomic resolution have shown that the lack of biogeographic separation may be driven
by dominant soil taxa (Lauber et al., 2009; Griffiths et al., 2011). However, our examination of the
genus Pseudomonas also revealed no spatial associations with community structure. Hence, our
results suggest that, at the landscape level for soil bacterial communities, environmental selection,
not spatial separation, is the first-order driver.
Bacterial and Pseudomonas community size and composition did not vary with soil type. This finding
is in contrast to previous studies where significant influences of soil type on microbial communities
have been found in both bulk (Bossio et al., 1998) and rhizosphere soil (Marschner et al., 2001).
Although the soils in this study were selected to represent a range of New Zealand soil orders, they
were all collected from under pastoral agriculture, where soil properties are managed to optimize
plant production. It is, therefore, not surprising that the inputs into these systems, as reflected in soil
chemistry, were of greater importance than soil pedogenesis in structuring soil communities. The
impact of soil chemical properties on soil bacterial communities has been widely demonstrated
across spatial scales and land uses (Fierer and Jackson, 2006; Wakelin et al., 2008; Lauber et al.,
2009; Kuramae et al., 2011).
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3.5.2 Land use and soil chemical properties are key drivers of total bacteria and
Pseudomonas communities
Land use intensification was identified as a key factor associated with variation in the structure of
both total bacterial and Pseudomonas communities, and also the abundance of bacteria. The
influence of agricultural management and intensification on soil microbial communities is primarily
affected through changes in abiotic soil properties. Soil properties that differed between land uses in
these soils were primarily associated with fertilizer inputs (phosphorus, nitrogen and sulphur;
Wakelin et al., 2013a), and carbon recalcitrance (DOC aromatic carbon; this study). Although these
properties were associated with alteration of Pseudomonas community composition and variation in
bacterial abundance, they were not linked to variation in bacterial community structure.
In agreement with multiple observations across local, regional and continental scales (Fierer and
Jackson, 2006; Wakelin et al., 2008; Lauber et al., 2009), variation in soil pH was the primary variable
associated with bacterial community composition. Soil pH did not differ between land uses, and
explained 20% of the variation in bacterial community structure. As such, a large proportion of the
remaining variation was unaccounted for and likely attributable to factors not directly measured in
our study, for example stocking rate or the botanical composition of the pastures.
Pseudomonas bacteria were used as an indicator group for ‘disease suppressive microbiota’ in these
pasture soils (Kyselková et al., 2009; Mendes et al., 2011). The structure of the Pseudomonas
communities in soils varied with soil organic matter quality (C:P ratio; nutrient stoichiometry), a
finding directly supported by previous studies conducted under long-term, controlled, field-based
manipulation of P inputs (Wakelin et al., 2012). In the current study, the C content in the soils was
similar between land-uses (Wakelin et al., 2013a); as such, variation in C:P ratio was most likely
driven by higher mineral fertilizer inputs in the high-input (dairy) systems. These findings may have
important implications for managing Pseudomonas in pastoral fields. The alteration of soil C:P ratio
(or the ratios of other key nutrients) can be managed by the magnitude and timing of fertilizer
inputs. For example, if small shifts in C:P are consistently found to select for disease-suppressive
Pseudomonas taxa, then there may be benefits for more regular use of low inputs of mineral P
fertilizers into farming systems, as compared to low-frequency, high-input additions.
Similarly, the abundance of Pseudomonas bacteria was correlated with the aromaticity of the
dissolved organic carbon (DOC) content of the soil, a finding supported by studies in which
Pseudomonas communities were shown to be sensitive to the soil DOC fraction under grass-clover
leys (van Overbeek et al., 2012). These results are important, raising the potential to manage
populations of these bacteria through alteration of soil organic matter quality. This may be achieved,
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for example, through inputs of farm-yard manure or plant residue management (Wakelin et al.,
2012; Riber et al., 2014).
Variation in soil sodium content was associated with a number of effects within both the bacterial
and Pseudomonas communities. Sodium (and other salts) contribute to soil salinity and collectively
influence electrical conductivity (EC). EC was significantly different between land uses, and was
strongly correlated with sodium (P=0.0012). Saline and sodic soil can impose osmotic stress on soil
microbial communities, leading to reductions in microbial biomass (Rietz and Haynes, 2003), as
demonstrated in pasture soils (Pankhurst et al., 2001). A culture-based assessment of rhizosphere
Pseudomonas communities across a salinity gradient demonstrated adverse effects of increasing
salinity on Pseudomonas diversity (Rangarajan et al., 2002), and a reduced disease suppressive
potential of salt tolerant Pseudomonas species (Rangarajan et al., 2003). Our study did not
distinguish Pseudomonas OTUs to species level to examine if the observed differences might be
related to disease suppression. Thus, a more in depth investigation of the link between soil sodium,
microbial communities and potential for plant disease protection is required.

3.5.3 Effects of land use intensification on disease suppressive functional gene
composition and ecological network structures
The inclusion of probes for genes with putative roles in disease suppression on the most recent
generation of the GeoChip functional gene microarray provides a powerful opportunity to study the
distribution of these genes (Dignam et al., 2016), and thereby identify ways in which the disease
suppressive potential of soils may be managed to enhance this ecosystem property. There was no
influence of biogeographic separation on the composition of disease suppressive functional genes in
the 50 soils. Endemism has been demonstrated for fluorescent Pseudomonads (Cho and Tiedje,
2000), which commonly contain genes associated with several of the biocontrol mechanisms studied
(Haas and Défago, 2005). As the probes were based on sequences from a range of bacteria, fungi and
archaea, our results may indicate a level of functional redundancy within the wider microbial
community.
Land use intensification was identified as a key factor influencing the composition of all disease
suppressive functional gene categories. The impact of agricultural management on functional gene
composition was not driven through changes in the soil properties measured in this study. However,
a range of soil properties that varied between the land uses, including temperature, organic carbon,
and total nitrogen, have been shown to be important in structuring various microbial functions (Xue
et al., 2013; Yang et al., 2013; Cong et al., 2015). As our study is the first to focus specifically on
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disease suppressive functional genes using GeoChip, comparable studies that target a range of
disease suppressive genes are required to verify such findings across a broader range of land uses.
Ecological networks based on functional gene abundance data provide a means of visualizing
interactions among members of the microbial community carrying these functional genes, and how
these interactions differ between farming systems (Zhou et al., 2010). Although the abundance of
individual genes did not differ significantly between land uses, network analysis revealed associations
(co-variance) among these genes are affected by land use intensification. It is interesting to note that
the genes which fall outside of the ≥0.9 correlation threshold in both networks are also those for
which the explanatory model of soil properties was either insignificant or explained a relatively low
proportion of the variation in abundance (Table 3.3).
The greater connectivity and density of the ‘other’ farming system network, in comparison to that of
the dairy farming systems, indicate that the structure of the network and interactions among
functional groups are more complex under lower intensity pasture. Increased complexity of network
structures may reflect stronger coupling or association of processes within the soil community,
potentially contributing to greater stability of function (Cong et al., 2015). Network analysis is an
emergent procedure and provides a ‘conceptual framework’ that requires further experimental
validation (Cong et al., 2015). However, the sensitivity of functional molecular ecological network
structure to variation in land use observed here was also revealed in response to varied land cover
(forest succession; Cong et al., 2015) and environmental change (elevated CO2; Zhou et al., 2010).
Collectively, our results suggest that, in addition to impacting upon microbial community structure
(Figure 3.1) and functional composition (Appendix A.5), land use intensification also affected the
associations among these communities.

3.5.4 Shared drivers of disease suppressive functional gene abundance
The reduced linear model of biotic and abiotic soil properties explained up to 61% of the variation in
the abundance of 12 of the 13 disease suppressive functional genes/gene categories studied (Table
3.3). As suppressive modes of action are not mutually exclusive, multiple antagonists with a range of
these functions may act together to suppress disease (Alabouvette et al., 1993). As such, the
explanatory model was comprised of five variables shared among models generated for individual
genes/gene categories with putative roles in carbon degradation (hyperparasitism), nutrient
competition (siderophore production), and antibiosis (secondary metabolite biosynthesis). The
abundance of microbes associated with these functions has been shown to positively correlate with
disease suppression in arable and grassland soils (Lemanceau et al., 1992; Kobayashi et al., 2002;
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Garbeva et al., 2004a; Hjort et al., 2010; Latz et al., 2012; Raaijmakers and Mazzola, 2012). Therefore,
the biotic and edaphic properties positively correlated with abundance of these functional genes
(Table 3.3) present opportunities by which the disease suppressive potential of soils may be
managed and enhanced in pastoral systems.
The abundances of all disease-suppressive functional genes/gene categories were positively
correlated with the size of the bacterial community (total bacteria), total carbon, and soil moisture. It
is possible that the inclusion of bacterial abundance in this model reflects the large proportion of the
selected probes that were designed based on sequences of bacterial origin (Appendix A.3); probe
design remains a limitation of functional gene microarrays (He et al., 2007). However, the model was
significant (and the relationship with total bacteria the same) for gene categories that also contained
fungal and archaeal probe sequences (i.e. carbon degradation and nutrient competition). Therefore,
it is likely that the inclusion of bacterial abundance in the model is also indicative of an influence of
variation in the wider microbial community, for example, microbial biomass or fungal:bacteria ratio.
Our results suggest that practices that enhance the size of the bacterial community may also
enhance the size of the disease suppressive community in pastoral soils. The additional incorporation
of abiotic properties total carbon (representative of organic matter, total N and total S; see materials
and methods) and soil moisture in the explanatory model is likely reflective of the dependence of
general variables, such as microbial abundance, on nutrient availability and organic matter content
(Van Bruggen and Semenov, 2000).
Enhancing microbial abundance and activity through the addition of organic matter to soil is often
associated with increased suppressiveness toward soil-borne plant pathogens (Mazzola, 2004).
Notably, this mechanism is typically referred to as general suppression (Mazzola, 2004), the
enhancement of which has been identified as a potential opportunity to manage diverse soil-borne
diseases in pasture systems (Dignam et al., 2016). Collectively, the positive effect of total bacteria,
total carbon, and soil moisture on functional gene abundance in these soils may provide indirect
evidence for the influence of microbial activity on disease suppressive potential. Importantly, such
properties provide opportunities by which the functional disease suppressive components of soils
may be managed in pasture systems. For example, the incorporation of organic amendments into
soils, in addition to the typical organic inputs of plant litter or animal excreta (Dignam et al., 2016), or
manipulation of current irrigation practices may lead to increased disease suppressive gene
abundance.
Soil moisture, as modified by irrigation, has been shown to be a major factor driving the abundance
of antagonistic Pseudomonas bacteria in arable soils (Mavrodi et al., 2012). The abundance of
phenazine (Phz+) and phloroglucinol (Phl+)-producing Pseudomonads were differentially effected by
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irrigation, with Phz+ Pseudomonads thriving in bulk and rhizosphere soil of dry-land wheat fields and
Phl+ Pseudomonads contrastingly thriving in irrigated soils. Similarly, we observed an influence of soil
moisture on the abundance of functional genes required for the biosynthesis of these two
antimicrobial metabolites (phzF and phlD; Table 3.3). However, in our study, the relationship with soil
moisture was positive for both functional genes. This difference is likely attributable to the extremes
in soil moisture studied by Mavrodi et al. (2012), as well as differences in host-pathogen interactions
and bulk vs rhizosphere soil.
The abundances of all disease suppressive genes/gene categories were negatively correlated with
DOC aromatic content, a measure of carbon recalcitrance. This suggests that, in addition to organic
matter quantity (total carbon), disease suppressive functional gene abundance is sensitive to soil
organic matter (SOM) quality and could be enhanced under copiotrophic conditions where labile
carbon and nutrient availability is increased.
The relationship between SOM quality, microbial communities, and disease suppression has been
observed to be dependent on the level of SOM decomposition (Van Bruggen and Semenov, 2000).
Chemical changes associated with organic matter decomposition may also drive a shift in the
microbial community composition from Gram-negative bacteria, which have antagonistic ability, to
Gram-positive bacteria, which are less able to antagonize soil-borne pathogens (Boehm et al., 1997).
The differing responses of Gram-positive and Gram-negative bacteria may explain, in part, the
insignificant association with the explanatory model and bacilysin (bacA) abundance in our study.
To date, the majority of studies that have linked SOM quality and disease suppression have done so
in relation to changes in microbial community structure rather than function. Although, antagonistic
bacteria, expressing a range of biocontrol functions, are typically higher in abundance in the
rhizosphere in comparison to the bulk soil (van Elsas et al., 2002; Mavrodi et al., 2012), where root
exudation drives increased carbon availability (Fierer et al., 2007). Thus, to our knowledge, our study
provides novel evidence for the association of SOM quality with a wide array of functional genes with
putative disease suppressive function. This may provide mechanistic insights into the reduction of
disease severity associated with suppressive organic amendments that support copiotrophic
communities.
Despite inherent limitations (lack of microbial species identity and failure to distinguish between
active and inactive microbial cells; Reeve et al., 2010), the GeoChip array provides insight into the
presence of and diversity within known biological functions, and therefore, a way of linking microbial
diversity to ecosystem processes and functions (He et al., 2007). However, as changes at the gene or
genus levels may not translate to changes in ecosystem processes (Yang et al., 2013), it will be
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important to rigorously test the relationship between the abiotic drivers identified here and disease
suppressive function.

3.6 Conclusions
This study has demonstrated the substantial effects of land use intensification and soil properties on
both disease suppressive community structure and function. Independent of the total bacterial
community, soil properties were identified as unique drivers of the Pseudomonas community, a
potential taxonomic indicator of disease suppressive potential. Furthermore, our results suggest that
the manipulation of abiotic soil properties related to the size and activity of the microbial community
may simultaneously enhance the abundance of a wide array of disease suppressive functions in soil.
Importantly, soil organic matter quality was shown to influence both the taxonomic (Pseudomonas)
and functional disease suppressive components of soil. Collectively, our results provide opportunities
by which these soil components may be managed on-farm.
Detailed experiments that combine microbiome characterization and plant-pathogen bioassays are
now required to determine whether Pseudomonas communities and functional gene abundances
provide accurate indicators of disease suppressive potential in these soils. Such experiments would
determine whether specific soil microbial community manipulation, stemming from dedicated
management practices, actually translate to changes in disease suppressive potential and ultimately
pastoral production.
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4.1 Abstract
Dynamic pathogen complexes can develop under pastures, thereby substantially reducing potential
productivity. Suppression of such pathogen complexes is therefore of great importance, and
bioassays can quantify disease suppression in soils. This study describes the development of a
pasture-relevant system: Rhizoctonia solani AG 2-1 induced damping-off (wirestem) of kale (Brassica
oleracea). As kale is not a component of traditional ryegrass clover pasture swards, the assay allows
assessment of general disease suppression, considered more enduring in multiple-host-multiplepathogen systems. A pathogenic Rhizoctonia solani isolate was obtained from New Zealand pastoral
soil. Inoculation of soils with this isolate resulted in a level of damping-off disease comparable to that
induced by reference Rhizoctonia solani isolate Rs043-2. Significantly different levels of inoculuminduced disease incidence and progression were found in four distinct pastoral soils. In combination
with soil physicochemical data and environmental DNA approaches, this bioassay can be used to
further advance understanding of the influence of farm management practices on disease
suppression in pasture soils.

4.2 Introduction
Diverse and dynamic pathogen complexes can develop under pastoral soils (Skipp and Watson,
1996). The diseases they cause constrain the potential productivity of pastoral agriculture and reduce
water and nutrient use efficiency (Baligar et al., 2001). A range of soil-borne pathogens, including
fungi, oomycete and nematodes, causes diseases in New Zealand pastures (Falloon, 1985; Skipp and
Christensen, 1989; Waipara et al., 1996; Sarathchandra et al., 2000; Harvey and Harvey, 2009).
Because the disease symptoms are often only directly observable below-ground, the prevalence of
these diseases is largely unknown and losses attributed to soil-borne diseases are often
underestimated and notoriously difficult to quantify. However, the consensus of studies from New
Zealand suggests that production losses are likely to be between 40-50% (Skipp and Watson, 1996
and references therein).
Control of soil-borne diseases in pastoral systems is inherently difficult. Approaches must account for
multiple-host-multiple-pathogen interactions, in addition to other system-specific issues. Additional
difficulties stem from limited opportunities to use break-crops, pathogen complexes that increase in
inoculum potential over time, and the expansive nature of pastures that reduces the economic and
practical viability of delivering, for example, chemical controls.
Disease suppressive soils naturally reduce the severity of disease caused by soil-borne
phytopathogens (Weller et al., 2002). There are two distinct types of disease suppression: general
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suppression is attributed to the competitive activity of the total microbiota, which competes with the
pathogenic microbiota for resources present in the soil (Weller et al., 2002), and specific suppression
is attributed to activities of an individual (or specific group of) microorganism antagonistic towards
the pathogen or pathogen complex (Weller et al., 2002). General disease suppression is potentially
higher in pasture soils than arable soils due to the increased microbial diversity supported by diverse
above-ground vegetation (Garbeva et al., 2006). Thus, managing soil ecosystems towards increased
disease suppression represents a sustainable approach for the control of soil-borne diseases in
pastures.
Well-characterised examples of specific disease suppression in arable systems, such as soils
suppressive to take-all disease of wheat (Weller et al., 2002) or black root rot of tobacco (Almario et
al., 2014), have provided a wealth of information regarding the microbial taxa and functions
underlying this phenomenon (Raaijmakers et al., 2009). However, comparatively little is known about
how management practices influence general disease suppression in pasture systems. To identify
opportunities to manage this biological phenomenon, it is important to first characterise the abiotic
and biotic parameters influencing the progression of plant disease in soils.
Plant-pathogen bioassays can be used to quantify disease suppression in soils by comparison of
disease symptoms in inoculated treatments, such as Rhizoctonia solani-induced damping-off disease
of sugar beet (Mendes et al., 2011). Furthermore, Skipp & Sarathchandra (1999) demonstrated that
such assays (white clover seedling emergence in soil inoculated with Cylindrocladium scoparium
Morgan) could be used to quantify the deleterious effect of soil-borne phytopathogens in pasture
systems, thereby providing a comparative measure of disease suppression that is useful for
monitoring the influence of management practices on soil disease suppressive capacity in farming
systems.
In this study, a pasture-relevant plant-pathogen bioassay was developed and tested. The assay
follows the general strategy adopted by Mendes et al. (2011). As the aim was to quantify the general
disease suppressive capacity of pastoral soils, kale (Brassica oleracea) was used as a plant species
unrelated to ryegrass and white clover, and a ubiquitous, broad host range fungal pathogen
(Rhizoctonia solani) was selected as the pathogen to be inoculated into soil.

4.3 Materials and methods
4.3.1 Rhizoctonia solani isolates
Two Rhizoctonia solani (R. solani) isolates were used in the development of the disease assay. Rs0432, obtained from a culture collection held at the New Zealand Institute for Plant & Food Research,
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had been isolated from potato tubers with sclerotia (black scurf) and characterised as belonging to
the anastomosis group (AG) 2-1 (Das et al., 2014). Rs37 was isolated in this study from wirestem
lesions (damping-off) of kale plants grown in pastoral soil (see below).

4.3.2 Isolation of putative Rhizoctonia solani
In preliminary pathogenicity testing of isolate Rs043-2 in pasture soil (Kurow; Table 4.1), wirestem
lesions developed on stem bases of kale seedlings planted in uninoculated soil. Disease symptoms
were comparable to those induced by Rs043-2 in the inoculated treatment.
To isolate the causative agent, diseased stem bases were immersed in 0.2% NaOCl for 1 min, rinsed
with sterile water and plated directly onto 1.5% water agar. Plates were stored at 20°C in the dark
and visually assessed for Rhizoctonia-like fungi (RLF) after 24 and 48 h. After 48 h, RLF were
transferred to half strength potato dextrose agar (PDA) amended with streptomycin sulphate (200
mg/litre). Isolates were maintained on non-amended, one-fifth strength PDA.

4.3.3 Identification and characterisation of Rhizoctonia solani
To confirm the identity of RLF isolates, colony morphology was observed by hyphal staining with
Lactophenol blue solution (Merck) and light microscopy. To determine AGs of R. solani isolates,
sequence homology of the internal transcribed spacer regions (ITS rRNA gene) was used. Isolates
with morphological characteristics similar to R. solani (reference strain Rs043-2) were grown on 1.5%
water agar amended with streptomycin sulphate (200 mg/litre) for 48 h at 25°C in the dark. Mycelia
were collected directly from the plates into 1.5 ml tubes and frozen with liquid nitrogen. Frozen
mycelia were ground with sterilised micro-pestles and genomic DNA extracted using Qiagen DNeasy
Plant Mini Kit according to the manufacturer’s instructions.
PCR amplification of the ITS1-5.8S-ITS2 region used primers ITS4 (5’-TCC TCC GCT TAT TGA TAT GC-3’)
and ITS5 (5’-GGA AGT AAA AGT CGT AAC AAG G-3’) (White et al., 1990; Integrated DNA
Technologies). Each 25 µl reaction mixture contained 200 nM of each primer, 5 mM dNTPs, 15 mM
MgCl2, 1 U MyHSTaqTM DNA Polymerase (BioLine) and 4 µl of template DNA. Thermocycling
conditions consisted of an initial denaturation at 95°C for 3 min, 35 cycles of denaturation at 95°C for
30 s, annealing at 55°C for 30 s and extension at 72°C for 1 min, and a final extension at 72°C for 5
min. The presence of amplicons of the expected size was validated by agarose gel electrophoresis.
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Purified PCR products were sequenced in both forward and reverse (Lincoln University, NZ), and ITS
rRNA consensus sequences were generated for each isolate using Geneious version 7.0.5
(http://www.geneious.com; Kearse et al., 2012). Nucleotide BLAST analysis
(http://blast.ncbi.nlm.nih.gov/Blast.cgi; Altschul et al., 1990) aligned the consensus sequences with
publicly available sequences already assigned to R. solani AGs.

4.3.4 Soil sampling
Soil was collected from four locations identified as representative of the three major soil orders used
for pastoral production in New Zealand. Soil orders were classified according to Hewitt (1998) as
Brown, Recent and Pumice. Brown soils were collected from two locations: Lincoln (Lin) and Eyrewell
(Eyr). Forty-three percent of New Zealand’s soil is classified as Brown (Ministry for the Environment,
2007). A Recent soil was collected from Kurow (Kur) and a Pumice soil from Rotorua (Rot). Soils were
sampled from a single point at each location to the depth of the plant roots present. Soil was sieved
to 2 mm to remove stones and plant debris, and stored at 4°C prior to use. Soil physical-chemical
analyses were performed by Hills Laboratories (Christchurch/Hamilton).

4.3.5 Plant-pathogen bioassay and disease assessment
Sixteen kale seeds (cv. Caledonian) were sown into 7 × 7 × 8 cm pots (with sealed bases) containing
170 g of field-moist soil, and seeds were covered with a further 20 g of field moist soil. Pots were
adjusted to 70% of the soil’s maximum water holding capacity (MWHC) by watering to weight every
other day. Experiments were conducted in a growth room with 16 h light at 22°C and 8 h dark at
15°C. Seedlings were thinned to 10 per pot 5 days after sowing and the soil inoculated with R. solani
7 days after sowing. Two mycelial plugs (6 mm in diameter) of a 7-day-old one-fifth PDA R. solani
culture were buried approximately 1 cm under the soil surface in opposite corners of each pot.
Sterile one-fifth PDA plugs were added to the uninoculated, control treatment.
Damping-off disease in cruciferous brassica spp. is characterised by the development of wirestem
lesions (Carling and Sumner, 1992). Lesions develop where the base of the plant stem contacts the
soil surface; they are initially dark brown-grey in colour and become sunken so that the stem
resembles a wire (Keinath and Farnham, 1997). Wirestem lesions were recorded as present when 1
to 3 mm of the stem base was dark brown-grey in colour. By scoring each individual plant for the
presence of wirestem lesions, disease progress was measured as the percentage of plants, per pot,
with damping-off disease at 2-day intervals up to 20 days post inoculation. Following disease
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assessment, the fungal pathogen was re-isolated from the lesions of five plants per treatment as
described above.

4.3.6 Experimental design
To establish the pathogenic potential of R. solani isolate Rs37 in both Kur and Lin soils, the initial
experiment compared damping-off disease progress on kale plants inoculated with Rs37 and the
positive control isolate Rs043-2. To establish whether the level of induced disease was comparable
across New Zealand pasture soils, a subsequent experiment assessed damping-off disease progress
on kale plants in Kur, Lin, Eyr and Rot soils inoculated with Rs37. Pots were inoculated with mycelial
(inoculum) and sterile (control) agar plugs as described above. Split-plot, randomised experimental
designs were used, with six or eight replicates per treatment.

4.3.7 Statistical analysis
For comparison of disease progress data, the area under the disease progress curve (AUDPC) per pot
was calculated from the percentage of plants with damping-off disease over the 20-day period. In
addition, disease incidence (DI) was calculated as the percentage of diseased plants at 20 days post
inoculation.
Analyses of variance were performed in Genstat for Windows (16th Edition SP1) to test for significant
effects of R. solani isolate or soil on AUDPC and DI. Following ANOVA, Tukey’s method of pairwise
comparisons was used to test for significant differences between treatment means. Block structures
were applied to all analyses of disease progress data and differences were considered significant
when P0.05.

4.4 Results
4.4.1 Identification of RLF isolate
BLASTn analysis of the nuclear ITS rRNA sequence of R. solani isolate Rs37 revealed that it was
identical in nucleotide composition to isolates assigned to AG 2-1. Rs37 had 100% sequence identity
with GenBank accession KF870933, a strain characterised as AG 2-1 by anastomosis fusion with AG 21 tester isolates (Broders et al., 2014). Furthermore, subsequent closest matches in alignments were
with accessions identified as other AG 2-1 isolates.
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4.4.2 Soil properties
Soil physical and chemical characteristics are given in Table 4.1. The soils selected varied in bulk
density, pH, organic matter content (anaerobically mineralisable N) and fertility status (Table 4.1),
and thus represent a wide range of New Zealand pasture soils.

Table 4.1

Selected soil physical and chemical characteristics.

NZ Soil Order
pH
Total Carbon
Total Nitrogen
C/N
Anaerobically Mineralisable N
Available Nitrogen
Total Phosphorus
Olsen Phosphorus
Sulphate Sulphur
Volume Weight (bulk density)

pH Units
%
%
Ratio
µg/g
kg/ha
mg/kg
mg/litre
mg/kg
g/ml

Lincoln
Brown
5.6
2.5
0.25
10
29
45
698
29
15
1.02

Eyrewell
Brown
6.1
4.7
0.38
12.3
78
110
725
43
17
0.94

Rotorua
Pumice
5.1
6.8
0.64
10.7
115
103
1,404
48
14
0.6

Kurow
Recent
6.6
2.4
0.26
9.3
69
92
670
18
6
0.88

4.4.3 Pathogenicity testing
In both Kur and Lin soils, R. solani isolate Rs37 was capable of causing a similar level of disease on
kale as compared to the reference isolate Rs043-2 (Figure 4.1 and Figure 4.2). Disease progression,
AUDPC (P=0.002) and DI (P<0.001), was significantly greater in R. solani inoculated treatments than
the uninoculated control treatments. Differences in mean AUDPC and DI were not statistically
significant between treatments inoculated with Rs37 and Rs043-2 in both Kur (Rs37 DI =78%; Rs0432 DI = 95%) and Lin (Rs37 DI = 68%; Rs043-2 DI = 80%) soils. While kale seedlings remained free of
disease symptoms in the Lin soil uninoculated treatment, damping-off symptoms did develop on
seedlings grown in uninoculated Kur soil (DI = 38%). Rhizoctonia solani was re-isolated from the
wirestem lesions of both inoculated treatments and the uninoculated Kur soil treatment.
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Figure 4.1

Progress (AUDPC) of Rhizoctonia solani induced damping-off (wirestem) disease on
kale seedlings grown in (a) Kurow soil or (b) Lincoln soil, and inoculated with isolates
Rs37 and Rs043-2 (mean ± SEM, N=6). Letters above the bars indicate significantly
different treatments (P<0.05, Tukey).

Figure 4.2

Rhizoctonia solani induced damping-off (wirestem) disease incidence (DI) on kale
seedlings grown in (a) Kurow soil or (b) Lincoln soil, and inoculated with isolates Rs37
and Rs043-2 (mean ± SEM, N=6). Letters above the bars indicate significantly different
treatments (P<0.05, Tukey).

4.4.4 Disease progression in New Zealand pasture soils
Optimisation of the plant-pathogen bioassay determined that mycelial agar plugs 6 mm in diameter
provided an optimal inoculum level for comparison of disease progress among soil types (data not
shown). There were significant differences in disease progression in the four soils (AUDPC and DI)
between R. solani Rs37-inoculated treatments (Figure 4.3). The statistical separation of inoculated
treatments based on disease progression differed between DI and AUDPC measurements. DI was
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highest in Rot soil (88%) and significantly higher in this treatment than in Eyr soil (59%) (Figure 4.3a).
In contrast, AUDPC was highest for Kur soil (548) and significantly higher for this treatment than for
Lin (342) or Eyr (321) soils (Figure 4.3b). There was evidence of background disease pressure in two
of the four soils tested; damping-off disease symptoms developed on seedlings grown in
uninoculated Eyr (DI = 1%) and Kur (DI = 16%) soils. Rhizoctonia solani was re-isolated from the
wirestem lesions of all inoculated treatments and the Kur soil uninoculated treatment, but not the
Eyr uninoculated treatment.

Figure 4.3

(a) Damping-off disease progress (DI) and (b) AUDPC, of Rhizoctonia solani Rs37 on
kale seedlings (mean ± SEM, N=8), compared between four New Zealand pasture soils:
Kurow (Kur), Lincoln (Lin), Eyrewell (Eyr) and Rotorua (Rot). For soils in which
damping-off disease symptoms developed in the uninoculated treatment, disease
progress (dark grey) is represented as a proportion of disease progress in the
inoculated treatment (light grey). Letters above the bars indicate significantly different
inoculated treatments (P<0.05, Tukey).

4.5 Discussion
The increasing value of crop production in New Zealand pastures places emphasis on the need for
practical and sustainable disease control options that enhance plant health and increase water and
nutrient (e.g. fertiliser) use efficiency. This study has developed a rapid and robust plant-pathogen
bioassay that provides a comparative measure of R. solani-induced damping-off disease incidence
and progression on kale plants. The assay has proven sufficiently sensitive to distinguish between
levels of inoculum-induced disease across a range of New Zealand pastoral soils.
This assay will be of particular value for monitoring the spatial and temporal variability of disease
progression in the soils of various pasture systems. It could therefore be implemented to assess the
success of disease mitigation strategies over time and also to identify potential management
65

opportunities that exploit the disease suppressive capacity of soils to reduce disease pressure. Biotic
and abiotic soil parameters shown to correlate with the suppression of inoculum-induced disease
should present new opportunities to manage the disease suppressive components of pasture soils.
Furthermore, the assay may be applied for the investigation of specific disease suppression in
cropping systems where brassicas form a frequent component of the crop rotation. Application of
the assay to a greater range of soils is required to further validate its efficacy among pastoral and
agricultural soil systems.
Rhizoctonia solani strains are ubiquitous, broad host range, soil-borne plant pathogens (Ogoshi,
1987) considered to be the cause of the most common diseases of brassica seedlings (Stewart and
Charlton, 2006). A pathogenic R. solani isolate, Rs37, was obtained from a New Zealand pasture soil.
Analysis of its ITS rRNA gene sequence characterised Rs37 as belonging to AG 2-1, an AG group
shown to cause damping-off of brassica spp. globally (Lamprecht et al., 2011). The strain is available
on request from AgResearch (contact authors) and will be available from the International Collection
of Microorganisms from Plants (ICMP) in due course. Isolate Rs37 expressed a similar pathogenic
potential to the reference strain Rs043-2, an AG 2-1 isolate previously shown to be an effective
source of inoculum in a potato-based disease assay (Bienkowski et al., 2010). Inoculation of four
pastoral soils with Rs37 resulted in a level of damping-off disease that was suitable for comparison of
disease incidence and progress between soil types. Due to the broad host range of the pathogen
used, the bioassay should prove suitable for application across diverse agricultural systems.
For the assessment of disease suppression in pastures, kale was used as the host plant, rather than a
grass or a legume. It is proposed that measuring disease incidence on host plants unrelated to a
system’s current crop species will provide a better measure of underlying general, rather than
specific, disease suppression. To validate this approach, the capacity of a soil to suppress multiple
soil-borne pathogens will need to be quantified using multiple bioassays incorporating host plants
both related and unrelated to the plant species present in the pastoral system. Specific disease
suppression can be induced by repeated monoculture cultivation (Weller et al., 2002), and therefore,
enhanced resistance to host-specific pathogens may develop over the life of a pasture. However,
broad host range pathogens, such as Pythium, Rhizoctonia and Fusarium spp., will not necessarily be
suppressed in long lived, multiple-host-multiple-pathogen pasture systems and are therefore ideal
candidates for the development of such assays.
Although brassica species, such as kale, are not a component of traditional pasture swards, they are
widely used as animal forage crops in New Zealand pasture systems. Inconsistencies in localised and
seasonal establishment of brassica species, which can affect their reliability as crops, have been
attributed to insect pests and fungal pathogens (Stewart and Charlton, 2006). The bioassay
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developed can also be used to detect the presence of such pathogens by monitoring disease
incidence in uninoculated soil.
It was interesting to note that background disease pressure was detected in two of the four soils
tested. Previous studies of disease suppression in New Zealand pasture soils have inoculated presterilised soil as a control treatment and to determine the pathogenic potential of fungal isolates in
the absence of potential interactions with naturally occurring background pathogens (for example,
Skipp and Sarathchandra, 1999). In contrast, uninoculated, non-sterile soil was used as the control
treatment in this study. This has provided insight into the prevalence of related diseases in the
pastoral systems tested.
Rhizoctonia solani was isolated from the wirestem lesions of plants in uninoculated Kur soil. In the
presence of a suitable plant host, R. solani field populations can increase over time (Ogoshi, 1987). As
such broad host range pathogens have the potential to carry over through break crops, their
presence in pasture systems also has implications for the productivity of subsequent agricultural
crops planted in such fields.
The statistical separation of inoculated soils differed between DI and AUDPC disease progression
measurements. This difference is attributed to a sharp rise in the mean number of diseased plants in
Rot soil from 16 to 18 days post inoculation (data not shown). Whilst this increase meant that, at the
end of the assay, DI was highest in the Rot soil, AUDPC of the Rot soil was not increased to above
that of the Kur soil. DI provides a finite measure of disease in each soil, only accounting for the mean
number of plants expressing disease symptoms at the end of the assay. The AUDPC provides a
cumulative measure of disease progression and, given that disease symptoms typically worsen over
the course of the assay (anecdotal evidence), provides an indirect measure of disease severity. In the
use of this assay, it is recommended that consideration be given to the AUDPC in combination with
the plot of the disease progress curve, generated by sequential measurements of disease incidence
over the course of the assay. The AUDPC provides a comparative measure of general disease
suppression that will identify soils in which disease severity is reduced relative to other soils tested.
Furthermore, plotting the disease progress curve will allow any substantial changes in disease
incidence at a given time point to be easily visualised.
Coupled with molecular analyses of environmental DNA and detailed soil physicochemical data, this
bioassay can be used to investigate the relationship between the presence and abundance of
putative disease suppressive microbial taxa, abiotic soil parameters and disease progression. Thus, it
provides the foundation necessary for future research aiming to understand how farm management
practices influence disease suppression in pasture soils.
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5.1 Abstract
Diverse microbial communities harboured by grassland soils provide ecosystem services essential to
soil health and plant productivity, including the suppression of soil-borne plant diseases.
Understanding the soil properties impacting upon these microbial communities will provide
opportunities by which indigenous soil microbes and their functions may be managed to enhance soil
suppressiveness. Here, a long-term grassland field trial was used to investigate the impact of 20 years
of plant residue management, as a factor influencing soil chemical and biological properties, on the
suppression of Rhizoctonia solani AG 2-1 induced damping-off of kale. Plant residue management led
to significant variation in Pseudomonas bacterial community structure between treatments. Soil
organic matter quality (carbon recalcitrance) was responsible for 80% of the observed variation in
Pseudomonas community structure. Pseudomonas species diversity and richness were identified as
the primary parameters explaining the greatest proportion (>30%) of variation in the suppressive
capacity of soils across treatments. Further, increased Pseudomonas species diversity, microbial
activity, soil organic matter content, and carbon availability distinguished suppressive (low disease)
soils from high disease soils. Collectively, our results suggest that management-induced shifts in
Pseudomonas community composition, notably species diversity and richness, provide a better
indicator of soil susceptibility to disease caused by a broad host range pathogen than soil chemical
parameters. Furthermore, we demonstrate that management practices that result in the frequent
addition of organic residues to agricultural grassland soils enhance the diversity and activity of plantbeneficial bacterial taxa.

5.2 Introduction
Soil health and plant productivity are reliant on the ecosystem services provided by indigenous
microbial communities, which include organic matter storage and decomposition, nutrient cycling,
and the suppression of soil-borne diseases (Janvier et al., 2007). Soil-borne plant pathogens are
responsible for considerable yield losses in both arable (Raaijmakers et al., 2009) and pastoral
agriculture (Dignam et al., 2016), yet the multitude of interactions between soil physical, chemical
and biological properties renders the control of such diseases a complex and intractable challenge.
Pastoral-based agriculture supporting the production of grazing livestock covers over 25% of the
Earth’s ice-free land surface (FAOSTAT, 2011). In these systems, disease control is further
complicated by, and must account for, the multi-plant-multi-pathogen complexes that develop with
perennial plant species, and the expansive nature and potentially challenging topography of pastoral
farming systems that hinder practicable delivery of external inputs (Dignam et al., 2016).
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Naturally occurring, disease suppressive soils are those in which consortia of indigenous microbes
protect susceptible plant hosts from soil-borne disease, despite the presence of a virulent pathogen
(Mendes et al., 2011; Penton et al., 2014; Cha et al., 2015). This phenomenon is typically categorised
into either general suppression, driven by the competitive activity of the total soil microbiota, or
specific suppression, driven by the antagonistic potential of an individual or specific group of
microorganisms (Weller et al., 2002). The wealth of understanding gained from well-characterised
examples of soil suppressiveness in arable systems (Weller et al., 2002), and increasing
understanding of the processes that underlie release from pathogen pressure in natural grassland
systems (Maron et al., 2011; Schnitzer et al., 2011; Latz et al., 2012), provide opportunities to exploit
such mechanisms in pastoral systems. Yet, despite representing an important approach by which the
impacts of soil-borne pathogens may be reduced, little is known about the distribution of diseasesuppressive communities in agricultural grasslands and how these communities and their functions
relate to plant protection and productivity (Dignam et al., 2016). Understanding the soil
physicochemical properties impacting upon microbial communities and their functions will enable
the management of the ecosystem services they provide (Nielsen et al., 2015).
Members of a diverse range of microbial groups are often associated with the suppression of soilborne pathogens (Raaijmakers and Mazzola, 2012). Among these, Pseudomonas spp. have been
repeatedly implicated in soil suppressiveness and have been shown to be responsive to varying
management practices across agricultural systems (Sarniguet et al., 1992; Garbeva et al., 2004a; van
Overbeek et al., 2012). In a recent study, we conducted an in-depth molecular analysis across
pastoral soils to identify opportunities by which indigenous soil microbes may be managed to
enhance soil suppressiveness (Chapter 3). Notably, changes in soil organic matter (SOM) quality were
associated with both taxonomic (Pseudomonas) and functional indicators of disease suppressive
potential in these soils. Therefore, we hypothesise that management practices that result in
alteration of SOM content, particularly carbon quality (sensu elemental stoichiometry with other
major nutrients and carbon (C) recalcitrance), can provide opportunities to enhance soil
suppressiveness. Pasture-specific areas of research importance include incorporation of crop
residues and animal stocking rates (i.e. impacts of grazing intensity and conversion of plant biomass
to excreta) and plant species selection (i.e. crop-specific exudation of labile C into the rhizosphere).
This study assessed the impacts of varied plant residue management on soil chemical, physical and
microbiological parameters in a long-term, grassland field trial. The contributions of managementinduced changes in biotic and abiotic soil properties to soil suppressiveness were investigated. We
hypothesised that: i) incorporation of plant litter will lead to significant alterations in soil chemistry,
specifically SOM quantity and quality; ii) Pseudomonas species composition will be sensitive to
changes in SOM quality, resulting in a negative correlation between Pseudomonas species diversity
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and C recalcitrance; and iii) through management-induced changes in Pseudomonas community
structure, increased Pseudomonas diversity will lead to enhanced soil suppressiveness. As measures
of soil organic matter quantity and quality have been shown to differ with plant residue management
at the site selected (Simpson et al., 2012; Adair et al., 2013), associated treatments provided a
unique experimental platform to test our research hypotheses under long-term, field-based
conditions. Phylogenetic community analysis using the Illumina MiSeq platform targeted
Pseudomonas spp., and a pasture-specific plant-pathogen bioassay (R. solani-induced damping-off
disease of kale) was utilised to provide a comparative measure of general disease suppression
between field treatments (Dignam et al., 2015). It is proposed that measuring disease incidence,
induced by a generalist soil-borne pathogen, on host plants unrelated to a system’s current crop
species will provide a better measure of general, rather than specific, suppression (Dignam et al.,
2015).

5.3 Materials and methods
5.3.1 Long-term grassland trial: field site and mowing treatments
A long-term ecology field trial with varied fertiliser application and plant residue incorporation to soil
was established in 1994 at Lincoln University (Lincoln, New Zealand; Simpson et al., 2012). The trial
was established on a Wakanui silt loam soil (mottled immature Pallic (NZ); Udic Ustochrept (USDA);
Simpson et al., 2012). The trial comprised of four replicate plots (25 m2) per treatment, arranged in a
randomised block design. Each plot was planted to a mixture of red and white clover, perennial
ryegrass, and cocksfoot. The trial was not grazed or irrigated and the treatments selected for analysis
had not received mineral fertiliser. The treatments selected for this study combined two factors:
mowing frequency and mown biomass removal. The four treatments were: ‘FL’ – mown frequently
(sward height = 15 cm) and biomass left; ‘IL’ – mown infrequently (sward height = 30 cm) and
biomass left; ‘IR’ – mown infrequently and biomass removed; ‘NM’ – never mown/non-mown.

5.3.2 Soil sampling and chemistry
Soil sampling was carried out in November 2014 when the field trial had been running for 20 years.
Soil was sampled to a depth of 12.5 cm using soil corers with 2.5 cm diameter. Sixty soil cores
(approx. 1.5 kg soil per plot) were collected spanning the length and width of each plot. Soil samples
from each plot were pooled and sieved to 2 mm to remove plant debris and stones, and stored at 4°C
until use.
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Physicochemical properties of a composite soil sample from each field plot were characterised by RJ
Hill Laboratories (Christchurch, New Zealand). The following properties were measured: pH; Olsen P;
total C; total N; total P; organic matter (%); anaerobically mineralisable nitrogen (AMN); available
nitrogen (AN); K; Ca; Mg; Na; Al; phosphate retention; cation exchange capacity (CEC); total base
saturation; and volume weight (http://www.hill-laboratories.com/file/fileid/15530). Ca, K, Mg and
Na were expressed as me/100g. C:N, C:P and AMN:N ratios were calculated from total C, N, P and
AMN measurements. Hot water extractable C (HWEC) and dissolved organic C (DOC) aromatic
content were quantified as described in Chapter 3. DOC aromatic content (DOC AC) provides a
measure of carbon recalcitrance and availability to the microbial community; higher DOC AC
indicates greater carbon recalcitrance and reduced availability. Soil moisture content was measured
by incubating subsamples (20 g) of each soil at 80°C until no change in sample weight was detected
over 2 consecutive days.

5.3.3 DNA Extraction
DNA was extracted from the composite soil of each field plot using the PowerSoil DNA extraction kit
(MoBio Inc, USA), according to the manufacturer’s instructions. Duplicate extractions were made
from 0.25 g of soil and the extracts combined to provide 100 µl of DNA which was stored at -20°C.
DNA was quantified by spectrophotometry (ND-1000; ThermoFisher Inc).

5.3.4 Pseudomonas relative abundance: qPCR
The sizes of the total bacterial and Pseudomonas communities were assessed by qPCR. Assays were
conducted on a Rotor-GeneTM 6000 detection system (Qiagen). PCR chemistry, thermocycling
conditions, and standard curves followed methods described in Chapter 3. Linear relationships
between standard concentrations and CT values (R2>0.99), and amplification efficiencies above 89%,
were obtained for both qPCR assays. Pseudomonas relative abundance was calculated as the ratio
between Pseudomonas-specific and bacteria-specific qPCR assays. Log10(Pseudomonas:bacteria)
values were utilised in subsequent statistical analyses.

5.3.5 Pseudomonas community sequencing
Pseudomonas-specific 16S rRNA gene fragments were amplified using a nested PCR approach. Firstly,
Pseudomonas-specific fragments were amplified by PCR using primers F311Ps (5’
CTGGTCTGAGAGGATGATCAGT 3’) and R1459Ps (5’ AATCACTCCGTGGTAACCGT 3’) (Milling et al.,
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2005). Each 25 µl reaction mixture contained 200 nM of each primer, 1 × Bioline MyTaq reaction
buffer, 1 U MyHSTaqTM DNA Polymerase (BioLine Pty Ltd.), and 2 µl (10ng) of template DNA. PCR
thermocycling conditions consisted of an initial denaturation at 95ᵒC for 3 min, 30 cycles of
denaturation at 95ᵒC for 30 s, annealing at 63ᵒC for 1 min and extension at 72ᵒC for 1 min, and a final
extension at 72ᵒC for 10 min. The presence of amplicons of the expected size (~1150 bp) was
validated by agarose gel electrophoresis. PCR products were purified using PCR paramagnetic bead
solution and 96 well magnetic plate, according to the manufacturer’s protocol (AxyPrepTM Mag).
Pseudomonas-specific PCR products were used as template DNA for the second (nested), general
bacterial amplification. Bacteria-specific amplification and subsequent sequencing were performed
at the Australian Genomic Research Facility (AGRF; Adelaide, Australia) via an established 16S rRNA
gene assay using primers 341F (CCTAYGGGRBGCASCAG) and 806R (GGACTACNNGGGTATCTAAT) with
overhang adapters. Barcoded PCR amplicons were pooled and sequenced on the Illumina MiSeq
platform, using Illumina’s Nextera XT v2 indices and paired end sequencing chemistry.
High quality sequences were obtained from the raw dataset using mothur (v.1.36.1), based on the
analysis pipeline outlined by Kozich et al. (2013). In summary: (i) contigs were assembled from
forward and reverse reads; (ii) sequences that were not of the expected size (466 bp) or with
ambiguous bases were removed; (iii) sequences were de-noised by pre-clustering those within 2
nucleotides of each other; and (iv) chimeras were removed using the UCHIME algorithm within
mothur. Operational taxonomic units (OTUs) were clustered at 97% similarity using QIIME v.1.8.0
(Caporaso et al., 2010).
The dataset was reduced to the OTUs present in at least 4 of the 16 soils. These OTUs were
taxonomically classified to genus level using the Ribosomal Database Project (RDP) classifier (Wang
et al., 2007); 96.3% were identified as Pseudomonas.

5.3.6 Soil disease suppression
The disease suppressive capacity of soils was assessed by measuring incidence and progression of
Rhizoctonia solani AG2-1 induced damping-off of kale (Brassica oleracea), as described in Dignam et
al. (2015). Briefly, kale seeds (cv. Caledonian) were sown into 7 × 7 × 8 cm pots (with sealed bases)
containing 190 g of field-moist soil. Seedlings were thinned to 10 per-pot five days after sowing and
the soil inoculated with R. solani AG2-1 isolate Rs37, seven days after sowing. In opposite corners of
each pot, two 6 mm mycelial plugs of a seven-day-old  PDA R. solani culture were placed
approximately 1 cm under the soil surface. Sterile  PDA plugs were added to the uninoculated,
control treatment. Experiments were conducted in a growth room with 16 h light at 22°C and 8 h
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dark at 15°C, and pots were adjusted to 70% of the soil’s maximum water holding capacity (MWHC)
by watering-to-weight every other day. Randomised block experimental designs were applied to the
bioassays, with three experimental replicates (inoculated and control) per field plot, and therefore,
12 experimental replicates per field treatment.
Individual plants were scored for the presence of wirestem lesions at two day intervals over 20 days.
Cumulative disease incidence (DI) was calculated as the percentage of diseased plants per pot at the
end of the assay. As a measure of disease progression, the area under the disease progress curve
(AUDPC) was calculated, for each pot, from the percentage of plants with damping-off disease (twoday intervals) over the duration of the assay. Following disease assessment, fungal pathogens were
isolated from the lesions of diseased plants and identified as described by Dignam et al. (2015).

5.3.7 Statistical Analysis
Effect of mowing regime on soil chemistry, Pseudomonas communities and damping-off
disease
Analyses of variance (ANOVA; Genstat 17) were used to test for significant effects of field treatment
on soil properties, Pseudomonas community size and α-diversity measures, and disease progress
data (AUDPC). Tukey’s method of pairwise comparisons was used to test for significant differences
between treatment means. Similarly, logistic regression analysis was used to test for effects of field
treatment on binomial disease incidence data (DI).
Similarity in Pseudomonas community composition among plant residue management treatments
was calculated from the DNA sequencing OTU data using the Bray-Curtis method, following square
root-transformation to down-weight the contributions of highly dominant OTUs. Permutation-based
multivariate analysis of variance (PERMANOVA; 999 permutations; Anderson, 2001) was performed
on the resultant dissimilarity matrix to determine the variation in community composition
attributable to plant residue management. Microbial species diversity (Shannon’s), evenness
(Pielou’s) and richness (Margalef’s index) were derived from Pseudomonas community composition
data.
All multivariate analyses were performed in PERMANOVA/PRIMER7 using methods previously
described (PRIMER-E Ltd., UK; Anderson et al., 2008; Clarke and Gorley, 2015)

Relationships between chemical, microbiological, and damping-off disease parameters
BIOENV analysis (biota and/or environmental matching; Clarke and Ainsworth, 1993) was used to
find the highest rank correlation (Spearman’s rho; ρ) between the community assemblage data and
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associated soil chemical and disease (DI and AUDPC) variables (Euclidian distance matrix). Variables
were normalised to obtain homogeneous variances prior to multivariate analysis. The rank
correlation (ρ) indicates the amount of variation in the assemblage data that can be explained by the
BIOENV-selected abiotic variables (optimised for three variables). BIOENV-derived P-values are
generated from non-parametric Mantel-type testing (999 permutations; BIO-ENV; PRIMER). Selected
relationships between community assemblage data and individual soil properties were further tested
using non-parametric correlation with permutation-based generation of a null-distribution to enable
probability-based testing (RELATE test; PRIMER; Clarke, 1993).
Logistic and linear regression analyses were performed to determine significant relationships
between soil properties and damping-off disease incidence (DI) and progression (AUDPC),
respectively. Both biotic (Pseudomonas community abundance, diversity, evenness and richness) and
abiotic (soil chemistry) variables were included in these analyses.
For all statistical analyses, draftsman’s plots were generated to check for skewed soil variables prior
to analysis. Potential influences of field or bioassay block structures were accounted for in the
analyses; these were not significant. Differences between treatments and relationships between
variables were considered significant when P≤0.05 and marginally significant when P≤0.1.

5.3.8 DNA sequence-based and phylogenetic analyses of Pseudomonas OTUs
SIMPER analysis (similarity percentages routine; PRIMER7) was used to establish the contributions of
individual OTUs to differences in Pseudomonas community composition between high and low
disease soils. Phylogenetic analysis focused on the discriminating OTUs that were present in all 16
soils and collectively contributed ~30% (individually >1%) to the dissimilarity between the soils.
A reference phylogenetic tree of the Pseudomonas genus was generated based on phylogenetic
analysis of the 16S rRNA gene sequences (1347 bp) of 101 Pseudomonas type strains. These
reference sequences were selected to provide coverage of the major groups and subgroups defined
by Gomila et al. (2015). Sequences were retrieved from the Ribosomal Database Project (RDP; Wang
et al., 2007) and aligned using CLUSTAL W software (Larkin et al., 2007). A maximum-likelihood tree
was inferred from evolutionary distances calculated using the General Time Reversible model
(Tavaré, 1986). Bootstrap analysis was based on 1000 replicates. Phylogenetic analyses were
performed in the SeaView4 package. The tree was rooted using Cellvibrio japonicus as the out-group
(Gomila et al., 2015). Without altering the relative alignment of reference sequences, Pseudomonasspecific sequences of interest (466 bp; Illumina sequencing data) were placed into the reference tree
using PAGAN (Löytynoja et al., 2012).
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It is important to note that the 16S rRNA gene was used to gain an understanding of the phylogenetic
distribution of environmental sequences of interest. In depth phylogenetic analysis of representative
isolates would require multilocus sequence analysis of multiple concatenated genes.

5.4 Results
5.4.1 Effect of field treatment on the chemical composition of soil
There was a significant effect of plant residue management on 16 of the 21 soil properties measured
(Table 5.1). Properties that differed between field treatments were predominantly related to: soil
organic matter (SOM) quantity (organic matter, total carbon, total nitrogen); SOM quality (C:P and
carbon recalcitrance (DOC aromatic content); and indicators of microbial biomass and activity (AMN
and AN). There was no significant variation in pH between treatments.
Measures of SOM quantity were consistently and significantly lower in the non-mown (NM) plots
than in plots that were infrequently mown and the mown biomass left on the plot (IL). Measures of
SOM quality, however, were differentially affected by field treatment. C:P ratio was significantly
higher in the plots in which mown biomass had been removed (IR) than in the NM plots, while DOC
aromatic content was significantly higher under the NM treatment than in any of the other
treatments. AMN and AN were both significantly higher in plots where mown biomass was left on
the plot (FL and IL) than in the NM plots.
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Table 5.1

The effect of plant residue management on soil chemical parameters. Field treatments consisted of four mowing regimes: mown frequently and
biomass left (FL); mown infrequently and biomass left (IL); mown infrequently and biomass removed (IR); never mown (NM). Analysis of soil
chemistry was conducted on one composite sample per plot and data presented are means of four replicate plots per treatment. In each column,
letters in superscript indicate significant differences in individual soil variables between treatments (P≤0.05, Tukey).

HWEC
(ppm)

DOC
aromatic
content
(Abs254)

AMN
(µg g-1)

AMN:N

AN
(kg ha-1)

195.3ab

0.84a

64.75a

2

93.50a

b

210.7b

0.83a

68.50a

1.93

95.75a

10.5

0.0068b

150.2a

0.77a

56.00ab

1.88

82.50ab

590.5a

11.25

0.0051a

203.6b

1.10b

42.50b

1.58

64.75b

TBS (%)

CEC
(me 100g-1)

Volume
Weight
(g ml-1)

Al
(mg kg1
)

K
(me 100g-1)

Mg
(me 100g-1)

Ca
(me 100g-1)

Na
(me 100g-1)

Soil Moisture
(%)

38.75a

56

17.5

0.97ab

1.10a

1.10a

1.96a

6.58

0.178ab

11.42

41.25a

53.75

18.25

0.94a

1.20ab

1.07a

1.99a

6.65

0.188b

11.56

bc

ab

b

b

6.43

0.255

c

11.88

5.6

0.138a

11.91

Organic
matter
(%)

Total C
(%)

Total N
(%)

Total P
(mg kg-1)

C:N

FL

6.13ab

3.53ab

0.33ab

564.8a

11.02

IL

6.48b

3.75b

0.35b

629.2a

10.75

IR

5.45a

3.15a

0.30ab

465.8b

NM

5.23a

3.03a

0.27a

pH

Olsen P
(mg L-1)

FL

5.58

IL

5.6

b

51.25

16.5

0.98

51.25

16.5

1.01c

IR

5.63

15.25

NM

5.68

38.50a

C:P

0.0063a
b

0.0060a

1.98

0.25

2.20b

0.95a

1.57

1.79ab
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5.4.2 Effect of field treatment on the microbiological composition of soil
Plant residue management significantly affected Pseudomonas community composition
(PERMANOVA main effects test; Table 5.2). The influence of the field treatments was strong,
accounting for nearly half the total variation in community composition (√CV; Table 5.2). Differences
among treatments are represented in the MDS ordination (Figure 5.1). Pseudomonas community
composition in NM plots was significantly different to those from all other mowing regimes (average
similarity < 55%). Similarly, IR plots were significantly different to those from all other mowing
regimes (average similarity < 61%). In contrast, communities under plots in which mown biomass had
been left on (FL and IL) were similar to one another, irrespective of mowing frequency (average
similarity = 67.6%).

Table 5.2

Influence of mowing regime on Pseudomonas community structure. A Bray-Curtis
similarity matrix of Pseudomonas community assemblage, derived from Illumina
sequencing OTU data, was analysed by permutation-based multivariate ANOVA. Plant
residue management was the fixed factor in the PERMANOVA design and pairwise
comparisons detected differences between individual treatments. √CV is the squareroot of the component of variation (Anderson et al., 2008), which provides a measure
of the size of effect for each component in the analysis. P-values were derived from
permutation testing (999 times; PERMANOVA).

PERMANOVA
Main Test

Factor
Plant residue management
Residual

Pairwise comparison

Pairwise Test

Plant residue management

FL vs IL
FL vs IR
FL vs NM
IR vs IL
IR vs NM
IL vs NM

√CV
23.46
25.62

P-value
0.0001

0.310
0.029
0.029
0.026
0.029
0.030

79

Figure 5.1

Influence of plant residue management on Pseudomonas community structure: nonmetric MDS ordination plots. Mean communities (individual points) for each field
treatment were derived from 150 bootstrap averages and 95% region estimates for
the mean communities (clouds) represent the spread of the bootstrap averages. Field
treatments for which Pseudomonas community composition is similar, individual
points and/or 95% region estimates are in closer proximity. Observations are
statistically supported by PERMANOVA testing of Bray-Curtis dissimilarity data (Table
5.2).

ANOVA analysis tested for an influence of plant residue management on Pseudomonas species
diversity indices and relative abundance (Figure 5.2). Microbial species diversity (Shannon’s),
evenness (Pielou’s), and richness (Margalef) were derived from Pseudomonas community
composition data. Plant residue management had a significant effect on Pseudomonas species
diversity (Shannon’s index; P<0.001) and richness (Margalefs index; P<0.001), which were
significantly lower in NM plots than all other plots, and greatest in FL plots. There was also
reasonable evidence to suggest an effect of plant residue management on the size of the
Pseudomonas community (relative abundance as measured by qPCR; P=0.087). There was, however,
no significant effect of plant residue management on species evenness.
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Figure 5.2

The effect of plant residue management on Pseudomonas species richness (A), species
diversity (B), relative abundance (C), and species evenness (D). Data presented are
means of 4 plots per treatment ± SEM. P values were derived from ANOVA (Genstat).
Letters above data points indicate significant differences between treatments (P≤0.05;
Tukey).

5.4.3 Effect of plant residue management on soil disease suppression
There were significant differences in cumulative disease incidence (DI) and progression (AUDPC)
between soils collected from under different plant residue management (Figure 5.3). Both DI and
AUDPC were significantly higher in the non-mown plots (NM) than in those that had been mown
frequently and the mown biomass left (FL). Disease incidence in IL soil did not differ significantly from
any of the other field treatments (Figure 5.3a), while, similarly to FL soil, disease progression (AUDPC)
was significantly lower in IL soil than NM soil (Figure 5.3b).
Background soil disease pressure was present in all treatments; damping-off disease symptoms
(wirestem lesions) developed on seedlings grown in uninoculated soils collected from under each of
the mowing regimes (Figure 5.3). Causative agents were isolated from the lesions of both control and
inoculated plants, and characterised by microscopy and sequencing of the ITS1-5.8S-ITS2 region. DNA
analysis of the fungi isolated from the lesions of uninoculated plants identified common soil-borne
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fungal species including Trichoderma harzianum, Fusarium oxysporum, and Boeremia exigua, in
addition to Rhizoctonia solani. In contrast, fungi isolated from the lesions of inoculated plants were
identical in nucleotide composition to isolates only assigned to R. solani AG2-1.

Figure 5.3

Rhizoctonia solani Rs37 damping-off disease incidence (a) and progression (b) on kale
seedlings (mean ± SEM, N=12). Means are compared between four plant residue
management field treatments: frequently mown/biomass left (FL), infrequently
mown/biomass left (IL), infrequently mown/biomass removed (IR), and never mown
(NM). Damping-off disease progress in uninoculated pots (dark grey) is represented as
a proportion of disease progress in the inoculated treatments (light grey). Letters
above the bars indicate significantly different inoculated treatments (P≤0.05; Tukey).

5.4.4 Relationships between soil chemistry, Pseudomonas communities, and
damping-off disease
Soil chemical properties linked to differences in Pseudomonas community structure and
size
DOC aromatic content, by itself, explained 80% of the variation in Pseudomonas community structure
between field plots (RELATE; P=0.01). Incorporation of additional soil properties (calcium and
sodium) into the BIOENV model only explained a further 4% of the variation. Furthermore, negative
correlations with DOC AC accounted for 51% and 42% of the variation in Pseudomonas species
diversity and richness between field plots, respectively (linear regression; P<0.007). However, the
relationships between DOC AC and Pseudomonas abundance and evenness were not significant.
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Soil chemical and microbial properties linked to differences in disease incidence and
progression
Soil and microbial properties that correlated significantly, or marginally significantly, with disease
incidence or progression are given in Table 5.3. Notably, as Pseudomonas species diversity or
richness increased, disease incidence (DI) and progression (AUDPC) decreased (Table 5.3).
Pseudomonas species diversity and richness individually explained approximately 30% of the
variation in disease progression across field treatments, and were mutually exclusively included as
the first parameter in stepwise regression models for DI and AUDPC (data not shown). AUDPC was
also positively correlated with DOC AC and negatively correlated with total N, which accounted for
28.6% and 28.7% of the variation in disease progression, respectively. The relationships between
organic matter, total C, volume weight, and AUDPC were only marginally significant and individually
accounted for less than 25% of the variation in disease progression. Correlations with DI were not
significant for any other edaphic or microbiological properties.

Table 5.3

Relationships between R. solani-induced damping-off disease incidence (DI) and
progression (AUDPC) on kale and soil chemical and microbiological properties. Soil
properties for which either logistic regressions with DI, or linear regressions with
AUDPC, were significant (P≤0.05) or marginally significant (P≤0.1) are presented. R2
values are given for significant or marginally significant correlations and indicate the
percentage of variation accounted for by the regression. Slopes of individual
regressions describe the relationship between a particular soil variable and AUDPC.

Regression Analysis

DI
P-Value

Soil chemical and physical properties
Organic Matter
Total Carbon
Total Nitrogen
Volume Weight
DOC AC1

0.268
0.281
0.174
0.382
0.167

AUDPC
R

2

P-Value

R2

Slope

0.079
0.081
0.032
0.057
0.033

20
20
28.7
24
28.6

-89.2
-151.6
-176.1
1698
485

Soil microbiological properties
Pseudomonas species diversity
0.071
15.8
0.026
30.6
-325
Pseudomonas species richness
0.035
22.8
0.023
31.8 -0.932
Pseudomonas relative abundance
0.115
0.09
19
-185
1
Dissolved organic carbon aromatic content (DOC AC); higher DOC AC indicates greater carbon
recalcitrance
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High vs low disease soils: soil chemistry and microbiology
Measures of both damping-off disease incidence (DI) and progression (AUDPC) on kale were
significantly lower in FL soils than in NM soils. FL and NM soils were subsequently termed ‘low’ and
‘high’ disease potential soils, respectively, and significant differences in disease suppression,
Pseudomonas communities, and soil chemistry between these soils are summarised in Table 5.4. Of
these, Pseudomonas species richness and DOC AC were also positively correlated with disease
measures across all field treatments (Table 5.3). Furthermore, indicators of microbial biomass and
activity (AMN and AN) differed between these soils.

Table 5.4

Low vs high disease soils: differences in soil chemistry and microbiology. Soil
properties shown to differ significantly between FL (low disease) and NM (high
disease) soils are presented (ANOVA; Tukey’s; P≤0.05). Data are mean values ±
standard error derived from 4 replicate field plots (Pseudomonas and soil chemistry
data) or 12 bioassay replicates (DI and AUDPC).

DI
AUDPC
Pseudomonas community composition
Pseudomonas species diversity
Pseudomonas species richness

Low Disease (FL)
74.17 ± 26.29
483.75 ± 183.35

High Disease (NM)
95.45 ± 4.98
637.08 ± 134.14

Average similarity < 43%
8.03 ± 0.08
488.75 ± 44.76

7.51 ± 0.10
315.38 ± 25.99

DOC AC1
0.84 ± 0.04
1.10 ± 0.10
2
AMN
64.75 ± 9.91
42.5 ± 9.26
AN3
93.5 ± 11.39
64.75 ± 13.82
Extractable aluminium
1.1 ± 0.14
2.2 ± 0.98
Volume Weight
0.97 ± 0.04
1.01 ± 0.03
1
Dissolved organic carbon aromatic content (DOC AC); higher DOC AC indicates greater carbon
recalcitrance. 2 Anaerobically mineralisable nitrogen (AMN). 3 Available nitrogen (AN)

Pseudomonas community structure was also shown to differ significantly between low (FL) and high
(NM) disease soils (Figure 5.1); the average dissimilarity was 42.8% (PERMANOVA). SIMPER analysis
was conducted to determine which OTUs were contributing to the dissimilarity in Pseudomonas
community between low and high disease soils. Fourteen Pseudomonas OTUs were identified that
collectively accounted for ~30% of the difference between these two soils (Appendix B.1). Of these,
11 were higher in abundance in low disease soils and three were higher in abundance in high disease
soils.
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Representative 466 bp 16S rRNA gene sequence fragments for each of the 14 OTUs were included in
taxonomic analysis, along with sequences of 101 selected species (type strains) representative of the
major groups and subgroups within the genus (Figure 5.4). All 14 OTUs belonged to the Pseudomonas
genus but were phylogenetically dispersed among sub-groups, i.e. they did not form a single clade.
Furthermore, OTUs higher in abundance in one or other soil did not cluster together. OTU 13942 is of
particular interest, alone contributing 7.4% to the total dissimilarity in Pseudomonas community
structure between low and high disease soils, and higher in abundance in low compared to high
disease soils. This OTU clustered close to Pseudomonas rhizosphaerae, within the Pseudomonas lutea
group (Figure 5.4).
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5.5 Discussion
This study aimed to test the role of plant residue management, as a factor influencing soil chemical
and biological properties, on disease suppression. In comparison to non-mown plots, long-term,
frequent amendment with plant litter (mown biomass) altered the chemical, physical, and
microbiological parameters of grassland soils. These changes were associated with enhanced soil
suppressiveness and plant protection. R. solani-induced damping-off disease incidence and severity
on kale plants was significantly lower in frequently mown plots in which plant litter was retained (FL)
in comparison to those plots that were not mown (NM) for the 20-year duration of the field trial.
Notably, Pseudomonas bacterial community diversity and richness, soil organic matter content and
carbon recalcitrance were shown to correlate with disease progression.

5.5.1 Grassland management affects soil chemistry
Grassland management of plant litter and senesced vegetation, through implementation of varied
mowing regimes, has led to alterations in soil chemical and physical parameters at this long term
field trial site. Of these parameters, SOM quantity (organic matter, C and N), carbon recalcitrance
(DOC aromatic content), and volume weight (bulk density) were correlated with damping-off disease
progression (AUDPC). Measures of SOM quantity were consistently higher in plots with mown
biomass retained than plots that were not mown or where biomass was removed (naturally,
statistical support of treatment effects varied among soil properties), while carbon recalcitrance was
greater in non-mown plots than in any other treatment.
Changes in soil chemical characteristics are likely attributed to the differences in the retention and
subsequent microbial decomposition of organic matter, and the recycling of nutrients associated
with retention of plant litter (Simpson et al., 2012; Adair et al., 2013). While similarly to our study,
Simpson et al. (2012), sampling at this site in Autumn 2009, found effects of mowing regime on total
C and total N but not C:N, Adair et al. (2013), sampling in Spring 2011, found significant differences in
C:N between mowing regimes but not in total C or total N. Such temporal variation is potentially
attributable to differences in the stage or rate of decomposition, as affected by seasonal fluctuations
in environmental moisture and temperature. It is also likely that changes in abiotic parameters, in
particular carbon availability, are driven by below-ground changes in root exudation. In addition to
regular inputs of plant litter, mowing has been shown to increase rhizodeposition of labile C
(Hamilton and Frank, 2001). Furthermore, root exudate patterns are known to be plant species
specific (Berg and Smalla, 2009), and over the 20 year duration of the field trial, botanical
composition has changed considerably and now varies between field treatments. Following 17 years
at this trial, Adair et al. (2013) recorded that % clover cover varied significantly between plots; no
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clover present in non-mown (NM) plots and higher % clover cover in biomass removed plots than
biomass left plots. Although plant species composition was not recorded in the year of sampling for
this study, anecdotal evidence suggests that % clover cover was similar to levels measured at 17 yrs
(Adair et al., 2013). Therefore, it is likely that this shift in above-ground composition contributed to
the below-ground changes in soil chemistry.

5.5.2 Carbon availability is the primary driver of management-induced shifts in
Pseudomonas community structure
Management-dependent shifts in Pseudomonas community structure were observed (Figure 5.1),
and corresponding shifts in Pseudomonas species diversity and richness were correlated with
damping-off disease incidence and severity (Table 5.3). Pseudomonas species diversity and richness
were highest in frequently mown plots with biomass retained and lowest in non-mown plots. In
contrast, Adair et al. (2013) found no effect of field treatment on the richness or diversity of the total
bacterial community at this site. Similarly to bacterial communities, Pseudomonas communities have
been shown to be responsive to management practices in both agricultural and grassland soils
(Garbeva et al., 2004a; van Overbeek et al., 2012; Wakelin et al., 2012). However, in a previous
assessment of New Zealand agricultural grassland soils, Pseudomonas communities were found to be
driven by edaphic properties distinct from those driving changes in the total bacterial community
(Chapter 3). Furthermore, Goldfarb et al. (2011) observed differential responses of individual taxa
within the soil bacterial community to organic amendments of varying carbon recalcitrance.
Therefore, it is not surprising that the diversity of a single genus, Pseudomonas in this case, differs
from that of the total bacterial community.
Pseudomonas community composition differed between all plant residue management regimes, with
the exception of plots in which mown biomass was retained (FL and IL), these plots supported similar
communities. Adair et al. (2013) observed the same pattern in separation of total bacterial
communities by field treatment at this site, with shifts in plant community composition and Olsen P
explaining the greatest proportion of the variation in bacterial communities. Carbon recalcitrance
(DOC aromatic content) was responsible for 80% of the variation in Pseudomonas community
composition between treatments. The influence of carbon recalcitrance was closely linked with
changes in Pseudomonas species diversity and richness, but not evenness or abundance. Inverse
correlations with DOC aromatic content explained up to 51% of the variation in Pseudomonas species
diversity and richness. In a previous study of agricultural grasslands, we also found the size and
structure of Pseudomonas communities to be sensitive to soil organic matter quality (Chapter 3).
Furthermore, Pseudomonas communities have been shown to be sensitive to the soil DOC fraction
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under grass-clover leys (van Overbeek et al., 2012), and at a broader taxonomic level, the relative
abundance of Pseudomonadales was shown to respond to soil amendment with sources of labile C
(Goldfarb et al., 2011). Many Pseudomonas spp. are assumed to preferentially consume labile C (Smit
et al., 2001) and thus, we hypothesised that Pseudomonas species diversity would increase with
decreasing carbon recalcitrance (increasing C availability). Our findings support this hypothesis, with
both Shannon’s diversity and Margalef species richness increasing with carbon availability. Similarly,
using DNA fingerprinting, van Overbeek et al. (2012) found that Pseudomonas species diversity was
highest when the soil DOC fraction (carbon availability) was highest following two years of grassclover ley.

5.5.3 Increased Pseudomonas species diversity and richness are associated with
enhanced soil disease suppression
The incidence and severity of R. solani induced damping-off disease on kale seedlings was
significantly lower in frequently mown/biomass retained soils than in non-mown soils. Of the soil
properties assessed, Pseudomonas species diversity and richness were identified as the primary
parameters explaining the greatest proportion of variation in the suppressive capacity of soils across
mowing regimes. This supported our hypothesis that management-induced changes in Pseudomonas
communities would be indicative of changes in soil susceptibility to a broad host range pathogen;
increased species diversity and richness were associated with reduced disease levels.
Our findings are in line with previous field studies that have also related increased suppression of R.
solani-induced disease to increased Pseudomonas diversity in response to contrasting management
practices (Garbeva et al., 2004a; van Overbeek et al., 2012). While the inherent complexity of field
and environmental studies make it difficult to accurately define the mechanisms that underlie the
positive relationship between Pseudomonas diversity and disease suppression, valuable insights have
been gained from detailed studies utilising simplified model systems and constructed communities.
For example, more diverse constructed Pseudomonas communities have been shown to exhibit
enhanced production of the antifungal secondary metabolite DAPG and suppression of soil-borne
fungal pathogens (Jousset et al., 2014), and enhanced N mineralisation leading to the amplification of
positive plant-soil feedback (Weidner et al., 2015). Furthermore, Garbeva et al. (2011) demonstrated
enhanced secondary metabolite production by Pseudomonas fluorescens Pf0-1 in response to
competition for nutrients with taxonomically different bacterial taxa.
The negative correlation we have observed between Pseudomonas species diversity/richness and
carbon recalcitrance, and the significant effect of species diversity, richness, and DOC aromatic
content on disease progression, suggests that higher carbon availability has selected for a more
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species rich and potentially more competitive and suppressive community. The observed shifts in
Pseudomonas community structure, underpinned by chemical changes associated with plant residue
decomposition and rhizodeposition, could be reflective of similar shifts in the wider microbial
community to, for example, a more copiotrophic and competitive community. Fungal:bacterial ratios
have previously been shown to be higher in unmanaged grasslands (Bardgett et al., 1996); similar
shifts in community composition in the non-mown plots at this site may have resulted in a more
oligotrophic, fungal-dominated community.
General disease suppression is attributed to the competitive activity of the total soil microbiota
(Weller et al., 2002), and is the assumed mechanism underlying the suppressive capacity of organic
amendments (Hiddink et al., 2005). The application of organic amendments to soil has been shown
to effectively control a range of soilborne pathogens, including Gaeumannomyces graminis var tritici,
Rhizoctonia solani, Thielaviopsis basicola, Verticillium dahliae, Fusarium spp., Pythium spp., and
Phytophthora spp. (Hoitink and Boehm, 1999; Bonanomi et al., 2010). Furthermore, although the
effects of organic amendments on disease suppression can be inconsistent, measures of microbial
activity, rather than soil chemical parameters, were found to more accurately predict the disease
suppressive potential of organic amendments (Bonanomi et al., 2010). Although not significantly
correlated with disease levels across all mowing regimes, AMN and AN, representative of soil
microbial activity, were significantly higher in low disease soils than high disease soils. Low disease
soils received more frequent additions of organic matter, and typically, soils with higher organic
matter turnover have shown enhanced suppression of Rhizoctonia-induced diseases through
increased microbial activity and altered microbial composition (Stone et al., 2004). Organic mattermediated general suppression of soil-borne fungal pathogens is supported by multiple mechanisms.
In diverse soil communities, a range of disease suppressive functions, including nutrient competition,
hyperparasitism, antibiosis, and induced systemic resistance contribute to disease suppression and
plant protection (Haas and Défago, 2005; Bakker et al., 2007; Raaijmakers and Mazzola, 2012). In a
recent study, the application of the functional gene microarray GeoChip demonstrated that
functional genes with putative roles in a range of disease suppressive mechanisms were widely
distributed in agricultural grasslands, and that the abundance of these genes increased with carbon
availability (Chapter 3).
In comparison to DNA fingerprinting approaches, the Pseudomonas-specific Ilumina sequencingbased approach utilised in this study allowed a more in-depth analysis of the OTUs identified as
distinguishing between low and high disease soils. Phylogenetic assessment of these OTUs showed
that they were dispersed among phylogenetic groups within the Pseudomonas genus, indicating that
a diverse range of Pseudomonas species were contributing to the separation of communities
between low and high disease soils. Within the Pseudomonas genus, the suppression of soil-borne
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diseases has typically been attributed to antagonistic fluorescent species enriched in the rhizosphere
(Haas and Défago, 2005). Thus, we may expect that OTUs enhanced in low disease (suppressive) soils
would cluster within such clades. However, Hiddink et al. (2005) found that the abundance of
fluorescent Pseudomonas spp. was reduced in suppressive, organically managed soils in comparison
to conventionally managed soils. Furthermore, there is growing evidence to support the role of
consortia of indigenous soil microbes in disease suppression (for example, Mendes et al., 2011;
Penton et al., 2014). Metabolic functions associated with suppressive activity, such as the production
of antibiotic metabolites, are not unique to a narrow group of Pseudomonas bacteria, but are instead
harboured by a diverse range of bacterial and fungal taxa (Raaijmakers and Mazzola, 2012). Even
within a species, individual strains can harbour distinct and diverse sets of biocontrol traits (Loper et
al., 2012). In this study, the taxonomic, and potentially functional, diversity within the Pseudomonas
community of suppressive (low disease) soils is likely reflective of the contribution of a diverse and
competitive microbiota to general, rather than specific, disease suppression.
The single OTU that contributed 7.4% to the dissimilarity in Pseudomonas community structure
between high and low disease soils (OTU 13942; Figure 5.4) was higher in abundance in low disease
soils. Phylogenetic assessment placed this OTU in the vicinity of Pseudomonas graminis (Behrendt et
al., 1999), Pseudomonas rhizosphaerae (Peix et al., 2003) and Pseudomonas lutea (Peix et al., 2004),
within the P. lutea group defined by Gomila et al. (2015). These Pseudomonas species, isolated from
the phyllosphere (P. graminis) and rhizosphere (P. rhizosphaerae and P. lutea) of grass species, form
a phenotypic group within the Pseudomonas genus that do not produce oxidase or fluorescent
pigments, and exhibit broad spectrum utilisation of carbon sources (Peix et al., 2004). Furthermore,
there is evidence to suggest that isolates of P. graminis express antagonistic traits (Alegre et al.,
2013), although the biocontrol potential of isolates of these species against soil-borne fungal
pathogens has not yet been assessed. Perennial ryegrass is a predominant component of the plant
community in these field plots (Adair et al., 2013). Interestingly, the diversity and composition of
grassland plant species has been shown to differentially affect the abundance of antagonistic
Pseudomonas spp. (Latz et al., 2012). Frequent mowing with retained biomass would lead to
continuous addition of above-ground grass biomass with associated microbes, and also to alteration
of root exudation patterns (Hamilton and Frank, 2001), to which rhizosphere bacteria, particularly
Pseudomonads, have been shown to be sensitive (Drigo et al., 2009). Although functional traits can
be phylogenetically dispersed, based on sequence homology, we may expect isolates representative
of this OTU to harbour similar phenotypic characteristics to members of the group within which it is
placed (Figure 5.4). In order to gain a mechanistic understanding of how representative isolates of
this OTU may contribute to the suppressive capacity of these soils, further culture-dependent
analysis of Pseudomonas species would be required.
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It is worth noting that across all treatments a negative correlation with total N individually explained
29% of the variation in disease progression; measures of soil total N and available N were highest in
the most suppressive (low disease) soil. While excess soil nitrogen has been associated with the
survival of fungal pathogens in soil and increased levels of R. solani-induced disease (Papavizas,
1970), our results suggest that direct suppression of pathogen growth through reduced soil N is not a
mechanism contributing to disease suppression in these soils. Simultaneously to the plant-pathogen
bioassay, we conducted a toothpick assay (Paulitz and Schroeder, 2005), which confirmed the spread
of the pathogen through soil in the absence of a plant host (data not shown). This further confirmed
that soil suppressiveness across plant residue treatments was attributed to management-induced
shifts in microbial communities, driven through changes in soil chemistry, rather than pathogen
suppression by soil chemical or physical parameters.

5.6 Conclusions
Collectively, our results suggest that management-induced shifts in Pseudomonas community
composition, notably species diversity and richness, provide a better indicator of soil susceptibility to
disease caused by the broad host range pathogen (R. solani) than soil chemical parameters.
Increased soil organic matter content, carbon availability, Pseudomonas species diversity and
microbial activity distinguished low disease soils from high disease soils. Such changes are indicative
of a general mechanism of disease suppression attributed to the competitive activity of the total
microbiota. In response to management practices that alter soil organic matter quality, shifts in
Pseudomonas community structure served as a taxonomic indicator of soil suppressive potential.
Whether Pseudomonas bacteria provide a ‘universal’ indicator of suppressive change across
management practices and pathosystems remains to be tested. Importantly, we demonstrate that
management practices that result in the frequent addition of organic residues to grassland soils
enhance the diversity and activity of plant-beneficial bacterial taxa. The application of such practices
in pastoral agriculture may provide a sustainable approach to limiting the impact of soil-borne
diseases and enhancing plant productivity.
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6.1 Abstract
Management of the diverse microbial communities harboured by grassland soils towards a more
disease suppressive microbiome presents an emerging approach to disease control in pastoral
systems. In order to exploit the natural processes that lead to enhanced disease suppression, it is
important to develop an understanding of how edaphic, environmental, and farm management
factors influence the suppressive microbiota. This study therefore assessed the relative importance
of soil, plant, and proximity to the plant root in shaping bacterial and Pseudomonas communities in
pastoral soils. Soils collected from 18 pasture sites were used in pot trials and microcosm
experiments designed to simulate on-farm management practices, plant species selection and plant
residue management, to demonstrate the response of microbial communities to such practices. The
‘parent’ soil (within which crops were planted or residues added) was identified as the primary driver
of both bacterial and Pseudomonas community compositions. Secondarily, plant species impacted on
microbial communities in a taxon-specific manner, and this effect increased with proximity to the
plant root. The composition of the Pseudomonas community, particularly species diversity indices,
were more sensitive to plant species effects than the total bacterial community. Of the three plant
species studied (brassica, clover, and ryegrass), brassica plants harboured the greatest richness and
diversity of Pseudomonas species in the rhizosphere, and the incorporation of brassica residues into
soil led to increased richness and diversity of Pseudomonas species. Across finer spatial scales,
differences in bacterial and Pseudomonas community composition with proximity to the plant rootsoil interface were related to reduced species evenness and diversity at the rhizoplane, compared to
both bulk and rhizosphere soils. Changes in Pseudomonas community composition, species richness
and diversity, have previously been associated with the suppressive capacity of grassland soils. As
such, the management practices identified here, notably plant species selection for pasture renewal,
‘break-crops’, or organic amendments, present opportunities by which indigenous soil communities
may be managed toward a more disease suppressive microbiome.

6.2 Introduction
Microbial communities provide multiple ecosystem services essential for soil health and plant
productivity, including nutrient and carbon cycling, and the suppression of soil-borne plant diseases
(Bender et al., 2016). In naturally occurring disease suppressive soils, susceptible plant hosts are
protected from virulent pathogens by either the competitive activity of the overall microbiota
(general suppression), or by the antagonistic activities of individual, or consortia of, microorganisms
(specific suppression; Weller et al., 2002). While numerous studies have explored the enrichment of
specific members of the diverse microbial communities resident to suppressive soils, the isolation of
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single microbial species and their subsequent application as microbial inoculants in the field have
largely failed to deliver desired or consistent levels of disease control (Mazzola, 2007). This is perhaps
not surprising; the establishment and survival of introduced microbes is dependent on their ability to
compete with the diverse and well-adapted resident microbiota. Further, there is mounting evidence
for the involvement of microbial consortia, rather than individual species or strains, in the
suppression of soil-borne pathogens (Mendes et al., 2011; Penton et al., 2014; Cha et al., 2015), and
this has led to calls for future work to embrace a community perspective (Raaijmakers and Mazzola,
2016). As such, management of the soil microbial community towards inducing or enhancing disease
suppression presents an emerging, and potentially more stable, approach to disease control in
agricultural systems (Raaijmakers and Mazzola, 2016).
‘Engineering’ the soil microbiome in this way represents an important approach by which the impacts
of soil-borne pathogens may be reduced, particularly in pastures where the control of diverse
pathogens is further complicated by multi-plant multi-pathogen interactions (Dignam et al., 2016;
Wakelin et al., 2016a). To exploit and/or manage the natural processes that lead to enhanced disease
suppression in pastures, it is important to develop an understanding of the occurrence of suppressive
microbiota in the field, and how these vary spatially, temporally, and with farm management
practices.
Members of the ubiquitous bacterial genus Pseudomonas competitively colonise the rhizosphere of
plants, contributing to the cycling of soil organic matter, promoting plant growth and/or suppressing
plant diseases caused by soil-borne fungal pathogens. Pseudomonas spp. have been repeatedly
implicated in soil suppressiveness and have been shown to be sensitive to various agricultural
management practices (Sarniguet et al., 1992; Garbeva et al., 2004b; van Overbeek et al., 2012). In
recent, complimentary studies of managed grassland soils, alteration of soil organic matter (SOM)
quality and quantity (i.e. plant species selection, crop residue incorporation and conversion of plant
biomass to excreta) was identified as a key opportunity to manage Pseudomonas communities
(Chapter 3). It was subsequently demonstrated that long-term plant residue incorporation led to
significant alteration in the structure of Pseudomonas communities in grassland soils; changes in soil
organic matter quality were responsible for 80% of the observed variation (Chapter 5). Furthermore,
management-induced shifts in Pseudomonas community composition, notably enhanced species
richness and diversity, provided a taxonomic indicator of soil suppressive potential (Chapter 5).
In this study, the impacts of soil and plant-based selective pressures on Pseudomonas community
composition and diversity in pasture soils were assessed. Assessments of the general (total) bacterial
community were conducted concomitantly to enable findings associated with Pseudomonas to be
interpretable as either ‘specific’ to these taxa, or ‘general’ as part of changes in the wider bacterial
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community. A series of experimental analyses were conducted to investigate the impact of: i) soil
effects and plant-based selection within soil types; ii) plant residue incorporation into soils; and iii)
proximity to the soil-plant root interface (Figure 6.1). Typical pasture plant species were used across
experiments: Lolium perenne (perennial ryegrass); Trifolium repens (white clover); and Brassica
oleracea (kale).
We hypothesised that: i) the ‘parent’ soil (within which crops are planted or residues added) will be
the dominant driver of Pseudomonas community composition; ii) plant species-specific effects will be
observed both in the rhizosphere and following the incorporation of crop residues; and iii) selection
by plant-derived substrates will be more pronounced with increasing proximity to the soil-plant root
interface, i.e. distinct communities will be detected in bulk, rhizosphere and rhizoplane samples.
Phylogenetic community analysis used both DNA fingerprinting of group-specific 16S rRNA gene
fragments and an Illumina sequencing-based approach to target Pseudomonas spp. in environmental
DNA extracted from bulk, rhizosphere, and rhizoplane soils. A multivariate statistical approach was
used to associate changes in community composition with underlying soil chemical and
environmental variables.

6.3 Materials and methods
6.3.1 Soil sampling and chemistry
Soils used in three separate experimental assays were collected from across both the North and
South Islands of New Zealand, and form a subset of those collected as part of the ‘New Zealand 50
Pastures Project’ described by Wakelin et al. (2013a). The soils were collected from distinct
geographical regions and are representative of four of New Zealand’s major soil types (Recent,
Brown, Pallic, and Podzol; sensu New Zealand soil orders, as defined by Hewitt (1998)). These soil
types collectively cover 74% of NZ land area (http://www.nzsoils.org.nz/TopicClassifying_Soils/Introduction_and_Soil_Orders_NZMaps/). The pasture sites were dominated by
ryegrass and included pasture legumes, herbs, weeds, and other plants to varying extents (not
recorded).
Soils were collected between November 2011 and January 2012, for the assay described in 6.3.2.1,
and between December 2012 and January 2013, for the assays described in 6.3.2.2 and 6.3.2.3.
Approximately 2 kg of soil was collected at each site from a single sampling point, to a depth of
approximately 15 cm, and stored at 4°C prior to use. For each soil, a comprehensive set of edaphic
and environmental properties is available (Wakelin et al., 2013a). At each sampling time,
physicochemical properties for each soil were characterised by RJ Hill Laboratories (Christchurch,
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New Zealand), as described by Wakelin et al. (2013a). Hot water extractable C (HWEC) and dissolved
organic C (DOC) aromatic content were quantified as described in Chapter 3. The complete abiotic
datasets for the soils used in this study are given in Appendix C.1.

6.3.2 Experimental assays: identifying factors controlling the composition and
diversity of Pseudomonas communities in New Zealand pasture soils
A series of experimental analyses were conducted to investigate the impact of the following factors
on Pseudomonas communities in soil: i) soil and plant-based selection within soil types; ii) plant
residue incorporation into soils; and iii) proximity to the soil-plant root interface (Figure 6.1). In
previous studies of Pseudomonas communities in pastoral soils (Chapters 3 & 5), plant-specific
variation was not controlled for. As such, these experimental analyses were constrained to three
crop types relevant to New Zealand’s pastoral farming systems: Lolium perenne (perennial ryegrass;
Samson nil endophyte A11104); Trifolium repens (white clover; cv. Huia); and Brassica oleracea (kale;
McGregors Red Russian Kale, Batch KR5). Crop types are subsequently referred to as ryegrass, clover,
and brassica, respectively.

6.3.2.1 Soil and plant-based selection of Pseudomonas communities within two soil types
Previous work has shown that soil type (sensu NZ classification system) had no significant effect on
the structure of Pseudomonas communities, however there was significant variation between soil
samples from individual sites (Chapter 3). The current experiment was therefore conducted to
determine the relative influence of individual soils, and then effects of crop type within soils.
Eighteen soils from diverse geographical regions (i.e. with different environmental influences) were
selected; these were representative of two of New Zealand’s prominent soil groups (Brown and
Recent). Each of the 18 soils was planted with one of the three crop species; brassica, clover, or
ryegrass. Within each soil, each plant treatment was represented once. As such, the experiment
could partition the variance associated with ‘soil’ and ‘plant’ effects, but not plant effects within a
soil (see 6.3.2.3). Untreated seeds (x 10) were sown directly into free-draining 10 cm pots. Plants
were grown in a glasshouse under natural day length (15.5 h light and 8.5 h dark) for 8 weeks and
were watered daily. Pots were arranged in a randomised block design. At the end of the assay, the
root system was shaken gently to remove any loosely adhering soil. Roots were then shaken by hand
vigorously for 10 seconds to collect the tightly adhering soil; this was experimentally defined as
rhizosphere soil and used for DNA extraction and molecular analysis of the microbial community
(described in 6.3.3 and 6.3.4).
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Figure 6.1

Series of experiments to assess the impacts of soil and plant-based selective pressures on Pseudomonas communities in pasture soils. In previous
studies, (A) alteration of soil organic matter quality and quantity (for example, through plant species selection or crop residue incorporation) was
identified as a key opportunity to manage Pseudomonas communities in pastoral soils (Chapter 3), and (B) plant residue management-induced
shifts in Pseudomonas community composition, notably enhanced species richness and diversity, provided a taxonomic indicator of soil
suppressive potential (Chapter 5). This study investigated: (C) soil and plant-based selection within soil types; (D) plant residue incorporation into
soils; and (E) proximity to the soil-plant root interface.
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6.3.2.2 Plant residue management: incorporation of plant residue into soils
The impact of incorporating crop residues into soil on Pseudomonas community structure was
assessed in four New Zealand pasture soils. The soils were collected from four sites in distinct
geographical regions: Hakataramea Valley, Canterbury; Kaeo, Northland; Paraparaumu, Wellington;
Kumara, Westland. They are representative of four of New Zealand’s major soil types (Recent,
Brown, Pallic, and Podzol, respectively). Soils (25 g dry weight) were added to 70 ml sample pots,
adjusted to 70% of the maximum water holding capacity (MWHC), and incubated for 14 days,
allowing the microbial populations to stabilise prior to the addition of plant material. To individual
pots of each soil, the equivalent to 2% dry weight soil of ~1 cm2 segments of field-collected, freshly
cut, brassica, clover or ryegrass residues were added to each pot, and mixed thoroughly into the soil.
A pasture feed quality analysis was performed for each of the plant residue types by RJ Hill
Laboratories (Christchurch, New Zealand; http://www.hill-laboratories.com/file/fileid/50181).
Similarly, lignin, hemicellulose, and cellulose contents were determined by the Institute of Food,
Nutrition and Human Health (Massey University, New Zealand) using methodology described by
Robertson and Van Soest (2001). Plant residue chemical properties are summarised in Appendix C.2.
For the ‘no plant residue’ control treatments, no plant material was added, but soil was mixed to
imitate the disturbance caused by incorporation of plant residue. There were 3 replicates per soil x
plant residue treatment. Pots were arranged in a randomised block design, incubated in the dark (16
h at 22oC and 8 h at 15oC) for 8 weeks, and adjusted to 70% MWHC three times per week by watering
to weight. Soil was collected from each pot at the end of the assay for subsequent DNA extraction
and molecular analysis (described in 6.3.3 and 6.3.4).

6.3.2.3 Plant-based selection of Pseudomonas communities at the soil-plant root interface:
bulk, rhizosphere, and rhizoplane soils
A single soil (site = Hakataramea Valley, Canterbury; soil type = Recent) was used in a ‘rhizobox’
experiment to investigate plant-based selection of Pseudomonas communities at the soil-plant root
interface, adapting a protocol described by Hamonts and colleagues (2012). In the rhizobox
experimental system, 20 µm nylon mesh was used to separate the soil into three compartments
(Figure 6.2). Seeds were sown into the central compartment, while the compartments on either side
were not planted. Nylon mesh allowed movement of moisture and plant exudates between the
central and side compartments, but was impenetrable to plant roots. Brassica, clover or ryegrass
seeds (n=12) were planted in separate rhizobox systems, and thinned to six plants per rhizobox five
days after sowing. Randomised block experimental designs were applied, with four replicate
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rhizoboxes per plant type. Plants were grown for 12 weeks in a growth room with 16 h light at 22°C,
and 8 h dark at 15°C. Soils were adjusted to 70% MWHC by watering to weight three times per week.
Samples of bulk, rhizosphere, and rhizoplane soils were collected from each rhizobox at the end of
the assay for DNA extraction and molecular analysis (described in 6.3.3 – 6.3.5). A composite sample
of bulk soil was collected from the centre of both outer compartments (not containing plant roots).
The root system from within the central compartment of the rhizobox was shaken gently to remove
any loosely adhering soil, and subsequently shaken vigorously with the tightly adhering soil collected.
This was operationally defined as rhizosphere soil. A 1 g representative sample of the root system of
each rhizobox was rinsed with sterile, distilled water until only the most tightly adhering soil
remained. The washed plant roots with associated adhering soil were collected as rhizoplane
samples.

6.3.3 DNA extraction
DNA was extracted from each of the soil samples collected from the three experimental assays
(Section 6.3.2) using the PowerSoil DNA extraction kit (MoBio Inc, USA), according to the
manufacturer’s instructions. Extractions were made from 0.25 g of soil or combined plant root and
soil for rhizoplane samples (6.3.2.3). DNA was quantified by spectrophotometry (ND-1000;
ThermoFisher Inc) and stored at -20°C until further use.

6.3.4 Bacterial and Pseudomonas community-level (DNA) fingerprinting
Fingerprints of the total bacterial and Pseudomonas communities were generated by terminal
restriction fragment length polymorphism (TRFLP), and denaturing gradient gel electrophoresis
(DGGE), respectively. All PCR chemistry, thermocycling conditions, methodology, and data processing
followed methods described in Chapter 3.
For bacterial community TRFLP analysis, the custom R script ‘interactive binner’ (Ramette, 2009)
provided bacterial community fingerprints by binning peaks of individual terminal restriction
fragments (TRFs) to operational taxonomic units (OTUs). Each peak was inferred to be an OTU and
the height of each peak the relative abundance of each OTU.
For Pseudomonas community DGGE analysis, PCR products were analyzed in a randomized order
across DGGE gels. Band location and intensity data were collected using TotalLab TL120 software
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The dataset was reduced to the OTUs present in at least 4 samples. These OTUs were taxonomically
classified to genus level using the Ribosomal Database Project (RDP) classifier (Wang et al., 2007);
96.3% were identified as Pseudomonas spp.

6.3.6 Statistical analysis
Influence of main treatment effects on community assemblages
Similarity in community composition among treatments was calculated from DNA fingerprinting
(TRFLP and DGGE) or sequencing (Illumina) OTU data using the Bray-Curtis (BC) method, following
square root-transformation to down-weight the contributions of highly dominant OTUs.
Permutation-based multivariate analysis of variance (PERMANOVA; 999 permutations; Anderson,
2001) was performed on the BC-dissimilarity matrix to determine the variation in community
composition attributable to fixed experimental factors. Potential influence of sample distribution
across gels (DGGE) on the structure of the Pseudomonas community was accounted for in the
analysis and proved not to be significant.
Measures of microbial community diversity (Shannon’s), evenness (Pielou’s), and richness
(Margalef’s index) were calculated. Analyses of variance (ANOVA; Genstat 17) were used to test for
significant effects of experimental factors on community α-diversity measures. Tukey’s method of
pairwise comparisons was used to test for significant differences between treatment means.

Association of community assemblage with edaphic and environmental variables
BIOENV analysis (biota and/or environmental matching; Clarke and Ainsworth, 1993) was used to
find the highest rank correlation (Spearman’s rho; ρ) between the community assemblage data and
associated soil chemical and environmental variables (Euclidian distance matrix; ED). Draftsman’s
plots were generated to check for skewed soil variables and variables were normalised to obtain
homogeneous variances prior to multivariate analysis. The rank correlation (ρ) indicates the amount
of variation in the assemblage data that can be explained by the BIOENV-selected abiotic variables
(optimised for five variables). BIOENV-derived P-values are generated from non-parametric Manteltype testing (999 permutations; BIO-ENV; PRIMER). Selected relationships between community
assemblage data and individual soil properties were further tested using non-parametric correlation
with permutation-based generation of a null-distribution to enable probability-based testing (RELATE
test; Clarke, 1993).
PERMDISP analysis (Marschner et al., 2004) was used to provide a measure of the homogeneity of
multivariate dispersion (distances from observations to a group centroid) in Pseudomonas
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community assemblage data (BC-dissimilarity) within each individual soil. For the experimental assay
described in 6.3.2.1, each of the 18 individual soils was planted with three crop types, with each
plant treatment represented once. Therefore, in the context of this study, PERMDISP values provide
a measure of the multivariate dispersion in Pseudomonas community composition within each soil
attributable to plant species. Hereafter, ‘compositional dispersion’ is used to refer to the extent of
variation in Pseudomonas community composition within each soil attributable to plant species. To
identify soil and environmental properties associated with Pseudomonas community compositional
dispersion with plant species, linear regression analyses were performed to determine significant
relationships between abiotic properties and PERMDISP values. Linear regression plots of these
relationships were checked visually and outlying data points removed where necessary.
All multivariate analyses were performed in PERMANOVA/PRIMER7 using methods previously
described (PRIMER-E Ltd., UK; Anderson et al., 2008; Clarke and Gorley, 2015). For all analyses,
potential influences of experimental block structures were tested and determined not to be
significant. Differences between treatments and relationships between variables were considered
significant when P≤0.05 and marginally significant when P≤0.1.

6.3.7 Characterising species of Pseudomonas that vary with proximity to plant
roots
For the experimental assay described in 6.3.2.3, SIMPER analysis (similarity percentages routine;
PRIMER7) was used to establish the contributions of individual OTUs towards the overall differences
in Pseudomonas community composition between i) rhizoplane and non-rhizoplane samples, and ii)
the rhizoplane samples of different plant species. Phylogenetic analysis was performed on the 16S
rRNA gene sequences of the OTUs that consistently contributed the greatest proportion to the
dissimilarity between samples.
A reference phylogenetic tree of the Pseudomonas genus was generated based on phylogenetic
analysis of the 16S rRNA gene sequences (1347 bp) of 101 Pseudomonas type strains. These
reference sequences were selected to provide coverage of the major groups and subgroups defined
by Gomila et al. (2015). Sequences were retrieved from the Ribosomal Database Project (RDP; Wang
et al., 2007), and aligned using CLUSTAL W (Larkin et al., 2007). A maximum-likelihood tree was
inferred from evolutionary distances calculated using the General Time Reversible model (Tavaré,
1986). Bootstrap analysis was based on 1000 replicates. Phylogenetic analyses were performed in the
SeaView4 package. The tree was rooted using Cellvibrio japonicus as the out-group (Gomila et al.,
2015). Without altering the relative alignment of reference sequences, Pseudomonas-specific
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sequences of interest (466 bp) were placed into the reference tree using PAGAN (Loytynoja et al.,
2012).

6.4 Results
6.4.1 Soil and plant-based selection of bacterial and Pseudomonas communities in
rhizosphere soil
Influence of ’parent’ soil and plant species effects on community assemblage data
The relationships between both ‘parent’ soil and total bacterial community composition, and ‘parent’
soil and Pseudomonas community composition were significant and strong; accounting for a large
proportion of the total variation in community compositions (√CV; Main test 1; Table 6.1). There was
no effect of plant species on the composition of the total bacterial community. For Pseudomonas,
although secondary to the effect of soil (√CV; Table 6.1), the effect of plant species was also
significant (P=0.001; Table 6.1). The influence of a soil x plant species interaction could not be tested
for as each individual soil was planted with each of the three plant species only once. However,
classification of the soils by pedogenesis (Brown or Recent), showed that the effect of individual soil
was not reflected in an effect of soil type (Main test 2; Table 6.1).

Table 6.1

Influence of soil type, individual soil, and crop species on bacterial and Pseudomonas
community structure. Bray-Curtis similarity matrices of bacterial and Pseudomonas
community assemblage, derived from TRFLP and DGGE data, were analysed by
permutation-based multivariate ANOVA. √CV is the square-root of the component of
variation (Anderson et al., 2008), which provides a measure of the size of effect for
each component in the analysis. P-values were derived from permutation testing (999
times; PERMANOVA).

PERMANOVA
Factor
Main test 1
Soil (x18 individual)
Plant species
Residual
Main test 2
Soil type (x9 Brown and x9 Recent)
Plant species
Soil type x plant species interaction

Bacteria
√CV
P-value

Pseudomonas
√CV
P-value

8.07
35.37

0.044
0.982

29.03
8.39
23.79

0.001
0.001

-

0.395
0.996
0.496

-

0.38
0.224
0.953
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Association of community assemblage data with edaphic and environmental variables
There was no correlation between the total bacterial community structure and abiotic variables
when BIOENV analysis was optimised for four variables (BIOENV analysis; Table 6.2). Individual
correlations between the total bacterial community and abiotic variables were weak and
insignificant. However, the variation in five soil and environmental properties was associated with
54% of the variation in Pseudomonas community profiles between soils (BIOENV analysis; Table 6.2).
Of these, soil pH, and aluminium content were associated with the greatest proportion of this
variation; 27% and 29%, respectively. Similarly, an individual correlation with total base saturation
was associated with 33% of the variation in the Pseudomonas community assemblage data
(P=0.008). Soil and environmental properties were measured at the start of the assay, and therefore,
these correlations only account for the variation in communities associated with background soil
properties. These BIOENV correlations do not account for the influence of plant species, nor the
interaction between plant species and soil.

Table 6.2

Edaphic and environmental properties influencing bacterial and Pseudomonas
community structure. BIOENV analysis was used to find the highest rank correlation
between the bacterial and Pseudomonas (DGGE) community assemblage data and the
associated soil and environmental variables. Spearman rank correlations (ρ) indicate
percentage of variation accounted for by the selected variables. Spearmans Rho (ρa)
was optimized for five edaphic and environmental variables. bP values were derived
from permutation testing (× 999). cFor Pseudomonas the correlation was significant
and these variables are listed in order of decreasing individual correlations (ρ b;
RELATE-test).

BIOENV Analysis
Spearman rank correlation (ρa)
Pb
Edaphic & environmental variables

Bacteria
36.6%
0.640

Pseudomonas
53.9 %
0.01
Aluminium
pH
Rainfall
Electrical conductivity
DNA concentration

ρc
29%
27%
18%
7%
2%

Pb
0.014
0.018
0.061
0.275
0.426

PERMDISP analysis was conducted to provide a measure of the extent of variation in Pseudomonas
community composition within individual soils (i.e. the compositional dispersion in Pseudomonas
communities within a soil attributable to plant species; described in 6.3.6). Soil and environmental
properties associated with significant effects on Pseudomonas community compositional dispersion
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between plant species (linear regression; Table 6.3) indicate which properties may ‘constrain’
(narrow compositional dispersion) or ‘enable’ (wide compositional dispersion) the impact of plant
species on Pseudomonas community variation. Individual regressions revealed a positive correlation
with soil zinc content and a negative correlation with potential evapotranspiration, each explaining
~26% of the variation in Pseudomonas community compositional dispersion (Table 6.3). Thus, greater
soil zinc content was associated with wider compositional dispersion of Pseudomonas communities
with plant species (increasing PERMDISP), while increased potential evapotranspiration was
associated with decreased PERMDISP (narrower compositional dispersion with plant species).

Table 6.3

Edaphic and environmental properties influencing Pseudomonas community
compositional dispersion among plant species. PERMDISP values were derived from a
Bray-Curtis matrix of Pseudomonas (DGGE) community assemblage data and provide a
measure of the homogeneity of multivariate dispersions. Linear regression analysis
(Genstat) was used to test for significant relationships between edaphic and
environmental properties and Pseudomonas community compositional dispersion.
Regressions that were significant (P<0.05; bold) or marginally significant (P<0.1) are
listed in order of decreasing R2. Slopes of individual regressions describe the
relationship between a particular variable and PERMDISP values.
Edaphic & environmental variables
Zinc
Potential evapotranspiration
DNA conc
Total base saturation
Calcium

R2
26.4
25.9
20.2
17.5
16.9

P
0.035
0.031
0.061
0.084
0.09

Slope
2.25
-3.22
-2.84
-2.64
-2.60

Classical (univariate) community diversity analysis
Although the effect of plant species on Pseudomonas community composition was secondary to the
effect of soil (√CV; Table 6.1), the influence of crop type was significant for two of the three species
diversity indices assessed (ANOVA; Figure 6.3). Pseudomonas species richness (Margalef’s), diversity
(Shannon’s), and evenness (Pielou’s) were derived from community composition (DGGE) data. Both
Pseudomonas species richness (Margalef’s index; P=0.002) and diversity (Shannon’s index; P=0.019)
were significantly higher under brassica than under clover. There was, however, no significant effect
of crop species on Pseudomonas species evenness.
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Figure 6.3

The effect of crop type on Pseudomonas species richness (A), evenness (B), and
diversity (C). Data presented are means for the three crop types across all soils (± SEM;
N=18). Letters above bars indicate significant differences between treatments (P≤0.05;
Tukey’s test).

6.4.2 Plant residue management and the composition of bacterial and
Pseudomonas communities
Soil and crop residue incorporation significantly affected both bacterial and Pseudomonas
community composition (PERMANOVA main effects test; Table 6.4). However, the effect of an
interaction between soil and crop residue was only significant for the Pseudomonas community
(PERMANOVA main effects test; Table 6.4). Across the four soils and three plant residue treatments,
the variation explained by soil-associated differences was greater than that explained by plant
residues (√CV; PERMANOVA Table 6.4). These differences among treatment effects are represented
in MDS ordination plots (Figure 6.4), which show greater separation of communities by soil (Figure
6.4A and C) than by crop residue (Figure 6.4B and D).

Table 6.4

Influence of soil and crop residue incorporation on bacterial and Pseudomonas
community structure. Bray-Curtis similarity matrices of bacterial and Pseudomonas
community assemblage, derived from TRFLP and DGGE data, were analysed by
permutation-based multivariate ANOVA. Soil and crop residue were fixed factors in
the PERMANOVA design. √CV is the square-root of the component of variation
(Anderson et al., 2008), which provides a measure of the size of effect for each
component in the analysis. P-values were derived from permutation testing (999
times; PERMANOVA). The number of unique permutations was too low to obtain
explanatory P values for pairwise comparisons between soil and crop residue types.
PERMANOVA
Factor
Main test
Soil
Crop residue
Soil x crop residue (interaction)
Residual

Bacteria
√CV
P-value
18.96
7.59
31.94

0.001
0.046
0.246

Pseudomonas
√CV
P-value
15.77
9.60
11.98
18.51

0.001
0.001
0.001
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of the Pseudomonas community (clover community richness was not significantly different from that
of either brassica or ryegrass; Appendix C.3), the increase was not significant relative to the control
treatments. For all soils, the patterns and significant effects of plant residue incorporation were the
same for Pseudomonas species diversity as for species richness (data not shown). Plant residue
incorporation did not affect Pseudomonas species evenness.

Figure 6.5

The effect of soil and plant residue addition on bacterial (A and B) and Pseudomonas
(C and D) species richness. For (A and C), data presented are means of the ‘no plant
residue’ control treatment for each individual soil (3 replicates ± SEM). Letters above
bars indicate significant differences between treatments (P≤0.05; Tukey). For (B and
D), data presented show the increase or decrease in bacterial and Pseudomonas
species richness relative to the ‘no plant residue’ control treatment (Y = 0.0) for each
plant residue added. This data is given for each individual soil (Kaeo, Paraparaumu,
Kumara, Hakataramea; 3 replicates per treatment) and for all soils combined (All Soils;
12 replicates per treatment). Stars above bars indicate a significant difference
between plant residue added (Brassica, Clover or Ryegrass) and ‘no plant residue’
control treatments (P≤0.05; Tukey).
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Interestingly, the influence of plant residue incorporation on species richness and diversity observed
across ‘all soils’ was not consistently observed when soils were assessed individually. As such, there
were soil-dependent effects of plant residue incorporation. The only significant effect of plant
residue incorporation on the total bacterial community was observed in Paraparaumu soil, in which
the addition of ryegrass residues resulted in a significant reduction in species richness (but not
diversity or evenness) relative to the ‘no plant residue’ control treatment (Figure 6.5B). For the soils
in which there was a significant effect of plant residue on Pseudomonas diversity (Kaeo and
Paraparaumu), the effects of brassica, clover, and ryegrass residue incorporation on species richness
and diversity were consistent with ‘all soils’ (Figure 6.5D). For Kumara and Hakataramea soils,
however, there was no significant effect of plant residue incorporation on any of the diversity indices
measured, regardless of plant residue.
A soil x crop residue interaction was shown to have a larger impact on Pseudomonas community
structure than crop residue alone (√CV; Table 6.3). Comparisons among soil and plant
physicochemical data suggest that there were properties that differed between ‘Kaeo and
Paraparaumu’ and ‘Kumara and Hakataramea’ soils, and properties that distinguished clover from
the other two crop residue types (observations are not statistically supported as only one
measurement was collected per soil or plant). While Olsen P was lower in Kaeo and Paraparaumu
soils as compared to Kumara and Hakataramea soils, the reverse was true for soil Na, C:P, available
N, and anaerobically mineralisable N (Appendix C.1). The residual dry weight (percentage dry
matter), phosphorus, sulphur, zinc and molybdenum contents of plant material were all lowest for
clover (Appendix C.2).

6.4.3 Assessing variation between bulk, rhizosphere, and rhizoplane soils
Within a single soil, there were significant differences in the composition of both the bacterial and
Pseudomonas communities between soil compartments (bulk, rhizosphere, rhizoplane) differing in
proximity to the plant root (main PERMANOVA test; Table 6.5). While the effect of plant species
(brassica, clover, or ryegrass) on variation in bacterial and Pseudomonas community structure was
also significant, the interaction between soil compartment and plant species accounted for a greater
proportion of the variation (√CV; Table 6.5).
For all of the plant species, and both microbial groups, rhizoplane communities differed from those
of bulk and rhizosphere soil (P<0.034). Furthermore, with the exception of total bacteria between
brassica and ryegrass, rhizoplane communities differed between plant species at the P<0.1 level
(pairwise PERMANOVA test; Table 6.5). The distinction between rhizoplane and other soil samples, as
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well as the separation among rhizoplane communities of different plant species, can be visualised in
the MDS ordination plot (Figure 6.6). The Pseudomonas results, presented in Table 6.5 and Figure
6.6B, were derived from Pseudomonas Illumina-based 16S rRNA gene sequencing OTU data. These
findings were also corroborated by Pseudomonas DGGE data (Appendix C.4).

Table 6.5

Influence of soil compartment and plant species on bacterial and Pseudomonas
community structure. A Bray-Curtis similarity matrices of bacterial and Pseudomonas
community assemblage, derived from TRFLP and Illumina sequencing OTU data, were
analysed by permutation-based multivariate ANOVA. Soil compartment and plant
species were fixed factors in the PERMANOVA design. Pairwise comparisons detected
differences between individual plant species (Br = brassica; Ry = ryegrass; Cl = clover)
at the rhizoplane. √CV is the square-root of the component of variation (Anderson et
al., 2008), which provides a measure of the size of effect for each component in the
analysis. P-values were derived from permutation testing (999 times; PERMANOVA).

PERMANOVA
Factor

Pairwise
comparison

Main Test
Soil compartment
Plant species
Soil compartment x plant species
Residual
Pairwise Test
Rhizoplane

Bacteria
√CV
P-value

23.95
6.51
11.05
30.32

Br vs Ry
Br vs Cl
Ry vs Cl

0.001
0.046
0.015

0.137
0.064
0.073

Pseudomonas
√CV
P-value

24.23
10.7
14.59
32.38

0.001
0.001
0.002

0.069
0.023
0.034
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ANOVA analysis revealed that bacterial species diversity (Shannon’s; P= 0.065) was significantly lower
in rhizoplane samples compared with bulk soil samples, while species richness (Margalef’s) and
evenness (Pielou’s) were unchanged between compartments (Figure 6.7). Although Pseudomonas
species richness was unchanged, both species evenness (P<0.001) and diversity (P=0.094) differed
with proximity to the plant root; both being lower in rhizoplane samples compared to bulk or
rhizosphere (Figure 6.8). Despite bacterial and Pseudomonas community composition being less than
50% similar among the rhizoplane communities of different plant species (PERMANOVA), there were
no significant differences in species diversity indices (data not shown).

Figure 6.7

The effect of proximity to the plant root on bacterial species richness (A), evenness (B),
and diversity (C). Data presented are means for the three soil compartments across all
plant species (± SEM; N=12). Letters above bars indicate significant differences
between treatments (P≤0.05; Tukey).

Figure 6.8

The effect of proximity to the plant root on Pseudomonas species richness (A),
evenness (B), and diversity (C). Data presented are means for the three soil
compartments across all plant species (± SEM; N=12). Letters above bars indicate
significant differences between treatments (P≤0.05; Tukey).

115

SIMPER analysis was conducted to determine which OTUs were strongly contributing to the
dissimilarity in Pseudomonas community between i) rhizoplane and non-rhizoplane samples, and ii)
the rhizoplane samples of different plant species. Of particular interest was OTU 19947. This OTU
was found to be consistently more abundant in rhizoplane samples compared to non-rhizoplane
samples, and contributed a high proportion of the dissimilarity between rhizoplane communities of
different plant species (greatest in abundance under ryegrass and lowest in abundance under clover).
A representative 466 bp 16S rRNA gene sequence fragment for this OTU was included in taxonomic
analysis, along with sequences of selected species (type strains) representative of several groups
within the genus (Figure 6.9). This OTU clustered within the Pseudomonas corrugata subgroup
(Figure 6.9).
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6.5 Discussion
Using a set of experimental approaches, this study assessed the relative importance of soil, plant,
and proximity to the plant root, in shaping bacterial and Pseudomonas communities in pastoral soils.
Soil was identified as the primary driver of community composition. This result is understandable
given that soil naturally harbours the reservoir (potential diversity) of microorganisms from which
plant-associated populations can be selected or enriched (Bakker et al., 2013). Although significant,
plant species effects, both in the plant rhizosphere and with the addition of plant residues, were
secondary to soil effects. Of the three plant species, brassica plants harboured the greatest richness
and diversity of Pseudomonas species in the rhizosphere, and the incorporation of brassica residues
led to increased richness and diversity of Pseudomonas species in bulk soil. Across finer spatial scales,
differences in bacterial and Pseudomonas community composition with proximity to the plant rootsoil interface were related to reduced species evenness and diversity at the rhizoplane, compared to
both bulk and rhizosphere soil.

6.5.1 Soil and plant species drive Pseudomonas community composition, species
richness and diversity in the rhizosphere of pasture plants
In the rhizosphere soils of brassica, clover, and ryegrass, a greater proportion of the variation in
Pseudomonas community composition was attributed to the effect of the individual soil rather than
to that of plant species. Similarly, while there was a strong effect of soil on the structure of the total
bacterial community, plant species-specific effects were not observed. This finding supports our
hypothesis that the ‘parent’ soil would be an important factor in determining the structure of
rhizosphere communities, as it hosts the pool of potential biology (species) from which plants can
selectively enrich. Although a number of studies have demonstrated the important role of plantderived substrates in determining microbial composition and species diversity within rhizosphere
communities (Smalla et al., 2001; Marschner et al., 2004; Costa et al., 2006), there is evidence to
suggest that the impacts of soil factors, for example, physicochemical properties and land use
history, are dominant (Kowalchuk et al., 2002; de Ridder-Duine et al., 2005; Kielak et al., 2008;
Kuramae et al., 2012; Lundberg et al., 2012; Schreiter et al., 2015). As such, the importance of soil as
a ‘reservoir of microorganisms’, from which the rhizosphere community is recruited, is widely
acknowledged (Bakker et al., 2013).
In contrast to previous studies that have demonstrated significant influences of soil type on microbial
communities in the rhizosphere (Marschner et al., 2001; Lundberg et al., 2012; Schreiter et al., 2015),
the strong effect of soil was not reflected in soil pedogenesis (soil type=New Zealand soil orders;
Hewitt, 1998). This is in line with our findings that, across 50 field-collected bulk soil samples (of
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which the soils studied here are a subset), bacterial and Pseudomonas community composition did
not vary significantly among soil types (Chapter 3). Soils in both studies were collected from under
pastures, where soil properties are managed to optimise plant production, and therefore, influences
of pedogenesis on soil bacterial community structure may be masked by changes in soil chemistry
(Chapter 3). In the current study, potential influences of soil type may have been further confounded
by the significant effect of plant species.
The effect of soil on the total bacterial community was not associated with variation in any of the
abiotic properties measured in this study; this was unexpected. In a previous survey of microbial
communities in field-collected, bulk soil samples, which included the soils used for this study, pH
explained close to 20% of the variation in bacterial community composition (Chapter 3). In contrast,
the effect of soil on Pseudomonas communities in the rhizosphere was associated with variation in
soil pH, aluminium, and total base saturation. As expected, pH, aluminium and total base saturation
are highly correlated (>85%), and each explains in the region of 30% of the variation in Pseudomonas
community composition. Soil pH has been repeatedly identified as a primary variable correlated with
the composition of the total bacterial community in soils (Fierer and Jackson, 2006; Wakelin et al.,
2008; Lauber et al., 2009), and to varying extents associated with the structure of specific taxonomic
groups within the bacterial community, including Pseudomonas (van Overbeek et al., 2012; Chapter
3). At the field-level, pH explained only 10% of the variation in Pseudomonas community
composition, with soil sodium and soil organic matter quality explaining a greater proportion of the
variation (Chapter 3). The results of this study, using a subset of the same soils and covering the
same range of soil pH (5 - 6.8), may suggest that field-level drivers (Chapter 3) are masked when
plant growth experiments are conducted under controlled conditions. However, it is important to
note that soil physicochemical properties were measured at the start of the assay and, therefore,
these relationships do not account for the significant effect of plant species, nor the interaction
between plant species and soil, which may override purely field-level effects on bacterial and
Pseudomonas community structure. Our results suggest that, similarly to observations in bulk soil
(Chapter 3), Pseudomonas community composition in the rhizosphere is driven by properties distinct
from those driving changes in the total bacterial community.
The effect of plant species on Pseudomonas community composition in the rhizosphere was
secondary to the effect of soil. Furthermore, our results suggest that the compositional dispersion in
Pseudomonas communities attributable to plant species (i.e. the ability of the plant to recruit a
unique rhizosphere community) was constrained by soil properties; decreasing soil Zn and increasing
potential evapotranspiration (PET). The strong selection pressure exerted by such properties may
result in microbial communities dominated by organisms adapted to, for example, drier soil
conditions in high PET soils. Stromberger et al. (2007) found that, under perennial grasses, soil
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communities were dominated by fungi (generally more tolerant to lower water potentials), rather
than bacteria, as PET increased. As such, in response to ‘extremes’ of certain environmental
conditions, the microbial diversity from which the rhizosphere community can be selected may be
limited. Soil properties, including soil moisture (Marasco et al., 2012), nitrogen availability (Zancarini
et al., 2012), and phosphate deficiency (Zyśko et al., 2012), have previously been shown to impose
‘environmental constraints’ on the composition of the rhizosphere community. Similarly, soildependent factors were shown to play an important role in the sensitivity of Pseudomonas
community composition to changes in the rhizosphere metabolome of Lolium perenne (perennial
ryegrass; Bell et al., 2009; Wakelin et al., 2015). Furthermore, soil moisture has been shown to
represent a key abiotic factor driving the rhizospheric selection of antibiotic-producing Pseudomonas
spp. (contributing to the natural suppressiveness of soils to, for instance, take-all disease of wheat)
from the indigenous microbial community (Mavrodi et al., 2012).
Despite potential constraints imposed by soil properties, plant-specific effects on Pseudomonas
species richness and diversity were still observed in the rhizosphere; both were higher under brassica
than under clover. In contrast, variation in total bacterial community composition was not driven
significantly by plant species. This unexpected result may be due to the overriding effects of soil
conditions (Kuramae et al., 2012). Differences in the rhizosphere microbiome between plant species
have been widely attributed to the high levels of organic carbon released by plant roots (Bakker et
al., 2013). Within the bacterial community, Pseudomonas spp. are particularly sensitive to this
‘rhizosphere-effect’ and efficiently colonise plant roots. Pseudomonas are typically copiotrophic,
preferentially consuming labile C (Smit et al., 2001), and are able to elicit a chemotactic response to
the carbon sources exuded from plant roots (el Zahar Haichar et al., 2008; el Zahar Haichar et al.,
2014). As such, shifts in the composition of the rhizosphere-sensitive Pseudomonas community, and
other copiotrophic bacterial groups, are likely to be more pronounced between plant species than
for the total bacterial community. Accumulation of Pseudomonas spp. on plant roots has also been
shown to be sensitive to root structure and the rate of root elongation (Watt et al., 2003; Okubara
and Bonsall, 2008). As rhizodeposition and root exudate composition vary with plant species, plant
age, location along the length of the root, and soil type (el Zahar Haichar et al., 2008), the differential
effects of these distinct plant species on Pseudomonas community structure and diversity is not
surprising. However, very few studies have examined the direct relationships between root
exudation profiles or root physiology and Pseudomonas communities for the pasture-specific plant
types studied here (Wakelin et al., 2015). Key distinguishing attributes may provide focus for future
studies. For example, direct or indirect impacts on Pseudomonas communities may be attributed to
the production of secondary metabolites, such as glucosinolates, by plants of the Brassicaceae
family, which have antimicrobial properties (Halkier and Gershenzon, 2006), or to the diverse and
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plant-specific flavonoids exuded by clover, and other legumes, that are responsible for inducing root
nodule formation (Hassan and Mathesius, 2012). It is also worth noting that root exudation profiles
have been shown to differ in response to neighbouring plants (Bais et al., 2004). Our experiments do
not account for the effect of such interactions on microbial communities, although they may be of
considerable importance in multi-species agricultural grasslands.

6.5.2 Plant residue incorporation drives soil-dependent changes in Pseudomonas
communities in bulk soil
In common with impacts observed in the rhizosphere, soil was the primary driver of variation in bulk
soil bacterial and Pseudomonas communities with plant residue incorporation. In the absence of
plant residues, background variation in Pseudomonas community composition among soils was
associated with variation in species richness, which was significantly higher in both Kumara and
Hakataramea soil than in Paraparaumu soil under controlled conditions. Again, differences were
observed between bacterial and Pseudomonas communities; background variation in the total
bacterial communities between soils was not associated with species richness, evenness or diversity.
Indeed, the data suggests that, between soils, variation in bacterial and Pseudomonas species
richness differ considerably. For example, the soil with the highest richness of bacterial species
(Paraparaumu) had the lowest richness of Pseudomonas species.
Soils with the highest Pseudomonas species richness also had the highest soil sodium content, C:P,
AN, and AMN. Although relationships between Pseudomonas species richness and soil
physicochemical properties are not statistically supported for this experimental assay, both soil
sodium content and C:P were previously identified as important drivers of Pseudomonas species
composition across a broad survey of 50 bulk soil samples (Chapter 3). In addition, in a long-term
plant residue management trial, AMN, and AN (indicators of microbial biomass and activity) were
significantly higher in soils that also harboured the greatest diversity and richness of Pseudomonas
spp. (Chapter 5). These biotic and abiotic properties may provide insight into the background soil
effects driving the significant impact of a soil x plant residue interaction on Pseudomonas
communities.
Enhancing the level of soil organic matter through the application of organic amendments, including
the incorporation of crop residues into soil, has been proposed as a sustainable approach for the
effective control of a range of soilborne diseases (Bonanomi et al., 2010). These amendments
typically function by enhancing the activity and diversity of the indigenous microbial community
(Mazzola, 2004). In a recent study, we demonstrated that both Pseudomonas species diversity and
richness were highest in response to frequent addition of organic residues in grassland soils, and
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these were identified as the primary parameters explaining the greatest proportion of variation in
the disease suppressive capacity of soils (Chapter 5). For ‘all soils’, changes in bacterial species
richness, evenness and diversity with plant residue incorporation were insignificant. In contrast,
Pseudomonas species diversity and richness were increased significantly relative to the no plant
residue control for the brassica and ryegrass residue treatments, but not the clover residue
treatment. Differential responses of individual taxa within the soil bacterial community to organic
amendments have been observed previously (Goldfarb et al., 2011). It is therefore, perhaps not
surprising that the diversity of a single genus, known to be sensitive to sources of plant-derived
available carbon (Pseudomonas in this case), would differ from that of the total bacterial community
in response to plant residue treatments.
The biochemical composition of the different crop residues, and the availability of those components
on decomposition, are likely to determine the differential effects of residue incorporation on the soil
microbial community. In comparison to brassica and ryegrass, the percentage dry matter and
phosphorus, sulphur, zinc, and molybdenum contents were lowest for clover. This response to
reduced percentage dry matter and nutrient availability may reflect the copiotrophic characteristics
of Pseudomonas bacteria, in that variation in the total amount of available carbon is more important
than variation in the type of carbon for overall diversity indices (Wakelin et al., 2015).
Interestingly, the effects of plant residue were soil-dependent. For soils that harboured the greatest
Pseudomonas species richness in the absence of crop residue (Kumara and Hakataramea), increases
in species richness and diversity with plant residue incorporation were not significant. In contrast, for
the soil in which species richness was lowest in the absence of crop residue (Paraparaumu), the
addition of crop residue had the biggest impact (greatest increase in Pseudomonas species richness
and diversity). It is important to recognise that this may be attributable to the relatively low
resolution of the DNA fingerprinting approach used in this study; PCR-DGGE of environmental DNA
typically only discriminates between dominant members of the microbial community (Mazzola,
2004). Using these methods, low abundance (rare) species are often not detected and are not
included as part of the broader census of richness present. However, soil-dependent responses to
crop residue-induced changes in phylogenetic and functional diversity within microbial communities
have been observed across types of compost amendments (Pérez-Piqueres et al., 2006), and types of
crop residue incorporation (Bending et al., 2002). The observation that the impact of crop residue is
limited in certain soils may further demonstrate the constraints imposed on Pseudomonas
communities by biotic and abiotic soil properties or an interaction between soil and crop residue
incorporation.
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6.5.3 Bacterial and Pseudomonas community composition as a function of
proximity to the plant root
In a single soil, bacterial and Pseudomonas community composition were assessed with respect to
proximity to the plant root-soil interface, with comparison of bulk, rhizosphere and rhizoplane
samples. The effect of soil compartment on both bacterial and Pseudomonas community
composition was over twice as strong as the effect of plant species. This finding supported our
hypothesis that the distinct microbial niches provided by each of the soil ‘compartments’, and the
potential to be exposed to different soil and plant-specific influences within those niches, would lead
to compartment-specific communities. However, the lack of distinction between bulk and
rhizosphere soils, and between rhizosphere communities of different plant species, was unexpected.
The similarity observed between bulk and rhizosphere communities is in contrast to several studies
across a range of plant types that have demonstrated a distinction between bacterial (for example;
Marilley and Aragno, 1999; Smalla et al., 2001) or Pseudomonas (Costa et al., 2006) communities of
bulk versus rhizosphere samples. Furthermore, rhizosphere communities were not plant speciesspecific after 12 weeks of growth in this soil. It is possible that separation of these communities by
soil compartment and plant species may develop with a longer growth cycle. While long-term
experiments have demonstrated strong rhizosphere effects, there is evidence that these effects
become more pronounced with time (Smalla et al., 2001; Marschner et al., 2004). For example,
Smalla et al. (2001) found that one month after sowing (the earliest sampling point of a 2 yr study),
strawberry, oilseed rape, and potato rhizosphere communities were similar to those in bulk soil
samples, and were similar across plant species. Although differences between bulk and rhizosphere
communities became apparent from 2 months after sowing, these differences were more
pronounced in the second year compared to the first. Similarly, short-term, controlled growth room
experiments with chrysanthemum (10 weeks; Duineveld et al., 2001), and barley (36 days;
Normander and Prosser, 2000) found minor or no differences between rhizosphere and bulk soil
communities. We did, however, observe plant species-specific effects in rhizosphere Pseudomonas
communities with brassica, ryegrass, and clover grown for 8 weeks in a range of soils (Table 5.1). As
soil compartment effects were only examined in one soil, it is possible that soil-specific constraints,
as discussed previously, have restricted both rhizosphere and plant species-specific influences.
The differences we observed in microbial community structure by soil compartment were primarily
driven by reduced species evenness and diversity at the rhizoplane as compared to rhizosphere and
bulk soils. Several studies have demonstrated a reduction in evenness and diversity with close
proximity to the plant root (for example, Smalla et al., 2001; Kielak et al., 2008), with such changes
typically associated with the stimulation of well-adapted microbial populations by carbon-rich root
exudates (Bakker et al., 2013). Similarly, studies that have directly compared rhizosphere and
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rhizoplane communities have reported selection of distinct communities, leading to reduced
microbial diversity at the plant root (Sarathchandra et al., 1997; Marilley et al., 1998; el Zahar
Haichar et al., 2008). Marilley et al. (1998) found that Shannon’s diversity decreased with proximity
to roots (bulk>rhizosphere>rhizoplane) in the field-collected pasture species Lolium perenne
(ryegrass) and Trifolium repens (clover); the reduction in bacterial diversity was most pronounced
between the rhizosphere and rhizoplane fractions. In a field study of rhizosphere and rhizoplane
communities in long-term pasture, culture-dependent assessments of bacterial communities
suggested that the rhizoplanes of L. perenne and T. repens contain greater proportions of Kstrategists (typically dominant in stable environments) compared with rhizosphere soil. As such, the
authors proposed that rhizoplane colonists in long-term pastures may have adapted to these
conditions to survive and compete effectively with rhizosphere bacteria (Sarathchandra et al., 1997).
Our results suggest that the rhizoplane exerts a greater selective pressure over both total bacterial
and Pseudomonas communities than rhizosphere soil. Further, the Pseudomonas community may be
more sensitive to such pressure than the total bacterial community (P-values; Table 6.5). The effect
of plant species on soil compartment-specific communities was evident only at the rhizoplane, where
Pseudomonas community composition was distinct for each plant species. In contrast to
observations made in rhizosphere samples across multiple soils (Figure 6.3), differences in
Pseudomonas community composition were not associated with changes in species diversity indices.
Plant species effects on plant root and rhizoplane communities have previously been attributed to
changes in community composition, and even associated with more disparate communities (Kielak et
al., 2008). For example, differences were observed between selected communities associated with
wheat, maize, rape, and barrel clover roots (el Zahar Haichar et al., 2008). In pasture plant species,
dominant OTUs in the rhizoplane of L. perenne and T. repens differed between plant species.
Furthermore, fluorescent pseudomonads isolated from ryegrass and white clover root surfaces
showed distinct preferences in chemotactic movement into glass capillaries filled with seedling root
exudates of the host plant species (Sarathchandra and Brown, 1995).
In contrast to the more course-level of analysis afforded by PCR-DGGE, the Pseudomonas-specific
Illumina sequencing-approach used for this experiment allowed a more in-depth analysis of the OTUs
identified as distinguishing i) rhizoplane and non-rhizoplane samples, and ii) the rhizoplane samples
of different plant species. A single OTU was identified as being higher in abundance in rhizoplane
samples than non-rhizoplane samples, and as driving expressions of dissimilarity between rhizoplane
communities of different plant species. Phylogenetic assessment showed that this OTU was affiliated
with Pseudomonas corrugata and Pseudomonas kilonensis, within the P. corrugata subgroup defined
by Gomila et al. (2015). Based on sequence homology, we may expect isolates representative of this
OTU to display phenotypic characteristics similar to those of members of this group. However, the P.
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corrugata subgroup at present consists of five species: P. corrugata; P. kilonensis; P. brassicacearum;
P. thivervalensis; and P. mediterranea (Gomila et al., 2015). Members of each of these species have
typically been isolated from agricultural soils and/or the rhizospheres and rhizoplanes of a range of
plant species, but exhibit diverse phenotypic traits (Sutra et al., 1997; Achouak et al., 2000; Sikorski
et al., 2001; Catara et al., 2002). For example, while isolates belonging to P. corrugata are not
fluorescent, and are typically phytopathogenic (known for causing pith necrosis in tomato and other
plant species; Sutra et al., 1997), P. kilonesis and P. brassicacearum are fluorescent species with
some strains exhibiting anti-fungal (Xu et al., 2014) and biocontrol (Ross et al., 2000) properties
against soil-borne plant pathogens. As such, further culture-dependent analysis of representative
isolates of this OTU would be required to determine whether the ability to colonise the rhizoplane
efficiently, and/or plant species-specific enrichment within rhizoplane communities, is beneficial or
detrimental to the plant host.

6.5.4 Brassica plants promote Pseudomonas species richness and diversity
Of the three plant species used in this study, brassica plants harboured the greatest richness and
diversity of Pseudomonas species in the rhizosphere, and increased the richness and diversity of
Pseudomonas species in bulk soil upon residue incorporation. The use of brassica spp. as ‘breakcrops’ or as organic amendments may present potential opportunities by which the microbial
community, particularly Pseudomonas bacteria, could be managed in pasture soils. Plants of the
Brassicaceae family are known for their production of glucosinolates as secondary metabolites. These
metabolites are stored in plant cell vacuoles, and hydrolysis products have been studied for their
antimicrobial properties (Halkier and Gershenzon, 2006). These products are either released upon
cell damage (i.e. plant residues) or by exudation in living roots (i.e. in the rhizosphere), and are likely
to directly or indirectly impact on microbial communities in soil. Although fungi are known to be
more susceptible to the antimicrobial properties of such compounds, these metabolites could impact
Pseudomonas communities either directly, providing a nutritional substrate, or indirectly, through
changes in the wider microbial community (e.g. competitors or antagonists; Bressan et al., 2009).
Rotational cropping and the use of ‘break-crops’ are typically implemented to circumvent the
impacts of negative plant-soil feedbacks (e.g. host-specific bacterial or fungal pathogens; Bever et al.,
2012). The associated release from pathogen pressure is usually considered to result from the
decline of host-specific pathogen populations in the absence of the host plant. However, under crops
such as brassicas, the ‘break-crop’ effect may operate through changes in the microbial community
driven by the production of glucosinolates. Using a transgenic line of the model plant Arabidopsis
thaliana, Bressan et al. (2009) demonstrated that, in comparison to the A. thaliana wild-type, the
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production of an exogenous glucosinolate in root tissue altered the composition of the rhizosphere
microbial community, including that of the Gammaproteobacteria (the taxonomic class to which
Pseudomonas belong). Interestingly, studies using A. thaliana have also demonstrated that
glucosinolates have a key role in plant defence against microbial pathogens (Bednarek et al., 2009),
and even that colonisation of the root by a non-pathogenic rhizobacterium (Pseudomonas
fluorescens Pf.SS101) induces the biosynthesis of glucosinolates, contributing to enhanced plant
resistance (van de Mortel et al., 2012). Furthermore, particular species of fluorescent
Pseudomonads, such as P. brassicacearum, have been found to be dominant in the rhizoplane of
plants belonging to the Brassicaceae (Achouak et al., 2000), and isolates of such species have been
shown to exhibit biocontrol activity towards soil-borne plant pathogens (Ross et al., 2000).
Disease suppression induced by the application of organic amendments is usually attributed to
increased microbial activity in soil (Mazzola, 2004). Specifically, the role of Brassicaceae plant
residues in the control of soil-borne plant pathogens has been the focus of a range of studies (Larkin
and Griffin, 2007; Mazzola, 2007). Typically, suppression through brassica residue incorporation has
been attributed to glucosinolate-mediated ‘biofumigation’. However, there is mounting evidence to
suggest that, while biofumigation may contribute to short-term release from pathogen pressure,
long-lasting suppression depends on sustained changes within the soil microbial community (Mazzola
et al., 2015). The amendment of soil with brassica seed meal to control components of the apple
replant disease complex represents one of the best studied examples. In contrast to fumigated soil,
sustained changes in the composition of bacterial and fungal communities in the rhizosphere
microbiome were observed in seed meal amended soils, and these changes were associated with
greater resistance to re-infestation by the pathogen (Mazzola et al., 2015).

6.6 Conclusions
Collectively, results from this series of experimental assays demonstrate that soil is the dominant
factor driving the structure of both total bacterial and Pseudomonas communities. While secondary
to the effect of soil, plant species-specific effects on microbial communities are taxon-specific, and
become more apparent with proximity to the plant root. Overall, the composition of the
Pseudomonas community, particularly with respect to species diversity indices, were more sensitive
to plant species effects than the total bacterial community. These differences were observed both in
the rhizosphere and rhizoplane, and with plant residue incorporation, and likely reflect the
copiotrophic characteristics of this bacterial genus. These findings suggest that management-induced
shifts in microbial composition may be stronger within specific individual taxa, thereby potentially
providing opportunities to manage specific components of the microbial community. For example,
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brassica plants may be utilised to promote Pseudomonas species diversity of soil in the rhizosphere,
and with plant residue incorporation.
As previous studies have shown that changes in Pseudomonas community composition, species
richness and diversity, are indicative of the suppressive capacity of grassland soils, the management
practices identified here, notably selection of appropriate plant species for pasture renewal, ‘breakcrops’, or organic amendments, present opportunities by which indigenous soil communities may be
managed to favour a suppressive microbiome. Further experiments are required to determine
whether the management-induced shifts in Pseudomonas communities observed in these studies are
associated with enhanced disease suppression under diverse plant species mixtures in pasture soils.
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Chapter 7
General discussion and future research

7.1 Introduction
The wealth of knowledge regarding the processes underlying soil-borne disease suppression is
derived from examples of soil suppressiveness in arable and, more recently, natural grassland
systems (Weller et al., 2002; Maron et al., 2011). As yet, however, disease suppression under
pastoral agriculture remains vastly understudied. This lack of research has been attributed to a range
of factors, including the inherent complexity, and the long term (perennial) nature of these systems,
as compared to arable cropping. Given the global importance of pastoral agriculture, and the
environmental (biodiversity and ecosystem services) and economic (productivity) value of this land
use, renewed efforts to control soil-borne diseases are required. As such, the overarching aim of this
thesis was to advance the understanding of disease suppression in pastoral soils. A full review of the
research area, challenges, and opportunities is given in Chapter 2. The structured outline of the
research conducted, and the rationale for focussing on Pseudomonas bacteria (from both functional
and phylogenetic perspectives) are provided in the general introduction (Chapter 1).

7.2 Opportunities for on-farm management of key components of the soil
microbiome: Pseudomonas bacteria and disease suppression
The first experimental chapter assessed how Pseudomonas communities in pastoral soils vary with
soil type, soil physicochemical conditions, or geographic distribution (Chapter 3). Assessments of the
general (total) bacterial community were conducted concomitantly to enable findings associated
with Pseudomonas to be interpretable as either ‘specific’ to these taxa, or ‘general’ as part of
changes in the wider bacterial community. The outcomes of this work demonstrated that
Pseudomonas populations are under specific influences; i.e. the ecology of Pseudomonas in soils
(both species composition and abundance), is under different selective pressures than the wider
bacterial community.
The most important driver of Pseudomonas community composition was land use intensification; i.e.
there was distinction in community structure between low-input low-productivity, and high-input
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high-productivity, pastoral systems. This increase in intensification was reflected in changes in the
soil chemistry (Wakelin et al., 2013a), and, as such, it was postulated that the soil conditions in turn
affect the Pseudomonas communities.
In the largest study of its type, an environmental microarray system (GeoChip) was used alongside
the community-based study to provide insights into variation in the composition of genes with
purported roles in disease suppression. This novel work added a functional perspective to the
changes in species in the pastoral soils. The GeoChip results also demonstrated that land use
intensification was the most important driver of disease suppressive functional genes in pastoral soil.
As such, clear links between land use, soil taxa (Pseudomonas), and potential disease suppressive
function were demonstrated. Using a multivariate statistical approach, it was possible to associate
main changes in the soil Pseudomonas populations, and functional gene abundance, with measures
of soil organic matter quality, C:P ratio (nutrient stoichiometry), and aromaticity of the dissolved
organic matter content (carbon recalcitrance).
Overall, this work demonstrated that the disease suppressive biology of pastoral systems varies
greatly among soils, and that this variation may be influenced by how farmers manage land. These
important findings provided the first steps to directed management of farms to enhance the disease
suppressive status of soils.

7.3 Development of a novel bioassay to assess disease suppression in
pastoral soils
The development of a robust assay system for quantifying disease suppression in pastoral soils was
necessary to detect natural variation in soil disease suppression and link this with changes in soil
biology and/or chemistry. After testing the efficacy of multiple plant-pathogen systems, including a
Thielaviopsis basicola / red clover assay, an assay based on Rhizoctonia solani-induced damping-off
(wirestem) of brassicas was further developed and optimised (Chapter 4). The assay is reproducible
and can detect disease at low levels. Indeed, it is also effective in assessment of general background
disease pressure in pasture and, as such, will have value to general soil-borne plant pathology in New
Zealand and abroad.
The assay, described in full in Chapter 4, and published elsewhere (Dignam et al., 2015), was used as
a measure of disease suppression in Chapter 5.
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7.4 Effects of altered soil organic matter on soil microbiota and disease
suppression
Associations between soil organic matter quality and soil disease suppressive communities
(Pseudomonas and functional genes) were demonstrated in Chapter 3. In Chapter 5, these
associations were challenged and validated using a structured experimental design. Soils were
collected from a field trial, in which replicate experimental plots had received different inputs of
plant material for twenty years. Importantly, the soils differed significantly in organic matter quantity
and quality, but other parameters such as soil mineralogy and environmental conditions were
similar. As such, the use of the field trial was representative of field conditions, but was constrained
in much of the natural variability inherent in the previous work (Chapter 3).
The results showed that frequent inputs of plant material into soil altered the chemical, physical, and
microbiological parameters of the pasture. Furthermore, these changes were associated with
enhanced soil suppressiveness to R. solani-induced damping-off disease incidence and severity.
Notably, Pseudomonas bacterial community composition (species richness and diversity), soil organic
matter content, and carbon recalcitrance were shown to correlate with disease progression. These
results supported the associative findings emerging from work conducted in Chapter 3. Collectively,
these results provided strong support for an influence of farm system intensification, particularly
through inputs of organic material, on key relationships between soil chemistry, biology and disease
suppression.

7.5 Hierarchical assessment of drivers of Pseudomonas communities in
pastoral soils
Field-based research, in which on-farm management of carbon availability was consistently
associated with the structure of Pseudomonas communities, was conducted at the bulk soil scale
(Chapters 3 and 5). At this scale, changes in management practices and system intensification were
reflected in associated changes in overall soil properties. However, many changes in soil organic
matter (SOM), either quantitative or qualitative, are likely to occur, and drive changes in soil
communities, at different scales.
As such, the aim of the research in Chapter 6 was to determine whether effects seen previously were
potentially attributable to more subtle influences of on-farm management; for example, those
associated with plant type, proximity to the plant root, or the incorporation of plant residue into soil.
As each of these factors is likely to affect SOM chemistry, the relative impact of each on
Pseudomonas community structure (alongside the wider bacteria community) was quantified. While
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many studies have individually demonstrated the importance of ‘plant’ or ‘rhizosphere’ or ‘soil’ on
microbial communities, this is the first that links across these multiple potential drivers to determine
those that are most important.
Structured hierarchical experimental assays were used to determine the effect of soil, plant, and
proximity to the plant root on bacterial and Pseudomonas communities in soils. ‘Parent’ soil (within
which crops were planted or residues added) was identified as the primary driver of both bacterial
and Pseudomonas community composition. Second-order influences were evident as ‘plant speciesspecific’ effects on microbial communities, and these were most strongly expressed with close
proximity to the plant root. The composition of the Pseudomonas community, particularly species
diversity, was more sensitive to plant species effects than the total bacterial community. Of the three
plant species tested (brassica, clover, and ryegrass), brassica plants harboured the greatest richness
and diversity of Pseudomonas species in the rhizosphere, and the incorporation of brassica residues
led to increased richness and diversity of Pseudomonas species in bulk soil.
Across finer spatial scales, differences in bacterial and Pseudomonas community composition with
proximity to the plant root-soil interface were related to reduced species evenness and diversity at
the rhizoplane, compared to both bulk and rhizosphere soil. As previous studies have shown that
changes in Pseudomonas community composition, and species richness and diversity, are indicative
of the suppressive capacity of grassland soils, the management practices identified here, notably
plant species selection for pasture renewal, ‘break-crops’, or organic amendments, present
opportunities by which indigenous soil communities may be managed to favour a suppressive
microbiome.

7.6 Pseudomonas: a taxonomic indicator of soil suppressive potential?
The genus Pseudomonas was used in this research as it represents a well-studied soil taxon with
respect to biocontrol traits and known contribution to soil suppressiveness. By focusing on
Pseudomonas, the aim is not to suggest that this group of bacteria is solely responsible for disease
suppression in these soils, nor to neglect the importance of other key biocontrol species and
microbial consortia in soil suppressiveness. Instead, a key question this work aimed to address was
“can Pseudomonas be used as a general, taxonomic indicator of soil suppressive potential in pastoral
systems?”
Indeed, the findings of the work provide support for the use of this genus as a taxonomic indicator of
general soil suppressiveness. Pseudomonas communities were found to be useful for monitoring
changes in soil microbiota in response to a range of management practices, particularly those
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affecting SOM (Chapters 3, 5 and 6), and to provide an indicator of soil suppressive potential
(Chapter 5). Notably, it was not the numbers of Pseudomonas present in soil, but the diversity
(species richness) that was of most importance for disease suppression. These results support
commonly reported findings of studies that link enhanced microbial diversity to the provision of
beneficial soil ecosystem functions (Wagg et al., 2014). In contrast, Mehrabi et al. (2016) recently
demonstrated that take-all disease severity was positively associated with the genotypic richness of
culturable Pseudomonas spp. in the wheat rhizosphere. While specific suppression of the take-all
pathogen (Ggt) has been attributed to the enrichment of a distinct group of antibiotic-producing
Pseudomonads in the rhizosphere (Raaijmakers and Weller, 1998), general disease suppression,
considered more enduring in multiple-host-multiple-pathogen systems, is instead attributed to the
enhanced competitive activity and diversity of the indigenous microbial community (Mazzola, 2004).
These contrasting results serve to highlight the system-specific nature of the biodiversity-ecosystem
functioning relationship, and demonstrate that caution should be applied when transferring
understanding of specific suppression, derived from arable systems, directly to the control of soilborne diseases in pastoral systems. As such, further investigations of pasture-based disease systems
are clearly justified.
While increased Pseudomonas species composition and diversity were associated with enhanced soil
disease suppression in the soils tested here, whether they provide a consistent indicator of
suppressive potential across pastoral management practices in the field remains to be tested.

7.7 Implications for management of disease suppression in pastures
The resident bacterial community, and the functional capacity that it harbours, has the potential to
be managed to support the suppression of soil-borne diseases in agricultural systems. The research
conducted in this PhD programme has demonstrated how edaphic, environmental, and farmmanagement factors can alter key phylogenetic and functional traits of the resident soil community.
Following from this, the ultimate goal is to develop practical management strategies focussed on
‘engineering’ these communities towards an enhanced state of disease suppression. Clearly, this is
beyond the scope of this thesis, however areas of further research required to achieve this are
discussed in section 7.8.
Importantly, pastoral management decisions that affect SOM content, particularly carbon quality
(sensu elemental stoichiometry and C recalcitrance), were identified here as key opportunities to
manage disease suppressive communities. These may include:
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Intensification of the farming system through provision of exogenous nutrients (fertilisers) and
provision of water. As well as direct impacts on nutrient stocks and elemental stoichiometry
(Condron et al., 2012; Wakelin et al., 2012; Mudge et al., 2016), these practices are likely to alter
total system net primary productivity (plant growth). This can, in turn, result in altered
deposition of C into soils through root exudation, root turnover, litter fall, and/or grazing-based
inputs;



Altering botanical composition of the pasture. Diversity and composition of grassland plant
species has been shown to differentially affect the abundance of antagonistic Pseudomonas spp.
and soil suppressiveness (Latz et al., 2012). Such plant-specific effects on soil microbial
communities have been widely attributed to the high levels of organic carbon exuded by plant
roots (Bakker et al., 2013). Furthermore, root exudate patterns differ between plant species
(Berg and Smalla, 2009), and can be altered in response to the composition of neighbouring
plants (Bais et al., 2004). Therefore, pasture plant species-specific exudation of labile C into the
rhizosphere likely contributes to the effects of botanical composition on soil microbial
communities (Chapter 6);



Crop rotation and the use of ‘break-crops’. Rotational cropping is implemented in arable
agriculture as a means to circumvent the impacts of negative plant-soil feedbacks (Bever et al.,
2012), typically leading to a reduction in soil-borne pathogen populations in the absence of the
host plant. These management decisions are also likely to alter the balance of SOM, particularly
for discrete periods of time, and offer opportunities to alter soil biology in pasture systems. For
example, the choice of break-crop before pasture (brassica, maize, fallow, or others), and the
decision to either graze or harvest these crops, are likely to affect both the type and amount of
organic matter in soil. As such, there are downstream consequences for soil biology and disease
suppression as new pasture is established;



The specific use by farmers of organic amendments (e.g. activated charcoal; crop residues).
Enhancing microbial diversity and activity through the application of organic amendments has
effectively controlled a range of soil-borne pathogens (Bonanomi et al., 2010; Chapter 5). Such
practices alter the wider soil chemistry, affecting the balance of soil carbon and, in turn,
microbial diversity and activity (Steinbeiss et al., 2009);



Alteration of stocking type, stocking rate, and grazing patterns (e.g. cell grazing). Any of these
practices would provide the opportunity to manage inputs or return of organic material to soil
(i.e. animal waste), and to regulate impacts of plant growth, through light or heavy grazing, on
plant C allocation and exudation of labile C into the rhizosphere.
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7.8 Future work
The research in this thesis comprises the first steps towards achieving the potential to manage
pastoral soils towards enhanced disease suppression. The work has demonstrated key ‘proof-ofconcept’ links between disease suppressive communities, and alteration of the soil environment
through farm management practices. From this knowledge, ongoing work must initially confirm
these findings, and then build on these towards development of practical strategies that can be used
on-farm, and which balance gains from plant protection (productivity) with any off-sets in system
profitability. In particular, future efforts should be targeted towards rigorous testing of the
associations between the management practices identified in this thesis and soil suppressiveness.
This work has demonstrated short (microcosm) and long-term (field trial) impacts of management
practices on bacterial communities in pasture soil. It is, however, important to determine whether
these relationships are widely applicable across pastoral systems, and whether they consistently
associate with general disease suppressive potential. This will require experiments that involve the
manipulation of soil properties (both microcosm and field-based studies) combined with multiple
plant-pathogen assays to assess the success of the disease mitigation strategy implemented.
It is proposed that measuring disease incidence on host plants unrelated to a system’s current crop
species (i.e. kale rather than a grass or a legume), induced by a broad host range pathogen (i.e.
Rhizoctonia solani), will provide a better measure of underlying general, rather than specific, disease
suppression. Approaches based on similar principals have been used previously (van Overbeek et al.,
2012; Senechkin et al., 2014). To validate this approach across pasture soils, the capacity to suppress
multiple soil-borne pathogens will need to be quantified using multiple bioassays that reflect the
diverse botanical composition, and dynamic pathogen complexes, of pastoral systems. This is
particularly important given observations of pathogen-specific suppression induced in response to
manipulation of the resident soil microbiota. For example, contrasting control of two components of
the apple replant disease complex, Rhizoctonia solani and Pythium spp., was observed in response to
brassica seed meal amendment in orchard ecosystems (Mazzola, 2007). However, with a detailed
understanding of the underlying mechanisms, management practices can be adapted to induce
simultaneous suppression of multiple pathogen populations (Mazzola et al., 2007). As such, further
investigation of the effects of disease mitigation strategies on an appropriate range of plantpathogen interactions should be undertaken.
In line with the findings of other studies, this work has demonstrated the importance of edaphic and
environmental factors in shaping soil microbial communities (Chapters 3 and 5), and has also alluded
to the impact of soil x farm management interactions on the ability to manipulate the resident
microbiota (Chapter 6). However, the importance of the ‘parent’ soil, or environmental conditions, in
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determining the potential for management practices to alter soil biology, and induce and/or enhance
soil suppressiveness, has not been addressed directly. Given the expansive nature of pastoral
agriculture, it will be particularly important to test the outcomes of this work against a background of
potential biological constraints; i.e. across a range of different soil backgrounds (soil types) and
climates (geographical locations). Further, the role of climate change induced impacts on the
ecosystem services provided by soil biology in agricultural grasslands are largely unknown (Orwin et
al., 2015). Future work must consider these influences.
As the technologies associated with high-throughput environmental microbiome characterisation
have become more routine and accessible, there is now a very real opportunity to provide field-level
diagnostics that measure certain parameters of disease suppressive communities (e.g. Pseudomonas
bacteria or indicator functional genes) and/or pathogen population levels. These DNA-based
diagnostic assays will allow farmers, and others making land management decisions, to rapidly
determine the influence of management choices on the biology of their soils and ecosystem services
provided (Wakelin et al., 2016a).
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