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Chapter 1

The soil ecosystem consists of the largest reservoir of biodiversity on Earth (Zak et
al., 2003; Decaéns, 2010; Bardgett and Van der Putten, 2014). Microbial communities
are unseen drivers in soil ecosystems, and they play an important role in determining
a wide variety of soil processes in terrestrial ecosystems (Van der Heijden, et al., 2008;
Fester et al., 2014; Delgado-Baquerizo et al., 2016; Singh and Gupta, 2018). Soil
microbial communities can influence plant performance and can drive plant species
composition on a particular soil. Soil microbes are associated with an extensive range
of ecosystem processes, such as nitrogen (N) and carbon (C) cycling, organic matter
decomposition, soil structural formation and stability and these processes, in turn,
affect plant growth (Beare et al., 1992; Ehrenfeld et al., 2005; Schimel and Schaeffer,
2012; Bardgett et al., 2014). While these processes can benefit plant growth, the soil
microbial community also harbors microbes that compete with plants for nutrients or
are pathogenic and impair plant growth. This leads to the question if plants can

manipulate the composition of the soil microbial community to their advantage.

In agriculture, the physical structure of the soil is often altered to improve crop
production and this modifies biological components and microbial properties of the
soil (Mousavi and Eskandari, 2011; Van der Heijden et al., 2013; Van der Putten, et
al., 2013). Moreover, green crop management technologies, such as regulation of soil
microbial biodiversity, application of beneficial microbial agents and induction of
plant hormonal resistance, are regarded as promising approaches against pests and
microbial pathogens (Chung et al., 1988; Kennedy and Smith, 1995; Neher, 1999;
Sturz and Christie, 2003). Although many experiments have shown that activation of
hormonal signaling pathways can boost a plant’s immunity against pathogenic
microbial attacks, whether and how these hormonal signaling pathways affect the soil
microbial community and consequently plant growth is still poorly understood
(Berendsen et al., 2012; Graham, et al., 2016). Therefore, to better understand the
roles of soil microbial communities at both taxonomic and functional level, studies
from a plant defensive perspective are timely and needed, and this is the main focus
of this thesis.

1. The relationship between plants and soil microbial communities
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In the early middle ages, under Charles the Great, cropping and fallow rotations were
already applied in Europe (van der Putten et al., 2013). Chinese historical books
record that cropping and fallow rotations in China began even in the ancient Warring
States period, which ran from 475 BC to 221 BC (Zhang and Yu, 2006). In agriculture,
all these ancient practical actions aimed to overcome the same problem: a soil

becomes less suitable for a crop if this crop is grown in that soil repeatedly.

We have since become aware that the negative impact of soil on plant growth is
dependent on the role of soil microbes. Particularly, in the early 2000s, a large number
of studies began to emphasize that the relationship between plants and soil microbial
communities is bidirectional, rather than unidirectional. Plants can affect the
microbial communities in the soil, and in turn, soil microbial communities also
influence plant growth. Nowadays it is clear that the interactions between plants and
soil microbial communities are extremely complicated (Van der Heijden, et al., 2008;
Fester et al., 2014; Singh and Gupta, 2018).

1.1 Effects of soil microbial communities on plants

Generally speaking, plant-microbial interactions can be broadly subdivided into three
basic groups of effects. Firstly, in many cases plants and specific microbes do not
affect each other strongly. Secondly, there are negative effects on plants through root-
associated organisms that form pathogenic relationships with plants. These
pathogenic organisms in the rhizosphere include parasitic nematodes, fungi, Archaea,
bacteria and invertebrate herbivores. Soil pathogens can reduce plant productivity,
thus impacting ecosystem processes. Ecologists are long aware that soil microbes can
cause serious reductions in plant growth (Nijjer et al., 2007). Among a myriad of soil-
borne microbial pathogens, Phytopathora, Pythium, Fusarium and Verticillium are
well-known genera and they have been widely reported to have negative effects on
the production of many crops and economically important tree species, such as potato,
wheat, radish, pea and oaks (Harman et al., 1980; Nirenberg, 1981; Jung et al., 1999).

Thirdly, root-associated organisms can have positive effects on plant growth. For
example, several plant growth-promoting rhizobacteria (PGPR), like Pseudomonas

and Burkholderia, residing in the rhizosphere may repress the growth and activity of
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soil-borne pathogens and other attackers (Bhattacharyya and Jha, 2012). PGPR
commonly reside in the rhizosphere, where they are important regulators involved in
numerous biological processes affecting host plants, e.g. solubilizing phosphate,
fixing available soil nitrogen, producing siderophores, phytohormones, producing
volatile organic compounds (VOCs), inducing host systemic resistance and systemic
acquired resistance and stimulating antifungal compounds (Wei et al., 1991; Nelson,
2004; Esitken et al., 2010; Bhattacharyya and Jha, (2012). Arbuscular mycorrhizal
fungi (AMF) can act as a natural extension of the host root system, to increase the
possibility of plants to obtain resources from the soil, and plants provide carbon (C)
to the AMF in exchange (Azcon-Aguilar et al., 1992; Barea, 2000). Moreover, some
proteobacteria, such as legume-nodulating Burkholderia strains, and species of the
genus Azoarcus and Sinorhizobium meliloti, are well known for their functions in
fixing soil atmospheric nitrogen, which also benefits host plants (Reinhold-Hurek et
al., 1993; Chen et al., 2003; Hayat et al., 2010; Schliiter et al., 2010). Additionally,
root endophytes can play an important role in enhancing both biotic and abiotic stress
tolerance in plants (Dimkpa et al., 2009), while some rhizosphere bacteria produce
antibiotic compounds or protective biofilms that prevent the plant from attack by

pathogenic soil bacteria.

Many studies report that the overall net effect of soil microbial communities on plant
performance is negative (Nijjer et al., 2007). Inoculation of soil-borne microbial
communities into sterilized soil often causes a reduction in plant growth. Negative
effects of the soil microbial community on plant growth can be due to nutrient
competition between plants and microbes and due to soil-borne plant-pathogenic
microbes. Soil microbes, such as AMF, phosphorus-solubilizing bacteria, proteases
and nitrogen-fixing bacteria can assist plants in taking up more nutrients from the
surrounding soil. However, plants and microbes also depend largely on the same

inorganic nutrients and therefore compete for these nutrients.

Plant-soil feedback studies, mostly show that inoculation of sterilized soil with
microbial communities collected from underneath conspecific plants has a stronger
negative effect on plant growth than inoculation with microbial communities from

other plant species, suggesting that plant species-specific pathogenic or plant growth-
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inhibiting microorganisms build up in the rhizosphere (Pendergast et al., 2013;
Dawson et al., 2017; Howard et al., 2020). Studies with pure “home soil” and “away
soil” also generally report negative effects of “home soil” on plant growth (Manning
et al., 2008; Ayres et al., 2009). All these studies suggest that pathogenic effects of
micro-organisms play an important role in the interaction between plants and the soil
microbial community. These studies furthermore suggest that many of the interactions
are species-specific and that plants affect the microbial community in a species-
specific way and vice versa. Moreover, it is worth noticing that soil microorganisms
can also affect the above and belowground defense system of a plant (Huberty et al.,
2020). For instance, soil-borne microorganisms affect the composition of
pyrrolizidine alkaloids (PAs) and the total PA concentration in the plant Jacobaea
vulgaris (Joosten et al., 2009; Kostenko et al., 2012; Kos et al., 2015). Studies that
explore the mechanisms behind the interactions between plants and the soil microbial
community nowadays are boosted by the molecular tools that make it possible to
study the composition and functions of microbial communities. In this thesis, I will

concentrate on the effects of the microbial communities on plant growth.
1.2 Effects of plants on rhizosphere microbial communities

The term rhizosphere was introduced by Hiltner in 1904 to describe the layer of soil
that was influenced by the root of a plant (Hiltner, 1904). In comparison to root-free
soil, the rhizosphere is an area where plant roots and soil microorganisms are mutually
interacting. Soil properties (pH, humidity, chemical composition, texture and
structure) play an important role in the modulation of rhizosphere microbial
communities (Borner, 1960; Bach et al., 2010). However, plants also greatly influence
the structure and function and diversity of microbial communities, especially in the
rhizosphere (Grayston et al., 1998; Girvan et al., 2003; Nunan et al., 2005; Berg and
Smalla, 2009; Dennis et al., 2010). Plant species differ in their effect, and in the
strength of this effect, on microbial communities (Zak et al., 2003; Mangan et al.,
2010). Other studies showed that bacterial communities in the soil of grass and forb
species differ (Hannula et al., 2019) and that the structure and function of soil
microbial communities of exotic plant species are different from those of native

species (Kourtev et al., 2003). A prediction of how specific crops will influence the
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soil microbial community may help to reduce risks and yield losses in agriculture, but,

so far, this is poorly understood and remains a long-term challenge.

Plants synthesize a vast array of secondary metabolites (SMs) and more than 100,000
are reported (Dixon, 2001; Quiroga et al., 2001; Bartwal et al., 2013). Many studies
have demonstrated that these compounds are involved in the chemical defense of
plants against pathogenic microbes (Van Loon, 2007; Boller and He, 2009). In
particular, root exudates are key drivers of microbial diversity and composition in the
rhizosphere. For example, sugars, organic acids and amino acids are well-known
nutrients for microbes (Canarini, et al., 2019). The composition and concentration of
these metabolites in the rhizosphere depend upon the plant species and overall

environmental conditions (Broeckling et al., 2008; Zahar et al., 2008).

Plant chemical defenses play an important role in plant-pathogenic microbe
interactions. It has been suggested that the diversity of defensive compounds has
evolved as a result of an evolutionary arms race between the plants and their potential
attackers (Ehrlich and Raven, 1964). In particular, those defenses based on molecules
with low molecular weight, and long-distance communicating molecules, such as
volatile organic compounds (VOCs) (Insam and Seewald, 2010; Frankenberger and
Arshad, 2020). Moreover, SMs, such as citronellal, berberine and pyrazines are also
functioning in plant defense against pathogenic microbes (Wink, 1988; Tyc et al.,
2017).

In addition, plants can regulate the production of protease inhibitors to defend
themselves (Lawrence and Koundal, 2002; Habib and Fazili, 2007). Microbial
pathogens can secrete extracellular protease enzymes, and those enzymes can digest
some proteins in the tissues of plants (Ryan, 1990). Plants can defend themselves from
protease-related pathogens through expressing protease inhibitors and also regulate
them to accurate and strict concentrations. Researchers have generated some
transgenic plants with high expression of protease inhibitors, such as transgenic rice,
potato, soybean, and these plants exhibit increased resistance against various
pathogens (Cowgill et al., 2002; Rahbé et al., 2003).

12
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Moreover, induced defense responses in the plant influence the chemical composition
of root exudates and through that the bacterial community structure in the soil.
Salicylic acid (SA), ethylene (ET), abscisic acid (ABA) and methyl jasmonate (MeJA)
hormonal signaling pathways can alter the bacterial community composition in the
soil (Carvalhais et al., 2015; Lebeis et al., 2015). Van der Meij et al. (2018) showed
that application of SA to endophytic actinobacteria stimulates antibiotic production.
Altogether these findings suggest that activating hormonal signaling may not only
boosts the plant's defense system directly but also can affect the microbial
composition on the soil thereby potentially mitigating the negative effects of the soil

microbial community on plant growth.
2. Plant hormonal induced defense against soil-borne pathogens

To counteract the effects of microbial pathogens, plants have evolved a broad range
of defensive mechanisms, which are partly regulated via hormonal signaling
pathways (Fujita et al., 2006). Defense, as an essential and effective strategy for
terrestrial plant species against pests and pathogens has been broadly developed in
plants (Wesson and Wesson, 1993; Bronstein, 1998; Agrawal, 2011; Turley et al.,
2013; Zhang et al., 2015). Induced defenses are defenses that are activated after
infection occurs and enhance plant fitness (Boots and Best, 2018). Phytohormones
are a group of natural plant compounds with low molecular weight that play an
important role in the regulation of plant growth and development and induced plant
resistance against pests and pathogens. SA, ET, abscisic ABA, MeJA, auxin,
cytokinins (CKs), gibberellic acid (GA) and brassinosteroids (GAs) are commonly
studied phytohormones. Besides these, there are also several other compounds (e.g.
karrikins, triacontanol and nitric oxide) that can be involved in induced plant defense,

but their functions are still under debate.

Each phytohormone has clear functions, however, they can also exhibit strong
interactive effects. For instance, JA and SA are well-known for their negative cross-
talk (Munné-Bosch and Miiller, 2013). Upregulating the SA signaling can lead to
downregulation of the JA signaling and vice versa. Such cross talk is one of the
mechanisms that can explain why plant pathogens in the soil can e.g. affect herbivory

above ground (Aljbory and Chen, 2018). Although most hormones have been
13
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implicated to be involved in defense pathways, the key regulator against pathogens
and pests, in particular, to defend plants against biotrophic, necrotrophic pathogenes
and herbivores, are the phytohormones JA and SA (Bari and Jones, 2009). In the
following sections, JA and SA induced resistance in plants against soil-borne

pathogens is described separately.
2.1 JA-induced resistance

JA is associated with several biological processes in plants. Specifically, JA can
stimulate the germination of seeds, negatively impacts root growth, and invokes tuber
formation and fruit ripening. Apart from these functions, JA is well-known for being
involved in induced resistance against herbivores and for being a regulator of the
activation of induced systemic resistance (ISR) of plants against necrotrophic

microbial pathogens.

The biosynthesis of JA has been mostly studied in the model plant species
Arabidopsis thaliana and tomato (Lycopersicon esculentum) (Ruan et al., 2019). Both
biotic and abiotic stresses can induce the synthesis of JA. In plant tissues JA can be
converted into JA-isoleucine conjugate (JA-Ile) by JARI1 (an auxin-induced gene),
JA-Ile is a bioactive state of JA. MYC is a family of regulator genes that code for
transcription factors and JA-Ile activates the MYC transcription factors by directly
binding to the jasmonate zim-domain (JAZ) and a coronatine insensitivel (COI1)
protein, which results in the degradation of JAZ transcriptional repressor proteins
through the proteasome pathway. These processes result in the activation of
transcription factors and the regulation of JA-responsive genes (e.g. MYC2, ERF1
and ORAS59), which are associated with plant responses against environmental
stresses from pathogens, wounding, and insect herbivory, biosynthesis of secondary
metabolites, and with plant growth and development. For example, Carvalhais et al.
(2015) demonstrated that the JA signaling pathway affects the composition of root
exudates by enhancing the production of ornithine and that ornithine can be used by
plant growth-promoting bacteria such as Pseudomonas fluorescens, which in turn has

a positive effect on plant growth.
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Due to the effectivity of JA-induced resistance against herbivores, in agriculture,
foliar application of JA or MeJA has been considered as an alternative approach to
control pests rather than using chemical pesticides. This theory has been tested in
several crop plant species, including corn, tomato and wheat (Mandal et al., 2006;
War et al., 2011; Chen et al., 2018).

In addition, to increased resistance to pests, JA-mediated defense also regulates the
plant’s response to necrotrophic microbial pathogens, e.g. Pseudomonas syringae,
Fusarium oxysporum and Hyaloperonospora parasitica (Antico et al.,, 2012;
Wasternack and Strnad, 2018; Li et al.,, 2019). The activation of JA-signaling
pathways in the plant can result in changes in the composition of bacteria in the
rhizosphere as was shown for the plant A. thaliana (Carvakhais et al., 2013). The
mechanisms behind this are not yet fully resolved. JA signaling may directly affect

microbial species or through the interaction with SA signaling.
2.2 SA-induced resistance

SA is another well-studied hormonal compound, which plays an important role in the
activation of SA-induced resistance against biotrophic microbial pathogens.
Hypersensitive response (HR) is a primary manifestation of a plant to pathogenic
attack, e.g. due to cell death of the tissues surrounding the infection, to control the
spread of pathogens. Cultivars that are highly sensitive to SA are often more tolerant

of microbial pathogens (Seskar et al., 1998).

Infection of plant tissues with biotrophic pathogens leads to the accumulation of SA,
as well as monomerization of NPR1 via SA-mediated redox changes in the cell. Later,
monomeric NPR1 is relocated into the nucleus, at which the monomeric NPR1
interacts with TGA transcription factors, as a result, SA-responsive genes are
activated. A large number of WRKY genes are induced by SA, among which some

can regulate SA-responsive gene expression (Van der Does et al., 2013).

SAR is associated with the expression of pathogenesis-related proteins (PRPs). PRPs
include proteins like B-1, 3-glucanase and chitinases (Van Loon and Van Strien, 1999).

Commonly, both chitinases and glucanases show antimicrobial activities. Once PRPs
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are induced by SA, they take actions in several ways to assist plants against pathogens.
These actions can be direct and indirect (Edreva, 2005). PRPs can direct breakdown
or damage pathogens based on their antifungal and antibacterial activities. In addition,
PRPs can indirectly boost host defensive abilities through hydrolytic released
compounds of fungal cell walls, e.g. ochitin and glucan fragments. These released
oligosaccharides could further stimulate a series of defensive responses in host plants
(Lawrence et al., 2000; Edreva, 2005).

SA induced resistance can interact with beneficial bacteria and fungi, such as
Pseudomonas, plant growth-promoting bacteria (PGPR), arbuscular mycorrhiza fungi
(AMF). Those beneficial microbes interact with SA-induced resistance through
species-specific microbe-associated molecular patterns (MAMPs) (Bittel and
Robatzek, 2007; Choi and Klessig, 2016). MAMPs are special components on the
surface of general microbes, such as, Trichoderma, Bacillus and Pseudomonas
(Pieterse et al., 2014). Once a host plant recognizes these MAMPs, the plant will
activate its innate systemic defensive system to be ready to cope with future

pathogens.

Exogenous application of SA or Methyl SA to activate SAR is a way to control
microbial pathogenic diseases. In many crops, like tomato, pepper and pea exogenous
application of SA results in a suppressing effect on microbial pathogens (Esmailzadeh
et al.,, 2008; Barilli et al., 2010; Choi and Hwang, 2011). Overall, in agriculture,
improving SA-mediated resistance has become a promising strategy to control

microbial pathogens and viruses.
3. Adaptation of microbes to plant defenses

Plants are not the only organisms that can produce hormonal compounds, which
stimulate the activation of signaling pathways in the plant. For example, plant growth-
promoting rhizobacteria can produce and/or degrade phytohormones, and in this way
interfere with the regulation of plant growth (Dodd et al., 2010). Not only beneficial
bacteria but also pathogenic microbes can produce hormones or compounds that

impact plant growth.
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Some microbial pathogens can mimic the production of plant hormones and are able
to highjack the plant immune system (Cui et al., 2005; Laurie-Berry et al., 2006;
Navarro et al., 2008). Cui et al. (2005), for example, reported that the bacterial
pathogen (Pseudomonas syringae) activated induced systemic resistance in A.
thaliana by producing coronatine (COR). This compound can mimic the function of
the JA hormone, thereafter induce the JA-related signaling pathway in host plants.
Besides, Laurie-Berry et al. (2006) also demonstrated that P. syringae could utilize
COR to upregulate the JA pathway in host plants and suppress the SA-mediated

signaling pathway in tomato plants, making P. syringae even more virulent.

Some bacteria can synthesize SA by converting their chorismate through
isochorismate synthase (ICS) and isochorismate pyruvate lyase (IPL) (Chen et al.,
2009; Dempsey et al., 2011). This has been reported for several bacteria species, like
Pseudomonas aeruginosa and P. fluorescens (Mercado-Blancoet al., 2001; Kerbarh
et al., 2005; Al-Mustafaet al., 2009). The production of SA by bacteria can increase
the plant’s resistance against pathogens. For example, the production of SA by P.
aeruginosa can enhance the resistance of plants against the bacterial pathogen
Botrytis cinerea, which causes leaf diseases on bean (De Meyer and Hofte, 1997); P.
fluorescens enhances plant defense in chickpea against Fusarium wilt (Saikia et al.,
2003).

4. Contradictory observations of SA signaling on the soil microbial community

Many studies investigated the effects of hormonally induced defenses on single
pathogens (El-Khallal 2007; Abo-Elyousr et al., 2009; Mandal et al., 2009). However,
our knowledge about the impact of activating plant hormonal signaling pathways on
the composition of the soil microbial community is still limited and contradictory

(reviewed in Hacquard et al., 2017).

Lebeis et al. (2015) examined the effect of SA on isogenic A. thaliana mutants with
altered immune systems and found that plants with an altered SA signaling pathway
contained rhizospheres that differed in the relative abundance of specific bacterial
families as compared to wild type plants. Kniskern et al. (2007) using A4. thaliana

mutants found that activation of SA signaling pathways reduced endophytic bacterial
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community diversity, whereas plants that were deficient in JA-mediated defenses
experienced greater epiphytic bacterial diversity. When a plant is exposed to
microbial pathogens or herbivory, the plant changes the composition of the primary
and secondary metabolites that are produced, and this can impact the soil microbial

community, and may result in a feedback to the plant (Rolfe et al., 2019).

Several other studies showed that there was no effect of activation of SA signaling on
the soil microbial community. For instance, Wang et al. (2015) found that higher
concentrations of exogenously added SA inhibited the growth of grape plants,
however, there was no direct correlation between the inhibitory effects of SA on plant
growth and the diversity of the soil bacterial or fungal community. Similarly,
Doornbos et al. (2011) found that chemical activation of JA- or SA-induced resistance
did not significantly affect the composition and diversity of the rhizosphere bacterial
community in 4. thaliana. Hein et al. (2008) compared the effect of SA-induced
resistance on the diversity of rhizosphere bacterial communities in several
Arabidopsis mutants and found that changes in microbial composition were not
caused by the induction of the SA signaling pathway. Even though the previous
mentioned study showed that activation of SA-dependent defenses did not change the
composition of soil microbial community in A. thaliana and the SA-independent
defense was not induced by foliar application of SA, this still provides a great value
to understand the interplay of activating SA-signaling pathways and microbial
composition (Sonnemann et al., 2002; Doornbos, et al., 2012; Moccia and Lebeis,
2019).

All taken together, the role of induced resistance on the soil microbial community is
still being debated, and more research on the impact of upregulated hormonal
signaling in plants on the composition and functionality of the soil microbial

community is necessary.
5. Characterizing microbial communities

Microbial communities can be characterized using metagenomics tools.
Metagenomics aims at determining the microorganisms as a whole and allows us to

extract the biological information of all the microbes from the environment directly
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(Hugenholtz and Tyson, 2008). Up to date, metagenomics has been widely applied in
various environments to investigate microbial communities ranging from soils, water,
ocean and human gut (Handelsman, 2004; Daniel, 2005). However, the lack of
reference sequences and genomes is a major drawback of metagenomics
(Krehenwinkel et al., 2019).

The microbial community can be characterized on basis of the species present or on
the basis on the genes and their functions that are expressed in the microbial
community. While the first is highly relevant to understand the diversity and the
dynamics of microbial populations and communities, the second is of great
importance if we want to understand the mechanisms behind plant-microbial
interactions and how a microbial community adapts to the environment. In other
words: taxonomic information helps to answer the most primary question for soil
microbial-ecologists: Who is there? Analysis of gene expression helps to understand
what they are doing. Amplification of 16S rRNA barcode markers is commonly used
to determine bacterial microbial communities and the costs of characterizing part of
the genome are much lower than sequencing the whole genome. Pipelines for 16S
rRNA gene sequencing and identifying operational taxonomic units (OTUs) by
aligning the reads against known public databases (e.g. NCBI, EzBioCloud 16S
database and MBGD) are available. Nowadays, high-throughput sequencing has
become a vital and cost-effective tool for profiling functions of soil microbial
communities. It can generate a high volume of data and long read lengths. Illumina
short reads sequencing (up to 250 bp) has a high output and low read errors. In this
thesis, the [llumina sequencing platform is used to examine the microbial composition

and functional genes of rhizosphere soil microbial communities.

Also to process metatranscriptomics data existing pipelines can be used. These
pipelines can be modified and applied to different experimental designs. For example,
the IMP pipeline incorporates robust read preprocessing and is suitable for analyzing
metagenomic and metatranscriptomics as it provides information on both microbial
structure and functional genes (Narayanasamy et al., 2016). MetaTrans is an open-
source pipeline developed for a paired-end RNA-Seq analysis (Martinez et al., 2016)

while the functional mapping and analysis pipeline (FMAP) provides alignment, gene
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family abundance calculations and open-level statistical analysis (Kim et al., 2016).
SAMSA? is a standalone metatranscriptome analysis pipeline and is used on a
supercomputing cluster, which is more flexible and reproductive in processing a large
volume of sequence data (Ni et al., 2016). In this thesis I used a modified pipeline that
can run on a regular computer and is easily customized. The pipeline that was used
assists with the transcriptomic tools Trinity and Trinotate. Transcripts generated by
Trinity can be annotated with Trinotate and Trinotate allows users to perform
functional annotation with several selective methods, such as homology search,
protein domain search, or protein peptide domain search. The combination of these
two bioinformatic tools enabled us to explore the structure and the functionality of

microbial communities (Haas et al., 2013).

6. Research questions

A number of studies have shown that the overall effect of the soil microbial
community on the growth of J. vulgaris seedlings is negative (Bezemer and van Dam,
2005; Van de Voorde et al., 2012; Wang et al., 2019). In this project, we asked
whether this negative effect of the soil microbial community could be mitigated by
the activation of Me-JA and SA signaling pathways through an effect on the

composition of the soil microbial community.

First, | studied in four plant species (J. vulgaris, Cirsium vulgare, Trifolium repens
and Daucus carota) how the growth of these plants was affected by the presence of a
live microbial community in the soil. Then, I examined, for J. vulgaris that grew less
well in live soil than in sterilized soil and for which the negative effect of the live soil
on plant growth was mitigated by exogenous application of SA on leaves of the plant,
how the application of SA alters the soil microbial community on both taxonomic and
functional levels through a multi-generational experiment where I analyzed mRNA
of the soil. In addition, I studied for how long during the plant’s life the negative effect

of a live soil on plant growth is maintained.

Specifically, the following research questions are addressed in this thesis:
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(1) Do the effects of the soil microbial community on plant growth differ among four
plant species that occur in the same habitat? Does the foliar application of JA and SA
alter the effects of the soil microbial community on plant growth of these four plant
species? Does the negative effect of the soil microbial community increase or
decrease over successive generations of plant growth in J. vulgaris inoculated with

the soil of the previous generation, and how is this influenced by SA application?

(2) How does the application of SA on J. vulgaris affect the composition of the
microbial community in the rhizosphere? How does the soil microbial composition
change over plant generations, when in each generation sterilized soil is inoculated
with soil from the previous generation for plants that are treated with SA and untreated

control plants?

(3) Does the application of SA on J. vulgaris alter the gene expression in the
rhizosphere? Does the application of SA impact microbial gene expression over
generations? Which groups of genes are influenced by SA-treated soil samples

compared to control over generations?

(4) How long does the effect of inoculum of 10% soil containing a natural microbial
community on plant growth last? Does the timing of inoculation change the effect of

soil microbial communities on plant growth in J. vulgaris?
7. Thesis outline

Many plant species grow better in sterilized soil than in soil that contains a live
microbial community, this could be due to an overall net pathogenic effect of soil
microbial communities. To find out if an overall negative effect on plant growth is a
common phenomenon in nature, in Chapter 2, four plant species were grown in either
sterilized soil or sterilized soil containing 10% of live soil. In addition, I exposed plant
leaves to two hormonal treatments (jasmonic acid and salicylic acid) to examine if

hormonal defense pathways can influence the microbial effects on plants.

In Chapter 3, I sequenced and analyzed the microbial communities from the

experiment of Chapter 2, to investigate if SA-induced defense had an impact on the

21




Chapter 1

taxonomic composition of the microbial community in rhizosphere samples using
Illumina sequencing. Since the application of SA mitigated the negative effect of soil
microbial communities on the growth of J. vulgaris, 1 used this species to study the
changes in the composition of the microbial community in response to SA application

for four generations of plant growth.

As described in Chapter 2 and 3, certain groups of microbial species responded
differently to the exogenous application of SA on plant leaves. However, the functions
of those microbial species in the rhizosphere are largely unknown. Therefore, in
Chapter 4 | used metatranscriptomics to study the functional genes and clusters in
the rhizosphere microbiome of both SA-treated and control samples. The changes in

microbial functional genes over four generations were analyzed and compared.

Studies on plant-soil-interactions often address the soil microbial effect with
measurements on plant absolute biomass. However, even if there is no difference in
the relative growth rate (RGR), the absolute difference in plant growth can still
increase. In Chapter 5, | studied for J. vulgaris how long the negative effect of live
soil on plant growth is maintained. Also, I studied if the timing of inoculation affected
the RGR of this species. Finally, the results described in this thesis and their

implications are discussed in Chapter 6.
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