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The sky is not always blue, especially when it rains.

Nie zawsze niebo jest niebieskie, szczegolnie kiedy pada deszcz.

T. Pefczyniski
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General introduction and thesis

outline

A part of this chapter in modified version was submitted for publication
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Soil — a habitat of microbes

Soil — the thin top layer of the Earth’s surface — is so common that often we do not think
about it as an ecosystem with diverse life support functions. On a global scale, soil supports
life on our planet by cleaning our drinking water, degrading toxic compounds, recycling of
nutrients, and protecting plants from pests and diseases. These functions of this fascinating
vet highly complex and heterogeneous world beneath our feet are largely governed by
microorganisms with an estimated number of around 10° bacteria cells and up to 50,000
bacterial taxa in just one gram of soil (Roesch et al., 2007; Wagg et al., 2014). Together with
other (micro)organisms like fungi, archaea, protists and viruses they constitute an
enormous richness of microbial life (Tecon and Or, 2017). Soil environments can be
remarkably diverse depending on their geographic location and the history of land use, but
they are typically composed of a solid fraction (minerals), organic matter, live organisms,
and water or gas-filled pores (Diaz-Zorita et al., 2002; Tecon and Or, 2017). A large
contribution to the heterogeneity of the soil environments comes from the formation of
aggregates with different physical and chemical characteristics (Rillig et al., 2017). Is it easy
to be a microorganism in the soil? Certainly, living in the soil offers a variety of resources
and diverse niches that are colonized cooperatively or in competition with other organisms
(Pande and Kost, 2017; Vos et al., 2013). For more than three hundred years, we isolate and
grow soil bacteria under laboratory conditions. Already thousands of bacterial species have
been catalogued and preserved, but this is just the tip of the iceberg: most likely the vast
majority of soil microorganisms do not survive extraction from their natural environments
or can be cultivated in artificial media (Hofer, 2018; Pande and Kost, 2017). Despite these
limitations, however, new sequencing technologies have enabled us to explore the
unculturable and yet unknown fraction of the soil microbiome.

Microbial life at the interface between soil and plants

Plant roots live in a close relationship with soil microbes and both sides of this relationship
rely on each other. Plants recruit microorganisms from the reservoir present in the sail,
creating a specialized environment around their roots. This specific ecosystem, called the
rhizosphere, is strongly influenced by root exudates containing various substrates that can
constitute up to 40% of the plant’s fixed carbon (D. L. Jones et al., 2009; Rillig and Mummey,
2006). Compared to the bulk soil (i.e. soil without plant roots), the microbial communities
in the rhizosphere are substantially more numerous (approximately 10 to 100-fold higher)
but taxonomically less diverse; this is called the rhizosphere effect (Bakker et al., 2013;
Mendes et al., 2013; Minz et al., 2013). The rhizosphere communities are a subset of the
microbes residing in the soil possibly complemented with endophytic microorganisms
residing inside the germinating seeds, and their composition depends on the plant species
or even genotype within a given plants species (Berg and Smalla, 2009; Hartmann et al.,
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2009). What kinds of microbes do plants select in the rhizosphere? From an evolutionary
perspective, plants are expected to recruit and support microorganisms that are beneficial
for their growth, development and health. Hence, various rhizosphere microorganisms have
been identified that exhibit beneficial functions for plants such as promoting germination
of seeds (13), nutrient acquisition (Brussaard, 2012; Soil Microbiology, Ecology and
Biochemistry, 2015), growth promotion via the production of phytohormones (Babalola,
2010; MacMillan, 2001; Saleem et al., 2007; Sousa and Olivares, 2016), inducing the plant’s
systemic resistance to infection (Bakker et al., 2003; Haas and Défago, 2005; Harman et al.,
2004; Pieterse et al., 2014; Sousa and Olivares, 2016; Zehnder et al., 2001), or protecting
directly against infectious root pathogens (Haas and Défago, 2005; Raaijmakers et al., 2002;
Raaijmakers and Mazzola, 2012; Sousa and Olivares, 2016). This latter group of pathogenic
microorganisms also responds to root exudates as cues for locating a host plant for
infection. Hence, it has been postulated that soil-borne pathogens and parasites have
hijacked the signals that the plant developed to recruit beneficial microbes (Al-Babili and
Bouwmeester, 2015; Lépez-Raez and Bouwmeester, 2008). Thus, there is a fragile
equilibrium between the attraction of pathogenic and beneficial microorganisms. The major
challenge of modern agriculture is to steer soil and rhizosphere microbiomes in such a way
that they provide beneficial functions for crops while at the same time they ward off the
pathogenic (micro)organisms. To this end, we need a deeper understanding of soil
functioning, microbe-microbe and microbe-plant interactions (Mendes et al., 2013).

Plant pathogenic microorganisms — a threat to food security

Wheat constitutes more than 40% of all cultivated cereals in Europe and, in 2018,
approximately 700 million tons of a total of 2,7 billion tons of cereals produced worldwide,
providing approximately 20% of the calories intake by humans (“Food and Agriculture
Organisation of the United Nations,” 2020). To meet the demand of a growing human
population, farming has become even more intensified with less diversity and more
fertilizers and pesticides. Multi-hectare monocultures are still the preferred crop
production system, but make food security highly vulnerable to pests and diseases
(Ramankutty et al., 2018). Infections, once initialized, can quickly spread, taking a serious
toll on yield because of genetically uniform crop species (McDonald and Stukenbrock, 2016).
For wheat, it is estimated that up to 23% of the yield is lost due to diseases (Savary et al.,
2019). Plant pathogenic fungi have a great share in these economic losses. In particular
fungal pathogens from the genus Fusarium are major yield-limiting factors and also cause
hazards to human and animal health via the contamination of food products with
mycotoxins (Antonissen et al., 2014; Dean et al., 2012; Scherm et al., 2013).

Fusarium species are commonly found in soils worldwide and are often associated with
plants. While most of the members are saprophytes, several species are considered the



12 | Chapter 1

most devastating soil-borne plant pathogens (Dean et al.,, 2012, p. 10; Moretti, 2009).
Fusarium pathogens can infect more than 100 plant species but few pathogens, mostly
F. graminearum, F. pseudograminearum and F.culmorum, are widespread in cereals,
mostly in wheat and barley. Among the disease symptoms caused by Fusaria one can find
Fusarium head blight (FHB), Fusarium root rot (FRR), stem rot, stunting, wilting due to fungal
colonization of the vascular tissues or due to enzymatic degradation of the plant cell wall.
One of the most important problem in cereals affected by Fusaria is the contamination with
mycotoxins that are poisonous for humans, animals, and not suitable for malting
(Antonissen et al., 2014; Dean et al., 2012; Goswami and Kistler, 2004; Nielsen et al., 2014).
The species used in experimental work described in this thesis is Fusarium culmorum. The
most common symptoms caused by this pathogen in cereals are FRR and FHB (Fig. 1). Root
rot occurs already in the early stages of plant development, one or two weeks after
germination, but Fusarium infection may even lead to pre-emergence seedling blight. The
most prevalent mycotoxins produced by F. culmorum are deoxynivalenol, nivalenol,
fusarenone and their derivatives. The mycotoxin profile is a basis of dividing the pathogen
into chemotypes. In severely affected plant tissues, the fungus produces characteristic pink-
red coloration caused by sporulating mycelium, a phenotype that is also observed in in-vitro
cultures (Fig. 1). The macroconidia produced by F. culmorum are curved, between 25 to 50
pum long (Fig. 1) and easily spread by rain, wind, insects, and animals. Fusaria are difficult to
eradicate because they stay viable in post-harvest plant debris in the soil even after a few
seasons, waiting for a suitable host.



| 13

Figure 1. Characteristic disease symptoms on wheat plants caused by Fusarium
culmorum: Fusarium Head Blight (a) and Fusarium Root Rot (b). Fusarium culmorum PV
growing on agar media (c) and its macroconidia under light microscope (c). Photo (a)
adopted from fyi.extension.wisc.edu

Soil suppressiveness - a sustainable alternative for controlling fungal diseases

The environmental impact of agriculture is already pushing the limits of Earth’s resource
boundaries (Campbell et al., 2017) and conventional, high-input agriculture aggravates this
even further (Ramankutty et al., 2018). One of the alternatives and a big step towards
sustainable agriculture is using what nature has to offer. Already for more than 100 years
(Atkinson, 1892) it has been recognized that some agricultural soils are suppressive to
specific soil-borne diseases including diseases caused by Fusarium (Alabouvette, 1986). In
such soils, susceptible plants do not get diseased or only little despite the presence of a
virulent pathogen and conditions that allow infection (Deacon, 1984). The nature of this
phenomenon is, in most cases, microbiological and the physical and chemical properties of
these soils may affect the onset and magnitude of the suppressiveness (Andrade et al.,
1994; Carrion et al., 2018; Cha et al., 2016; Cook and Rovira, 1976; Duijff et al., 1999; Weller
et al., 2002a; Wiseman et al., 1996). Soil disease suppressiveness has been defined as
general and specific depending on the range of pathogens it protects from. General
suppressiveness reduces the disease development of various pathogens and is present at
some level in most soils as a result of the metabolic activity of the microbial community.
The protective effect of general suppression is not transferable by soil transplantation.
Specific disease suppressiveness, on the other hand, targets a specific pathogen and can be
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transferred to a nonsuppressive (i.e. conducive) soil by transplantation. The protective
effect is the result of the activity of select members within the soil or root-associated
microbiome that are enriched in response to a disease outbreak (for review: (Alabouvette,
1986; Garbeva et al., 2004; Gomes Exposito et al., 2017; Hornby, 1983; Kwak and Weller,
2013; Schlatter et al., 2017a)). Understanding the microorganisms and mechanisms
involved in disease suppressiveness can be exploited for developing new and sustainable
management practices in agriculture. To this end, we need to disentangle the network of
interactions in the soil- or root-associated microbiome and find the responsible

microorganisms and underlying microbial traits.

Examples of suppressive soils and the microbes and mechanisms involved
Take-all decline soils

The fungus Gaeumannomyces graminis var. tritici (GGT) causes take-all disease in wheat,
barley, and other cereals. Typical GGT-symptoms are brown to black lesions of root system,
stunting and yellowing, the heads appear white, not producing seeds. Affected plants die
prematurely within circular patches in the field. The pathogen is difficult to control by
chemical pesticides, and there are also no GGT-resistant varieties of cereals yet. Soils
suppressive to GGT are referred to as take-all decline (TAD) soils and are found worldwide
(Kwak and Weller, 2013). TAD soils were found in the USA (Cook and Rovira, 1976;
Raaijmakers and Weller, 1998), Netherlands (Bergsma-Vlami et al., 2005; Gerlagh, 1968),
three different areas in Montana, USA (Andrade et al., 1994), in volcanic soils in Chile (Duran
et al,, 2017) and on the South Island, New Zealand (Chng et al., 2015). In most of these
studies, disease suppressiveness was eliminated by pasteurization and could be transferred
to a conducive soil by transplantation of 1% (w/w) of the suppressive soil. Microbiome
analysis of TAD soils from Washington State (USA) and the Netherlands revealed that the
suppressiveness is associated with enriched populations of fluorescent Pseudomonads that
inhibit the growth of the pathogen by the production of 2,4-diacetylphloroglucinol (2,4-
DAPG), also hydrogen cyanide and cyclic lipopeptides were suggested to have a role in
suppressiveness (Kwak and Weller, 2013; Raaijmakers and Weller, 1998). Another proposed
mode of action has its basis in the low abundance of bioavailable iron in soils where
Pseudomonads compete with pathogen producing siderophores, nevertheless it was not
experimentally proven. There is also evidence that 2,4-DAPG can induce systemic resistance
of plants, which can constitute another mode of action of Pseudomonads in TAD soils.
Nevertheless, so far this latter mechanism was only shown for Arabidopsis thaliana (Chae
et al., 2020).
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Rhizoctonia-suppressive soils

Dutch agricultural fields near Hoeven and Zwaagdijk in the Netherlands were identified as
suppressive to Rhizoctonia solani AG2. The biological nature of suppressiveness was
confirmed by heat sterilization and soil transplantation (Mendes et al., 2011). Comparative
taxonomic and functional analyses between suppressive and conducive soils further
revealed the importance of rhizospheric Pseudomonadaceae and Burkholderiaceae, and of
endophytic Flavobacteriaceae and Chitinophagaceae in suppressiveness. Subsequent
transposon mutagenesis of selected isolates from the suppressive soils led to the
identification of the chlorinated lipopeptide thanamycin as a key metabolite in Rhizoctonia
control by Pseudomonas strain SH-C52 (Mendes et al., 2011; Watrous et al., 2012),
antifungal volatiles by Burkholderia, Paraburkholderia (Carrion et al.,, 2018) and
Streptomyces (V. Cordovez et al.,, 2015), and a chemically unidentified compound of
endophytic Flavobacterium (Carrion et al., 2019). Carrion et al. (2019) also reconstructed a
synthetic community which was able to provide enhanced protection of sugar beet from
the pathogen (Carrion et al., 2019). Moreover, in the Greenlandic potato fields,
suppressiveness to Rhizoctonia solani AG3 was observed with no significant disease
symptoms for even 50 years. Bioassays with agricultural soil from Inneruulalik
demonstrated that the damping-off symptoms caused by R. solani on tomato were indeed
minor and the disease suppressive effect was eliminated by sterilization and transferred to
conducive soil by a soil transplant. Detailed in-vitro analysis of a bacterial strain collection
from this suppressive soil revealed a Pseudomonas fluorescens strain In5 with strong
antifungal activity towards R. solani AG3. In a microcosm experiment, where strain In5 was
introduced to the soil, Michelsen et al. showed protective effects at In5 population densities
less than 1% of the bacterial community (Michelsen et al., 2015). Genomic and metabolomic
analysis of strain In5 revealed a gene cluster and corresponding metabolite, referred to as
nunamycin, which were highly similar to the BGC and thanamycin compound identified in
Pseudomonas SH-C52 from the Dutch Rhizoctonia-suppressive soil described above.

Different anastomosis group Rhizoctionia solani - AG8 is a pathogen of grain crops, mostly
wheat and barley, causing root rot and stunting of seedlings called bare patch disease. The
pathogen is difficult to control because of its wide host range, lack of resistant crop varieties
and the survival structures referred to as sclerotia (Barnett et al., 2017; Cook et al., 2002).
Suppressive soils to R. solani AG8 were identified for the first time in South Australia (Roget,
1995) and confirmed as (micro)biological in nature and transferable (Wiseman et al., 1996).
Using a high throughput screening with an in-vitro pathosystem, Barnett et al. isolated a
variety of fungal and bacterial strains assigned to Aspergillus, Cylindrocarpon, Trichoderma,
Bacillus, Paenibacillus, Microbacterium, Streptomyces, Pandoraea, Brevibacterium,
Chryseobacterium, Phyllobacterium and Pseudomonas able to provide protection against
R.solani AG8 and growth promotion of wheat (Barnett et al., 2017). Later
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metatranscriptomics analysis revealed higher expression of oxidative stress related genes
and polyketide cyclases in suppressive soil compared to the conducive soil, indicating
possible mechanisms of suppression (Hayden et al., 2018). Moreover, a metabolomics
approach using liquid chromatography and nuclear magnetic resonance to discriminate
between suppressive and non-suppressive soils to AGS8 indicated antifungal secondary
metabolites macrocarpals to be soil suppressiveness biomarkers (Hayden et al., 2019).
Another R. solani AG8 suppressive soil was recognized in the Pacific Northwest of the USA
where Schillinger and Paulitz demonstrated that bare patch disease can be suppressed by
natural microflora in long-term cropping systems (Schillinger and Paulitz, 2013). In a
subsequent study the role of bacterial communities was found instrumental in developing
disease suppressiveness with higher frequencies of Acidobacteria and Gemmatimonas in
the rhizosphere of healthy plants (Yin et al., 2013).

Fusarium-suppressive soils

Fusarium oxysporum infects many vegetables and fruits causing wilting. Based on the host
range, the pathogen is further classified as formae speciales (f. sp.). Symptomatic plants
show chlorosis, necrosis, premature leaf drop, stunting and damping-off as a result of the
fungus colonizing their vascular system (Bosland, 1988). Fusarium wilt suppressive soils of
strawberry were identified in South Korea (Cha et al., 2016), and of banana in Northern
Hainan Island, China (Ou et al., 2019). The Fusarium-suppressive soils in the Chateaurenard
region in France has been studied since the 1970s. Also, in that case, suppressiveness was
eliminated by sterilization and transferred to conducive soil by a transplant of 1-2% (w/w).
Two of the key microorganisms associated with suppressiveness of the Chateaurenard soil
are non-pathogenic Fusarium oxysporum and fluorescent Pseudomonas species. The major
mechanisms are competition for organic carbon and for iron. These two mechanisms
complement each other, the production of siderophores by Pseudomonads regulates the
availability of iron, while the availability of iron is proportional to the intensity of
competition for carbon between pathogenic and non-pathogenic Fusaria (Alabouvette,
1999, 1986; Alabouvette et al., 2009; Cha et al., 2016; Lemanceau et al., 1992; Mazurier et
al., 2009, 2009; Siegel-Hertz et al., 2018a).

Disentangling the microbiome of suppressive soils by perturbation

To resolve the functioning of microbial communities in disease-suppressive soils is
challenging because of the taxonomic and functional complexity as well as the spatial-
temporal dynamics of root-associated microbiomes. Nevertheless, there is a fragile balance
in their functioning in response to external factors that we can use to our advantage in
studying the microbial and mechanistic basis of suppressive soils. Perturbation is a
promising tool to disentangle microbial communities and understand their functions. By
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applying a selective pressure that perturbs the microbiome, we can generate a
compositional shift and a simplification of a complex microbial community in a controlled
way. This simplification reduces the microbiome diversity, disrupts the activity of specific
members of the microbiome and/or alters the communication and interactions within the
microbiome and between the microbiome, the plant and the pathogen. Perturbation
methods are culture-independent and therefore the preferred choice for soil microbiome
analyses where the majority of taxa appear to be unculturable. Here, | present an overview
of different microbiome perturbation approaches, in particular selective heat, selective
biocides and dilution-to-extinction (Fig. 2).

dilution

temperature/time type/concentration

microbial
community

Figure 2. A schematic representation of three perturbation techniques and their effect
on a soil microbiome. The original microbial community is presented in the circle. It is
composed of six bacterial species with different abundance, from highly abundant (dark
green), to rare species (pink). The interactions between bacteria are represented as lines
connecting microbes, intraspecific with red and interspecific with blue lines. The intensity
of the perturbation grows outwards from the inner circle and is represented in three
levels with gradually darker colours. As we can see on the figure, regardless of the
perturbation technique used, the microbial community gets simplified, the number of
species decreases, and the interactions are disturbed. Blue part - heat can be used for
sterilization, but when applied in sublethal temperature and exposure times it can result
in a subset of the original community that is composed of mostly organisms with higher
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resilience to changing temperature and organisms able to produce some heat resistance
survival forms (e.g., spores). Red part - Some groups of microorganisms can be
eliminated from the original microbial community by the application of biocides in
specific concentrations. That treatment will eliminate the groups of bacteria that are
susceptible to the compound. We can also attempt to engineer the microbiome using a
combination of antibiotics if the presence of antibiotic resistance genes in a microbial
community is known from molecular studies. Yellow part - The dilution-to-extinction
technique where the microbial community is distributed stochastically in a series of
dilutions. This technique is unspecific and the presence of the groups of microorganisms
in consecutive dilutions mostly depends on their initial abundance.

Heat treatment

Elevated temperatures cause substantial mortality (30-60%) in a microbial community and
leaves empty niches ready to be colonized by those microorganisms that survived the heat.
The mortality rate depends on the method used to elevate the temperature and exposure
time. Firmicutes, Actinobacteria and other Gram-positive bacterial phyla forming survival
structures are typically the first to recover from elevated temperatures. The second
bacterial phyla to colonize the new environment is Proteobacteria, which typically consists
of fast-growing bacterial genera able to quickly multiply and use a broad spectrum of
nutritional resources. The community structure in a heat-treated soil microbiome,
measured as diversity and evenness, is unlikely to come back to the initial point even weeks
after the disturbance (Jurburg et al.,, 2017a, 2017b). Riah-Anglet et al. (2015) further
investigated the functions of microbial communities after a heat stress by measuring
enzymatic activity. Their experiment showed substantial changes in functions and taxa
composition. Soil microbiomes did not fully restore their B-glucosidase, cellulase, N-acetyl-
glucosaminidase, and dehydrogenase activities within 4 weeks after the heat disturbance,
which was associated with decreased abundance of Actinobacteria, Acidobacteria and
Planctomycetes. They also showed, based on a marker-gene copy number study, that soil
fungal communities are more susceptible to the heat stress than bacteria, and that the
physical parameters and chemical composition of the soil have a major impact on the
perturbed community (Riah-Anglet et al., 2015). The effect of heat treatment on
microbiome assembly in a suppressive soil was investigated by Van der Voort et al (2016)
indicating heat tolerance and growth rate of bacteria as key traits influencing
rearrangement of microbial community after the perturbation. This paper also suggested
that elimination of suppressiveness to R. solani by heat treatment was associated with a
decrease in abundance of three Actinobacteria families: Streptomycetaceae,
Micrococcaceae and Mycobacteriaceae (van der Voort et al., 2016). The effect of a heat
shock on rare soil taxa was examined by Kurm et al., providing an indication that low



| 19

abundance taxa can benefit from the disturbance. In their study, taxa classified as rare
(<0,01% relative abundance) increased their relative abundance even to above 1%
(Kurm et al., 2019).

Biocides

Chemical substances used for control of potentially harmful living organisms in medicine,
agriculture and industry are collectively named biocides. We can include in that group
pesticides (e.g., fungicides, insecticides) and antimicrobials (e.g., antibiotics). The majority
of studies on biocides concerns the impact of antibiotics on gut microbiome and human
health (for review: (Blaser, 2016; Francino, 2016; Schwartz et al., 2020)). The influence of
biocides on soil and rhizosphere microbiomes has been mostly studied in the context of
antibiotic and fungicide spills into the environment from anthropogenic sources, like
agriculture and industry (Cycon et al., 2019). Nevertheless, the application of biocides is also
a valuable tool for investigating the functionalities of soil microbiomes. Recently, Dong et
al. (2020) described the impact of different classes of antibiotics on soil bacteriomes and
the stability of antibiotics in the soil (Dong et al., 2020). Their study showed the minor effect
of easily degradable antibiotics on soil bacteria communities, the significant growth
inhibition of phyla Firmicutes and Bacteroidetes by nalidixic acid and of the phyla
Firmicutes, Bacteroidetes and Cyanobacteria by tetracycline. These two antibiotics also
have a negative impact on overall bacteria diversity. It is also worth noting that tetracycline,
ceftriaxone and nalidixic acid caused an increase in the relative abundance of some classes
of Proteobacteria. In recent work Lee et al. investigated the effect of vancomycin on
biological disease suppression to bacterial wilt disease caused by Ralstonia solanacearum.
Their results show that vancomycin alter microbial community of suppressive soil via
disturbing the protective effect conferred by Firmicutes and Actinobacteria (Lee et al.,
2020). Using biocides to perturbate the soil microbiome in a controlled way depends a lot
on experimental setup. One should take into consideration following factors: stability of the
biocides, dispersion in the system, heat or light resistance, and impact of by-products of

metabolism and degradation.

Dilution-to-extinction

The dilution technique allows us to perturbate the microbiome in an untargeted way.
Diluted microbial communities contain a subset of the original one that is smaller as the
dilution factor increases. Between consecutive dilutions, members of the microbiome
(species) distribute stochastically, reducing the diversity and possibly losing some species.
Most of the soil microbiome dilution experiments described to date use sterile water or
water-based buffer to extract the microbial community and later as a diluent (Chen et al.,
2020; Garland and Lehman, 1999; Hol et al., 2015; Korenblum et al., 2020; Peter et al., 2011;
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Yan et al., 2017; Zegeye et al., 2019). This way, the communities are serially diluted up to
10° times depending on the study. Microbiome dilutions are mostly introduced to a sterile
soil and incubated for a certain time before any further testing. It is also possible to dilute
the soil microbiome without extraction using sterile soil as a diluent.

Studies published to date, show the decrease of taxonomic and functional diversity along
the dilution series. For example, Yan et al. compared the taxonomic structure of the diluted
soil microbial community before introducing it to the soil and after 8 weeks of incubation in
the soil. They showed that microbiome dilution leads to a significant change in microbiome
assembly over time, but its structure cannot be predicted based on the taxonomic
composition of the inoculum (Yan et al., 2015). In the follow-up study, Yan et al. analyzed
the functional potential of the microbiome over the dilution series using in-silico function
prediction and showed the relative stability of functions in the rhizosphere. They indicated
the strong selective power of the rhizosphere towards general functions (Yan et al., 2017).
The changes in various soil/plant traits and functions were also measured in diluted
microbial communities by sequencing-independent methods. The carbon source
respiration tests showed a non-linear reduction in the number of the utilized carbon sources
in diluted soil microbiomes. Serial dilution of a chitin-enriched soil microbial community
revealed the importance of initial community complexity on the future stability of
microbiome (Zegeye et al., 2019). The impact of the soil microbiome dilution on plants was
also investigated. Chen et al. indicated that the loss of bacterial diversity, being a result of
the dilution, may have a negative correlation with plant productivity, using lettuce as a
model (Chen et al., 2020). Another study investigated how the root microbiome modulates
the systemic induction of root exudation of metabolites in tomato. Authors showed that
the reduction of microbiome diversity and composition, obtained by dilution-to-extinction,
resulted in exudation of particular metabolite profiles. They demonstrated that the
rhizosphere microbiome assembly drives the systemically induced exudation process at the
molecular and chemical level (Korenblum et al., 2020). The only study, at least to our
knowledge, that used the dilution-to-extinction approach in relation to plant protection
against pathogens is the study by Hol et al. They diluted microbial communities from
agricultural soils and tested these in the context of volatile-mediated inhibition of plant
pathogens (Hol et al., 2015). They showed that emission of volatile compounds in soil was
one of the factors contributing to overall soil disease suppressiveness. The role of volatiles
in Fusarium-suppressive soils is also addressed in the second chapter of this thesis.
Dilution-to-extinction proved to be a good tool to manipulate natural soil microbiomes.
Unlike other methods, it allows us to manipulate the diversity of a community and track
diversity-related microbiome characteristics like, network structure or functional
redundancy. In combination with -omics techniques dilution-to-extinction makes a

powerful tool to investigate the mechanisms of soil functions.
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Other methods used for microbiome perturbation

In recent years we see fast advances in genome editing tools based on CRISPR-Cas system.
This method can be used to edit genomes microorganisms, control gene expression,
modulate the production of metabolites and proteins and specifically eliminate members
of the microbiome (Ramachandran and Bikard, 2019). So far, targeted microbiome
perturbation using CRISPR-Cas editing capabilities were successfully used for microbiome
studies for strain-specific depletion in mouse gut microbiome (Lam et al., 2020). In the field
of plant-microbe interactions, it was used in the work of Carrion et al., where a specific gene
cluster in a member of the plant protective synthetic community was perturbated in a
targeted way using a SpyCas9-mediated system. This community was able to protect sugar
beet from Rhizoctonia solani, but partially lost this ability after the elimination of a specific
gene encoding a NRPS/PKS biosynthetic gene cluster (Carrion et al., 2019). A totally different
approach to study soil microbiome functions was presented recently by Naylor et al. where
a soil microbiome was enriched in functions by using different nutritional and growth
conditions. This work presents an intriguing set of different “functional modules” and their
implications for the bacteria community (Naylor et al., 2020).

In conclusion, various perturbation methods have proven to be a valuable tool to
manipulate natural soil and plant-associated microbiomes. These methods allow us to
manipulate the diversity of a microbial community and track diversity-related microbiome
characteristics like, network structure or functional redundancy. In combination with
different -omics techniques, perturbation presents a powerful tool to deconstruct the
functionalities of soil and plant microbiomes and to disentangle the microbes and
mechanisms responsible for specific soil functions, including disease suppressiveness.
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Thesis outline

The overall aim of my thesis is to disentangle the microorganisms and mechanisms involved
in disease suppressiveness to Fusarium culmorum of wheat. To this end | integrated various
approaches and techniques to identify the taxonomic groups of bacteria, their biosynthetic
gene clusters and metabolites associated with this intriguing microbiome-associated plant
phenotype.

Chapter 2
Microbial and volatile profiling of soils suppressive to
Fusarium culmorum of wheat

444 4-3b b bbb 5

Chapter 3
Dissecting disease suppressive rhizosphere microbiomes by
functional amplicon sequencing and 10X metagenomics

MG R

Chapter 4
Deciphering the microbiome of disease suppressive soils by
dilution-to-extinction

Which bacterial taxa contribute to soil
suppressiveness to Fusarium culmorum?

Are volatile compounds involved in soil
suppressiveness to Fusarium culmorum?

Which biosynthetic genes and corresponding
secondary metabolites are associated with soil
suppressiveness to Fusarium culmorum?

Can the dilution-to-extinction approach help to
reveal the microbial taxa and mechanisms of soil
suppressiveness to Fusarium culmorum?

Chapter 5

Plastic mulch film residues in agriculture: impact on soil

suppressiveness, plant growth and microbial communities
4 3 :

What is the impact of plastic pollution on soil
microbial vities and suppressi to
Fusarium culmorum?

Fig. 3. Thesis outline with the main research questions addressed in each chapter

The first chapter of my thesis introduces the topic of suppressive soils and describes its
importance for sustainable agriculture and food security. In the second chapter, we built
and characterized a collection of diverse soil samples and evaluated their disease
suppressiveness to Fusarium culmorum, an economically important fungal root pathogen
of wheat. Subsequently, we analyzed the taxonomic diversity of the soil and rhizosphere
microbiomes as well as the emitted volatile profiles of these soils. In chapter 3, we extended
the approach of taxonomic profiling of bacteria in suppressive soils by adopting an extensive
functional amplicon analysis focusing on adenylation domains of non-ribosomal peptide
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synthetases and polyketide synthases. These domains are parts of biosynthetic gene
clusters encoding modular enzymes used by microorganisms to synthetize non-ribosomal
peptides and polyketides, metabolites that are often associated with disease
suppressiveness. In chapter 4, we make use of the dilution-to-extinction approach to
further deconstruct the microbiome of one of the Fusarium-suppressive soil. A combination
of deep metagenomic sequencing and phenotypic analysis of diluted microbiomes gave
additional insight into the microbes and putative functions by which the plants are
protected from Fusarium root rot. In chapter 5, we evaluated the impact of plastic mulching
film debris on wheat growth and suppressiveness to Fusarium culmorum and how this is
reflected in changes in the microbial community of the suppressive soil.

Key questions addressed in this thesis:

- Which bacterial taxa contribute to soil suppressiveness to Fusarium culmorum?

- Are volatile compounds involved in soil suppressiveness to Fusarium culmorum?

- Which biosynthetic genes and corresponding secondary metabolites are
associated with soil suppressiveness to Fusarium culmorum?

- Can the dilution-to-extinction approach help to reveal the microbial taxa and
mechanisms of soil suppressiveness to Fusarium culmorum?

- What is the impact of plastic pollution on soil microbial communities and
suppressiveness to Fusarium culmorum?
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Abstract

In disease-suppressive soils, microbiota protect plants from root infections. Bacterial
members of this microbiota have been shown to produce specific molecules that mediate
this phenotype. To date, however, studies have focused on individual suppressive soils and
the degree of natural variability of soil suppressiveness remains unclear. Here, we screened
a large collection of field soils for suppressiveness to F. culmorum using wheat (Triticum
aestivum) as a model host plant. A high variation of disease suppressiveness was observed,
with 14% showing a clear suppressive phenotype. The microbiological basis of
suppressiveness to F. culmorum was confirmed by gamma-sterilization and soil
transplantation. Amplicon sequencing revealed diverse bacterial taxonomic compositions
and no specific taxa were found exclusively enriched in all suppressive soils. Nonetheless,
co-occurrence network analysis revealed that two suppressive soils shared an
overrepresented bacterial guild dominated by various Acidobacteria. In addition, our study
revealed that volatile emission may contribute to suppression, but not for all suppressive
soils. Our study raises new questions regarding the possible mechanistic variability of
disease suppressive phenotypes across physicochemically different soils. Accordingly, we
anticipate that larger-scale soil profiling, along with functional studies, will enable a deeper
understanding of disease suppressive microbiomes.

Introduction

The phenomenon of soil disease suppressiveness has been recognized for almost a century
and was first defined by Cook and Baker (Cook and Baker, 1983) as soils where a particular
soil-borne disease does not develop, despite the presence of the virulent pathogen, a
susceptible host and favorable conditions for disease development. Physical and chemical
properties of the soil can play a role in this phenomenon, but in many cases disease
suppressiveness is microbial in nature (Andrade et al., 2011; Cha et al., 2016; Weller et al.,
2002b; Wiseman et al., 1996).

Two types of soil suppressiveness can be distinguished, namely general and specific.
General suppression is effective against a range of pathogens, whereas specific suppression
operates against only one or a few of them. General soil suppressiveness is a result of the
activity of the overall soil microbial community, whereas specific soil suppressiveness is due
to the concerted action of specific microbial genera that interfere at some stage of the life
cycle of the soil-borne pathogen. Specific soil suppressiveness can be eliminated by
selective heat treatments and is transferable to a conducive soil by mixing in a small amount
(1-10%) of suppressive soil (for review: (Mazzola, 2002; Schlatter et al., 2017a)).

For many suppressive soils the microorganisms and mechanisms have not been elucidated.
Some of the best-studied suppressive soils to date are the take-all-decline (TAD) soils, where
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root disease of wheat or barley caused by the fungal pathogen Gaeumanomyces graminis
var. tritici is suppressed (Cook and Rovira, 1976; Duran et al., 2017, Hornby, 1983).
Suppressiveness to take-all disease is, at least in part, due to the enrichment of populations
of root-associated Pseudomonas spp. producing the antifungal polyketide 2,4-
diacetylphlorogucinol (2,4-DAPG) (Kwak et al., 2011; Raaijmakers et al., 1999; Raaijmakers
and Weller, 1998; Weller et al., 2002b). For Fusarium-wilt-suppressive soils, the microbes
and mechanisms identified so far involve non-pathogenic Fusarium oxysporum and
Pseudomonas species that, in a complementary manner, compete with pathogenic F.
oxysporum for carbon and iron(Alabouvette, 1986; Duijff et al., 1999; Siegel-Hertz et al.,
2018b). Recent studies on soils suppressive to Rhizoctonia damping-off disease of sugar
beet revealed the involvement of multiple bacterial genera belonging to the
Pseudomonadaceae, Streptomycetaceae and Burkholderiaceae. The suppression was
linked to the production of antifungal lipopeptide thanamycin by Pseudomonas and to the
production of volatile metabolites by Streptomyces spp. and Paraburkholderia graminis
(Carrion et al., 2018; Viviane Cordovez et al., 2015; Duran et al., 2017). Volatiles are low-
molecular-mass metabolites involved in long-distance interactions with potent
antimicrobial activities (Cho et al., 2017; Garbeva et al., 2014a, 2011; Ossowicki et al., 2017).
For example, the effects of volatiles emitted from 50 agricultural soils on two soil-borne
pathogenic fungi (F. oxysporum, R. solani) and a plant pathogenic oomycete (Pythium
intermedium) have recently been studied (van Agtmaal et al., 2018). This work showed that
most soils emit volatiles that inhibit hyphal growth, but the extent of growth inhibition per
soil differed strongly for the three pathogens.

To date, most studies on suppressive soils have been limited to a single field soil. Except for
the case of the TAD soils (Landa et al.,, 2002), it is currently unclear how widespread
suppressiveness to specific pathogens is as a biological phenomenon. Furthermore, it is not
established yet whether suppression is mediated by one or multiple taxa and mechanisms
across various suppressive soils. Finally, the role of volatiles in soil suppressiveness in the
presence of both the pathogen and the host plant is yet unexplored.

In this study, we screened a large collection of field soils for suppressiveness to
Fusarium culmorum, a ubiquitous soil-borne fungus causing foot rot, root rot and Fusarium
head blight of different cereals, in particular wheat and barley (Wiese, 1987). Using wheat
(Triticum aestivum) as the host plant, we found F. culmorum suppressiveness in 4 out of 28

soils.

We hypothesised that 1) soils suppressive to F. culmorum have similar rhizobacterial
community compositions with specific enriched taxa, 2) volatile compounds contribute to
disease suppression against F. culmorum, and 3) disease-suppressive soils have similar
volatile profiles. We anticipated that specific rhizobacterial taxa and volatiles correlate with
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soil suppressiveness against F. culmorum. However, our comparative analysis of bacterial
rhizosphere microbiome composition of suppressive and non-suppressive (conducive) soils,
along with volatile profiling, indicates that the phenomenon may be mediated by different
rhizobacterial genera across these soils and that volatiles may contribute to the suppressive

phenotype only for a limited number of soils.

Materials and Methods

Soil collection

In order to examine soil disease suppressiveness to F. culmorum, 28 sites in the Netherlands
and Germany were chosen based on information on soil type and crop rotation. The sites
included 25 arable fields, 2 pastures and 1 forest. The arable fields included sites with wheat
present in crop rotation over the last three years and sites without wheat present in the
available history of the field.

Soil samples were collected in the period from January to April 2017 from 3-meter squares
located in the middle of each agricultural field/pasture. In this area, top soil cores of
approximately 30 cm deep were extracted. Samples were air-dried in room temperature,
homogenized, sieved through 4 mm sieve and stored at 4°C. Heavy clay-type soils were
additionally flaked using a jaw-crusher (Type BB-1, Retsch, Germany) after drying. Soil
physical and chemical parameters were measured as described in Supplementary material
partl.

Wheat growth conditions and pathogen inoculation

All the greenhouse experiments were performed in growth cabinets (MC 1750 VHO-EVD,
Snijders Labs) in 20°C day and night, photoperiod 12h day /12h night and 60 % relative
humidity. In all the experiments, surface-sterilized and pre-germinated wheat seeds (JB
Asano from Agrifirm, Netherlands) were used. Plants were watered every second day and
weekly supplemented with 0.5 Hoagland solution (1Iml per 80 cc of the sail,
0.5M Ca(NOs)2-4H,0, 1M KNOs, 1M KH,PO4, 0.5M MgS04-7H,0 and 98.6 mM ferric EDTA).
As a standard substrate, we used a dune soil collected near Bergharen, the Netherlands (BS)
(Schulz-Bohm et al., 2015). Before use, BS was air-dried, sieved and gamma-sterilized
(Synergy Health Ede B.V., the Netherlands). Sub-samples of eight soils from the collection
were gamma-sterilized as well in the same conditions for later use.

Prior to screening for disease suppressiveness, all soils were “activated” in order to induce
microbial activity in a so-called microbiome activation step. For this, soils hosted the growth
of wheat for two weeks in the conditions indicated above. After this, plants, including their
whole root system, were removed and the remaining soil with activated microbiome was

mixed properly.
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The soil-borne pathogen Fusarium culmorum PV (Blom et al., 2011) was grown on 1/2 PDA
media (Oxoid, the Netherlands) and maintained in continuous culture. For plant inoculation,
the fungus was transferred to 1/4 PDA and grown for 2 weeks in 20°C. After the incubation,
6mm plugs were cut from the border zone of Fusarium hyphae and mixed with the growth
substrate (1 plug per 10 cc). Controls without pathogen were inoculated with sterile 1/4
PDA plugs. At the end of the experiments disease symptoms were assessed and plants were
used for rhizosphere DNA extraction and sequencing analysis (see Supplementary material

part I).

Disease suppressiveness screening

Initial disease suppressiveness screening was performed in propagation trays containing
140 single pots (Teku, the Netherlands) each containing 38cc of soil per pot. In order to
minimize the physicochemical differences between the 28 soils, after the activation step
(described in paragraph above) the natural soil was mixed 2:1:1 in volume with sterile BS
soil and sterile vermiculite (Agra-vermiculite, the Netherlands). The soil was inoculated with
Fusarium or mock-inoculated with agar plugs, and one seedling was placed in the center of
each pot. Plants were grown in ten replicates per treatment and, after three weeks, disease
symptoms were assessed (see Supplementary material part ). As a control, we used BS
mixed with vermiculite 3:1 in volume.

Confirmation of disease suppressiveness with soils sterilization

Four suppressive and four conducive soils were selected to confirm the previously observed
levels of suppressiveness. The confirmation test was performed identically as the screening
test but the system was scaled up to 380 cc soil per pot (7x7x8 cm, Teku, the Netherlands)
with three plants in each. An additional treatment was included - sterilized soil inoculated
with pathogen. Sterile BS, vermiculite mix was used as a control. All the treatments had an
additional control without pathogen.

Transplantation assay

To assess whether soil suppressiveness is transferable, we mixed natural soils in proportions
1:9 and 3:7 in volume with a conducive substrate consisting of sterile BS and vermiculite.
This experiment was also performed with 380 cc soil per pot (7x7x8 cm), each containing
three plants, in treatments with and without the addition of the pathogen. Sterile BS and

vermiculite mixture was used as a control.

Sequencing and bioinformatics analysis
Rhizosphere DNA extraction, sequencing, 16S rRNA amplicon data processing and analysis
are described in Supplementary material part I.
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Effects of soil-emitted volatiles on fungal growth
Assays were performed as previously described by Garbeva et al. (Garbeva et al., 2014a)
with small modifications, see Supplementary material part I.

Effects of soil-emitted volatile compounds on disease suppression

The eight soils selected in the suppressiveness screening were tested for their ability to
induce soil suppressiveness via volatiles. For this, the modified method described by (Park
et al., 2015) was used. Briefly, wheat plants growing in conducive soil mixed with F.
culmorum plugs were exposed to volatiles emitted by soil present in the compartment
below the pot. To avoid any physical contact, compartments were separated and sealed
with sterile nylon mesh (Sefar, Switzerland) and paper medical tape as described above. The
scheme of the system is shown on figure 3B. Four pots per treatment with three plants per
pot were grown for three weeks; afterwards, disease symptoms were assessed.
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Figure 1. The effect of the volatiles emitted by eight prioritized soils on
Fusarium culmorum growth (fungistasis) and disease suppression. (A) Average dry mass
of the fungus with standard deviation, the statistically significant differences between
treatments and control (based on ANOVA and Tuckey post-hoc test p<0.05) are indicated
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by asterisk. (B) Average symptoms index with standard error. The statistically significant
differences between treatments and control (based on chi-square test p<0.05) are
indicated by asterisk.

Volatile trapping and GC-MS analysis

Volatile compounds were trapped using steel trap containing 150 mg Tenax TA and 150 mg
Carbopack B (Markes International Ltd, Llantrisant, UK) and measured using GC-QTOF
system. Statistical data analysis was performed using MetaboAnalyst 4.0 software
(http://www.metaboanalyst.ca/MetaboAnalyst (Chong et al., 2018) ). For details of Volatile
trapping and GC-MS analysis, see Supplementary material part I.
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Figure 2. Results of the phenotypic screening towards soil suppressiveness to F.
culmorum in 28 soils. (A) Map showing locations of 28 sampling sites and the results of
the screening. The color of the outer circle around the photos represents the z-score
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transformed average disease symptoms value. Low disease severity indicates soil
suppressiveness (yellow color). (B) Bar graph showing average disease symptoms

indexes with standard errors.

Results

Identification of soils suppressive to F. culmorum

A collection of 28 soils of diverse geographical origins (figure 1A), soil types and agricultural
histories (table S1) was screened for disease suppressiveness against F. culmorum in
greenhouse pot experiments. The disease symptoms of the plants grown in each of the soils
were examined three weeks after pathogen inoculation. Overall, high variation in disease
suppressiveness was observed between the 28 soils, while being largely consistent between
replicates. The disease symptoms across the collection varied from mild or no infection to
severe disease. Four soils (501, S03, S11 and S28 - yellow color, figure 1) showed the lowest
level of disease severity with an average score below 0.5 and were considered suppressive
(figure 1). Four soils revealed high disease severity with average disease symptoms above
1.5 (S08, S14, S15 and S17 — black color, figure 1) and were considered conducive.

Disease suppression is independent of soil physicochemical properties

In order to investigate phenotypic variation across multiple soil types, our collection
included soils from 25 arable fields, 2 pastures and 1 forest, representing different soil
types, ranging from sands to heavy clays, with diverse pH (5.3 to 7.8) and C/N ratio (8.8 to
17.5). All physicochemical parameters and field history are summarized in Table S1. No clear
correlations between the level of disease suppressiveness and physicochemical parameters
and field history were found. Based on canonical correspondence analysis of the 28 soils,
there was no separation between disease-suppressive and conducive soils (figure S1, yellow
and black dots accordingly). Only weak Pearson correlations were found between
physicochemical parameters and disease severity (figure S2). Also, no relevant correlations
were found between disease severity and soil pH and C/N ratio (0.24 and 0.25 respectively).
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Based on the results from the initial screening, a set of eight soils was selected for

confirmation assays and further analysis. This included the four soils with the highest level

of disease suppressiveness (S01, S03, S11 and $28) and the four conducive soils showing the

most contrasting phenotypes (S08, S14, S15 and S17). For the four suppressive soils, low

average disease indices were again observed (figure 2A, red bars) but after gamma

sterilization, disease indices increased significantly (figure 2A, blue bars). For the four

conducive soils, except for S08, gamma sterilization did not substantially enhance disease

severity. Furthermore, the results revealed that suppressiveness to F. culmorum is
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transferable (figure 2B). Mixing 10% or 30% of the suppressive soil (S01, S03, S11 and S28)
in a conducive background soil transferred suppressiveness. There was no significant
difference in the level of suppression between the transfer of 10% and 30% suppressive soil.
Collectively, our data suggest that the microbial community contributes to the suppressive

phenotype.

Volatile-mediated inhibition of fungal growth and disease suppression is observed for
suppressive and conducive soils

To determine the role of volatile compounds in disease suppression and antifungal activity,
the eight selected soils were tested in two experimental systems: i) hyphal growth of
Fusarium on artificial media exposed to soil volatiles, and ii) plants growing in conducive
soil inoculated with the pathogen exposed to soil volatiles (figure 4 A, B and Supplementary
material part 1). The first assay revealed that only two soils (528 suppressive and S08
conducive) emitted volatiles that significantly reduced growth of the fungus compared to
the control. When plants were exposed to soil volatiles, disease suppression was observed
for four out of eight soils (figure 4 B). Again, these included both suppressive (501, S11) and
conducive (S08, S15) soils. Subsequent analysis of volatile profiles emitted by these eight
soils did not reveal clear separation between suppressive and conducive soils (figure S3).
Interestingly, several suppressive and conducive soils (503, S08, S11 and S14) revealed very
similar volatile profiles. These results suggest that volatiles are not a common mechanism
of soil suppressiveness to F. culmorum.
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Figure 4. Characteristics of rhizosphere bacterial communities across all 28 soils. (A) Bar
plot representing the alpha diversity using the rarefied unique ASV counts. Samples are
sorted according to their alpha diversity score and color-coded according to suppressive
phenotype. (B) PCoA based on Unweighted UniFrac distance between samples. Circles
highlight the suppressive sample replicates clustered together.
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Microbial profiling of F. culmorum-suppressive soils

To investigate possible links between the rhizobacterial community composition and the
disease suppressive phenotype, extensive 16S sequencing was performed for all 28 soils
(see Supplementary material part 1). The rhizobacterial communities showed large variation
between samples and even between replicates of the same samples, as can be seen from
the inter- and intra-sample Jaccard similarity of 0.056 (sd = 0.033) and 0.346 (sd = 0.057)
respectively. Based on the alpha- and beta-diversity, there were no significant community
differences between suppressive and conducive soils. Beta-diversity for all sample pairs was
calculated with unweighted UniFrac, which shows consistent grouping for soil sample
replicates (figure 4B). Subsequent PCoA analysis of the rhizobacterial community
composition of the suppressive and conducive soils indicated that the different suppressive
soils have diverse taxonomic compositions and did not group together (figure 4B). This was
also the case when calculating community diversity of the samples within specific
taxonomic groups (Supplementary figures S4). As for alpha diversity, Wilcoxon rank-sum
test showed no significant association between observed ASVs (p=0.74) or Shannon
diversity (p=0.07) and soil suppressiveness. The suppressive soils included both the most
and the least diverse communities. The soils from organic farms were associated with higher
bacterial diversity compared to the soils from conventional farms and to the non-
agricultural soils (figure 4A). Again, there was no consistent correlation between soil
suppressiveness and alfa- or beta-diversity.

To establish whether the disease-suppressive phenotypes were mediated by specific
rhizobacterial taxon or by multiple taxa, 16S amplicon data were analyzed in more depth.
To reveal if one or more individual abundant amplicon sequence variants (ASVs) could be
associated with disease suppressiveness, we inspected the presence-absence patterns of all
ASVs that were significantly enriched in suppressive soils (figure 5). No individual ASV
appeared to be exclusively present in all suppressive samples compared to the conducive
samples (figure S5). Random forest classifiers trained on their taxonomic profiles could not
predict the suppressive soil phenotype in a leave-one-out analysis. The results were not
significantly different when the same analysis was performed using OTU-level clustering of
ASVs (at 97% identity).

Co-occurrence network analysis indicates bacterial communities enriched in rhizosphere
microbiomes of suppressive soils

To investigate whether specific combinations of ASVs are associated with disease
suppressiveness (in subsets of the four suppressive soils), we calculated Spearman
correlations between ASV occurrences across all 28 soils and constructed a co-occurrence
network from the most highly correlating ASVs in the correlation matrix (see Supplementary
material part I). The resulting network (figure 6A) consists of 928 nodes (comprising 21% of
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all 4,322 ASVs), distributed across 37 subnetworks. The ASVs in the network that were
significantly enriched in suppressive soils are indicated by squares with black border in
figure 6B. The subnetworks are taxonomically diverse, with no network being taxonomically
homogeneous, even at the phylum level. Interestingly, one of the connected components
was found to be particularly associated with the suppressive phenotype. Within this
connected component, 7 out of the 163 ASVs were strongly enriched in suppressive soils
and these were part of a more densely connected subcomponent comprising 60 ASVs that
comprised 6 out of the 7 abovementioned ones. Taxonomic assignments of the
suppression-associated subnetwork displayed an overrepresentation of ASVs belonging to
different Acidobacteria, namely Blastocatellales and members of subgroup 6, compared to
the overall community composition (p=0.0003, Fisher exact test, figure 6b). Moreover,
several of these Acidobacteria displayed characteristics of being hub taxa in these
subnetworks based on their high betweenness centrality. In addition, 11 of the 60 ASVs in
the suppressive-associated network were exclusively present in two suppressive soils
(figure 6C), 7 of which were taxonomically assigned to Acidobacteria.

Discussion

F. culmorum is an economically important fungal plant pathogen that causes disease in
many cereal and non-cereal crops. However, little is known about the occurrence and
distribution of soil suppressiveness to this pathogen. To our knowledge, this study is the
first to screen for disease suppressiveness in a large collection of diverse soils. Although a
high variation in the level of disease suppressiveness was observed between the soils, 14%
of the tested soils revealed a clear suppressive phenotype. Interestingly, no
physicochemical parameter such as soil type, field history, pH, C/N ratio or content and
concentration of bioavailable Fe, K, Mg, P, S correlated with the observed suppressive
phenotype. In previous work, physicochemical soil parameters such as soil type, moisture,
pH, organic matter and microelements content have been more commonly associated with
general disease suppressiveness (Hoper and Alabouvette, 1996; Janvier et al., 2007).
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Figure 5. Phylogenetic tree of all ASVs consistently detected in one or more suppressive
rhizosphere samples. The rings, from the inside to the outside, represent 1) the
taxonomical assignment of the ASVs at the phylum level, 2) the presence/absence
patterns of ASVs in the four different suppressive soils, 3) indications (with starts) of ASVs
strongly enriched in suppressive samples, and 4) the average cumulative normalized
abundance of each ASV in suppressive (green) versus non-suppressive (red) samples. The
results show that all ASVs enriched in suppressive samples are specific to a subset of the
suppressive soils, while none of the ASVs that occur throughout all suppressive soils are
significantly enriched in suppressive versus non-suppressive soils.

In our study, the microbiological basis of specific suppressiveness to F. culmorum was
revealed by two independent approaches: gamma-sterilization and soil transplantation
eliminated and conferred suppressiveness, respectively, and confirmed that
suppressiveness to F. culmorum was not linked to soil physicochemical parameters but
rather to the soil (micro)biome.

Along with the soil, the plant itself is an important determinant of the structure of soil
microbial communities and disease suppressiveness. Hence, the strength of disease
suppressiveness is attributed to all players in the tripartite relationship of plant-soil-
microorganisms (Garbeva et al.,, 2004). Considering this, in the present study, all
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experiments included a “microbiome activation step” by growing wheat for 2 weeks prior
screening for disease suppressiveness. The application of plants provides substrates for
growth via root exudates and space for the soil microbial community. Several studies have
associated disease-suppressive phenotypes to individual bacterial groups based on their
relative enrichment compared to a conducive phenotype (Donn et al., 2014; Schlatter et al.,
2017a; Yin et al., 2013). However, rhizosphere microbiomes are highly diverse (Charlop-
Powers et al., 2015) and multiple differences may exist even between physicochemical
similar soils. In the present study, 28 different soils were examined and no individual
bacterial taxon was found to be exclusively present or enriched in all suppressive soils.
Bacterial taxonomic groups that were more prevalent in some of the suppressive soils were
not prevalent in other suppressive soils.

Many studies have aimed to understand the relationship between microbial diversity and
disease suppressiveness. However, both low (Mehrabi et al., 2016) and high (Garbeva et al.,
2004) community diversity have been associated with soil suppressiveness. Here, we found
suppressive samples with both high and low community richness, which suggests
community diversity is not the key driver of soil suppressiveness to Fusarium culmorum.
Community evenness is correlated with the phenotype but the strength of this association
is not strong enough (p=0.07) to warrant speculations on its role in disease suppressiveness.
To our surprise, no ASVs or OTU-level ASV clusters were found to be shared uniquely
between the microbial communities of all four suppressive soils, or to be differentially
abundant across all these four soils. The fact that random forest classifiers were unable to
accurately predict suppressive phenotypes in a leave-one-out analysis of the soils suggests
that i) the suppressive phenotypes are mediated by different taxonomic groups across the
different suppressive soils and/or ii) that rhizobacteria do not play a major role in
suppressiveness to F. culmorum. Many functional elements that are known to be able to
drive disease suppression (such as biosynthetic gene clusters for secondary metabolites)
are often strain-specific and are frequently transferred horizontally across species (Medema
et al., 2014). Hence, it is still possible that the same or similar functional elements could
drive the suppressiveness across all four soils, while being undetectable by 16S sequencing
due to its limited resolution or due to the elements being encoded in the genomes of diverse
bacterial taxa.

Representatives of a range of bacterial groups can carry out functions that result in the
suppression of soil-borne diseases. For example, several Bacillus, Pseudomonas,
Streptomyces or Flavobacterium species are well known to play role in suppression of
various soil-borne plant pathogens (Cha et al., 2016; Chapelle et al., 2016; Donn et al., 2014;
Garbeva et al., 2006; Kwak et al., 2018). However, various previous studies indicate that
many of these bacteria reveal antimicrobial activities only as results of interspecific
interaction networks (Garbeva et al., 2011; Traxler et al., 2013; Tyc et al., 2017, 2014). The
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correlation-based network analysis performed here revealed complex inter-sample
connections between individual bacterial taxa that are likely interacting either directly or
indirectly, based on their observed co-occurrence. One of the network components
provided insights into a bacterial guild that is potentially associated with disease
suppressiveness to Fusarium culmorum. Multiple ASVs were found to be exclusively present
in two distinct disease suppressive microbiomes, while additionally being strongly
correlated with another sub-community of ASVs that also consistently occurred in a
conducive microbiome. Interestingly, most of these ASVs belonged to Acidobacteria. We
observe an over-representation of Acidobacteria in the suppression associated network
when compared to the general community composition (Fisher exact test, p=0.0003). This
phylum has previously been associated with Rhizoctonia solani bare patch (Yin et al., 2013)
and has been shown to harbor diverse species with a large specialized metabolic potential
that could be involved in interactions with fungi (Crits-Christoph et al., 2018). Based on their
specific enrichment, the identified bacterial guild might represent the suppressive core at
the base of the phenotype for two of the four suppressive samples (soils SO1 and S11).
Further shotgun sequencing efforts as well as microbiological and biochemical analysis are
needed to clarify the functional roles of these organisms. Furthermore, one should bear in
mind that in addition to the bacterial community structure, the expression of functional
genes conferring suppressiveness to soil-borne pathogens might be dependent on
interactions with other soil microorganisms such as fungi, protists and viruses.

-4 N
[Proteobacteria [_]Verrucomicrobia lll Gemmatimonadetes [] Counts in suppressive rhizosphere
[l Acidobacteria [l Bacterioidetes [_]Planctomycetes . . .
Il Actinobacteria [ Chloroflexi [ Others Il Counts in conducive rhizosphere

Figure 6. Co-occurrence network analysis of rhizosphere bacteria across samples. A)
Complete network of correlated ASVs using Spearman correlation. Nodes represent
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individual ASVs; edges link ASVs which had a correlation score above a given threshold.
The node color indicates the taxonomical annotation at the phylum level. Edges of ASVs
that are significantly enriched in suppressive samples are highlighted black as the
respective nodes. B) Zoomed in view of a subnetwork of interest, which shows a number
of ASVs associated with the suppressive phenotype indicated by squares with black
border, along with its taxonomical distribution. C) Normalized counts ratio between

conducive (yellow) and suppressive (black) samples for ASVs from the network in panel B.

Frequently, the germination and growth of plant pathogenic fungi are negatively affected
by direct or indirect contact with soils (without the presence of a host plant). This
phenomenon is named soil fungistasis (Garbeva et al., 2011; Watson and Ford, 1972) and is
often associated with general disease suppressiveness. Whereas abiotic soil factors can be
involved, the major cause of fungistasis is biological since it is strongly reduced after soil
sterilization, which is analogous to the soil disease suppressiveness. Recent studies revealed
that microbial volatiles play important roles in both soil fungistasis as well as disease
suppressiveness (Effmert et al., 2012; van Agtmaal et al., 2018). Our study did not reveal
any congruence between volatile-mediated soil fungistasis and disease suppressiveness.
Volatile-mediated soil suppressiveness was observed only with four soils, including both
two suppressive and two conducive soils. This indicates that, even though volatile emission
is one of the factors that may contribute to disease suppressiveness to F. culmorum, it is
not a general one. Apparently, other (complementary) factors and mechanisms are needed
to develop a full protective potential against F. culmorum. Alternatively, it might be that
suppressiveness across the four soils is mediated by different mechanisms, involving
volatiles in some cases but not in others. This could also explain the lack of commonly
enriched taxa across the four suppressive soils.

In conclusion, we discovered several agricultural soils that protect wheat plants from
Fusarium culmorum infections through a microbial component. Moreover, these
suppressive soils revealed different bacterial taxonomic patterns and diversity, as well as
variable degrees of antifungal volatile emissions. These observations reject the hypothesis
that specific rhizobacterial taxa and specific volatiles correlate with suppressiveness of F.
culmorum.

Co-occurrence network analysis suggested that two of the suppressive samples share a
similar microbial basis of the phenotype through a uniquely overrepresented bacterial guild
dominated by Acidobacteria. Of course, taxonomic profiling alone cannot provide definitive
answers on the actual biological mechanisms responsible for the suppressive phenotype.
Accordingly, we anticipate our work to lay the foundation for a combination of functional
metagenomics along with microbiological and biochemical analyses, in order to elucidate
the functional mechanisms behind soil suppressiveness to F. culmorum in the near future.
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Supplementary material

Material and methods

Soil physical and chemical parameters

Soil physical and chemical parameters were measured in triplicate using three independent
sub-samples. The soil pH was measured in water and soil organic matter content was
determined by loss of ignition, both using standard laboratory methods. Bioavailable iron,
potassium, magnesium, phosphorus and sulfur were extracted using 0,01M CaCl, (VWR,
Netherlands) and concentrations were measured with ICP-OES (iCAP 6500 ICP-OES Duo
,Thermo Scientific). Carbon and nitrogen content were determined using an Element
Analyser (Flash EA 1112 ,Thermo Scientific).

Disease symptoms assessment

To assess disease symptoms, the wheat plants were carefully removed, the excess of soil
was shaken and roots were cleaned in water. The root system was visually inspected for
brown/black lesions or rotting, and the stem base/coleoptile was inspected for rotting and
the presence of pink-white fungal hyphae. Plants were scored for disease symptoms from
0-5: 0- healthy plants; 1- one or two dark lesions on the roots up to 10 mm; 2- lesions bigger
than 10 mm; 3- large lesions on the roots and/or stem base rot; 4- visible pink-white fungal
hyphae on the stem with shoot discoloration, extensive root lesions, or stem base rot (at
least two of this symptoms); and 5- dead plants (for examples see figure S6). Statistical
differences in disease symptoms between treatments and control were assessed using the
chi-square test, with an alpha cutoff of p<0.05.

Rhizosphere DNA extraction and sequencing

At the end of the experiments, plants were gently removed from the trays. Soil loosely
adhering to the roots was removed by shaking. The roots with surrounding soil were placed
on a sterile filter in a laminar flow cabinet and the soil particles adhering to the roots were
collected using a brush. DNA was immediately isolated using a DNeasy PowerSoil Kit
(QIAGEN, the Netherlands) according to manufactures protocol using 0.25 g of rhizosphere
soil. Samples were additionally purified using DNeasy PowerClean cleanup kit (QIAGEN, the
Netherlands). Sequencing of the bacterial V3-V4 region of the 16S rRNA gene (with primers
16S_V3-341F 5’-CCTACGGGNGGCWGCAG and 16S_V4-785R 5'-
GACTACHVGGGTATCTAATCC (Herlemann et al., 2011)) was performed at BaseClear (Leiden,

the Netherlands) using lllumina MiSeq in 4 biological replicates per treatment.
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Amplicon assembly and taxonomical assignment

The 16S rRNA gene sequencing yielded a total of 4,966,035 reads, sequencing depths for all
samples is reported in table S2. Reads were quality-filtered using a sliding window approach
of five nucleotides and a Phred score threshold of 30 (Bolger et al., 2014). Forward and
reverse reads were then truncated at 280 and 220 bp in length, respectively. The Dada2 (B.
J. Callahan et al., 2016) pipeline from Qiime2 (Caporaso et al., 2010) was used to denoise
and obtain amplicon sequence variants (ASVs) from demultiplexed reads for all 112
samples. Reads that did not overlap were removed from the rest of the analysis. To remove
sequences derived from errors that were not corrected during the DADA2 denoising step,
ASVs that had fewer than 20 amplicons mapped across all samples and that appeared in
less than 4 different samples were removed from further analysis. This resulted in 4,322
reliable ASVs across the 112 samples, while still retaining over 80% of the sequencing
information. Taxonomic assighment was performed in Qiime2 using a Bayesian classifier
(Bokulich et al., 2018; Pedregosa et al., 2011) built for the primer pairs used in this study
(341F and 805R) on the SILVA release 132 database ref NR 99. The resulting feature count
tables were logCSS-normalized in R using the metagenomeSeq library (Paulson et al., 2013).
Alpha/beta diversity and clustering of samples using different metrics were calculated with
Qiime2 and python skbio library.

Principal coordinate analysis of the amplicon data

Principal coordinate analysis (PCoA) was performed in Qiime2 using Bray-Curtis
dissimilarity, Jaccard index, weighted UniFrac and unweighted Unifrac (Lozupone and
Knight, 2005). Weighted and unweighted UniFrac distances were calculated in a Python
script for all individual bacterial taxonomy groups to reveal existing correlations within
taxonomic groups that were being masked by other features. Code for these analyses is
available at (https://git.wageningenur.nl/users/traca001/groups).

Identification of suppressive rhizosphere-associated ASVs

ASVs enriched in suppressive and conducive soils were determined with FitZig (Paulson et
al., 2013) using the suppressive phenotype as model matrix for hypothesis testing. A strict
filter was applied to select ASVs of interest; we consider enriched only ASVs which yielded
a p-value below (p<1071°) and which occur in at least two different suppressive soil samples
(replicates).

Random forest prediction of suppressive soil

Multiple random forest classifiers were built to predict soil phenotype based on its
community composition. The classifiers are built with python scikit-learn library
bootstrapping the selection of suppressive and conducive samples used to train and test
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the model. For each classifier, 3 suppressive and 12 conducive samples are randomly chosen
and the remaining samples are used to test the classifier predictions. None of the

suppressive sample phenotype could be correctly predicted by the classifier.

Co-occurrence network analysis

Spearman's rank correlation coefficient was calculated using the normalized feature table
for all ASV pairs across all samples. Clusters of highly correlated ASVs were obtained by
applying a static threshold that preserved only correlations above 0.8, corresponding to
approximately 1% of the nonzero interactions. Clusters which contained suppression-
associated ASVs as determined by FitZig were further investigated to identify suppression-
specific ASV clusters. Network visualization was performed in Cytoscape (Shannon et al.,
2003); nodes in the network represent the different ASVs and edges were drawn between
pairs of ASVs having a Spearman correlation score above the 0.8 threshold.

Effects of soil-emitted volatiles on fungal growth

To investigate the antifungal activity of the volatiles emitted by eight selected soils on the
growth of Fusarium culmorum PV, the bottom-top approach was applied as described
previously by Garbeva et al., (Garbeva et al., 2014b) with small modifications. The top part
of the experimental system contained a Petri dish with 20 ml of 1/2 PDA medium and a 6
mm Fusarium culmorum PV plug placed in the center, whereas 30 g of soil was added at the
bottom. The two parts where separated with a 30 um sterile nylon mesh (Sefar, Switzerland)
to allow exchange of volatile compounds but prevent exchange of spores and soil particles.
The whole system was fixed together with paper medical tape (Kruidvat, the Netherlands).
The scheme of the system is shown on figure 3A. After seven days at 20°C in the dark, fungal
hyphae were harvested, lyophilized and weighed. Every treatment was replicated five
times.

Volatile trapping and GC-MS analysis

Volatiles emitted by the eight suppressive and conducive soils were collected in a steel trap
with 150 mg Tenax TA and 150 mg Carbopack B (Markes International Ltd, Llantrisant, UK).
A perforated steel tube was placed in the glass pot with tested soil mixed with F. culmorum
PV agar plugs. The pre-germinated wheat seedling was introduced to this system and after
one week of growth, the steel trap was connected to tubes present in the soil for 16h. Every
soil was tested in three independent biological replicates. After removing, traps were
capped and stored at 4°C until GC-Q-TOF analysis. Volatiles were desorbed from the traps
using an automated thermodesorption unit (model UnityTD-100, Markes International Ltd.,
Llantrisant, UK) at 210°C for 12 min (Helium flow 50 mL/min) and trapped on the cold trap
at -10°C. The trapped volatiles were introduced into the GC-QTOF (model Agilent 7890B GC



44 | Chapter 2

and the Agilent 7200AB QTOF, Santa Clara, USA) by heating the cold trap for 3 min to 280°C
with the split ratio set to 1:10. The column used was a 30 x 0.25 mm DB-5MS Ul, film
thickness 0.25 um (122-5532UI, Agilent J&W, USA). Temperature program used was as
follows: 39°C for 2 min, from 39°C to 95°C at 3.5°C/min, then to 165°C at 6°C/min, to 250°C
at 15°C/min and finally to 300°C at 40°C/min, hold 20 min. The volatiles were detected by
the MS operating at 70 eV in El mode. Mass spectra were acquired in full scan mode (30—
400 amu, 4 scans/s). For the volatilomics analysis, the acquired raw mass spectrometry (MS)
data was extracted to m/z format using MassHunter Qualitative Analysis Software V B.07.00
(Agilent Technologies, Santa Clara, CA, USA). The m/z data was processed with MZMine V
2.36 (Copyright © 2005-2012 MZmine Development Team, (Pluskal et al., 2010)) as
described in (Lankenau et al., 2015) to create an m/z and peak intensity table that could be
used as input file for MetaboAnalyst 4.0 software
(http://www.metaboanalyst.ca/MetaboAnalyst (Chong et al., 2018)). Before the statistical
analysis, the data was filtered using Interquantile range (IQR) and normalized by the log
transformation with automatic scaling.
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Table S1. Table presenting physical and chemical characteristics of the soils and the crops

grown in the fields in 3 seasons before the collection

soil

s01
S02
S03
S04
S05
S06
s07
S08
S09
s10
st
s12
s13
s14
s15
s16
s17
s18
s19
$20
s21
s22
s23
s24
s25
$26
s27

528

pH
7.53
6.22
6.75
5.28
7.30
6.47
7.58
7.58
6.87
6.87
7.49
7.28
7.75
7.55
7.61
7.82
7.63
7.75
7.69
7.73
7.30
5.56
6.50
5.92
7.27
5.35
5.76
7.05

713

sD

0.05
0.17
0.04
027
0.30
0.10
0.02
0.06
0.06
0.18
0.04
0.19
0.01
0.14
0.05
0.05
0.12
0.06
0.06
0.02
0.16
0.12
0.10
0.39
0.06
0.15
0.05
0.04

0.07

OM sD
024 0.04
3.46 0.35
3.81 0.08
549 068
3.10 0.29
3.56 0.37
3.51 0.40
4.32 0.36
2.81 051
3.26 0.32
292 044
3.48 047
3.81 0.32
7.03 0.25
5.04 035
3.77 0.63
291 0.57
423 0.79
7.53 0.94
5.38 0.50
8.00 0.21

20.59 1.00
3.02 048
4.50 0.50
6.15 0.38
7.34 0.55
8.54 1.92
7.86 0.94
3.29 0.12

Fe
0.19
0.09
0.03
0.45
0.02
0.16
0.05
0.03
0.08
0.06
0.02
0.11
0.02
0.04
0.04
0.02
0.03
0.01
0.02
0.02
0.10
0.82
0.03
0.47
0.02
0.24
0.12
0.04

0.02

sD

0.01
0.00
0.00
0.06
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.07
0.01
0.04
0.00
0.04
0.01
0.01

0.00

K sD
2.02 0.32
34.00 0.92
86.66 2.38
59.95 229
117.12 1.20
109.72 2.16
22326 1.92
82.92 1.74
181.54 3.76
174.31 113
97.07 267
68.77 1.10
233.38 0.68
207.13 4.04
82.49 4.08
4583 0.53
53.60 0.85
87.17 245
53.59 0.56
63.09 0.68
23445 3.76
58.82 4.26
74.84 1.84
51.98 1.52
7647 119
57.68 12.82
27.52 2.83
52.66 2.86

71.36 044

Mg SD
0.00 0.00
163.19 1.75
36.86 0.79
56.74 2.1
56.49 0.25
74.87 1.58
84.60 0.92
61.11 0.43
109.68 1.70
113.01 0.78
70.88 0.54
56.43 0.58
83.72 0.95
12252 1.44
98.91 4.04
60.60 0.52
78.47 0.42
74.54 0.80
113.54 0.51
104.28 2.48
299.63 6.42
484.44 14.16
237.38 3.52
12223 3.32
66.70 0.61
83.30 3.25
113.43 0.69
98.95 237
160.26 2.70

P SD
0.11 0.03
1.40 0.01
0.89 0.02
2,69 0.08
1.53 0.05
7.76 0.32
2.62 0.08
1.66 0.05

16.23 0.05
3.06 0.07
1.12 0.07
543 0.04
1.06 0.01
3.40 0.12
0.70 0.06
0.90 0.05
561 0.17
1.03 0.04
1.49 0.06
1.50 0.01
2.69 0.02
4.86 0.10
0.87 0.09
11.88 0.27
258 0.12
1.26 0.05
1.41 0.14
0.85 0.04
0.79 0.02

S sD
0.00 0.00
1.29 0.08
2.50 0.15
2.60 0.16
7.21 0.99
1.29 0.18

1223 0.85
5.57 0.07
1.14 0.05
1.26 022
2.96 0.05
1.17 0.15
9.00 0.29
7.57 0.06
8.61 0.08
595 0.06
279 021
2.27 0.06
580 0.37
5.00 0.28
6.98 0.41

24.70 0.13
3.67 0.15
4.03 0.29
524 045
561 1.70
3.50 0.46
453 047
1.74 024

Cc sD
0.05 0.01
231 0.18
1.60 0.08
3.77 1.13
211 0.02
199 053
272 111
292 0.11
194 0.24
135 0.14
262 0.13
1.99 0.88
2.03 0.35
3.82 0.01
235 0.14
191 0.08
233 144
263 0.05
2.30 0.02
235 0.02
325 0.65
9.30 0.39
265 0.10
1.92 0.60
0.98 0.07
3.17 0.03
3.13 0.12
321 0.14
1.52 0.01

0.00 0.00
0.14 0.01
0.11 0.01
0.26 0.10
0.13 0.00
0.16 0.04
0.19 0.10
0.18 0.01
0.16 0.01
0.12 0.01
0.16 0.01
0.16 0.07
0.14 0.04
0.34 0.00
0.15 0.01
0.11 0.01
0.18 0.13
0.15 0.00
0.24 0.00
0.24 0.00
0.36 0.10
1.04 0.03
0.30 0.01
0.17 0.05
0.11 0.00
0.26 0.01
0.32 0.01
0.31 0.01

0.17 0.00

16.50
14.55
14.50
16.23
12.44
14.32
16.22
12.13
11.25
16.38
12.44
14.50
11.24
15.67
17.36
12.94
17.53

9.58

979

9.03

8.94

8.83
11.29

8.91
12.19

9.78
10.35

8.94

soil type
Sand
Sand
Clay
Sand
Clay
Clay

Sandy loam
Sand
Sand
Sand
Clay
Sand
Clay
Clay

Sandy clay
Clay
Clay
Clay
Clay
Clay
Sand
Sand
Clay
Sand
Clay
Clay
Clay
Clay

Clay

2016

Wheat
Winter wheat
Wheat
Winter wheat
Rye
Winter wheat
Spring wheat
Spring wheat
Spelt
Luzerne/grass
Celery
Grass clover
Winter wheat
Potatoes
Luzerne
Potatoes
Winter wheat
Winter wheat
Maize
Pasture
Maize
Grass clover
Wheat
Forest
Pasture
Winter rape

Winter wheat

2015

Potatoes
Winter wheat
Onions
Potatoes
Leaf vegetables
Potatoes
Pattison/ yakon
Onions
Peas
Luzerne/grass
Cabbage
Grass clover
Beetroot
Grass clover
Potatoes
Spelt
Winter wheat
Winter wheat
Maize
Pasture
Winter wheat
Maize
Beetroot
Forest
Pasture
Winter wheat

Winter wheat

* to highlight the differences in the measured parameters, pH values are colored from red to blue, showing low to high values respectively.

Other parameters: organic matter content (OM), content of bioavailable elements (Fe, K, Mg, P, S), total carbon (C) and nitrogen (N) are colored with
green bars according to their normalized values. Presented values are average of three replicates with standard deviations (SD).
Column “soil”: soil samples in the collection SO1 to $28 and BS: “Bergharen soil” used as a standard substrate in the study.

2014

Wheat
Winter wheat
Lucerne
Winter wheat
Winter wheat
Winter wheat
Pattison/ yakon
Sweet corn
Beetroot/pumpkins
Barley
Grass clover
Red cabbage
Potatoes
Onions
Carrots
Pumpkins
Winter wheat
Sugar beet
Winter wheat
Pasture
Sugar beet
Maize
Wheat
Forest
Pasture
Winter rape

Winter rape
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Table S2. Sequencing depths for all rhizosphere samples, the value following underscore

indicates the replicate number.

sample-id input filtered denoised merged non-chimeric
S01_1 41725 33607 33607 17264 16866
S01 2 45462 36178 36178 19858 19373
S01_3 41822 33415 33415 17196 16778
S01 4 49352 39531 39531 25025 23379
S02_1 53186 42592 42592 23199 22708
S02_2 42743 33988 33988 17520 17061
S02_3 54037 42031 42031 24111 23450
S02_4 43360 34930 34930 19538 19008
S03_1 44954 36506 36506 20855 19746
S03_2 42219 33757 33757 19801 18422
S03_3 46183 36515 36515 18537 17677
S03_4 46941 38080 38080 26964 21045
S04 1 49195 39946 39946 22155 21807
S04 2 49236 39690 39690 21736 21295
S04_3 47442 38178 38178 18923 18293
S04_4 49544 39379 39379 21418 21023
S05_1 49240 39988 39988 22254 21030
S05_2 48264 39067 39067 22833 19870
S05_3 49934 39348 39348 21713 20461
S05_4 39082 31770 31770 15274 14745
S06_1 36164 28958 28958 14296 13856
S06_2 42717 33193 33193 17723 17161
S06_3 45214 36400 36400 19923 19316
S06_4 48268 39142 39142 22538 21914
S07_1 53097 43001 43001 24869 23953
S07_2 45927 36549 36549 20537 19901
S07_3 63205 50499 50499 28516 27743
S07_4 33926 23095 23095 11884 11526
S08_1 46293 36945 36945 19611 18169
S08_2 44794 35469 35469 17577 17171
S08_3 49441 39931 39931 20719 20031
S08_4 37841 30283 30283 15807 15425
S09_1 50458 40629 40629 20554 19966
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S09_2 49480 40250 40250 21995 20986
S09_3 52163 41629 41629 21864 21281
S09_4 42913 34941 34941 20271 19325
S10_1 46209 37005 37005 19507 18922
S10_2 50250 40050 40050 22734 21712
S10_3 48066 38386 38386 20345 19824
S10_4 49532 39101 39101 21937 21262
S11_1 56437 45456 45456 23637 22725
S11_2 39385 31551 31551 17438 16721
S11_3 53460 42318 42318 25257 21916
S11_4 50498 40678 40678 23542 22765
S12_1 45994 36824 36824 20278 19617
S12_2 51667 41515 41515 21963 21437
S12_3 45604 36075 36075 18933 18300
S12_4 51902 41044 41044 21966 21488
S13_1 51177 36785 36785 19145 18648
S13_2 41781 24407 24407 11186 10807
S13_3 49981 35778 35778 18301 17694
S13_4 52143 36067 36067 19093 18040
S14_1 43642 34264 34264 16925 16489
S14_2 48616 35195 35195 17718 17067
S14_3 44910 35575 35575 19273 18733
S14_4 46545 37762 37762 19310 18766
S15_1 42858 34576 34576 21410 19796
S15_2 44762 36195 36195 21763 20477
S15_3 47422 37758 37758 22556 20948
S15_4 40163 32478 32478 19295 17778
S16_1 37249 29402 29402 17735 15462
S16_2 42173 33561 33561 19422 17928
S16_3 45586 35797 35797 19070 18582
S16_4 47442 37272 37272 20494 19546
S17_1 51215 40873 40873 23147 22687
S17_2 36361 28296 28296 15250 14910
S17_3 46849 35967 35967 21923 20765
S17_4 34766 27361 27361 15537 14981
S18_1 41336 32946 32946 20058 19553
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S18_2 40194 32632 32632 22587 20284
$18_3 42221 33277 33277 20019 19251
S18_4 46846 37084 37084 22159 21539
S$19_1 46160 37438 37438 20790 19621
S19_2 50469 40792 40792 25392 24178
S19_3 48494 38879 38879 22395 21824
S19_4 47951 38527 38527 21996 21417
S20_1 47183 38076 38076 21987 20928
S20_2 42260 34401 34401 18843 17951
S20_3 50901 40503 40503 24416 23098
S20_4 46791 37990 37990 21608 20737
S21_1 41015 33565 33565 20978 19475
S21_2 42477 34136 34136 22696 20685
S21_3 40303 32376 32376 20665 18926
S21_4 48019 38702 38702 25304 23038
S22_1 40909 32639 32639 18592 17702
S22 2 41907 33008 33008 19844 19022
S22_3 39314 30697 30697 16937 16152
S22_4 38281 29928 29928 16296 15277
S23_1 40319 31358 31358 18190 17451
S23_2 37341 29756 29756 16975 16319
S23_3 44530 34840 34840 24350 23209
S23_4 32947 26534 26534 17998 15700
S24_1 33962 27307 27307 18314 16753
S24_2 28800 21596 21596 12698 12206
S24_3 37292 29303 29303 17886 17219
S24_4 34107 27271 27271 15776 15092
S25_1 49186 38629 38629 23479 22078
S25_2 34056 27924 27924 17522 16205
S25_3 33382 26871 26871 16546 15777
S25_4 46462 37279 37279 23340 22028
S26_1 44438 35281 35281 24243 22827
S26_2 35931 28941 28941 18414 17321
S26_3 41725 33546 33546 21393 20124
S26_4 38662 30842 30842 19765 18296
S27_1 43453 34538 34538 18675 17996
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S27 2 36183 29045 29045 16110 15616
S27 3 35734 29053 29053 17498 16072
S27_4 45394 36708 36708 20020 19196
S28_1 36616 29403 29403 17577 16093
S28 2 31889 26103 26103 15858 14455
S28_3 34760 27914 27914 16259 15566
S28 4 45368 36476 36476 21778 20336
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Figure S3. PCoA plot showing GC-MS profiles of volatile compounds emitted by eight
soils, four suppressive (501, S03, S11 and S28) and four conducive (508, S14, S15 and

S17) soils.
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PCA of _Blastocatellales dataset N=102
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PCA of _Chloroflexi dataset N=1368
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PCA of _Firmicutes dataset N=844
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PCA of _Patescibacteria dataset N=626
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PCA of _Rhizobiales dataset N=567
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Figure S4. PCA plots of different taxonomy groups. The number of ASVs used for the
component analysis is reported on top of each plot together with the taxonomic group
represented in the figure.
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Figure S5. Presence-absence patterns of consistent ASVs. Venn diagram representing
the ASVs which consistently appear in all replicates for each of the suppressive samples
(501, S03, S11 and S28) and the conducive samples (here grouped under “conducive”).
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Figure S6. Examples of healthy and diseased plants obtained in the screening with
disease scores indicated in brackets.
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Abstract

Disease-suppressive soils protect plants against soil-borne fungal pathogens that would
otherwise cause root infections. Soil suppressiveness is, in most cases, mediated by the
antagonistic activity of the microbial community associated with the plant roots.
Considering the enormous taxonomic and functional diversity of the root-associated
microbiome, identification of microbial genera and mechanisms underlying this phenotype
is challenging. One approach to unravel the underlying mechanisms is to identify metabolic
pathways enriched in the disease-suppressive microbial community, in particular pathways
that encode natural products with antifungal properties. An important class of these natural
products are peptides produced by Non-Ribosomal Peptide Synthetases (NRPSs). Here, we
adopted functional amplicon sequencing of NRPS-associated Adenylation domains (A-
domains) to a collection of eight soils that are suppressive or nonsuppressive (i.e.,
conducive) to Fusarium culmorum, a fungal root pathogen of wheat. To identify functional
elements in the root-associated bacterial community, we developed an open-source
pipeline, referred to as dom2BGC, for amplicon annotation and putative gene cluster
reconstruction through analyzing A-domain co-occurrence across samples. We applied this
pipeline to rhizosphere communities from four disease-suppressive and four conducive soils
and found significant similarities in NRPS repertoires between suppressive soils when
compared to conducive soils. Specifically, several siderophore biosynthetic gene clusters
were consistently associated with suppressive soils, hinting at competition for iron as a
potential mechanism of suppression. Finally, to validate dom2BGC and to allow more
unbiased functional metagenomics, we performed 10X metagenomic sequencing of one
suppressive soil, leading to the identification of multiple gene clusters potentially associated
with the disease-suppressive phenotype.

Importance

Soil-borne plant pathogenic fungi continue to be a major threat to agriculture and
horticulture. The genus Fusarium in particular is one of the most devastating groups of soil-
borne fungal pathogens for a wide range of crops. Our approach to develop novel
sustainable strategies to control this fungal root pathogen is to explore and exploit an
effective, yet poorly understood naturally occurring protection, i.e. disease-suppressive
soils. After screening 28 agricultural soils, we recently identified four soils that were
suppressive to root disease of wheat caused by Fusarium culmorum. We also confirmed, via
sterilization and transplantation, that the microbiomes of these soils play a significant role
in the suppressive phenotype. By adopting NRPS functional amplicon screening of
suppressive and conducive soils, we here show how computationally driven comparative
analysis of combined functional amplicon and metagenomic data can unravel putative
mechanisms underlying microbiome-associated plant phenotypes.
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Introduction

Cereals are a staple food for the human population, with wheat as the most widely
consumed cereal crop worldwide. It is estimated that up to 40% of crop yields are lost due
to weeds, pests and diseases (“Food and Agriculture Organisation of the United Nations,”
2020). Pathogenic fungi are one of the major threats to agriculture. The genus Fusarium in
particular is one of the most devastating groups of pathogens for a wide range of crops,
including wheat (Dean et al., 2012; Valverde-Bogantes et al., 2019). Fusarium culmorum
causes root rot and head blights in wheat and barley. It can kill plants at early stages of
development or reduce their fitness and contaminate the grain with an arsenal of
mycotoxins. Intriguingly, in some agricultural soils, root rot caused by Fusarium culmorum
does not occur or only little (5). This so-called soil disease suppressiveness is a phenomenon
where plants show strongly reduced disease symptoms despite the presence of a virulent
pathogen and conditions favourable for disease development (Hornby, 1983). It is now well
established that the soil and root microbiome are essential for disease suppressiveness. In
recent work, we performed an extensive screening of 28 soils for their suppressiveness to
F. culmorum (Ossowicki et al., 2020). We identified and confirmed, via sterilization and
transplantation, that in four tested soils the microbiome is associated with suppressiveness
to F. culmorum. Subsequent comparative taxonomic analysis of the root-associated
bacterial communities, aimed to identify differences in abundance or absence/presence
patterns of specific genera, revealed only limited commonalities between the four
suppressive soils. The overall aim of this study was to adopt a functional approach to
generate hypotheses regarding putative mechanisms associated with the disease-
suppressive phenotype.

Many microbe-microbe interactions are mediated by specialized metabolites with diverse
functions, including inhibition of fungal growth (Raaijmakers and Mazzola, 2012). The
production of these bioactive compounds is often encoded by biosynthetic gene clusters
(BGCs): groups of physically clustered genes that encode molecular machineries such as
Non-Ribosomal Peptide Synthetases (NRPSs) and PolyKetide Synthases (PKSs), which
enzymatically assemble complex metabolites. Importantly, these BGCs are often
discontinuously distributed across taxa due to high rates of horizontal gene transfer
(Medema et al.,, 2014). Additionally, there may be functional redundancy, due to
overlapping biological activities between the products of different BGCs. Therefore, looking
at BGC distribution patterns may help explain microbiome-associated phenotypes for which
no clear taxonomic associations are identified. PKS and NRPS enzymes are often organized
in multi-domain modules, which each contain a set of enzymatic domains that extend the
growing peptide or polyketide chain with a specific monomer during enzymatic assembly.
Functional amplicon sequencing can target such domains using oligoprimers to amplify DNA
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from BGCs. Because the sequencing is highly selective, even BGCs from lowly abundant

microorganisms can be detected by this technology (Hover et al., 2018; Owen et al., 2013).

Here, we use NRPS amplicon screening for comparative functional analyses of a set of four
suppressive and four conducive agricultural soils in the presence and absence of the
pathogen F. culmorum. To facilitate this analysis, we introduce dom2BGC, a pipeline for
extensive annotation of BGC-related amplicons (2020). The amplicons are annotated based
on similarity to domains in MIBiG and antiSMASH-DB, two large natural product BGC
databases. For NRPS adenylation (A) domains, substrate specificities are predicted based on
a newly built random forest classifier trained on the amplified region of these domains.
When multiple samples are available, dom2BGC creates a co-occurrence network to aid in
detection of groups of amplicons that jointly originate from known or related BGCs. We
apply dom2BGC and validate the annotation and clustering results with the high-quality
metagenome of a selected sample enhanced using 10X-based read clouds. The results show
siderophore BGCs as key candidates associated with disease suppressiveness of the soils
against F. culmorum. The linked-read metagenomic dataset further revealed several
additional BGCs that, based on their predicted functions, may be involved in the disease-
suppressive phenotype. This study exemplifies how computationally driven analysis of
combined functional amplicon and metagenomic data can unravel new candidate BGCs for
further investigation and help to develop new hypotheses regarding the mechanisms
underlying important microbiome-associated phenotypes.

Materials and Methods

Soil collection

Eight soil samples: S01, S03, S08, S11, S14, S15, S17 and S28 were collected from 3-meter
squares located at the centre of each agricultural field in January-April 2017. In this area,
topsoil cores of approximately 30 cm deep were collected. Soils were air-dried at room
temperature, homogenized, sieved through a 4mm mesh sieve and stored at 4°C. Soil S28
was additionally flaked after drying using a jaw-crusher (Type BB-1, Retsch, Germany).
Detailed descriptions of the soil samples are included in our previous study (Ossowicki et
al., 2020).

Disease suppressiveness assay and A-domains amplification

Wheat growth conditions, pathogen inoculation, the suppressiveness assay, A-domains
amplification and sequencing are described in detail in supplementary methods. Briefly,
wheat seedlings were transferred to substrate containing one of the eight tested soils and
challenged with pathogenic Fusarium culmorum PV. After three weeks, wheat plants were
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inspected for disease symptoms together with rhizosphere DNA isolation. NRPS adenylation

domains were amplified using 3F and A7R primers (Ayuso-Sacido and Genilloud, 2005).

A-domain amplicon preparation

Barcoding and sequencing of the A-domain amplicons was performed at BaseClear (Leiden,
the Netherlands) using lllumina MiSeq, which generated 843,536 paired-end reads of 250
bp in length per read. Sequences were de-multiplexed and adapters trimmed using Qiime2
(Bolyen et al., 2019, p. 2). Quality filtering and denoising was done with Dada2 (Benjamin J
Callahan et al., 2016). Nucleotide sequences were translated to amino acid sequences with
transeq from the EMBOSS suite (Rice et al., 2000). Forward sequences were aligned with
the AMP-binding domain hidden Markov model (HMM) profile PFO0501 from the pfam
database [version 27] (ElI-Gebali et al., 2019) using hmmsearch from the HMMer package
[version 3.1] (Wheeler and Eddy, 2013). The output table was parsed to retain only the
conserved amino acids in the sequence corresponding to “match” states with the HMM
profile. Protein sequences shorter than 66 amino acids were discarded. The resulting pre-
aligned amplicon sequences from the natural source are referred to as nAMPs (natural
amplicons) to distinguish them from the in silico amplicons used for their annotation.

10X metagenome

DNA extraction, sequencing and the assembly are described in detail in the supplementary
methods. Briefly, 10X Genomics Chromium was used to generate a read cloud library from
high quality rhizosphere DNA and subsequently sequenced on an Illumina NovaSeq 6000.

Feature extraction from amplicons for substrate specificity prediction
These methods, including substrate specificity prediction model training and tuning, are
described in detail in the supplementary methods.

Dom2BGC pipeline - Generation of in silico amplicons

To generate a reference dataset of NRPS functional amplicons, A-domain sequences were
extracted from BGCs from a variety of reference databases. Hmmsearch with default
parameters was used to detect the A-domains, and the domain regions targeted by the
oligoprimers were extracted from the matched sequences using HMM profile match
coordinates. This process creates in silico amplicons which are pre-aligned to the nAMPs,
which allows for quick matching between nAMPs and in silico AMPs using pairwise identity.
Annotations available for in silico amplicons are stored to be transferred to any nAMPs
matching with it. Currently supported annotations include, where available, the taxonomy
of the source organism, the BGC type annotation based on antiSMASH predictions, and the
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name of the natural product for which the production is encoded in the BGC (for domains
extracted from MIBIG entries, (Kautsar et al., 2020) ).

Dom2BGC pipeline - Amplicon matching and annotation
Each nAMP is matched to an in-silico amplicon if it shares 90% or more of its amino acid
sequence with the reference. For nAMPs matching to multiple in-silico AMPs within a
reference database, all entries are recorded. In case of multiple nAMPs matching an
individual in-silico amplicon, all matched nAMPs are grouped for evaluation of presence-
absence patterns and abundance of the in-silico amplicon.

In dom2bgc, amplicons are taxonomically annotated at the lowest rank available. In case of
annotation to a reference BGC with a different taxonomic annotation, dom2BGC assigns the
amplicon to the lowest common ancestor of the matching references. In addition,
information from the reference cluster on the gene cluster family is passed on to the
matching amplicon. This annotation is based on antiSMASH classification rules for predicted
gene clusters. Possible annotations include NRPS, lipopeptides, hybrid PKS and more. In
case of an amplicon matching with reference clusters belonging to different gene cluster
families, dom2BGC reports all matches.

Dom2BGC pipeline - Co-occurrence network creation and analysis

Pairwise co-occurrence patterns of nAMPs are calculated using Spearman rank correlation
of presence-absence patterns using numpy meshgrid. To filter out spurious relationships,
the correlation network contains only the strongest correlations in the 99% percentile
among abundant nAMPs. In the resulting network, amplicons are nodes and edges are
drawn based on co-occurrence. Clustering within the network to define BGC hubs is
performed with DBscan. These BGC hubs, comprising highly correlated nAMPs, are
inspected for nAMP annotation enrichment. Cluster nodes and first-degree neighbors
annotated to the same reference gene cluster are further selected as putative gene clusters.
Networks are visualized in Cytoscape (Shannon et al., 2003) and putative clusters are
reported in a separate tab separated file.
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Results and Discussion

Identification of disease- suppressive agricultural soils

In our previous study (Ossowicki et al., 2020), we tested 28 diverse field soils from the
Netherlands and Germany for disease suppressiveness against F. culmorum root rot of
wheat. Based on these results we selected four disease-suppressive (501, S03, S11 and S28)
and four disease-conducive (S08, S14, S15 and S17) soils for further analysis. For the
amplicon-based analyses of the rhizosphere microbiome, we again performed disease
suppressiveness assays on these eight soils. We observed no disease symptoms in two
inoculated suppressive soils (511 and S28), and only low levels of disease in the other two
inoculated suppressive soils (S01 and S03). This clearly contrasts with the four conducive
soils, where disease levels varied from moderate (S08) to high (S14, S15 and S17, Fig.1). In
two of the conducive soils (S14 and S17), we also identified some mild disease symptoms in
treatments without addition of the pathogen, indicating the presence of indigenous
populations of F. culmorum or of other pathogens causing similar disease symptoms (Fig. 1,
light blue bars). Altogether, these results confirm and extend the results of our previous
study and show a clear distinction in phenotype between the four suppressive and the four
conducive soils.
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Functional amplicon sequencing uncovers novel NRPS domains from low-abundant
bacteria in rhizosphere microbial communities

As our previous 16S rRNA-based analysis of taxonomic similarities and differences between
and across conducive and suppressive soils revealed that no taxa were unequivocally linked
to disease suppression (Ossowicki et al., 2020), we turned to functional amplicon
sequencing to assess whether this could point to metabolites or classes of metabolites
associated with the suppressive phenotype. The selective amplification of functional
domains allows capturing biosynthetic diversity found within a complex soil sample.
Specifically, we used PCR amplification of A-domains of NRPSs, which are involved in the
production of several types of bioactive molecules that have been previously linked to
disease suppression, such as lipopeptides and siderophores. In NRPSs, the role of A-domains
is to recognise and activate amino acid substrates that are incorporated into the growing
peptide (Martinez-Nufez and Lépez, 2016). Based on their sequence, it is possible to predict
their amino acid specificity and match them to databases of known or predicted BGCs.

Functional amplicon sequencing of adenylation domains across the four suppressive and
four conducive soils produced 4,181,437 raw reads across all samples, which were used to
identify association patterns of A-domains across suppressive and conducive soils. One
replicate from suppressive soil S28 (FC.1, supplementary Fig.S1) was removed from further
analysis, because it produced significantly fewer reads compared to other samples (12,380
reads while the rest of the samples average 61,132 reads). Processing of the reads resulted
in 3,396,393 reads mapping to 51,912 unique domains. Rarefaction analysis revealed that
for most samples, diversity was sufficiently covered at ~30,000 reads per sample
(Supplementary Table.S1).

To facilitate linking amplicon sequences to specific BGCs, we generated a high-quality
shotgun metagenome assembly of one sample from the rhizosphere microbiome of plants
grown in soil S11. This soil was chosen because of its strong disease suppression in this study
as well as in our previous experiments (Ossowicki et al., 2020). To increase assembly
contiguity, we made use of 10X linked read sequencing technology, which is able to
generate much more contiguous contigs compared to what is possible with conventional
metagenomics with comparable coverage. We used the dedicated cloudSPAdes 10X linked
reads assembler on these data, which resulted in an assembly size of 2.2Gb and an N50 of
2.8Kb for contigs above 1Kb, with the largest contig measuring 1.3 Mb. Compared to the
metaSPAdes equivalent assembly, which does not make use of the linked read information,
we observed a considerable improvement in the N50 and assembly size for contigs above
5Kb (7.3Kb for regular metaSPAdes assembly and 20.2Kb for cloudSPAdes) which makes the
cloudSPAdes assembly more suited to obtain complete NRPS BGCs (Meleshko et al., 2019).
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Functional amplicon sequencing of A-domains can achieve better coverage of domains from
rare BGCs compared to metagenomics with the same sequencing volume. This is reflected
by the higher diversity of domains found in natural amplicons (nAMPs), with 40,005 unique
amplicons at the protein level, compared to the shotgun assembly that yielded 8,762 unique
in silico amplicons. Remarkably, we observed that the number of unique sequences present
in all our samples surpasses the diversity contained in antiSMASH-DB (24,085 AMPs) - the
largest available annotated database for natural product-encoding BGCs that contains
sequence data for 32,548 BGCs from 24,776 microbial genomes. To highlight the
importance of environmental sampling efforts, we further matched the nAMP sequences to
in silico amplicons from antiSMASH-DB. We found that most sequences could be matched
at or above 70% identity. However, there are 162 instances of A-domains with < 30% amino
acid sequence identity to their closest representative in the database. These domains, while
still matching the Pfam domain, can potentially harbor novel functions, such as
incorporation of different amino acids, or may simply belong to rare and uncharted BGCs.
The percentage identity of nAMPs to the closest antiSMASH-DB AMP follows a normal
distribution, with a peak to the right accounted for by (near-)perfect matches to previously
sequenced clusters (Fig. 2A).

To evaluate the impact of the primer bias on the observed amplicon diversity, we performed
an inverse analysis by identifying the closest match of in silico amplicons from antiSMASH-
DB to the nAMPs from the soil, as the first is not affected by primer bias. The results revealed
a bimodal distribution (Fig. 2B and supplementary table S2). The leftmost mode includes
amplicons not present in the samples, as well as amplicons that might be present in the
samples but absent in the nAMPs set because of their poor match to the primer sequences.
Still, the majority of the in silico amplicons from antiSMASH-DB had a match in our sample
above 60% sequence identity. This indicated that the primer bias, despite being present,
does not prevent the majority of the known sequence diversity of adenylation domains to
be represented in the functional amplicon data. These results confirm the high value of
functional amplicon sequencing studies in charting the biosynthetic potential of
environmental niches. Based on these results we see that with limited primer bias we can
still get substantial coverage of nAMPs.
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Figure 2. Sequence distance between nAMPs and antismash-DB in silico amplicons. A)
Histogram showing the distribution of best matches (as in highest percentage identity at
protein level) between each nAMP and the antiSMASH-DB in silico amplicon database.
B) Histogram showing the distribution of best matches (as in highest percentage identity
at protein level) between each antiSMASH-DB in silico amplicon and the nAMPs.

The dom2BGC pipeline facilitates automated annotation and networking of functional
amplicons

Current tools for the annotation of functional amplicons (eSNaPD (Reddy et al., 2014),
NaPDoS (“The Natural Product Domain Seeker NaPDoS: A Phylogeny Based Bioinformatic
Tool to Classify Secondary Metabolite Gene Diversity,” n.d.)) have limited applications or
rely on laborious processes which require expensive laboratory automation of BAC clone
library approaches (CONKAT-seq (Libis et al., 2019)). To harness the potential of A-domain
functional amplicons in soils, we developed dom2BGC, a pipeline to add taxonomical,
functional and product annotation to amplicon sequences and validate some of the
predicted clusters using shotgun metagenomics assembly data. Within dom2BGC (Fig. 3),
amplicons are matched to antiSMASH-DB and MIBiG, two natural product BGC databases,
and annotations are transferred to the query amplicons when hits are reported above a
user-set threshold (default: 95% identity). Diversity measurements and community
structure relationships between samples are calculated and visualized in a series of
automatically generated figures (examples: Fig.2, Fig.5 - network). Finally, a co-occurrence
network of amplicons across the samples is created. Neighboring amplicons mapping onto
domains of known clusters from antiSMASH-DB or MIBIG are considered as domains which
potentially belong to the same original cluster. This information can then be used in
designing further experiments to validate the putative functions of the identified clusters.
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Figure 3. The dom2BGC annotation pipeline and validation process. Amplified sequences
from the rhizosphere are translated to nAMPs as per methods section and have been
annotated through comparison with in silico amplicons from MiBIG and antiSMASH

databases. Richness and community composition measures are used to assess their
associations with phenotype and treatments. Co-occurrence patterns of amplicons which
share similarity to the same reference BGCs were used to predict presence of
(homologues of) known BGCs. Finally, in this study, a shotgun metagenomic assembly
from one of the soil samples was used to confirm the presence of these predicted gene

clusters from the amplicon data.
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To identify known natural product BGCs in the microbial communities, a total of 3,239 in
silico amplicons were generated from MIBiG products entries (MAMPs — MIBiG amplicons).
1,312 unique nAMPs, corresponding to 8% of the total, were matched and associated to a
BGC for a known natural product. Notably, the most abundant known BGC annotated
encodes the biosynthesis of pyoverdine; this NRPS gene cluster is widespread among
Pseudomonas species which are also common members of the rhizosphere. Still, even for
MIBiG entries with a perfect match and consistent coverage across samples, not all the A-
domains present in the reference cluster could be amplified. This illustrates how functional
amplicon sequencing provides deep coverage of biosynthetic diversity across microbiome
samples, but also misses certain domains because of mismatches between oligo-primers
and the target sequence or other PCR biases. This is partially balanced by the fact that most
NRPS gene clusters encode multiple A-domains, which increases the chance that at least
one of these regions is amplified. As for database coverage, 119 out of 860 entries with an
adenylation domain in MIBiG had at least one amplicon from our data mapping to one of
its domains above 90% amino acid identity. This is testament to the extensive natural
product potential of soil microbial communities.

To investigate the taxonomical and gene cluster class distributions of nAMPS, a total of
40,211 in silico amplicons were generated from antiSMASH-DB BGCs (aSAMPs) and used to
annotate 5,531 nAMPs (corresponding to 29,9% of total reads), linking them to 1,443
different BGCs. This annotation rate constitutes about a 4-fold increase compared to the
numbers of nAMPs that could be annotated using MIBiG as reference.

Disease-suppression is not associated with increased adenylation domain diversity but
shows distinct community structure

There is great need for diagnostic tools to assess the disease-suppressive potential of
agricultural soils based on their microbial and functional composition. In a recently
published paper, Yuan et al. (Yuan et al., 2020) explored in a meta-analysis the potential of
16S and ITS amplicons as predictors of disease occurrence. Since A-domain functional
amplicon data showed more distinctive patterns than 16S data between soils with
conducive and suppressive phenotypes (5), we set out to explore if it might be feasible to
use functional amplicon sequencing as a diagnostic tool of disease suppressiveness. To test
the possible association of within-sample amplicon diversity measures with the suppressive
phenotype, we calculated within-sample richness, evenness and phylogenetic diversity for
all samples based on observed unique amplicons, Simpson-e and Faith-PD, respectively.
Wilcoxon rank-sum tests showed no significant association of alpha diversity measures with
the presence of the pathogen nor with the suppressive phenotype for any of these metrics
(Fig.4A).
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Figure 4. Community diversity and composition. A) Adenylation domain richness across
suppressive (orange bars) and conducive (blue bars) soils, calculated as unique
sequences. B) Visualization of the adenylation domain community composition with

multidimensional scaling.

Several studies have associated overall microbial species richness or evenness in the soil
and rhizosphere with disease suppressiveness (Chaparro et al., 2012; Garbeva et al., 2004;
Janvier et al., 2007; Larkin, 2015; van Bruggen et al., 2015). In other studies, however, this
was not the case, and suppressiveness was associated with the abundance/enrichment of
specific genera or functions (Carridn et al., 2019; Mendes et al., 2011). Here, we note that
suppressive soils were both among the most and least diverse in terms of NRPS A-domains,
which highlights the importance of availability of samples from multiple sources that share
the same phenotype before drawing conclusions on the role of community diversity in
disease suppression.

In @ multi-dimensional scaling (MDS) analysis, suppressive soils did form a distinct group
based on their community profile (Fig.4, panel B) with significant grouping, suggesting that
similar community NRPS profiles can indeed be associated with the suppressive phenotype
based on unweighted Unifrac (PERMANOVA, p-value=0.010; ANOSIM, p-value=0.010). This
could indicate that the observed phenotype is caused by a single or limited number of
pathway(s), not detectable with overall richness or abundance measurements, that directly
interfere with a pathogen’s ability to colonize the rhizosphere, initiate root penetration and
disease.

Thus, it appears that sequencing A-domain community composition has the potential to
become a predictive tool for diagnosing soil suppressiveness. Nevertheless, we should
emphasize that our study is based on only one host-pathogen system (wheat and Fusarium
culmorum) and a collection of eight soils. Still, the fact that the production of compounds
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by NRPS and PKS enzymes play crucial roles in other disease-suppressive soils (Carridn et
al., 2019; Duijff et al., 1999, 1994; Hayden et al., 2018; Kinkel et al., 2012; Michelsen et al.,
2015; Raaijmakers and Weller, 1998; Scher M., 1982; Weller et al., 2002a; Zhao et al., 2018)
supports this proposition. This method has to be further developed and validated in the
future through the inclusion of more host-pathogen systems and soils suppressive to other

soil-borne fungal pathogens.

Suppressive soils are enriched in cyclic-peptide-associated A-domains

Adenylation domains activate and incorporate specific amino acids in the growing
nonribosomal peptide during synthesis by an NRPS assembly line. The substrate specificity
for different A-domains is determined by a restricted number of residues in their sequence
(Stachelhaus et al., 1999). A-domains incorporate a large variety of both proteogenic and
non-proteogenic amino acids, which facilitate the structural diversity of the final peptide
products. We reasoned that prediction of the substrate specificities of the domain
amplicons detected in suppressive and conducive rhizosphere samples could provide new
insights into the abundance and diversity of different products, and trained a classifier to
predict these specificities (see Methods). Intriguingly, we found predicted threonine-
specific domains to be significantly more common in suppressive soils versus conducive
(rank-sum test p-value<0.001, full result table in Supplementary table S3). This is particularly
interesting as threonine is an amino acid commonly involved in lactone ring formation of
cyclic and branched cyclic (lipo)peptides. Such peptides have a large variety of natural
functions, which encompass, among others, the induction of systemic resistance in plants
to fungal infection and direct antifungal activity (Cawoy et al., 2015; Geudens and Martins,
2018; Kruijt et al., 2009; Mm et al., 2014; Omoboye et al., 2019b, 20193, p. 3; Oni et al., n.d.;
Raaijmakers et al., 2010; Raaijmakers and Mazzola, 2012).

Reconstruction of 31 gene clusters from amplicon data using domain annotation and co-
occurrence pattern analysis

Co-occurrence of domains across the soil samples was used to build a pairwise co-
occurrence matrix as described in methods. A strict filter was applied to remove spurious
correlations, creating in a co-occurrence network containing 1,618 amplicons. Associations
of co-occurring amplicons into putative BGCs were predicted only for co-occurring
amplicons which share annotation to one or multiple references; this resulted in the
reconstruction of 31 gene clusters (supplementary table S4). These clusters belonged to
multiple taxonomical groups, namely Pseudomonas, Delftia, Streptomyces, Variovorax,
Burkholderia and Collimonas. In order to validate putative network clusters, we generated
8,762 in silico amplicons from our 10X shotgun metagenome-assembly as described above.
Two of the 31 reconstructed gene clusters could be matched to known gene cluster
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products predicted from the metagenome: the BGCs for nunamycin and delftibactin from
Pseudomonas and Delftia respectively, as shown in Figures 5 and 6.
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Figure 5. Domain co-occurrence network showing clusters associated with soil
suppressiveness. For each of the four clusters (5, 6, 10 and 11), a heatmap shows
distribution of A-domains across the samples. The heatmap colour scale represents the
number of replicates in which the A-domain occurs (from dark blue — absent to red —
present in all four replicates. Upper colour bars in the heatmaps describes samples — light
grey — non-inoculated, dark grey - inoculated with pathogen and disease
suppressiveness — orange — suppressive, blue - conducive. The left side of each heatmap
shows which A-domains were annotated using the MiBIG or antiSMASH databases with
colour bars. Colour of the bars indicate a compound or compound class shown in the
legend.

Overview of the BGCs associated with suppressive soils
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Next, we identified in more detail the BGCs detected in the wheat rhizosphere microbiome
from suppressive soil S11. To this end, we used antiSMASH to identify BGCs in the 10X
shotgun metagenome assembly of this soil. This resulted in 991 predicted BGCs from
multiple GCFs associated with various known compounds. Notable compounds include
siderophores like turnerbactin, delftibactin, fimsbactin, xanthoferrin and amonabactin,
lipopeptides like nunamycin/nunapeptin and brabantamide (Barghouthi et al., 1989; Bohac
et al., 2019; Han et al., 2013; Michelsen et al., 2015, 2015; Pandey et al., 2017; Schmidt et
al., 2014; Tejman-Yarden et al.,, 2019), and known antifungal compounds like 2,4-
diacetylphloroglucinol (Raaijmakers and Weller, 1998). This array of candidate clusters
offered an initial insight into putative mechanisms associated with the disease-suppressive
phenotype, in which one or multiple compounds may inhibit simultaneously or sequentially
the growth of the invading pathogen and suppress root infection.
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Figure 6. Selection of known BGCs predicted in the rhizosphere metagenome of
suppressive soil S11. Arrows represent predicted genes and are colour-coded based on
their annotated function. AMP-binding domains matching to functional amplicons are
highlighted as described in the legend.
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Analysis of siderophores and lipopeptides associated with observed phenotypes

As expected, our MIBiG-based annotations show that a considerable portion of the
amplicons (955 out of 5,531) mapped to Pseudomonas A-domains. A-domains from this
study could be mapped to BGCs belonging to 68 different genera and 208 bacterial species
(Supplementary table S2). With these taxonomic annotations obtained from dom2BGC, it
was possible to identify taxonomic patterns of adenylation domains associated with soil
disease suppressiveness. Multiple species known for their biosynthetic potential and for
involvement in disease suppressiveness in other systems were significantly enriched in
suppressive soils at high taxonomical resolution (Supplementary table S4). This suggests
that these bacteria, which were previously found to exhibit antifungal activity, might also
play a role in the disease suppressiveness against F. culmorum in wheat.

DBscan clustering of the A-domain co-occurrence network produced 16 clusters. Among
these clusters, 4 were associated with at least one suppressive soil. The most interesting
subnetwork (Fig. 5, cluster 6) has amplicons associated with suppressive soil S11 and
partially with soil S01, with some amplicons present across three suppressive soils. Three
separate domain clusters were reconstructed within this subnetwork, with all three
matching BGCs encoding the production of known siderophores, namely pyoverdine from
Pseudomonas, scabichelin from Streptomyces and delftibactin from Delftia. All of these
were associated with suppressive soil S11 and the last one with suppressive soil SO1 as well.
Siderophores are a group of secondary metabolites produced by microorganisms in iron-
limited environments like soil. These metabolites form complexes with insoluble iron,
facilitating the uptake of this iron by microorganisms. Often, competition for iron is a central
process in soil systems with neutral to high pH (Haas and Défago, 2005; Kloepper et al.,
1980; Kramer et al., 2020; Lemanceau et al., 1993; Saha et al., 2016). Siderophores and
competition for iron were found to be involved in soil disease suppression mechanisms
against Fusarium wilt (Alabouvette, 1986; Baker et al., 1986; Duijff et al., 1999, 1994; Scher
M., 1982) , take-all disease in wheat (Lemanceau et al., 2009; Verbon et al., 2017) and
damping-off of sugar beet (Carridn et al., 2019).

The concentration of soluble iron in eight tested soils, as assayed in our previous study
(Ossowicki et al., 2020), ranged from 0.01 mg/kg in soil S17 to 0.11 mg/kg in soil S11 with
the exception of soil S03, where the concentration was much higher and reached 0.45
mg/kg. The high iron concentration in soil SO3 can be explained by its low pH (5.28), which
increases the solubility of oxidized iron. All other soils have a neutral pH (7.13 to 7.82) or
are only slightly acidic (soils SO1 and S08, pH 6.22 and 6.87, respectively) (supplementary
table S5 and (Ossowicki et al., 2020)). We observe that the broad presence of siderophores
is not limited to environments with a low availability of iron. Those results do not indicate
a simple connection between the concentration of soluble iron and soil disease
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suppressiveness against F. culmorum. Nevertheless, the production of siderophores is so
widespread among microorganisms is soil systems that we can consider it as primary
process in ecosystem functioning consequently indispensable for soil disease

suppressiveness.

The network hub associated with suppressive soil SO3 (Fig. 5, cluster 10) contains three
predicted reconstructed gene clusters taxonomically assigned to Burkholderia, Collimonas
and Pseudomonas. The Burkholderia and Collimonas clusters matched to multimodular
NRPSs with no known associated natural product, while the reconstructed cluster from
Pseudomonas matched to the syringafactin BGC. Finally, the pyoverdine BGC from
Pseudomonas was recovered from a smaller amplicon subnetwork (Fig. 5, cluster 11). While
the consistent recovery of the pyoverdine BGC in multiple hubs is expected given its
ubiquity in rhizosphere-associated pseudomonads, the recovery of the delftibactin and
scabichelin BGCs and their association to two suppressive soils emphasize the contribution
of different kinds of siderophores in disease suppression. Our results were further
confirmed by the prediction of a delftibactin BGC in the associated shotgun metagenome
assembly from soil S11 with antiSMASH, which has an almost perfect match with the
delftibactin BGC in MiBIG (Fig.6). The largest suppressive-sample-associated subnetwork by
number of amplicons (Fig. 5, cluster 5) possesses an individual cluster matching the
scabichelin BGC from Streptomyces scabies. This siderophore has been found to be
produced by previously reported Fusarium-suppressive strains (del Barrio-Duque et al.,
2019). The reconstruction of separate instances of the same BGC suggest that the
underlying amplicons belong to variants of the scabichelin cluster present in different
rhizosphere communities.

All in all, the results suggest an association of siderophore BGCs with the disease-
suppressive phenotype across the soils studied. They also point to a possible functional
redundancy that should be validated in future work: in some soils, a suppressive function
might be mediated through the production of some siderophores (e.g., delftibactin), while
in other soils the same function might be mediated by other natural products (e.g.,

scabichelin).

Based on the MIBIG database, 15 lipopeptides were annotated in our samples. Figure S2
presents the distribution of these compounds among suppressive and conducive soils.
Interestingly, most annotated lipopeptides are much more abundant in conducive soils,
especially in soil S17. Many of these lipopeptides are connected to bacterial plant pathogens
and act like pathogenicity factors (for example: syringafactin, tolaasin, sessilin), while others
have been implicated in soil disease suppressiveness and antagonistic interactions with
fungi (for example: nunamycin and thanamycin) or breaking down bacterial biofilms (for
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example: WLIP, entolysin, putisolvin and xantholysin A). Many of the A domains that are
part of NRPS BGCs of plant pathogenic bacteria are also part of NRPS BGCs of non-
pathogenic bacteria (Girard et al., 2020). Isolation of the bacteria harbouring these BGCs
and subsequent genetic, genomic, transcriptomic and mutational analyses will be needed
to determine the identity as well as any functional significance of these BGCs in

suppressiveness.

Conclusions

Our study provides novel insights into the NRPS AMP-binding domain diversity of
agricultural rhizosphere samples. Remarkably, the set of unique amplicons from this
rhizosphere collection equals the level of diversity of adenylation domains found across all
publicly available genomes. Annotation rates for nAMPs were generally low, which
highlights the incredible potential of plant-associated microbiomes for discovering novel
natural products. We report significant community structure overlap among suppressive
rhizobacterial adenylation domains profiles, and generated new hypotheses regarding
possible roles for siderophores in disease suppression against Fusarium culmorum. We also
developed a pipeline for taxonomic and functional annotation of NRPS amplicons without
the requirement of a BAC-clone library. The dom2BGC pipeline can be extended to and
currently supports annotation of any natural product-associated domain that occurs
multiple times within a BGC, and to some extent for any BGC-associated domain. We
validated the amplicon clustering results by reconstructing the delftibactin BGC, a
siderophore associated with suppressive soils using a combination of amplicon sequencing
and novel 10X genomics shotgun metagenomics sequencing. We conclude that combining
functional amplicon sequencing and shotgun metagenomics highlighted represents a
powerful approach to probe complex microbiome-associated plant phenotypes and to
generate new hypotheses on the functional roles of microbial metabolites in microbe-
microbe and microbe-host interactions.

Data availability
Raw sequence data that support the findings of this study have been deposited in NCBI
under project number PRINA670155.
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Supplementary material

Table S1. Read counts per sample table pre and post filtering.

Sample-ID Raw Filtered
counts counts
S01-30-C-1_38060-A01 61522 56356
S01-30-C-2_38060-B01 69249 63627
S01-30-C-3_38060-C01 93329 86633
S01-30-C-4_38060-D01 88579 81528
S01-30-FC-1_38060-E01 73573 68386
S01-30-FC-3_38060-G01 | 59679 54557
S01-30-FC-4_38060-HO01 | 54754 50564
S03-30-C-1_38060-A02 49444 45627
S03-30-C-2_38060-B02 59744 55266
S03-30-C-3_38060-C02 45294 42639
S03-30-C-4_38060-D02 55966 51235
S03-30-FC-1_38060-E02 69574 66177
S03-30-FC-2_38060-F02 72277 66783
S03-30-FC-3_38060-G02 | 56285 51549
S03-30-FC-4_38060-H02 | 54935 49470
S08-30-C-1_38060-A05 57233 53380
S08-30-C-2_38060-B05 66362 61590
S08-30-C-3_38060-C05 64633 60426
S08-30-C-4_38060-D05 82370 77089
S08-30-FC-1_38060-E05 68239 64447
S08-30-FC-2_38060-F05 89136 82245
S08-30-FC-3_38060-G05 | 69234 63569
S08-30-FC-4_38060-HO5 | 56346 51398
$11-30-C-1_38060-A03 56932 53328
$11-30-C-2_38060-B03 72236 67006
$11-30-C-3_38060-C03 60323 56541
$11-30-C-4_38060-D03 76486 72089
$11-30-FC-1_38060-E03 65674 62059
$11-30-FC-2_38060-F03 69165 63976
§11-30-FC-3_38060-G03 | 61222 57484
$11-30-FC-4_38060-H03 | 62399 58216
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$14-30-C-1_38060-A06 65009 60765
$14-30-C-2_38060-B06 70802 65514
$14-30-C-3_38060-C06 64070 59514
514-30-C-4_38060-D06 54727 50559
$14-30-FC-1_38060-E06 72434 66960
$14-30-FC-2_38060-F06 81112 71312
$14-30-FC-3_38060-G06 | 59644 55225
514-30-FC-4_38060-H06 | 64895 58831
$15-30-C-1_38060-A07 59465 53857
$15-30-C-2_38060-B07 68717 62513
$15-30-C-3_38060-C07 75261 69264
$15-30-C-4_38060-D07 74238 68226
$15-30-FC-1_38060-E07 83840 77529
$15-30-FC-2_38060-F07 85701 77805
$15-30-FC-3_38060-G07 | 60580 56114
$15-30-FC-4_38060-H07 | 69506 63197
$17-30-C-1_38060-A08 56302 51984
$17-30-C-2_38060-B08 78187 67847
$17-30-C-3_38060-C08 85159 76649
$17-30-C-4_38060-D08 80787 74714
$17-30-FC-1_38060-E08 73688 69596
$17-30-FC-2_38060-F08 76891 70879
$17-30-FC-3_38060-G08 | 63541 59126
$17-30-FC-4_38060-H08 | 61208 56702
$28-30-C-1_38060-A04 54744 49232
$28-30-C-2_38060-B04 72221 65227
528-30-C-3_38060-C04 48818 43892
$28-30-C-4_38060-D04 69285 63359
$28-30-FC-1_38060-E04 14606 12380
$28-30-FC-2_38060-F04 85430 78041
$28-30-FC-3_38060-G04 | 54205 50309
$28-30-FC-4_38060-H04 | 54170 49003
Total: 3459604 | 3396393
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Table S2. Statistic tests for Figure 2B

Phenotype, permanova

method name PERMANOVA
test statistic name pseudo-F
sample size 63

number of groups 2

test statistic 4.9766
p-value 0.0010
number of permutations 999

Name: PERMANOVA results, dtype: object

Treatment, permanova

method name PERMANOVA
test statistic name pseudo-F
sample size 63

number of groups 2

test statistic 0.8660
p-value 0.6890
number of permutations 999

Name: PERMANOVA results, dtype: object

Phenotype, anosim

method name ANOSIM
test statistic name R
sample size 63
number of groups 2

test statistic 0.3529
p-value 0.0010
number of permutations 999

Name: ANOSIM results, dtype: object

Treatment, anosim

method name ANOSIM
test statistic name R
sample size 63
number of groups 2

test statistic -0.0008
p-value 0.4030
number of permutations 999

Name: ANOSIM results, dtype: object

Table S3. Cumulative relative abundance of predicted amino acid substrates in suppressive
and conducive rhizosphere soils. Rank sum statistics is calculated using relative counts of
appearances of amplicons annotated to the monomer for calculating ranks.
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Substrate Cumulative Cumulative Rank Rank p-value
specificity | relative relative sums sums

abundance abundance statistic

suppressive | conducive
ala 0,1136 0,1355 0,8383 -2,3834 0,0203
asn 0,0077 0,0064 1,2166 -0,5024 0,6172
asp 0,0013 0,0004 3,5484 2,2128 0,0307
cys 0,0810 0,0864 0,9370 -3,3174 0,0015
dab 0,0006 0,0005 1,0138 2,5104 0,0148
gln 0,0341 0,0373 0,9149 2,5214 0,0144
glu 0,0009 0,0011 0,8449 -2,9170 0,0050
gly 0,2195 0,2234 0,9825 -0,8890 0,3776
leu 0,0122 0,0065 1,8587 3,4547 0,0010
phe 0,0015 0,0015 1,0138 0,1616 0,8722
pro 0,0271 0,0238 1,1377 -0,1885 0,8512
ser 0,2781 0,2843 0,9782 -1,2785 0,2060
thr 0,2103 0,1817 1,1569 4,8296 9,83E-06
tyr 0,0122 0,0109 1,1152 0,6348 0,5280

Table S4 Annotated MIBig clusters with counts in all suppressive and all conducive soils

cluster suppressive counts | conducive counts
BGC0000438_AAF99707.2 | 5499 58
BGC0000438_AA072425.1 | 4836 47
BGC0000437_AAY37655.1 | 4834 47
BGC0001416_KPN93063.1 | 4367 86
BGC0001416_KPN90376.1 | 4417 234
BGC0001721_AUD11994.1 | 3824 0
BGC0000984_ABX37383.1 | 2021 167
BGC0000984_ABX37382.1 1987 137
BGC0001346_AOA33122.1 | 1503 72
BGC0000438_AA072424.1 | 1493 78
BGC0000437_AAY37654.1 | 1482 78
BGC0000437_AAY37653.1 1443 55
BGC0001842_ABA73955.1 | 1668 409
BGC0001980_QDF82255.1 | 1698 474
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BGC0001509_WP 1987 800
BGC0000435_AA056329.1 | 925 0
BGC0001567_WP 1142 473
BGCO0001312_CAY48788.1 | 418 208
BGC0001416_KPN93064.1 | 276 76
BGCO000305_BAC67535.1 | 376 263
BGC0001752_ctgl 409 308
BGC0001984_QED55423.1 | 76 3
BGC0001519_WP 105 35
BGCO000305_BAC67536.1 | 142 77
BGC0001331_WP 37

BGC0001332_WP 31

BGC0000443_AEDS0003.1 | 26

BGCO000429_AEA30273.1 | 27

BGC0001999_WP 42 23
BGCO000425_AFH75321.1 | 96 78
BGC0001806_APU91750.1 | 96 78
BGC0001330_WP 24 6

BGCO000425_AFH75320.1 | 98 81
BGCO000429_AEA30272.1 | 18 1

BGC0000447_CCJ67639.1 100 83
BGC0000447_CCJ67638.1 100 83
BGCO001389_AHZ34242.1 | 96 80
BGC0001389_AHZ34241.1 | 96 80
BGCO000371_BAH33409.1 | 34 20

BGC0000431_EFE73312.1 14

BGCO000315_CAB38518.1 | 13

BGC0001370_ALV82356.1 | 13

BGCO000437_AAY37647.1 | 14

BGC0001192_AJM89738.1 | 19

BGC0001153_AEZ51520.1 | 19

BGC0001192_AJM89735.1 | 19

BGCO000408_ACA97580.1 | 19

BGCO000403_AFJ14794.1 19

00| 0| O O0| O[O NN| O O] O

BGC0000408_ACA97576.1 | 19
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BGCO001153_AEZ51516.1 | 19 8
BGC0002014_WP 13 2
BGC0001715_CUX79061.1 | 16 6
BGC0001715_CUX79060.1 | 16 6
BGCO000429_AEA30274.1 | 13 4
BGC0001657_BAV56270.1 0
BGC0000461_AEP18655.1 0
BGCO000461_AEP18656.1 | 4 0
BGC0001042_ACY06285.1 | 20 16

BGC0001370_ALV82384.1

BGC0000315_CAB38517.1

BGC0001763_BBA20967.1

BGC0001620_ASX95241.1

BGC0001214_AJV88375.1

BGC0001984_QED55421.1

BGC0O000418_AIE77059.1

BGC0002001_WP

BGC0000311_CAC48361.1

BGCO000955_CCA29203.1

BGC0O000341_ABD65958.1

BGC0000359_AAZ55900.1

BGC0O000385_AEH59099.1

BGCO000385_AEH59100.1

BGC0001462_0Lz52457.1

BGCO000419_AIG79241.1

BGC0001416_KPN90369.1

BGC0001459_0OKA09423.1

BGC0001460_EME52990.1

BGC0000311_CAC48360.1

BGC0001460_EME52989.1

BGC0000326_AAK81826.1

BGC0001975_QBG38784.1

BGC0001459_0OKA09424.1
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BGCO000455_AEI58866.1

BGC0001792_WP 8
BGC0000463_AGM14934.1 | 11 28
BGCO000333_ABWO00331.1 | O 22
BGC0000447_CCJ67637.1 131 156
BGC0001368_WP 1 26
BGC0000289_CAD91212.1 | 3 31
BGCO000440_CAE53352.1 | 2 31
BGC0000441_CAG15011.1 | 2 31
BGC0001178_AGS77309.1 | 2 31
BGC0001806_APU91751.1 | 22 52
BGCO000425_AFH75322.1 | 15 50
BGC0000413_AAY93356.2 | 5 41
BGC0000413_AAY93354.1 41
BGCO001389_AHZ34243.1 | 31 73
BGC0O000344_CAK15814.1 | 41 89
BGC0000463_AGM14933.1 | 41 89
BGC0O000344_CAK15815.1 | 41 89
BGC0001838_AFJ23826.1 38 89
BGCO000439_AHH53506.1 | O 66
BGCO0001838_AFJ23825.1 15 82
BGC0O000411_ABW17377.1 | 51 119
BGCO000411_ABW17376.1 | 47 139
BGC0001842_ABA73956.1 | 279 417
BGC0001980_QDF82259.1 | 325 477
BGC0001767_ctgl 2438 2651
BGC0000325_CAB53322.1 | 100 342
BGC0001312_CAY48789.1 | 124 400
BGCO000389_ABH06369.2 | 159 444
BGC0000423_CBG75492.1 | 2445 2741
BGC0000349_CAMO02313.1 | 2291 2589
BGC0000389_ABH06368.2 | 268 611
BGC0001211_WP 2448 2820
BGC0000413_AAY93445.1 | 52510 73141
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Table S5. Chemical properties of tested soils

So1 S03 s11 S28
pH 6,22 SD 0,17 5,28 SD 0,27 7,28 SD 0,19 7,13 SD 0,07
OM [%] 3,46 SD 0,35 5,49 SD 0,68 3,48 SD 0,47 3,295D 0,12
Fe [mg/kg] | 0,09SDO 0,45 SD 0,06 0,11SD O 0,02SD 0
K [mg/kg] 345D 0,92 59,95 SD 2,29 68,77SD 1,1 71,36 SD 0,44
Mg [mg/kg] | 163,19 SD 1,75 56,74 SD 2,11 56,43 SD 0,58 160,26 SD 2,7
P [mg/kg] 1,4sD 0,01 2,69 5D 0,08 5,43 SD 0,04 0,79 SD 0,02
S [mg/kg] 1,29SD 0,08 2,65D 0,16 1,17SD 0,15 1,74SD 0,24
C[%] 2,315D 0,18 3,77SD 1,13 1,995SD 0,88 1,525D 0,01
N [%] 0,14SD 0,01 0,265D 0,1 0,16 SD 0,07 0,17SD 0
C:N 16,5 14,5 12,44 8,94

S08 S14 S15 S17
pH 6,87 SD 0,06 7,61SD 0,05 7,82 SD 0,05 7,75 SD 0,06
OM [%] 2,81SD0,51 5,04 SD 0,35 3,775D 0,63 4,23SD 0,79
Fe [mg/kg] | 0,08SDO 0,04sDO 0,02SD 0O 0,01SDO
K [mg/kg] 181,54SD 3,76 | 82,49 SD 4,08 45,83 SD 0,53 87,17 SD 2,45
Mg [mg/kg] | 109,68 SD 1,7 98,91 5D 4,04 60,6 SD 0,52 74,54 5D 0,8
P [mg/kg] 16,23 SD 0,05 0,7 SD 0,06 0,9 SD 0,05 1,03SD 0,04
S [mg/kg] 1,14 SD 0,05 8,615D 0,08 5,95SD 0,06 2,27 SD 0,06
C[%] 1,94 5D 0,24 2,355D 0,14 1,915D 0,08 2,63 SD 0,05
N [%] 0,16 SD 0,01 0,155D 0,01 0,115D 0,01 0,155D 0
C:N 12,13 15,67 17,36 17,53
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Figure S1. Rarefaction analysis of rhizosphere A-domain amplicons. Samples
rarefaction analysis showing number of unique amp-binding domains (ordinate) at
different rarefaction points (abscissa). One sample was clearly an outlier (pink arrow on
the bottom) and was removed from the analysis.
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Figure S2. — Phylogeny tree of the natural amplicons analyzed in this study. On the
outer ring, colors represent predicted amino acid specificity and amino acid group

specificity as detailed in supplementary material.
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Abstract

In disease-suppressive soils, root-associated microbiomes provide plant protection against
infections by specific soil-borne plant pathogens. Previously, we screened a large number
of soils for suppressiveness to Fusarium culmorum of wheat and revealed that soil S11
showed a consistent and high level of suppressiveness that was associated with the
rhizosphere microbiome. In this study, we used a dilution-to-extinction approach to
investigate the underlying mechanisms of microbiome-mediated disease suppressiveness
to F. culmorum. Our results show that disease suppressiveness can be transferred to a
sterile soil by introducing the microbiome extracted from the rhizosphere of wheat grown
in suppressive soil S11. Introducing different dilutions of this S11 rhizosphere microbiome
into the sterile soil revealed a nonlinear relationship between the dilution factor and the
level of disease suppressiveness. At low microbiome dilution, disease was significantly
suppressed relative to the untreated control, but the suppressive effect was lost at higher
dilutions (100X and higher). Shotgun metagenomic sequencing and reconstruction of 96
metagenome assembled genomes from the rhizosphere microbiota of the different
dilutions revealed changes in microbiome composition and functions. We observed a
reduction in microbial diversity along the dilution trajectory with an increase in the relative
abundance of the Proteobacteria and Bdellovibrionota, and a decrease in the relative
abundances of Streptomycetales, Acidobacteria and Verrucomicrobiota. Analysis of the
occurrences of KEGG orthologs showed enrichment for 143 orthologs in the suppressive
conditions and included terms associated with iron uptake, chitinases and components of
the type 6 secretion system. Nine metagenome-assembled genomes were associated with
the diminished suppressive phenotype, including a high-quality genome from the bacterial
genus Labilithrix that contains multiple novel biosynthetic gene clusters. Collectively, this
study exemplifies the high added value of dilution-to-extinction to deconstruct a naturally
occurring microbiome-associated plant phenotype, i.e., disease suppressiveness.
Deciphering the mechanisms and microbial consortia involved in suppressive soils is highly
instrumental for the development of new disease management strategies for sustainable

agriculture.

Introduction

The thin layer of soil surrounding and influenced by plant roots - the rhizosphere — is
populated by diverse microbial communities recruited from the soil microbiome by root
exudates (Berg and Smalla, 2009; Morella et al., 2020). Rhizosphere microbes often confer
beneficial functions to plants, such as nutrient acquisition, production of phytohormones
and protection against biotic and abiotic stresses (Cordovez et al., 2019). Hence, changes in
the composition of the rhizosphere microbiome can positively or negatively affect plant
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growth and health. For ages, people have recognized that some soils are better for
cultivation of particular crops, but only in the last decades we started to understand how
microbes present in a soil contribute to better yields and protection from diseases. In so-
called disease suppressive soils, the level of disease is low to absent, despite the presence
of a virulent pathogen and a susceptible host plant (Raaijmakers and Mazzola, 2011). For
most disease-suppressive soils, the protection provided to the plant is mediated by
activities of specific members of the soil and rhizosphere microbiota (for reviews
see:(Gomes Exposito et al., 2017; Schlatter et al., 2017b; Weller et al., 2002a)). Because of
the complex diversity and dynamics of the rhizosphere microbiota (Wagg et al., 2014),
unravelling the mechanisms by which specific microbial consortia provide protection
against diseases is a challenge. Here we integrated dilution-to-extinction (DTE) and
metagenomics to disentangle the microbial traits associated with suppressiveness of soils
to Fusarium root disease of wheat. DTE is a controlled perturbation method leading to a
simplified derivative of the initial microbiome and has been used for manipulation of
microbiomes of the gut (Kenters et al., 2011; Lagier et al., 2015) and water (Stingl et al.,
2008; Yu et al.,, 2019) to study rare taxa and ecological succession. Manipulation of
microbiome structure and diversity by DTE has also successfully been used in several studies
of soil microbiomes in the context of the utilization of carbon sources (Garland and Lehman,
1999), fungistasis (Hol et al., 2015), chitin and cellulose degradation (Peter et al., 2011),
antibiotic resistance (Chen et al., 2019, 2017) and general functional potential (Yan et al.,
2017). A study by Chen et al. (2020) demonstrated, using a DTE approach, the impact of the
microbial taxonomic diversity on soil functions and a positive correlation between microbial
diversity and crop productivity (Chen et al., 2020). Korenblum et al. (2020) recently used a
combination of DTE with metatranscriptomics and metabolomics to investigate how
bacteria reprogram metabolism and root exudation in tomato (Korenblum et al., 2020). The
study by Hol et al. (2015) revealed by DTE that reduced taxonomic diversity leads to a
reduced ability of the soil microbiota to inhibit the growth of fungal plant pathogens in-vitro
(Hol et al., 2015). Here, we integrated DTE with metagenomics to identify, for the first time,
microbiome functions associated in situ with disease suppressiveness to F. culmorum.
Identifying microbial consortia and microbial functions involved in suppressive soils can
substantially contribute to developing new sustainable solutions for future agriculture with
reduced inputs of fertilizers and chemical pesticides.

In our previous studies, we screened 28 soils for suppressiveness to F. culmorum of wheat
and identified several suppressive soils. Amplicon sequencing showed that these
suppressive soils did not share the same taxonomic patterns, but co-occurrence network
analysis revealed at least one common uniquely overrepresented bacterial guild dominated
by Acidobacteria (Ossowicki et al., 2020). In some of the suppressive soils, we also found an
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association between suppressiveness and the abundance of biosynthetic gene clusters
(BGCs) encoding the production of siderophores based on NRPS functional amplicon
sequencing (Tracanna et al., n.d.). For the work presented here, we chose agricultural soil
S11 because it showed the highest and most consistent level of disease suppressiveness and
an association of suppressiveness with siderophore BGCs. For the experimental work, we
inoculated a sterile soil with different dilutions of soil S11 and planted wheat. Then, we
challenged the plants with the fungal pathogen and monitored disease severity and
microbiome dynamics by in-depth metagenomic sequencing. We hypothesize that dilution
of the suppressive rhizosphere microbiome i) diminishes the abundance of specific
microbial taxa and biosynthetic gene clusters (BGCs) involved in disease suppressiveness, ii)
diminishes microbial diversity and thereby disturbs the interactions within the microbial
consortia responsible for disease suppressiveness.

Results and discussion

Impact of rhizosphere microbiome dilution on disease suppressiveness

In a greenhouse pot experiment, we extracted the microbiome of disease-suppressive soil
S11 grown for 2 weeks to wheat. When introduced into a sterile sandy soil, the extracted
soil microbiome (ESM) conferred significant suppressiveness to F. culmorum infections of
wheat in two independent bioassays with sixteen biological replicates (Fig.1). Dilution of the
ESM reduced the level of disease suppressiveness in a non-linear manner. At low dilutions
(10X, 25X and 50X), the disease was significantly suppressed, but the suppressive effect was
lost at higher dilutions (100X, 200X and 400X) (Fig.1).
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Figure 1. Effects of diluted soil suspensions (10X up to 400X) of disease-suppressive soil
S11 on Fusarium culmorum disease severity of wheat plants grown in a sterile soil.
Results of two independent experiments (panels A, B) are shown. Disease severity was
scored with an index scale ranging from 0 (healthy) to 5 (dead plants). Average disease
indices are shown for 16 replicates per treatment. NC is the ‘healthy control” where
wheat plants are grown in the sterile soil without the pathogen; PC is the ‘diseased
control’ with sterile soil inoculated with the fungal pathogen; S11 is suppressive field soil
S$11 inoculated with the pathogen. Panel C represents the combined results of the two
independent experiments shown in panels A and B. The black dashed line indicates the
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transition point in the plant phenotype from suppressive to conducive according to the
statistical analyses of the chi-square test; different letters above the data points indicate
statistically significant differences. For the metagenome analyses, DNA rhizosphere
samples were collected in experiment 2 from the four dilutions indicated by orange dots

on the graph.

Dilution-to-extinction is an effective approach to dissect microbiome-associated
phenotypes

Following the bioassays, DNA was extracted from the rhizosphere of wheat plants treated
with four ESM dilutions that confer phenotypes ranging from disease-suppressive to
conducive (non-suppressive). Based on taxonomic classification of the metagenomic reads,
the results showed that the rhizosphere microbiomes maintained their overall taxonomic
structure at the phylum level over the dilution series (Fig. 2), but the relative abundance of
various taxonomic groups significantly changed as a result of the dilution (presented and
discussed further below).

The taxonomic distribution was consistent among all five biological replicates of the original
extracted ESM and of each of the four dilutions (Fig. S1). According to nonpareil estimation
of coverage, the in-depth sequencing efforts for this experiment was able to cover even less
abundant and rare members of the rhizosphere microbiota nearly completely (Fig. 3A),
providing a basis to deconstruct microbial functions associated with the disease-suppressive
plant phenotype while maintaining a similar overall taxonomic composition of the
rhizosphere microbiome.
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Figure 2. Relative abundance of the bacterial phyla detected in different dilutions of the
rhizosphere microbiome of wheat plants grown in Fusarium-suppressive soil S11. ESM
represents the extracted soil microbiome, whereas 25X — 200X represent the ESM diluted
25 — 200 times. Taxonomic assignment of the sequence reads was performed using
Kraken2 with the GTDB database (Parks et al., 2020; Wood et al., 2019). Averages of 5
replicates are shown.

Changes in microbiome composition and diversity are associated with suppressiveness

Taxonomic annotation at the read level using Kraken2 with the GTDB database (Parks et al.,
2020; Wood et al., 2019) showed that the most abundant phyla were Proteobacteria and
Bacterioidota. These two phyla together constituted 60 - 68 % of the bacterial community,
and their relative share increased at higher ESM dilutions (Fig. 2). Accordingly, the relative
abundance of other phyla decreased, except the Bdellovibrionota. Bdellovibrio are
considered to be potential agents for controlling phytopathogens (Yair et al., 2009; Youdkes
et al., 2020), in particular bacterial but not fungal pathogens. The increased relative
abundance of Proteobacteria was attributed to the orders of Burkholderiales, Nevskiales,
Caulobacterales, Rhizobiales and Sphingomonadales (Fig.4). The relative abundance of
Bacterioidota was stable in all the ESM dilutions. Notably, we observed a significant
decrease in the relative abundances of taxa previously associated with disease
suppressiveness, including the order Streptomycetales (V. Cordovez et al., 2015; Kinkel et
al., 2012) and Acidobacteria (Ossowicki et al.,, 2020; Shen et al., 2015) and
Verrucomicrobiota (Chapelle et al., 2016; Navarrete et al., 2015) (Fig.4). In our previous
work on comparative taxonomic profiling of disease conducive and disease suppressive soils

to F. culmorum, including soil S11, co-occurrence network analysis revealed similarities
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between the suppressive soils through an overrepresentation of Acidobacteria (Ossowicki
etal., 2020). Hence, the results obtained here by metagenomic analysis supports this earlier
observation and suggests a potential role of Acidobacteria in suppressiveness to F.
culmorum. To validate the potential role of Acidobacteria in suppressiveness will require
isolation of representative genera and species of this phylum, many of which are still very
difficult to culture in laboratory conditions (Costa et al., 2018).

The diversity detected in the twenty rhizosphere metagenomes and in the undiluted ESM
was estimated using the database-independent Nonpareil 3 algorithm (Rodriguez-R et al.,
2018). The results showed a diversity reduction with increased ESM dilutions (Fig.3B). The
major drop in diversity between undiluted ESM and the subsequent dilutions may reflect
the selective power of the rhizosphere and the inability of certain groups of microbes to
establish and thrive in a sterile soil following inoculation. We noted that the diversity of the
rhizosphere metagenomes significantly differed between the lower dilutions (25X and 50X),
and the higher dilutions (100X and 200X) (Fig. 3B), which correlates with their contrasting
plant phenotypes. In two former studies (Berg et al., 2017; Mallon et al., 2015) it was
postulated that the invasion of a pathogen in a biological system, like the rhizosphere, may
lead to the extinction of a subset of the resident species, compromising community
functioning. It was experimentally shown (from a ‘bottom-up’ perspective) that reducing
the diversity in synthetic bacterial communities made them more susceptible to invading
species (Jousset et al., 2011; van Elsas et al., 2012). Our results suggest that the reduced
microbial diversity negatively affects disease suppressiveness, supporting the hypothesis
that diversity of root-associated microbiomes contributes to plant resilience to biotic stress.
In summary, our results showed: i) a reduction in microbial diversity along the ESM dilution
trajectory with a concomitant reduction in disease suppressiveness, ii) an increase in the
relative abundance of the Proteobacteria and Bdellovibrionota at higher dilutions, and iii))
a decrease in the relative abundances of Streptomycetales, Acidobacteria and
Verrucomicrobiota at higher ESM dilutions.
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Figure 3. Panel A: estimated sequencing coverage of extracted soil microbiome of
suppressive soil S11 (ESM) and rhizosphere microbiomes from different ESM dilutions.
ESM coverage for the original extract before inoculation is incomplete (less than 50% of
the sequence space is covered) and shows much higher complexity. All the rhizosphere
samples cover the genetic diversity of the microbial communities. The curves show a
small but consistent separation between low (25X and 50X) and high (100X and 200X)
dilutions with lower dilutions displaying higher diversity. Panel B: Effect of diluted
suspension of suppressive soil S11 introduced to a sterile soil on genetic diversity of
wheat rhizosphere microbiomes expressed as a nonpareil diversity index. The disease
symptoms caused by plant pathogen F. culmorum in two lower dilutions 25X and 50X
were significantly suppressed compared to higher dilutions 100X and 200X. The
significance levels according to ANOVA and Tukey post-hoc test with p > 0.001 are
indicated by different letters. Full results are presented in Table S1.
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Figure 4. Significant changes in the relative abundance of the rhizosphere bacterial taxa
between suppressive soil S11 dilutions exibiting a Fusarium-suppressive (25X and 50X) or
a non-suppressive phenotype (100X and 200X). Relative abundance is scaled in rows (z-
score), and the name of the taxonomic level is indicated by capital letters: P — Phylum, C
— Class, O — Order. The significance of the change in abundance evaluated according to
DESeq2 analysis with an adjusted p value < 0,05. The change in relative abundance of
taxa marked with an asterisk is not statistically significant, and they are shown to
indicate the phylum of lower taxonomic levels. Low abundant taxa (<1%) are not shown
on the figure for the clarity of presentation. All the taxa significantly changing abundance
are shown in table S2.

Genes associated with iron uptake, chitinase activity and T6SS secretion systems are
enriched in disease-suppressive rhizosphere microbiomes

Co-assembly of all rhizosphere metagenome reads (8,214,787,741 reads, 953,849,270,414
Gb) yielded a total of 327,947 contigs above 5 Kb in length with an N50 of 11.908 Kb and
total assembly size of 3.638 Gb. The co-assembly strategy was chosen to improve the overall
coverage for each organism in the niche, as significant overlap was expected for all samples
derived from the same ESM. The KEGG ortholog (KO) functional annotation of diluted
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rhizosphere metagenomes reflected the functional potential of the microbial community.
As expected in a rhizosphere metagenome, there was a large variety of KEGG orthologous
groups (KO groups) with 11,459 unique entries. When investigating a general functional
profile of the rhizosphere communities (top and second-level KEGG ortholog categories)
across the dilution series showed no statistically significant changes (see supplementary
material). To find associations between individual KEGG orthologue groups and the
suppressive phenotype, we then separated metagenomic contigs in two categories based
on a DESeqg2 enrichment test between the lower two dilution points (25X and 50X) versus
the two higher dilution points (100X and 200X). Occurrences of KO group annotations for
genes of putative suppressiveness-associated contigs were grouped together and tested
versus counts in the rest of the assembly. A Fisher’s exact test of the occurrences of KEGG
orthologs showed enrichment for 143 orthologs after multiple testing correction. Among
those, we found terms associated with iron uptake like TonB [ko:K03832] and
bacterioferritin [ko:K03594], chitinases [ko:K01183] and components of the Type VI
Secretion System (T6SS) [ko:K11894]. Competition for iron was also identified as a potential
mechanism of suppression of F. culmorum in our previous amplicon-based analyses of
nonribosomal peptide synthetase (NRPS) genes (Tracanna et al., n.d.) and previously also
for soils suppressive to Fusarium oxysporum (Lemanceau et al., 2009; Mazurier et al., 2009;
Siegel-Hertz et al., 2018a; Tamietti and Alabouvette, 1986). The enrichment of NRPS genes
involved in siderophore biosynthesis discovered here with untargeted metagenome
analysis corroborates our earlier results and highlights the possible contribution of
competition for iron in disease suppressiveness to F. culmorum.

Chitinases are enzymes involved in degradation of polymeric chitin and often associated
with bacteria-fungi interactions (Lacombe-Harvey et al., 2018; Veliz et al., 2017). Production
of chitinases was recognized as a potential control mechanism in a soil suppressive to club-
root disease of cabbage (Hjort et al., 2014). Also, in a recent study on suppressiveness to
Rhizoctonia solani, Carrion at al. found the expression of chitinases significantly upregulated
in disease-suppressive consortia of root endophytic bacteria (Carrion et al., 2019). However,
the enrichment of chitinases in F. culmorum suppressive rhizosphere may be related to
saprophytic activity of bacteria as well as direct antagonism against the pathogen.
Additional experiments are needed to test and validate those scenarios.

T6SS is used by gram-negative bacteria to deliver effectors such as toxins and other
pathogenicity factors (Coulthurst, 2013; Records, 2011). T6SS is known to mediate bacteria-
bacteria interaction. Nevertheless, some studies suggested a role of T6SS in antagonistic
activity of bacteria against fungi (Monjaras Feria and Valvano, 2020; Trunk et al., 2018).
While we cannot exclude the incidental enrichment of T6SS components with taxonomic



104 | Chapter 4

changes in the microbiome this opens the possibility of a direct inhibition of F. culmorum

by members of the microbial community which are diminished across dilutions.

Biosynthetic gene clusters and metagenome-assembled genomes associated with
suppressiveness

Secondary metabolites are often associated with direct antagonistic activity against fungal
pathogens, which can result in disease suppression (Gomez-Exposito et al., 2017; Kwak and
Weller, 2013; Schlatter et al., 2017). Microorganisms produce an incredible diversity of
bioactive compounds, the production of which is encoded in biosynthetic gene clusters
(BGCs). In this study, we identified 42,170 differentially abundant contigs using the DESeq2
package. AntiSMASH prediction of BGCs within this set of contigs yielded 504 BGCs of
various classes (Fig.5). Statistical analysis of the distribution of BGC classes in this set versus
the whole metagenome showed the enrichment of BGC classes encoding melanin, aryl
polyenes and ladderanes in the lower dilutions (Table S4). Melanins in fungi are mainly
associated with virulence and protection against physical and chemical stresses (Cordero
and Casadevall, 2017). However, they can also be produced extracellularly by diverse
bacterial taxa including Streptomycetes which were already found to decrease in
abundance at higher ESM dilutions (Fig.4) (EI-Naggar and El-Ewasy, 2017). Accordingly, the
melanin clusters found in this group share high similarity to other melanin BGCs found in
multiple Streptomyces strains. Melanins appear to have a role in root colonization by
Streptomycetes (Chewning et al., 2019) and considering the relationship between
rhizosphere population density and disease suppression (Johnson, 1994; Raaijmakers and
Weller, 1998), melanins may indirectly contribute to the disease-suppressive phenotype by
increasing the fitness of key microbes involved in suppression of the pathogen. The
enrichment of aryl polyenes and ladderanes is discussed in supplementary material.
Considering that BGC classes are generally broad and functionally heterogeneous, we
focused our attention on specific gene clusters for which the abundance strongly correlates
with the changes in the suppressive phenotype. Among them, we noted delftibactin,
pyoverdine, myxochelin and unknown siderophores, including NRPS containing TonB-
dependent siderophore receptor) as well as multiple fragments or analogs of BGCs encoding
metabolites with reported antifungal properties such as caniferolides (Pérez-Victoria et al.,
2019) and Kutznerides (Dong Zhang et al., 2020). Full antiSMASH results can be accessed
online (“AntiSMASH results,” 2021). However, given such a large collection of potential
targets, which in most cases cannot be associated to previously characterized gene clusters
in the MIBIG database, we first prioritized those BGCs present in the metagenome-
assembled genomes (MAGs) as it can provide additional genomic and taxonomic context
(Fig. 5). Manual curation of individual bins resulted in a collection of 96 MAGs. Then, we
analyzed the MAG collection looking for BGCs that become differentially abundant along
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the ESM dilution trajectory. This resulted in 9 MAGs that were strongly associated with
disease suppressiveness and belonged to the bacterial families Burkholderiaceae,
Acidimicrobiaceae, Verrucomicrobiaceae, and Polyangiales (Fig. 5 and Fig. 6). Among the 9
MAGs, the ones assigned to the genera Labilithrix (Polyangiales) and Prosthecobacter
(Verrucomicrobiaceae) belong to taxa that displayed a significant decrease in abundance at
higher dilutions (table S2). We then linked the KEGG orthologues enriched genes to the
MAGs and found that out of the 9 MAGs, only the Labilithrix bin contained genes from the
previously discussed categories such as chitinase, siderophores associated genes and core
T6SS associated genes (Fig. 8). Additionally, we found multiple copies of the T6SS
component FHA (Forkhead-associated domain) that was enriched in the dilutions with a
suppressive phenotype within the same Labilithrix MAG. One particular multimodular NRPS
gene cluster stood out, as it is predicted to encode a peptide with 11 modules, does not
have a thioesterase termination domain in the BGC region and lies on a contig edge
suggesting that it is a fragment of an even larger BGC (Fig. 7). AntiSMASH clusterblast and
knownclusterblast results showed little to no similarity to previously encountered and
classified clusters, including those from its closest representative in the NCBI database.
Labilithrix and closely related bacteria were, so far, never associated with disease
suppressiveness but have been recognized as producers of antibacterial, antifungal and
antiviral agents (Mulwa et al., 2018; Weissman and Miller, 2009; Yamamoto et al., 2014).
Future experiments on this genus should aim at the identification of BGCs expressed on
roots of wheat challenged with F. culmorum and the expression levels correlating with the
disease suppressive phenotype. Additionally, previous studies successfully established
synthetic communities from disease suppressive endosphere isolates that were able to
reproduce the suppressive phenotype (Carridn et al., 2019). Here, we describe a set of 9
MAGs which constitute suitable candidates for initial leads in this direction.
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Figure 5. Taxonomical representation of 504 differentially abundant contigs containing
biosynthetic gene clusters from the dilution metagenomes. A phylogenetic tree based on
their taxonomical annotation is used to order the contigs. In this visualization, contigs
assigned to the same taxa are grouped together. The innermost circle (MAG assignment)
represents the taxonomic groups containing contigs assigned to a specific metagenome-
assembled genome. Contigs assigned to the same MAG are marked with the same color
(further description in Fig.7 for a color legend) or with black for MAGs containing only
one BGC-harboring contig. For example, the contigs assigned to the L. luteola
(Polyangiacee) MAG at approximately 180 degrees are shown in blue both in this inner
ring and in Fig 7. Further, the major antiSMASH -predicted BGC classes in the contigs are
indicated with dots. The number of predicted BGC is reflected by the size of the dot.
Finally, the outer ring represents the contig taxonomical assignment at the phylum level.
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Figure 6. Representation of the MAGs from the metagenome showing significant
association with the suppressive phenotype. The MAGs shown here are constituted by
50% or more in length by differentially abundant contigs according to DESeq2 analysis.
The ring shows an overview of the MAGs assembly completeness and redundancy. For
each MAG, a boxplot shows the abundance of all its contigs across the dilutions. MAG
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and core-representative-components of type VI secretion system in green. Presence of
both Phage_base_V and co-occurrence of all 4 ClpV subdomains (AAA, AAA_ 2,
AAA lid_ 9 and ClpB_D2-small) on the same contig are considered as minimal

requirements for putative presence of type VI secretion system.

Conclusions

We analyzed the microbiome of disease suppressive soil by integrating a dilution-to-
extinction approach with shotgun metagenomics. The dilution of the rhizosphere microbial
community of the Fusarium-suppressive soil led to the decline of the plant protective effect.
The dilution effect produced significant changes in the abundance of multiple bacterial taxa
and diversity, but these changes could not directly be matched by shifts in the microbiome
functional profile. Nevertheless, key BGCs associated with chitin degradation and
siderophore biosynthesis were associated with the disease suppressive phenotype. These
genes were also detected in the metagenome assembled genomes (MAGs) with yet
unknown secondary metabolite production potential. Altogether, this work represents the
first example of the dissection of the rhizosphere microbiome of a disease-suppressive soil
by using a dilution-to-extinction. This approach could be instrumental in future studies for

discovering the mechanisms involved in other soil functions.

Materials and Methods

Soils used in the study

Soil S11 was collected from an agricultural field near Bergen op Zoom, the Netherlands in
March 2018. This soil exhibited a high level of disease suppressiveness against Fusarium
culmorum, which was evaluated in our previous study (Ossowicki et al., 2020). Furthermore,
we used a sandy dune soil (BS) collected near Bergharen, the Netherlands (Schulz-Bohm et
al., 2015). After collecting soils were air-dried in room temperature, sieved through 4 mm
sieve, and stored at 4°C. BS soil was additionally gamma sterilized (Synergy Health Ede B.V.,
The Netherlands) before use.

Seed preparation and growth conditions

JB Asano wheat seeds (Agrifirm, The Netherlands) were surface sterilized and pre-
germinated in order to use in the experiment. Briefly, after surface sterilization with 70%
ethanol and 10% bleach, seeds were washed with an excess of sterile water and placed on
a wet 1mm paper filter (VWR, the Netherlands). Three-day-old seedlings were transferred
to the soil, watered every second day and supplemented weekly with 0,5 Hoagland solution
without microelements (0.5 M Ca(NO3)2:4H20, 1 M KNO3, 1 M KH2P0O4, 0.5 M
MgS04-7H20 and 98.6 mM ferric EDTA). Plants were grown in cabinets (MC 1750 VHO-EVD,
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Snijders Labs) at 20°C day and night, photoperiod 12 h day/12 h night with 60% relative
humidity.

Inoculation and disease suppressiveness evaluation

Soilborne pathogen F. culmorum PV (de Boer et al., 1998) was grown on % strength PDA
media (Oxoid, The Netherlands) for 2 weeks at 20°C in order to use in the experiment.
Where indicated, the pathogen was introduced to the soil before seedling transfer as 6mm
mycelium plugs (1 per 10cc of soil). After the experiment wheat plants were gently removed
from the soil and cleaned. The disease symptoms on the roots were assessed according at
a scale from 0- healthy to 5-severely diseased, like we described before (Ossowicki et al.,
2020). Statistical differences in disease symptoms between treatments and control were
assessed using the chi-square test, with an alpha cut-off of p<0.05.

Microbiome extraction

Wheat plants were grown in four 130 cc pots filled with S11 for two weeks. In order to
perform a liquid extraction of the microbiome from the suppressive soil S11, all the
glassware, materials and buffer were autoclaved. Plants were gently removed from the pots
and the soil with the whole root system was transferred to a glass bottle with 10 volumes
of phosphate buffer (10 mM KH,PO,, pH=6.5) and 5g of sterile glass beads. These bottles
were shaken using an orbital shaker for 1 h at 180 rpm, sonicated for 15 min and shaken
again for 1h to detach microorganisms from soil particles. Afterwards, all the extracts were
merged in one beaker and sieved through a metal sieve to separate bigger soil particles and
roots. Subsequently, extract was briefly centrifuged (1000 x g, 1 min) and the supernatant
was filtered again using a Buchner funnel through a filter paper (VWR Grade 415 Filter
Paper, VWR the Netherlands). The extract obtained this way was considered a 10X diluted
Extracted Soil Microbiome (ESM) because the soil was extracted with 10 volumes of the
buffer. In parallel, as a control, the same procedure was applied with the sterile soil BS with
a sterile vermiculite (Agra-vermiculite, The Netherlands) in a 1 to 1 volume ration. This way
a BS control extract was obtained.

Dilution to extinction - introduction to a sterile soil

In order to optimize the magnitude of the dilution we performed preliminary experiments
(data not shown) investigating first, if dilution affects soil disease suppressiveness to F.
culmorum (the phenotype), and second, at which dilution point the change in phenotype
from suppressive to conducive occurs. After the preliminary experiments we chose the
dilution steps in such a way that the phenotype tipping point occurs centrally. Compared to
the dilution steps used in other studies (Chen et al., 2020; Hol et al., 2015; Korenblum et al.,
2020; Yan et al., 2015), we applied a relatively small dilution magnitude. Nevertheless, in
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the experimental system we present in this work, these small dilution steps allow us to

observe a gradual change of the phenotype.

The 10X dilution of the ESM was serially diluted with phosphate buffer to 25X, 50X, 100X,
200X and 400X and stored at 4°C. The dilution range was determined in a preliminary
experiment (data not shown). Plastic, 100 cc pots were filled with the sterile soil BS mixed
with sterile vermiculite in a volume ratio of 1 to 1 and with mycelium plugs of F. culmorum
or sterile % PDA plugs (mock inoculation) according to the treatment. Distinct dilutions of
the ESM and the BS control extract were added to pots, 20 ml per day for seven days, before
wheat seedlings were introduced. Plants were grown for 3 weeks before the disease
assessment and a rhizosphere DNA isolation.

Dilution to extinction - experimental setup

All the dilution treatments and controls consisted sixteen biological replicates, plants were
grown in a randomized order to minimize spatial bias. A negative control and a positive
control, with and without the pathogen, respectively, were used to control for the
infectiousness of the pathogen and the effect of the sterile soil, buffer, and the extraction
procedure. The control S11 contained natural suppressive soil S11 with the pathogen
introduced to control for the soil disease suppressiveness of the soil that was used for
microbiome extraction.

The experiment was performed twice, and the rhizosphere samples used for the DNA
extraction were collected in the second experiment from randomly selected replicates.

Rhizosphere DNA extraction

Five out of sixteen replicates were randomly selected for a rhizosphere DNA extraction
before the disease assessment. Plants were gently removed from the pots and the soil
loosely adhering to the roots was removed by shaking. The whole root system was placed
in a 50 ml falcon tube with 25 ml of sterile MQ grade water. The tubes were vortexed,
sonicated, and vortexed again, each step for 1 min. Afterwards, the roots were removed
with sterile forceps and disease symptoms were assessed on them. The water with
extracted rhizosphere was briefly spined down (1000 x g, 1 min) and carefully decanted to
anew 50 ml falcon tube. The decanted liquid was frozen at -20 °C and freeze dried overnight
(Free zone 12, Labconco the USA). This resulted in forming a white powder in the tube which
was collected and extracted using a DNeasy PowerSoil Kit (QIAGEN, the Netherlands)
according to the manufacturer’s protocol, without applying a bead beating step. Samples
were subsequently purified using the DNeasy PowerClean cleanup kit (QIAGEN, the
Netherlands).
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Data quality control, assembly, mapping and binning

Raw paired sequence reads were quality-checked with (Andrews, 2015) and trimmed using
bbduk (Bushnell, n.d.) with a Phred score threshold of 30. Read pairs for which at least one
mate was shorter than 150 bp were discarded. Reads for all dilution points were co-
assembled in a single assembly using megahit v1.2.9 (Li et al., 2016). Genes were predicted
using prodigal v2.6.3 (Hyatt et al., 2010) using the metagenome mode. Reads were mapped
back onto the assembly contigs using hisat2 (Kim et al., 2019). BAM files were converted
into SAM using samtools v1.7 and rpkm counts were obtained with the mpileup (Li et al.,
2009). Binning was performed within anvi'o environment v6.2 (Eren et al., 2015) using
DASTOOL (Sieber et al., 2018) refinement of MAXBIN2 v2.2.7 (Wu et al., 2016), CONCOCT
v1.1.0 (Qian and Comin, 2019) and METABAT v2.15 (Kang et al., 2019) obtained bins. MAGs
with a DASTOOL confidence score >= 0.5 were kept.

Enrichment analysis, biosynthetic gene cluster annotation, reads taxonomy annotation
and KEGG functional annotation

Identification of differentially abundant contigs was performed in R using DESeq v1.18.1
(Love et al., 2014, p. 2) looking for enrichment of contigs in the first two dilution points (25X
and 50X) versus the higher dilution points (100X and 200X). Contigs with adjusted p-value <
0.05 were considered differentially abundant. Biosynthetic gene clusters were predicted
from differentially abundant contigs with a positive fold change using antiSMASH 5.1.2 (Blin
et al., 2019) using the prodigal-meta option for gene prediction, --cb-general and --cb-
knownclusters for comparison of predicted clusters to antismash-database (Blin et al., 2020)
and MIBIG (Kautsar et al., 2020). Quality-trimmed reads were taxonomically annotated
using kraken v2.0.8 (Wood et al., 2019) against the GTDB-taxonomy database release 05-
RS95 (Parks et al., 2020) KEGG annotation was performed at Baseclear (Leiden, The
Netherlands) using the full megahit assembly.

Phylogeny tree construction and annotation

Differentially abundant contigs which had at least one predicted cluster were taxonomically
annotated using diamond v 0.9.21 (Buchfink et al., 2015) against the NCBI nr database Oct.
2020 (NCBI Resource Coordinators, 2016). Contigs were assigned to the taxonomical group
with the highest cumulative score across the contig. Contigs annotated with the same
taxonomy were grouped for tree construction. The list of taxonomic groups was used in
NCBI common tree to obtain a tree in PHYLIP format representing the phylogeny relations
of the taxonomies present in the differentially abundant contigs with biosynthetic gene
clusters shown in Figure 5. Annotation of the tree was done with iTOL (Letunic and Bork,
2019) and is available at https://itol.embl.de/tree/88731562323671816060863314.
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Presence-absence of KEGG orthologs enriched domains in MAGs was determined using
hmmsearch v3.1b2 (Mistry et al., 2013) and hmm domains from pfam (El-Gebali et al., 2019)
against the different MAGs using trusted cutoffs. Presence of ClpV was determined based
on the co-occurrence of all 4 ClpV subdomains (AAA, AAA_2, AAA_lid_9 and ClpB_D2-small)
on the same contig. ClpV and Phage_base_V are considered core components of type VI

secretion system (Boyer et al., 2009).
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Supplementary material

General functional profiles of the rhizosphere microbiomes are resilient to dilution

We grouped KEGG orthologs by their KEGG Orthology hierarchical classification and
aggregated their RPKM counts to generate functional profiles for each sample per KO
category. Interestingly, no category with a sufficient number of entries was found to be
significantly different across the dilutions (Fig. S3), including categories which contain
differentially abundant KOs.

From these observations, we deduce that, despite the changes in the taxonomic profiles,
the KO functional profiles of the communities are generally stable at the level of these broad
categories across dilutions, with no statistical differences (Fig.S3). This may be connected
to the strong selective pressure of the environment, which restricts members of the
community into a well-defined functional profile. In our experiment, every rhizosphere
community occupied highly similar niche; therefore, we can conclude that the general
functional profiles could also be highly similar. We can speculate that further dilutions of
the ESM inoculum would have a stronger effect on the metabolic profiles, as shown in the
work of Yan et al. (Yan et al., 2017). Nevertheless, it would also disturb the community in
considerable way and our intention in this experiment was to track the changes in microbial
communities related to the change in disease suppressiveness which were shown to be
significant between these dilution points. The loss of the suppressive phenotype across the
dilutions without significant changes in functional profiles suggests that the origin of this
phenomenon is not related to specific community-wide microbiome features but to specific
“silver bullets” which cannot be tracked with large scale functional analysis.

Because of the character of KEGG database (Kanehisa et al., 2017) we can only draw
conclusions about the general functional profiles of the soil microbial communities. To
understand the specialized secondary metabolism of soil microbiomes, which was
recognized to be crucial for soil suppressiveness in a number of studies (Gomes Exposito et
al., 2017; Kwak and Weller, 2013; Schlatter et al., 2017b), we need to use other approaches.
To this end, we decided to expand the functional analysis with prediction and identification
of biosynthetic gene clusters (BGC) using antiSMASH pipeline (Blin et al., 2019).

Additional enriched gene cluster classes in suppressive rhizosphere

In addition to melanins, two more BGC product classes were significantly more present in
suppressive enriched contigs compared to the rest of the metagenome: aryl polyenes and
ladderane. The functional role of aryl polyenes produced by rhizosphere bacteria is so far
unknown. This class of antioxidants is similar to carotenoids in structure and biochemical
function and likely protect bacteria from reactive oxygen species produced by the plant as
a response to infection (Lehmann et al., 2015). The synthesis genes of aryl polyenes are
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abundant among  Proteobacteria but not in  Alphaproteobacteria and
Gammaproteobacteria (Schoner et al., 2016). Since Alphaproteobacteria are the main
contributors to the increased abundance of whole phylum in high dilutions, it is likely that
also the enrichment of the aryl polyene BGCs is related to the abundance of associated taxa.
Laddreanes are membrane lipids present in anammoxosomes — intracellular compartments
of ammonium-oxidizing bacteria (Hancock and Brown, 2021). Since, these lipids are mostly
found in Planctomycetes (Sinninghe Damsté et al., 2005) we can attribute the ladderane
BGCs enrichment to the abundance of this group (Fig.4). Ladderanes are predominantly
found in marine environments and their role in rhizosphere is unknown. Despite their
enrichment in suppressive associated contigs, these biosynthetic gene cluster classes have
no known association with antifungal activity nor provide fitness competitive advantage
over the pathogen. Therefore, we consider this enrichment incidental to the relative
decrease in abundance of the corresponding producing taxonomic groups.
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Figure S1. Barplot showing the most abundant phyla in the ESM and rhizosphere across
four dilution points in five replicates.
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Figure S2. Graph summarising KEGG orthology annotations of rhizosphere metagenomes in

four dilutions. The values on y axis are expressed in reads per kilo base per million mapped

reads (rpkm). Error bars show the standard deviation of the mean in five replicates.
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Figure S3. Presence (colored dot) absence (gray dot) patterns of domains contained in

KEGG orthologues genes enriched in suppressive dilution points in the MAG collection.

Bacterial chitinase families are shown in blue, siderophores associated domains in yellow

and components of type VI secretion system in green. ClpV is considered present (last
column) if all 4 ClpV subdomains (AAA, AAA_2, AAA_lid_9 and ClpB_D2-small) cooccur
on the same contig. FHA domain counts for Labilithrix MAG is shown in bold. Here,

multiple core and accessory components of the type VI secretion system are shown.

Table S1. Nonpareil diversity index

kappa C LR modelR LRstar diversity
ESM 0,36975 0,4027322 4,361E+10 0,9994318 1,60E+12 24,86517
25X-1 0,99481 0,9952547 4010631554 0,9965573 2,61E+07 14,62634
25X-2 0,99405 0,9945596 3511713953 0,9967691 2,28E+07 14,45159
25X-3 0,99289 0,9934986 3284871908 0,9971337 1,88E+07 14,38412
25X-4 0,99234 0,9929955 3336073351 0,9970277 1,96E+07 14,36748
25X-5 0,99604 0,9963795 4320103063 0,9966588 2,66E+07 14,65394
50X-1 0,99015 0,9909921 3936582220 0,9968238 2,58E+07 14,57465
50X-2 0,99233 0,9929864 3439318405 0,9969511 2,13E+07 14,39654
50X-3 0,9911 0,9918612 3665552015 0,9967706 2,40E+07 14,50529
50X-4 0,9958 0,99616 3895751514 0,9967257 2,32E+07 14,59096
50X-5 0,99038 0,9912025 3987968934 0,9970652 2,42E+07 14,56012




118 | Chapter 4

100X-1 0,99706 0,9973121 2015635523 0,9973075 1,20E+07 13,87775
100X-2 0,99234 0,9929955 2152546737 0,9974004 1,31E+07 13,93182
100X-3 0,99506 0,9954833 2360093190 0,9969755 1,43E+07 14,03799
100X-4 0,99216 0,9928309 1898749915 0,9978125 1,16E+07 13,82418
100X-5 0,99182 0,9925199 2210853791 0,9970134 1,31E+07 14,01849
200X-1 0,99043 0,9912483 2216373822 0,9967982 1,38E+07 13,95889
200X-2 0,99416 0,9946602 1851961914 0,9974601 1,11E+07 13,78291
200X-3 0,99318 0,9937639 2027743164 0,9973221 1,26E+07 13,87862
200x-4 0,99424 0,9947334 1865565389 0,9971779 1,16E+07 13,78712
200X-5 0,99698 0,997239 2092116998 0,9972424 1,35E+07 13,93965

Table S2. Taxonomic groups showing a statistically significant difference between
suppressive and conducive phenotype based on deseq2 analysis with adjusted p value (padj)
>0.05.

baseMean log2FoldChange IfcSE stat pvalue padj
Phylum
Chloroflexota_A 39490,725 0,491 0,108 4,533 0,000 0,000
Verrucomicrobiota 1385470,535 0,600 0,138 4,340 0,000 0,000
Nitrospirota 23890,565 0,154 0,036 4,249 0,000 0,000
Bdellovibrionota 222620,736 -0,683 0,162 -4,206 0,000 0,000
Acidobacteriota 368569,397 0,230 0,056 4,134 0,000 0,000
Chloroflexota 112861,105 0,054 0,014 3,913 0,000 0,000
Myxococcota 273855,337 0,304 0,094 3,227 0,001 0,006
Desulfobacterota_A 61305,855 -0,066 0,025 -2,579 0,010 0,034
Firmicutes_C 37613,401 -0,080 0,031 -2,546 0,011 0,034
Planctomycetota 198268,737 0,141 0,056 2,525 0,012 0,034
Proteobacteria 90539661,798 -0,363 0,145 -2,503 0,012 0,034
Gemmatimonadota 112082,072 0,219 0,088 2,487 0,013 0,034
Class
Alphaproteobacteria 22996742,173 -0,521 0,083 -6,249 0,000 0,000
Vicinamibacteria 111813,239 0,426 0,093 4,564 0,000 0,000
Bacteriovoracia 76844,438 -1,084 0,247 -4,391 0,000 0,000
Acidobacteriae 178419,644 0,092 0,021 4,368 0,000 0,000
Ellin6529 39472,064 0,466 0,108 4,313 0,000 0,000
Verrucomicrobiae 1344083,126 0,594 0,140 4,231 0,000 0,000
Desulfovibrionia 61501,926 -0,088 0,024 -3,616 0,000 0,002
Myxococcia 88014,978 0,246 0,073 3,350 0,001 0,004
Phycisphaerae 48833,733 0,083 0,027 3,125 0,002 0,007
Bdellovibrionia 145735,276 -0,526 0,177 -2,975 0,003 0,010
Blastocatellia 25422,819 0,224 0,076 2,959 0,003 0,010
Polyangia 155993,898 0,332 0,112 2,955 0,003 0,010
Negativicutes 37763,815 -0,102 0,039 -2,641 0,008 0,024
Order
Acidobacteriales 98538,785 0,115 0,019 6,207 0,000 0,000
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Bryobacterales 47288,440 0,194 0,035 | 5,519 0,000 0,000
Pirellulales 46891,132 0,232 0,044 | 5,246 0,000 0,000
Rhodospirillales_B 33273,037 -0,160 0,031 -5,185 0,000 0,000
Opitutales 555734,077 1,097 0,220 4,991 0,000 0,000
Nitrospirales 16056,519 0,222 0,045 4,975 0,000 0,000
Sphingomonadales 6161963,173 -0,705 0,143 -4,935 0,000 0,000
Vicinamibacterales 103115,445 0,498 0,103 4,830 0,000 0,000
CSP1-4 34652,118 0,553 0,116 4,779 0,000 0,000
Caulobacterales 4207529,338 -0,572 0,120 -4,767 0,000 0,000
Rhodobacterales 835706,211 -0,171 0,038 -4,504 0,000 0,000
Phycisphaerales 28862,538 0,161 0,038 4,259 0,000 0,000
Rhizobiales 9388973,888 -0,310 0,073 | -4,244 | 0,000 0,000
Rhodospirillales 28924,747 -0,120 0,029 | -4,145 | 0,000 0,000
Myxococcales 88250,073 0,294 0,076 | 3,853 0,000 0,001
Rhodospirillales_A 38583,001 -0,148 0,039 -3,767 0,000 0,001
Pedosphaerales 136133,148 0,519 0,138 3,758 0,000 0,001
Elusimicrobiales 12380,224 -0,083 0,023 -3,554 0,000 0,002
Micavibrionales 62012,405 -0,579 0,165 -3,506 0,000 0,003
Acidiferrobacterales 11485,584 0,099 0,029 3,453 0,001 0,003
Polyangiales 90226,803 0,506 0,150 3,373 0,001 0,004
Pyrinomonadales 21227,649 0,291 0,089 3,253 0,001 0,006
Haliangiales 14268,707 0,430 0,136 3,164 0,002 0,008
RFP12 12941,743 0,131 0,042 3,118 0,002 0,009
Palsa-1104 20145,003 0,171 0,058 2,954 0,003 0,014
Planctomycetales 23272,475 0,194 0,066 | 2,928 0,003 0,015
Ferrovibrionales 17106,596 0,422 0,151 | 2,805 0,005 0,021
Competibacterales 11509,354 -0,093 0,034 | -2,745 | 0,006 0,024
Nevskiales 685807,899 -0,420 0,154 -2,731 0,006 0,025
20CM-4-69-9 12032,020 0,186 0,069 2,711 0,007 0,025
Gemmatimonadales 101811,055 0,246 0,093 2,646 0,008 0,030
Chthoniobacterales 74652,607 0,296 0,113 2,616 0,009 0,031
Bdellovibrionales 145402,464 -0,474 0,185 -2,553 0,011 0,037
Rokubacteriales 69620,443 0,102 0,041 2,480 0,013 0,043
Bacteriovoracales 57229,742 -0,655 0,265 -2,473 0,013 0,043
UBA7541 22119,531 0,097 0,039 | 2,463 0,014 0,043
Burkholderiales 43343891,188 -0,298 0,122 -2,451 0,014 0,044
Streptomycetales 1466959,322 0,138 0,057 | 2,422 0,015 0,046
Family

Koribacteraceae 35374,794 0,165 0,027 | 6,072 0,000 0,000
Bryobacteraceae 47332,723 0,208 0,039 5,379 0,000 0,000
Nitrospiraceae 14852,896 0,257 0,048 | 5,395 0,000 0,000
Pirellulaceae 34394,854 0,260 0,050 5,204 0,000 0,000
Opitutaceae 536829,319 1,137 0,226 5,035 0,000 0,000
UBA2999 58261,358 0,563 0,113 4,996 0,000 0,000
Sphingomonadaceae 6160426,173 -0,693 0,144 -4,795 0,000 0,000
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Maricaulaceae 23348,656 -0,168 0,035 -4,797 0,000 0,000
CSP1-41 34694,230 0,569 0,118 4,829 0,000 0,000
Magnetospirillaceae 32213,060 -0,153 0,032 -4,732 0,000 0,000
Caulobacteraceae 4104809,357 -0,569 0,124 -4,576 0,000 0,000
SM1A02 21577,933 0,199 0,046 4,311 0,000 0,000
Thalassospiraceae 14696,777 -0,221 0,053 -4,167 0,000 0,000
Rhizobiaceae 4693341,083 -0,536 0,132 -4,071 0,000 0,001
SG8-39 32734,921 0,378 0,095 3,994 0,000 0,001
Pedosphaeraceae 76627,446 0,584 0,147 3,984 0,000 0,001
Myxococcaceae 68699,392 0,346 0,087 3,976 0,000 0,001
Acidobacteriaceae 59741,790 0,104 0,026 3,960 0,000 0,001
Rhodobacteraceae 837358,889 -0,157 0,040 -3,936 0,000 0,001
UBA9959 11274,853 -0,085 0,022 -3,911 0,000 0,001
Akkermansiaceae 133660,860 -0,442 0,120 -3,671 0,000 0,002
AV2 15573,664 0,489 0,139 3,514 0,000 0,004
Polyangiaceae 73382,203 0,558 0,160 3,485 0,000 0,004
GWC2-71-9 42955,815 0,243 0,070 3,479 0,001 0,004
Micavibrionaceae 51138,475 -0,516 0,149 -3,466 0,001 0,004
Rhodospirillaceae 28989,936 -0,106 0,031 -3,413 0,001 0,005
Chitinibacteraceae 23881,359 -0,186 0,055 -3,391 0,001 0,005
Inquilinaceae 13609,211 -0,126 0,038 -3,345 0,001 0,006
Pyrinomonadaceae 21303,299 0,306 0,092 3,322 0,001 0,006
DEV007 19383,070 0,249 0,077 3,252 0,001 0,007
Haliangiaceae 14327,598 0,446 0,137 3,249 0,001 0,007
Demequinaceae 29817,088 0,195 0,060 3,231 0,001 0,008
Phreatobacteraceae 16444,155 -0,265 0,083 -3,194 0,001 0,008
Chitinimonadaceae 11548,946 -0,209 0,066 -3,153 0,002 0,009
Cellulomonadaceae 128381,509 0,223 0,071 3,149 0,002 0,009
UBA10450 41732,871 0,247 0,079 3,149 0,002 0,009
Planctomycetaceae 23343,172 0,209 0,069 3,053 0,002 0,012
Beutenbergiaceae 12593,733 0,185 0,061 3,010 0,003 0,013
Xanthobacteraceae 1526260,733 -0,272 0,092 -2,947 0,003 0,016
Ferrovibrionaceae 17157,291 0,434 0,149 2,915 0,004 0,017
20CM-4-69-91 12069,230 0,202 0,071 2,830 0,005 0,022
Stappiaceae 49373,538 -0,105 0,038 -2,763 0,006 0,027
Nevskiaceae 663860,569 -0,423 0,157 -2,696 0,007 0,032
llumatobacteraceae 15569,050 0,335 0,126 2,659 0,008 0,035
UBA1479 9088,574 -0,103 0,039 -2,633 0,008 0,037
UBA75411 21316,019 0,109 0,042 2,614 0,009 0,038
GWA2-73-35 69814,975 0,116 0,045 2,609 0,009 0,038
Streptomycetaceae 1459514,215 0,153 0,060 2,570 0,010 0,041
Bdellovibrionaceae 141832,170 -0,470 0,184 -2,559 0,011 0,042
Fen-1088 14690,777 0,136 0,054 2,515 0,012 0,046
Bacteriovoracaceae 57274,022 -0,643 0,259 -2,488 0,013 0,049
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Table S3. Differentially abundant KEGG orthologous (KOs) groups according to bonferroni-
corrected exact t-test for occurrence of KOs in differentially abundant contigs versus non
differtaially abundant. Only KOs which occurred more often in the first two dilution points

are shown here (all oddsratio > 1).

counts Total annotation pvalue Odds | Bonferroni-

counts ratio corrected

pvalue

K01337 | 167 1216 ko:K01337 E3.4.21.50; lysyl | 6,07E-45 3,98 6,95E-41
endopeptidase [EC:3.4.21.50]

K21686 | 192 1563 ko:K21686 prpR; XRE family | 3,21E-44 3,50 3,68E-40

transcriptional regulator, fatty acid
utilization regulator

K03088 | 2206 42449 ko:K03088 rpoE; RNA polymerase sigma- | 5,13E-43 1,37 5,88E-39
70 factor, ECF subfamily
K12132 | 676 10515 ko:K12132 prkC, stkP; eukaryotic-like | 1,48E-36 1,72 1,69E-32
serine/threonine-protein kinase
[EC:2.7.11.1]

K07713 | 144 1261 ko:K07713 zraR, hydG; two-component | 2,85E-30 3,22 3,27E-26
system, NtrC family, response regulator
HydG

K02456 | 282 3593 ko:K02456 gspG; general secretion | 2,94E-28 2,13 3,37E-24
pathway protein G
K03407 | 236 2818 ko:K03407 cheA; two-component system, | 1,09E-27 2,29 1,25E-23
chemotaxis family, sensor kinase CheA
[EC:2.7.13.3]

K05499 | 190 2063 ko:K05499 cytR; Lacl family transcriptional | 2,22E-27 2,54 2,54E-23
regulator, repressor for deo operon, udp,

cdd, tsx, nupC, and nupG
K03932 | 217 2788 ko:K03932 IpgC; polyhydroxybutyrate | 9,71E-22 2,11 1,11E-17
depolymerase
K07114 | 516 8716 ko:K07114 yfbK; Ca-activated chloride | 5,34E-21 1,57 6,12E-17
channel homolog

K03559 | 248 3543 ko:K03559 exbD; biopolymer transport | 9,60E-19 1,88 1,10E-14
protein ExbD

K03301 | 83 746 ko:K03301 TC.AAA; ATP:ADP antiporter, | 1,63E-17 3,13 1,87E-13
AAA family

K03561 | 154 1938 ko:K03561 exbB; biopolymer transport | 1,07E-16 2,16 1,22E-12
protein ExbB

K20444 | 439 7595 ko:K20444 rfbC; O-antigen biosynthesis | 1,77E-16 1,53 2,03E-12
protein [EC:2.4.1.-]

K02669 | 174 2316 ko:K02669 pilT; twitching motility protein | 2,33E-16 2,03 2,67E-12
PilT

K10941 | 67 555 ko:K10941 fleQ, flrA; sigma-54 dependent | 3,42E-16 3,43 3,92E-12
transcriptional regulator, flagellar

regulatory protein
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K02078 | 226 3386 ko:K02078 acpP; acyl carrier protein 4,66E-15 1,79 5,34E-11

K04767 | 34 181 ko:K04767 acuB; acetoin utilization | 2,09E-14 5,78 2,39E-10
protein AcuB

K07011 | 308 5097 ko:K14652 ribBA;  3,4-dihydroxy 2- | 2,69E-14 1,61 3,09E-10
butanone 4-phosphate synthase / GTP
cyclohydrolase Il [EC:4.1.99.12 3.5.4.25]

K02065 | 188 2804 ko:K02065 mlaF, linL, mkl; | 5,56E-13 1,80 6,37E-09
phospholipid/cholesterol/gamma-HCH
transport system ATP-binding protein

K20276 | 961 19857 | ko:K20276 bapA,; large repetitive protein 1,44E-12 1,27 1,65E-08

K03973 | 116 1494 ko:K03973 pspC; phage shock protein C 2,35E-12 2,10 2,69E-08

K07315 | 238 3872 ko:K07315 rsbU_P; phosphoserine | 3,94E-12 1,64 4,51E-08
phosphatase RsbU/P [EC:3.1.3.3]

K12982 | 57 525 ko:K12982 opsX; heptosyltransferase | | 4,12E-12 3,04 4,72E-08
[EC:2.4.-.-]

K03972 | 40 290 ko:K03972 pspE; phage shock protein E 4,20E-12 4,00 4,81E-08

K09697 | 128 1731 ko:K09697 natA; sodium transport system | 5,04E-12 2,00 5,77E-08
ATP-binding protein [EC:7.2.2.4]

K03594 | 265 4439 ko:K03594 bfr; bacterioferritin | 5,28E-12 1,59 6,05E-08
[EC:1.16.3.1]

K09691 | 172 2576 ko:K09691 ABC-2.LPSE.A; | 7,03E-12 1,79 8,06E-08

lipopolysaccharide transport system ATP-
binding protein

K07322 | 63 624 ko:K07322 ytfE, scdA; regulator of cell | 7,59E-12 2,81 8,70E-08
morphogenesis and NO signaling

K06076 | 147 2104 ko:K06076 fadl; long-chain fatty acid | 9,42E-12 1,88 1,08E-07
transport protein

K12287 | 222 3603 ko:K12287 mshQ; MSHA biogenesis | 1,60E-11 1,64 1,83E-07
protein MshQ

K03413 | 263 4451 ko:K03413 cheY; two-component system, | 1,75E-11 1,57 2,01E-07
chemotaxis family, chemotaxis protein
CheY

K02662 | 105 1351 ko:K02662 pilM; type IV pilus assembly | 2,30E-11 2,11 2,64E-07
protein PilM

K03744 | 176 2715 ko:K03744 lemA; LemA protein 4,14E-11 1,73 4,74E-07

K07714 | 99 1263 ko:K07714 atoC; two-component system, | 5,22E-11 2,13 5,98E-07

NtrC family, response regulator AtoC

K03768 | 280 4860 | ko:K03768 PPIB, ppiB; peptidyl-prolyl cis- | 5,37E-11 | 1,53 | 6,16E-07
trans isomerase B (cyclophilin B)
[EC:5.2.1.8]

K11894 | 27 160 ko:K11894 impl, vasC; type VI secretion | 1,22E-10 5,08 1,39E-06
system protein Impl

K02003 | 416 7853 ko:K02003 ABC.CD.A; putative ABC | 1,36E-10 1,40 1,55E-06
transport system ATP-binding protein
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K03924 | 357 6562 ko:K03924 moxR; MoxR-like ATPase | 1,39E-10 1,44 1,59E-06
[EC:3.6.3.-]

K01990 | 627 12607 ko:K01990 ABC-2.A; ABC-2 type transport | 1,64E-10 1,31 1,88E-06
system ATP-binding protein

KO8084 | 119 1661 ko:K08084 fimT; type IV fimbrial | 1,83E-10 1,93 2,09E-06
biogenesis protein FimT

K09928 | 78 937 ko:K09928  K09928; uncharacterized | 3,60E-10 2,27 4,13E-06
protein

K03640 | 164 2555 ko:K03640 pal; peptidoglycan-associated | 3,68E-10 1,71 4,22E-06
lipoprotein

K03671 | 262 4607 ko:K03671 trxA; thioredoxin 1 7,06E-10 1,51 8,09E-06

K00702 | 23 129 ko:K00702 E2.4.1.20; cellobiose | 9,10E-10 5,42 1,04E-05
phosphorylase [EC:2.4.1.20]

K15876 | 26 163 ko:K15876 nrfH; cytochrome c nitrite | 9,36E-10 4,74 1,07E-05
reductase small subunit

K09696 | 67 780 ko:K09696 natB; sodium transport system | 1,69E-09 2,35 1,93E-05
permease protein

K02911 | 75 918 ko:K02911 RP-L32, MRPL32, rpmF; large | 1,73E-09 2,22 1,99E-05
subunit ribosomal protein L32

K02851 | 110 1557 ko:K02851 wecA, tagO, rfe; UDP- | 1,83E-09 1,90 2,09E-05
GlcNAc:undecaprenyl-
phosphate/decaprenyl-phosphate
GlcNAc-1-phosphate transferase
[EC:2.7.8.33 2.7.8.35]

K06180 | 228 3940 ko:K06180 rluD; 23S rRNA | 2,03E-09 1,54 2,33E-05
pseudouridine1911/1915/1917 synthase
[EC:5.4.99.23]

K09992 | 272 4887 ko:K09992  K09992;  uncharacterized | 2,50E-09 1,47 2,87E-05
protein

K03086 | 197 3303 ko:K03086 rpoD; RNA polymerase primary | 2,55E-09 1,59 2,92E-05
sigma factor

K13668 | 60 673 ko:K13668 pimB;  phosphatidyl-myo- | 2,91E-09 2,45 3,34E-05
inositol dimannoside synthase
[EC:2.4.1.346]

K02477 | 213 3643 ko:K02477  K02477; two-component | 2,96E-09 1,55 3,40E-05
system, LytTR family, response regulator

K03564 | 216 3711 ko:K03564 BCP, PRXQ, DOTS5; thioredoxin- | 3,31E-09 1,55 3,79E-05
dependent peroxiredoxin [EC:1.11.1.24]

K00368 | 129 1941 ko:K00368 nirK; nitrite reductase (NO- | 3,35E-09 1,78 3,84E-05
forming) [EC:1.7.2.1]

K01992 | 750 15731 ko:K01992 ABC-2.P; ABC-2 type transport | 3,75E-09 1,25 4,30E-05
system permease protein

K02916 | 64 747 ko:K02916 RP-L35, MRPL35, rpml; large | 4,21E-09 2,34 4,83E-05
subunit ribosomal protein L35

K08976 | 96 1319 ko:K08976 K08976; putative membrane | 4,38E-09 1,96 5,01E-05

protein
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K09690 | 122 1817 ko:K09690 ABC-2.LPSE.P; | 4,89E-09 1,80 5,60E-05
lipopolysaccharide  transport  system

permease protein

K10914 | 344 6519 ko:K10914 crp; CRP/FNR family | 7,02E-09 1,39 8,04E-05
transcriptional regulator, cyclic AMP
receptor protein

K07031 | 52 562 ko:K07031 hddA; D-glycero-alpha-D- | 9,23E-09 2,55 1,06E-04
manno-heptose-7-phosphate kinase
[EC:2.7.1.168]

K20333 | 20 112 ko:K20333 toxD; toxoflavin biosynthesis | 1,07E-08 5,43 1,23E-04
protein ToxD

K03560 | 181 3040 ko:K03560 tolR; biopolymer transport | 1,21E-08 1,58 1,39E-04
protein TolR

K07027 | 127 1946 ko:K07027 K07027; glycosyltransferase 2 | 1,24E-08 1,75 1,42E-04
family protein

K03562 | 235 4183 ko:K03562 tolQ; biopolymer transport | 1,34E-08 1,49 1,53E-04
protein TolQ

K19302 | 373 7209 ko:K19302 bcrC; undecaprenyl- | 1,38E-08 1,36 1,58E-04

diphosphatase [EC:3.6.1.27]

K02282 | 300 5614 ko:K02282 cpaE, tadZ; pilus assembly | 1,93E-08 1,41 2,22E-04
protein CpakE

K02650 | 137 2164 ko:K02650 pilA; type IV pilus assembly | 2,10E-08 1,69 2,41E-04
protein PilA
K10909 | 31 255 ko:K10909 luxQ; two-component system, | 2,11E-08 3,46 2,41E-04

autoinducer 2 sensor kinase/phosphatase
LuxQ [EC:2.7.13.3 3.1.3.-]

K01399 | 6 7 ko:K01399 lasB; pseudolysin | 2,19E-08 150,0 | 2,51E-04
[EC:3.4.24.26] 0

K19411 | 43 433 ko:K19411 mcsA; protein arginine kinase | 2,25E-08 2,76 2,58E-04
activator

KO5808 | 92 1290 ko:K05808 yhbH; putative sigma-54 | 2,31E-08 1,92 2,64E-04
modulation protein

K02655 | 117 1772 ko:K02655 pilE; type IV pilus assembly | 2,41E-08 1,77 2,76E-04
protein PilE

K03935 | 18 96 ko:K03935 NDUFS2; NADH | 2,60E-08 5,77 2,98E-04
dehydrogenase (ubiquinone) Fe-S protein
2 [EC:7.1.1.2]

K03183 | 185 3159 ko:K03183 ubiE; demethylmenaquinone | 2,67E-08 1,56 3,07E-04

methyltransferase / 2-methoxy-6-
polyprenyl-1,4-benzoquinol methylase
[EC:2.1.1.163 2.1.1.201]

K03272 | 92 1299 | ko:K03272 gmhC, hIdE, waaE, rfaE; D- | 3,17E-08 | 1,91 | 3,63E-04
beta-D-heptose 7-phosphate kinase / D-
beta-D-heptose 1-phosphate
adenosyltransferase [EC:2.7.1.167
2.7.7.70]
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K20628 | 48 522 ko:K20628 exIX; expansin 4,01E-08 2,53 4,59E-04

K02485 | 45 476 ko:K02485 rssB, hnr; two-component | 4,65E-08 2,61 5,33E-04
system, response regulator

K03624 | 126 1974 ko:K03624 greA; transcription elongation | 4,77E-08 1,70 5,47E-04
factor GreA

K20534 | 132 2095 ko:K20534 gtrB, csbB; polyisoprenyl- | 4,87E-08 1,68 5,58E-04
phosphate glycosyltransferase [EC:2.4.-.-]

K00428 | 165 2772 ko:K00428 E1.11.1.5; cytochrome c¢ | 5,16E-08 1,58 5,91E-04
peroxidase [EC:1.11.1.5]

K16291 | 62 765 ko:K16291 erfK; L,D-transpeptidase | 5,45E-08 2,20 6,24E-04
ErfK/SrfK

K20543 | 136 2189 ko:K20543  bcsC;  cellulose  synthase | 6,87E-08 1,66 7,87E-04
operon protein C

K02887 | 74 990 ko:K02887 RP-L20, MRPL20, rplIT; large | 8,29E-08 2,02 9,50E-04
subunit ribosomal protein L20

K02437 | 120 1876 ko:K02437 gcvH, GCSH; glycine cleavage | 8,68E-08 1,71 9,95E-04
system H protein

K04749 | 73 975 ko:K04749 rsbV; anti-sigma B factor | 9,45E-08 2,02 1,08E-03
antagonist

K03179 | 96 1408 ko:K03179  ubiA;  4-hydroxybenzoate | 9,52E-08 1,83 1,09E-03
polyprenyltransferase [EC:2.5.1.39]

K01218 | 155 2593 ko:K01218 gmuG; mannan endo-1,4-beta- | 9,83E-08 1,59 1,13E-03
mannosidase [EC:3.2.1.78]

K15518 | 33 303 ko:K15518 dgk; deoxyguanosine kinase | 1,08E-07 3,06 1,24E-03
[EC:2.7.1.113]

K03060 | 76 1037 ko:K03060 rpoZ; DNA-directed RNA | 1,23E-07 1,98 1,41E-03
polymerase subunit omega [EC:2.7.7.6]

K22489 | 15 74 ko:K22489 hosA; MarR family | 1,26E-07 6,36 1,44E-03
transcriptional regulator, temperature-
dependent positive regulator of motility

K07814 | 120 1896 ko:K07814  K07814; putative two- | 1,50E-07 1,69 1,72E-03
component system response regulator

K22391 | 112 1737 ko:K22391 E3.5.4.16; GTP cyclohydrolase | | 1,53E-07 1,72 1,75E-03
[EC:3.5.4.16]

K00809 | 59 736 ko:K00809 DHPS, dys; deoxyhypusine | 1,61E-07 2,18 1,85E-03
synthase [EC:2.5.1.46]

K00940 | 97 1445 ko:K00940 ndk, NME; nucleoside- | 1,66E-07 1,80 1,91E-03
diphosphate kinase [EC:2.7.4.6]

K19668 | 77 1065 ko:K19668 CBH2, cbhA; cellulose 1,4-beta- | 1,74E-07 1,95 2,00E-03
cellobiosidase [EC:3.2.1.91]

K13628 | 63 810 ko:K13628 iscA; iron-sulfur cluster | 1,84E-07 2,11 2,10E-03
assembly protein

K12506 | 103 1566 ko:K12506 ispDF; 2-C-methyl-D-erythritol | 1,86E-07 1,76 2,14E-03

4-phosphate cytidylyltransferase / 2-C-
methyl-D-erythritol 2,4-cyclodiphosphate
synthase [EC:2.7.7.60 4.6.1.12]
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K02663 | 67 884 ko:K02663 pilN; type IV pilus assembly | 1,98E-07 2,05 2,27E-03
protein PilN

K06377 | 18 110 ko:K06377 spoOM; sporulation-control | 2,27E-07 4,89 2,60E-03
protein

K06881 | 59 751 ko:K06881 nrnA; bifunctional | 3,15E-07 2,13 3,61E-03

oligoribonuclease and PAP phosphatase
NrnA [EC:3.1.3.7 3.1.13.3]

K02666 | 122 1966 ko:K02666 pilQ; type IV pilus assembly | 3,26E-07 1,65 3,74E-03
protein PilQ

K03271 | 62 806 ko:K03271 gmhA, lpcA; D-sedoheptulose | 3,32E-07 2,08 3,80E-03
7-phosphate isomerase [EC:5.3.1.28]

K07003 | 242 4518 ko:KO7003  KO7003; uncharacterized | 3,41E-07 1,41 3,91E-03
protein

K03530 | 113 1788 ko:K03530 hupB; DNA-binding protein | 3,59E-07 1,69 4,11E-03
HU-beta

K03832 | 506 10514 ko:K03832 tonB; periplasmic protein TonB | 3,81E-07 1,26 4,37E-03

K06142 | 120 1935 ko:K06142 hlpA, ompH; outer membrane | 4,16E-07 1,65 4,77E-03
protein

K12984 | 91 1360 ko:K12984 waaE, kdtX; (heptosyl)LPS | 4,45E-07 1,79 5,10E-03
beta-1,4-glucosyltransferase [EC:2.4.1.-]

K18285 | 63 835 ko:K18285 mqnE; aminodeoxyfutalosine | 5,19E-07 2,04 5,95E-03
synthase [EC:2.5.1.120]

K01179 | 488 10130 ko:K01179 E3.2.1.4; endoglucanase | 5,41E-07 1,27 6,20E-03
[EC:3.2.1.4]

K08481 | 58 747 ko:K08481 kaiB; circadian clock protein | 5,74E-07 2,10 6,58E-03
KaiB

K02914 | 52 641 ko:K02914 RP-L34, MRPL34, rpmH; large | 5,84E-07 2,21 6,69E-03
subunit ribosomal protein L34

K21147 | 156 2697 ko:K21147 moeZR, moeBR; sulfur-carrier | 6,13E-07 1,53 7,02E-03
protein

adenylyltransferase/sulfurtransferase
[EC:2.7.7.802.7.7.-2.8.1.11 2.8.1.-]

K05337 | 96 1475 ko:K05337 fer; ferredoxin 7,38E-07 1,74 8,45E-03

K20074 | 241 4547 ko:K20074 prpC, phpP; PPM family | 7,73E-07 1,40 8,85E-03
protein phosphatase [EC:3.1.3.16]

K02237 | 134 2249 ko:K02237 comEA; competence protein | 7,95E-07 1,58 9,12E-03
ComEA

K02356 | 105 1657 ko:K02356 efp; elongation factor P 7,96E-07 1,69 9,13E-03

K10947 | 88 1323 ko:K10947 padR; PadR family | 8,62E-07 1,78 9,88E-03

transcriptional  regulator,  regulatory
protein PadR

K12686 | 80 1169 ko:K12686 apeE, estA, lip-1; outer | 8,93E-07 1,84 1,02E-02
membrane lipase/esterase

K02612 | 126 2090 ko:K02612 paaD; ring-1,2-phenylacetyl- | 9,22E-07 1,60 1,06E-02
CoA epoxidase subunit PaaD
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K01512 | 76 1096 ko:K01512 acyP; acylphosphatase | 1,01E-06 1,86 1,16E-02
[EC:3.6.1.7]

K13658 | 19 134 ko:K13658 guml; beta-1,4- | 1,04E-06 | 4,13 1,19E-02
mannosyltransferase [EC:2.4.1.251]

K02110 | 73 1041 ko:K02110 ATPFOC, atpE; F-type H+- | 1,08E-06 | 1,89 | 1,24E-02
transporting ATPase subunit c

K01953 | 245 4661 ko:K01953 asnB, ASNS; asparagine | 1,15E-06 1,39 1,32E-02
synthase (glutamine-hydrolysing)
[EC:6.3.5.4]

K01183 | 155 2710 ko:K01183 E3.2.1.14; chitinase | 1,24E-06 1,52 1,42E-02
[EC:3.2.1.14]

K08998 | 142 2437 ko:K08998  K08998;  uncharacterized | 1,27E-06 1,55 1,46E-02
protein

K19342 | 35 370 ko:K19342 nosL; copper chaperone NosL 1,32E-06 2,61 1,51E-02

K02884 | 79 1166 ko:K02884 RP-L19, MRPL19, rplS; large | 1,51E-06 1,82 1,73E-02
subunit ribosomal protein L19

K07778 | 50 628 ko:K07778 desK; two-component system, | 1,61E-06 2,16 1,85E-02
NarL family, sensor histidine kinase DesK
[EC:2.7.13.3]

K09121 | 39 439 ko:K09121 larC; pyridinium-3,5- | 1,63E-06 | 2,44 | 1,86E-02
bisthiocarboxylic acid mononucleotide
nickel chelatase [EC:4.99.1.12]

K13573 | 41 473 ko:K13573 pafC; proteasome accessory | 1,67E-06 2,37 1,91E-02
factor C

K02847 | 74 1073 ko:K02847 waal, rfal; O-antigen ligase | 1,68E-06 1,85 1,93E-02
[EC:2.4.1.]

K02653 | 198 3652 ko:K02653 pilC; type IV pilus assembly | 1,70E-06 1,43 1,95E-02
protein PilC

K02909 | 77 1133 ko:K02909 RP-L31, rpmE; large subunit | 1,81E-06 1,82 2,08E-02
ribosomal protein L31

K07107 | 291 5737 ko:K07107 ybgC; acyl-CoA thioester | 2,24E-06 1,34 2,57E-02
hydrolase [EC:3.1.2.-]

K04078 | 92 1437 ko:K04078 groES, HSPE1l; chaperonin | 2,39E-06 1,71 2,74E-02
GroES

K02066 | 238 4558 ko:K02066 mlaE, linK; | 2,54E-06 1,38 2,91E-02
phospholipid/cholesterol/gamma-HCH
transport system permease protein

K12340 | 198 3678 ko:K12340 tolC; outer membrane protein 2,64E-06 1,42 3,03E-02

K18431 | 54 712 ko:K18431 legF, ptmB; CMP-N,N'- | 2,73E-06 2,05 3,12E-02
diacetyllegionaminic acid synthase
[EC:2.7.7.82]

K20468 | 26 243 ko:K20468 K20468; putative heme | 3,14E-06 3,00 3,60E-02
transporter

K03298 | 41 486 ko:K03298 TC.DME; drug/metabolite | 3,27E-06 2,30 3,75E-02

transporter, DME family
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K07220 | 92 1449 ko:K07220  K07220;  uncharacterized | 3,33E-06 1,69 3,82E-02
protein

K03116 | 63 890 ko:K03116 tatA; sec-independent protein | 4,15E-06 1,90 4,75E-02
translocase protein TatA

K05988 | 34 373 ko:K05988 dexA; dextranase [EC:3.2.1.11] | 4,16E-06 2,51 4,77E-02

K22205 | 49 632 ko:K22205 K22205; S-adenosyl-L- | 4,21E-06 2,10 4,82E-02

methionine hydrolase (adenosine-
forming) [EC:3.13.1.8]

K04760 | 66 948 ko:K04760 greB; transcription elongation | 4,30E-06 1,87 4,93E-02
factor GreB

Table S4. AntiSMASH-predicted occurrences of biosynthetic gene clusters (separated by gene
cluster product class according to antiSMASH output) in differentially abundant contigs
(more abundant in the suppressive dilutions 25X and 50X) versus the rest of the assembly.
Statistical results are based on Fisher exact test, significant results are highlighted in bold.

Counts on DE Counts on NOT DE
BGC product contigs contigs ODDS Ratio P-value
arylpolyene 65 373 1,5145 0,0056
melanin 2 2 inf 0,0150
acyl amino acids 10 157 0,4882 0,0240
ladderane 6 20 3,0757 0,0289
T3PKS 43 260 1,4221 0,0523
NRPS-like 44 278 1,3494 0,0905
betalactone 16 86 1,6404 0,0950
NRPS 69 690 0,7974 0,0988
other 4 15 2,6097 0,1021
T1PKS 18 213 0,6625 0,1055
T2PKS 1 1 inf 0,1225
NAGGN 0 18 0,0000 0,1546
resorcinol 11 59 1,6446 0,1586
proteusin 1 2 7,1766 0,2300
lanthipeptide 4 60 0,5126 0,2343
hglE-KS 7 40 1,5223 0,3282
TfuA-related 3 46 0,5007 0,3610
linaridin 0 11 0,0000 0,3802
phosphonate 6 37 1,3890 0,4478
lassopeptide 15 150 0,7974 0,5238
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LAP 2 29 0,5316 0,5699
hserlactone 21 196 0,8612 0,5775
transAT-PKS 0 8 0,0000 0,6070
ectoine 3 38 0,6151 0,6170
butyrolactone 2 14 1,1961 0,6859
bacteriocin 62 486 1,0494 0,7153
indole 3 32 0,7424 0,7907
siderophore 10 89 0,9084 0,8712
terpene 73 605 0,9848 0,9471
CDPS 0 5 0,0000 1,0000
PKS-like 0 7 0,0000 1,0000
transAT-PKS-like 3 30 0,7974 1,0000
amglyccycl 0 4 0,0000 1,0000
microviridin 0 6 0,0000 1,0000
furan 0 2 0,0000 1,0000
thiopeptide 0 5 0,0000 1,0000
cyanobactin 0 3 0,0000 1,0000
phenazine 0 2 0,0000 1,0000
nucleoside 0 1 0,0000 1,0000
oligosaccharide 0 1 0,0000 1,0000
PpyS-KS 0 2 0,0000 1,0000
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Abstract

Plastic mulch film residues have been accumulating in agricultural soils for decades, but so far,
little is known about its consequences on soil microbial communities and functions. Here, we
tested the effects of plastic residues of low-density polyethylene and biodegradable mulch
films on soil suppressiveness and microbial community. Soil suppressiveness is a microbial-
driven phenomenon important for sustainable agriculture. The level of soil suppressiveness,
plant biomass and nutrient status and microbial communities in rhizosphere and plastisphere
were investigated using a controlled pot experiment in soil suppressive to Fusarium
culmorum. The addition of 1% plastic residues to the suppressive soil did not affect the level
of suppressions and the disease symptoms index. However, we did find that plant biomasses
decreased, and that plant nutrient status changed in the presence of plastic residues. We did
not observe significant changes in bacterial and fungal rhizosphere communities.
Nonetheless, bacterial and fungal communities closely attached to the plastisphere were very
different from the rhizosphere communities. The plastisphere revealed a high abundance of
specific bacterial phyla (Actinobacteria, Bacteroidetes, and Proteobacteria) and fungal genera
(Rhizoctonia and Arthrobotrys). Our work revealed new insights and raises emerging questions
for further studies on the impact of microplastics on the agroecosystems.

Introduction

Soil plays a central role in supporting life and possess the highest microbial diversity known to
date. Microbial communities are essential for promoting plant growth and suppressing soil-
borne diseases (Cha et al., 2016; Lugtenberg et al., 2017). Plants are exposed to various
abiotic and biotic stresses throughout their lives, yet certain soil microbes can help plants to
overcome different stresses and improve growth (Gouda et al., 2018; llangumaran and
Smith, 2017; Jochum et al., 2019).

Along with the abiotic and biotic stresses that can occur sequentially or simultaneously, plants
also are challenged by anthropogenic soil pollution. Environmental pollution in soil caused by
agrochemicals or the disposal of waste coming from industrial or urban sources may interfere
with plant-microbe interactions and communication. One critical type of pollution emerging
in agriculture is the increasing load of microplastics (defined as plastic particles < 5 mm) (de
Souza Machado et al.,, 2018). Although, the effect of microplastics on the aquatic
ecosystems have been intensively studied, their environmental impacts on the terrestrial
ecosystem remain largely unexplored. According to recent literature, agricultural land may
store more microplastics than oceans (Nizzetto et al., 2016b, 2016a), likely because there
are multiple ways for microplastics to get into the soil (Ng et al., 2018). Plastic mulching is
one of the primary sources contributing to the accumulation of microplastics in
agroecosystems (Huang et al., 2020).
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Plastic mulch films were applied to farmland for several purposes: retaining soil moisture,
warming the soil and preventing weeds (Steinmetz et al., 2016). Unfortunately, it is not
technically feasible for farmers to remove or recycle most of the mulch films used in the fields
because the films are usually very thin (0.01-0.05 mm) (Kasirajan and Ngouajio, 2012). The
accumulation of residual plastic mulch films in agricultural soils has raised concerns because
it decreases soil productivity by blocking water infiltration, impeding soil gas exchange, and
constraining root growth (Hegan et al., 2015; Jiang et al., 2017; Qi et al., 2020a). Plastic
pollution is considered to be an emerging threat to soil ecosystem health and function (Dan
Zhang et al., 2020). Biodegradable plastics were developed as promising environmentally
sustainable alternatives to conventional low-density polyethylene films (Kasirajan and
Ngouajio, 2012; Sintim and Flury, 2017). Biodegradable plastics are tilled into the soil where
they are expected to be degraded by microbes. However, their impact on i) soil and
rhizosphere microbiome, ii) the interactions between beneficial microbes and soil-borne
pathogens and iii) the level of soil disease suppressiveness are largely unknown.

Disease suppressive soils protect plants from root pathogens despite the presence of
favourable conditions for disease development (Deacon, 1984). Enhancing soil
suppressiveness is of great agronomic interest to achieve sustainable management for plant
disease control (Ghorbani et al.,, 2009; Singh and Vyas, 2009). Many previous studies
investigated the link between soil disease suppressiveness and the soil microbiome and such
findings have been summarized in several review articles (Kinkel et al., 2011; Schlatter et al.,
2017b; Weller et al., 2002b). For instance, the presence of some microbial taxa in soil were
associated to the development of soil suppressiveness (Gomes Exposito et al., 2017) and the
disturbance in microbiome composition lead to losing the ability of microbiome to protect
plants (Carridn et al., 2019; Cha et al., 2016).

Recently, we revealed that microplastics could have strong effects on plant growth, the blend
of volatiles emitted in the rhizosphere, and the assembly of the rhizosphere communities (Qi
et al., 2020b).

The aim of the present study was to understand the impact of microplastic pollution on the
level of soil disease suppressiveness, plant growth and nutrient status and on microbial
community. Recently, Ossowicki et al. (2020) screened soils from 28 different sites in the
Netherlands and Germany for their level of suppressiveness to Fusarium culmorum. The
microbiological basis of the suppressiveness were characterised in four different field-soils
displaying clear and reproducible disease suppressiveness (Ossowicki et al., 2020). In this
work, we therefore, tested the effect of plastic residues on i) the level of soil disease
suppressiveness (using previously characterized suppressive soil), ii) rhizosphere microbial
communities composition and iii) plant growth. Besides, we analysed the microbiome of the
so-called plastisphere, which may host a distinct microbial colony on the plastic debris.
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Materials and Methods

Growth conditions and materials

A pot experiment was conducted in a growth cabinet (MC 1750 VHO-EVD, Snijders Labs) with
photoperiod of 12 h day/12 h night at 20°C and 60% relative humidity. Plants were watered
every two days and supplemented weekly with a 0.5 Hoagland solution (1 ml per 80 cc of the
soil, 0.5 M Ca(NOs),4H,0, 1 M KNOs, 1M KH,PO,4, 0.5 M MgS0,4-7H,0 and 98.6 mM ferric
EDTA).

The disease-suppressive soil (S11) used in this study was found to be highly suppressive
against F. culmorum in wheat (Ossowicki et al., 2020). Soil was collected in agricultural field,
air-dried at room temperature, homogenized, sieved through a 4 mm sieve, and stored at 4°C.
The soil was sandy with an organic matter content of 3.48 + 0.47% and a pH of 7.28 + 0.19.
We used a gamma-sterilized sand collected near Bergharen, the Netherlands as a standard
substrate. More information about the suppressive soil and Bergharen sand is provided in
Table S1. Wheat seeds (Triticum aestivum, JB Asano variety) were obtained from Agrifirm (the
Netherlands). Seeds were surface sterilized and pregerminated on sterile moist filter paper in
order to use in the experiment.

Two types of plastic mulch films (PMF) were used in this study: a low-density polyethylene
(LDPE) and a starch-based biodegradable plastic (Bio). Two sizes of plastic residues (macro and
micro) were prepared as described in a previous study (Qi et al., 2018). Macro-sized plastic
pieces were made by cutting PMF into 5 mm x 5 mm squares by hand. The micro-sized
powders were obtained through cryogenic grinding, then sieved to obtain a powder size
ranging from 50 um to 1 mm. All plastic materials were sprayed with 70% ethanol and air-
dried in a fume cupboard to minimize microbial contamination.

The fungal pathogen F. culmorum PV was propagated on 1/4 potato dextrose agar (PDA) and
incubated at 20 2C for two weeks. Plugs with a diameter of 6 mm were cut from the border
zone of F. culmorum hyphae. One plug was mixed with 10 cc of soil for treatments and, in
controls without the pathogen, sterile 1/4 PDA plugs were used instead.

Experimental setup

Prior to the experiment, the soil was “activated” to induce microbial activity by growing wheat
for two weeks. Afterwards, plants along with the whole root system were removed and the
soil was mixed and prepared as follows. The suppressive soil was mixed 2:1:1 in volume with
sterile Bergharen sand and sterile vermiculite (Agra-vermiculite, the Netherlands). Sterile
Bergharen sand was mixed with vermiculite 3:1 in volume for negative controls. For each pot,
140 g of the soil mixture, 1.4 g of the plastic residues (except for the controls) and plugs with
or without the pathogen were added to pots and manually mixed. One pre-germinated wheat
seed was transferred into each pot and grew for three weeks. After this time, disease
symptoms were assessed, and rhizosphere samples collected.
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Treatments and replicates

Four types of plastic residues were mixed separately with suppressive soil at 1% (w/w). This
concentration is environmentally relevant and consistent with our previous studies (Qi et al.,
2018). Two positive controls with only suppressive soil and without the addition of plastic
residues were used to control for disease suppressiveness (511_FCand S11_NF). Two negative
controls with sterilized Bergharen sand were used to control for the pathogenicity of F.
culmorum (BS_FC and BS_NF). Eight treatments were tested with 10 replicates in fully
randomized design (Table 1).

Table 1 The pot experiment treatments.

Treatment Plastic residues F. culmorum Soil
LDPE_Ma LDPE macro v S11 (Suppressive soil)
LDPE_Mi LDPE micro N4 S11 (Suppressive soil)

Bio_Ma Bio macro v S11 (Suppressive soil)
Bio_Mi Bio micro v S11 (Suppressive soil)
S11_FC / v S11 (Suppressive soil)
S11_NF / / S11 (Suppressive soil)
BS_FC / v Bergharen sand
BS_NF / / Bergharen sand

Disease symptoms assessment and analysis of plant biomass and plant nutrient status

To assess the disease symptoms, the wheat plants were carefully removed, the excess of soil
was shaken off, and the roots were cleaned with water. The root system was visually inspected
for brown/black lesions or rotting and the stem base/coleoptile was inspected for rotting and
the presence of pink-white fungal hyphae. Plants were scored from 0-5 for disease symptoms
(Ossowicki et al., 2020). Statistical differences in disease symptoms between treatments and
controls were assessed using the chi-square test, with an alpha cutoff of p < 0.05.

After the screening, plants were separated into shoots and roots. Dry biomass was recorded
after drying at 70 2C for 48 h. Dried shoot and root tissues were then digested using 65% HNO3;
at 120 2C. The mineralized samples were transferred into polypropylene test tubes. Samples
were diluted 1:40 in MILLI-Q water and the concentration of metal elements was measured
by Inductively Coupled Plasma-Mass Spectrometry ICP-MS (BRUKER Aurora- M90 ICP-MS) as
previously described (Vigani et al., 2017, Martin-Sanchez et al., 2020). Differences among the
mean values of inter-groups were analysed by one-way ANOVA and the post-hoc tests
considered were: Tukey HSD (in the case of Levene’s test p > 0.05) and Tamhane (in the case
of Levene’s test p < 0.05).
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DNA extraction for rhizosphere soil and plastisphere

For six randomly selected replicates in each treatment, rhizosphere soil samples were
collected. After the plants were taken out of the pots, the excess soil was removed and the
root system with adhering soil was placed in a sterile paper bag. Soil particles (rhizosphere)
were detached from the roots by rigorously shaking. Rhizosphere soil samples were stored at
-4 2C and the DNA was isolated using a DNeasy PowerSoil Kit (QIAGEN, the Netherlands) within
one week.

Six to ten pieces of macroplastics were collected from each pot of treatments LDPE_Ma and
Bio_Ma. The plastic pieces were stored in Eppendorf tubes in glycerol stock at -80 2C before
DNA extraction. DNeasy PowerSoil Kit was used to extract the DNA from plastic pieces.

Amplicon sequencing and microbial community analysis

The amplicon library preparation and sequencing was carried out at the McGill University and
Genome Québec Innovation Centre (Montréal, Canada). The PCRs of the bacterial 16S rRNA
gene V3-V4 region were performed with the primer set 515F (5’-GTGCCAGCMGCCGCGGTAA-
3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’). The PCRs of the fungal rDNA gene ITS region
was performed with the primer set ITS1F (5’-CTTGGTCATTTAGAGGAAGTAA-3’) and 58A2R (5'-
CTGCGTTCTTCATCGAT-3’). Sequencing was carried out on an lllumina MiSeq platform with 4
biological replicates per treatment).

Adapter sequences were removed using cutadapt 2.10 (Martin, 2011) and the quality of reads
was evaluated using FastQC 0.11.9 (Andrews, 2015). All the subsequent work on sequencing
data was performed in an R (v 4.0.1) environment using packages specified further. Amplicon
sequencing variants (ASVs) were constructed using dada2 1.16.0 (Benjamin J Callahan et al.,
2016, p. 2) and taxonomically classified based on the SILVA v132 database for bacterial 16S
genes or the UNITE v8 database for fungal ITS sequences. Read counts were rarefied for
further analysis using a Vegan 2.5-6 package. Analyses of alpha diversity and differential
abundance were performed using phyloseq 1.32.0 and DESeq2 1.28.1 packages and visualized
using Ampvis2 2.6.0 and ggplot2 3.3.2. The differences in Shannon indexes were assessed
using one-way ANOVA, p < 0.05.
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Results

Effect of plastic residues on the level of disease suppressiveness, plant biomass and plant
nutrient status

A significant effect on plant biomass was observed only for shoot biomass in the treatment
Bio_Mi as compared to controls without plastic additions (Fig. 1). No significant difference in

root biomass was observed.
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Fig. 1. Shoot and root biomass of wheat in suppressive soil with and without plastic
residues. The bars indicate the mean values of each treatment, with the error bars
representing the standard deviation. Letters above the bars represent statistically
significant differences based on ANOVA, p < 0.05.

The results of testing the impact of plastic residues on soil suppressiveness are presented
in Fig. 2. It showed that the pathogen was infectious when comparing controls BS_FC to
BS_NF and that the soil S11 was suppressive and could significantly reduce disease symptoms
(controls BS_FC vs. S11_FC). The presence of plastic residues in suppressive soil did not

significantly affect the level of suppressiveness (Fig. 2).
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Fig. 2. Disease symptoms observed in wheat inoculated with F. culmorum grown in
substrates with plastic and without plastic as controls. The bars indicate the average of the
disease symptoms index, with the error bars representing the standard error. Letters above
the bars represent significance levels based on the chi-square test.

In addition, we performed an analysis of the mineral nutrient content of shoots and roots,
defined as plant ionome. The Principal Component Analysis (PCA) performed on the
macronutrient (Mg, K, Ca) content of the shoots revealed a clear separation between
LDPE_Ma and LDPE_MIi (Fig. 3a). The PCA performed on the micronutrient (Mn, Fe, Zn, Mo,
Cu) content of the shoots revealed separation between LDPE_Ma and LDPE_Mi samples
(Fig. 3b). In the shoots, we observed a significant difference in K content between
treatments LDPE_Ma and LDPE_Mi and the Mn contents of both treatments were higher than
the controls (Table S2). The PCA revealed different macro- and micro- nutrient composition
in the roots of the treatment LDPE_MIi (Fig. 3c and 3d). Treatment LDPE_Mi showed higher

Cu content in root tissues (Table S3).
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Fig. 3 Principal component analysis (PCA) of the macronutrient and micronutrient content
in shoots and roots of wheat. ANOSIM statistics is indicated in the left-bottom corner of

each plot.

Effect of plastic residues on the rhizosphere bacterial and fungal communities

The analysis of bacterial and fungal rhizosphere communities was based on 16S rRNA and
ITS amplicons sequencing. The effect of the addition of the plastic residues may be seen as
a change between treatments (LDPE_Ma, LDPE_MIi, Bio_Ma, Bio_Mi ) and control S11_FC —
all with pathogenic fungus added.
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Fig. 4. Alpha diversity of bacterial (16S) and fungal (ITS) communities based on ASVs

presented as Shannon index.

The diversity of bacterial and fungal community based on Shannon index revealed that, as
compared to control (S11_FC), there was no statistically significant change due to the
addition of plastic (Fig. 4, Table S4 and S5). Moreover, looking at the abundance of the major
bacteria phyla and fungal genera (Fig.5 and 6 respectively), there was only a small significant
change in the abundance Chloroflexi between LDPE_Ma treatment and control. Altogether,
the addition of LDPE and Bio plastic residues to soil did not have a direct impact on bacterial
and fungal rhizosphere community. These results are also supported by PCA analysis (Fig.

s1).
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Fig. 5. Heatmap showing the average relative abundance of the top eight bacteria phyla
across the samples. The headers of columns indicate the type of plastic used, “NO”
indicates controls without the addition of plastic.
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Fig. 6. Heatmap showing the average relative abundance of the top fifteen fungal genera
across the samples. The headers of columns indicate the type of plastic used, “NO”
indicates controls without the addition of plastic.

Microbial communities in the plastisphere

We compared the bacterial and fungal communities inhabiting the surface of Bio_Ma plastic
residues and compared them to the rhizosphere communities of plants from which these
residues were extracted. The analysis of bacterial community in the Bio_plastisphere
compared to Bio_Ma rhizosphere showed an increase in diversity in “plastisphere” (Fig. 4)
and a significantly higher relative abundance of bacteria phyla Actinobacteria,
Bacteroidetes, and Proteobacteria and a lower relative abundance of Acidobacteria and
Planctomycetes (Fig.7).



142 | Chapter 5

We found that the diversity of fungal community (Shannon index) in “plastisphere” was
significantly lower comparing to rhizosphere (Fig. 4). The “plastisphere” was vastly dominated
by three fungal genera Rhizoctonia, Arthrobotrys and Fusarium (on average around 50% of
relative abundance) where the first two genera were significantly enriched compared to the
rhizosphere community (Fig. 8). The results of differential abundance comparison revealed
also statistically significant higher relative abundance of fungal genera Torula and Exophiala
and lower abundance of Zoptelia. Significantly, a higher relative abundance of the fungal

genera Rhizoctonia and Arthrobotrys were measured in the Bio_plastisphere (Fig. 8).
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Fig. 7. Boxplots displaying the relative abundance of bacteria phyla between bioplastic
plastisphere and the rhizosphere of wheat grown in soil with the addition of bioplastic.
Statistically significant differences based on deseq2 analysis are marked with a single

asterisk (p<0.05) or with a double asterisk (p<0.01).
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Fig. 8. Boxplots displaying the relative abundance of fungal genera between bioplastic
plastisphere and the rhizosphere of wheat grown in soil with the addition of bioplastic.
Statistically significant differences based on deseq2 analysis are marked with a single
asterisk (p<0.05) or with a double asterisk (p<0.01).

Discussion

One of the greatest challenges of our generation is to consolidate or even increase current
agricultural yields and nutritional quality while reducing the input of fertilizers and
pesticides. As a critical agricultural tool, plastic mulch films have made significant
contributions to food security and modern agricultural development (Espi et al., 2006;
Kasirajan and Ngouajio, 2012). However, we tend to ignore the impact of plastic mulch films
residues as pollutants. Plastic residues, especially microplastics, may represent a hidden
danger for agriculture affecting soil functions, plants and crop yield (Rillig and Lehmann,
2020; Dan Zhang et al., 2020). Recently, Fuller & Gautam (2016) suggested that background
concentrations of microplastics may range from 0.03% to 6.7% in agricultural and industrial
soils (Fuller and Gautam, 2016). A promising approach to overcome the accumulation of
residual polyethylene mulch films in soils is to use biodegradable mulch films composed of
polymers designed to be degraded by soil microorganisms. Biodegradable plastics are a
family of various polymers, such as starch blends, poly(lactic acid), poly(butylene adipate
terephthalate), polyhydroxyalkonates, etc. In addition, they contain substantial amounts of
chemical additives, such as plasticizers, which could be physically and chemically hazardous
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to soil (micro)organisms and hence, disturb soil functioning (Zimmermann et al., 2020). Our
work is the first to explore the impact of plastic mulch film residues (both LDPE and
Biodegradable plastics) on the level of soil disease suppressiveness and plant nutrient
status. The results of our study did not reveal major short-term effect of plastic residues on
the level of soil suppressiveness against F. culmorum.

A significant effect, however, was observed on plant shoot biomass in the treatment Bio_Mi
but not in the other treatments, indicating that different types and sizes of plastic residues
may cause different effects. For example, the addition of LDPE_Mi affected the macro- and
micronutrients composition in the roots. The mineral nutrient content profile of a plant can
be considered to be a signature of the nutrient status of plants under stressed conditions
(Martin-Sanchez et al., 2020; Pii et al., 2015). Our findings are based on a short-term
experiment (two weeks of activation and three weeks of infection) however, it is plausible
that in the long-term, the effects on the plant biomass, plant nutrient content and level of
soil suppressiveness could be stronger. For example, in our previous study, we observed a
significant adverse effect on plant biomass after 2 and 4 months (Qi et al., 2018).

Both soil and plants depend heavily on their microbiome for specific functions and traits
(Berg, 2009; Liu et al., 2020). Rhizosphere, the narrow zone surrounding and influencing
plant roots, is considered to be one of the most dynamic interfaces on earth (Philippot et
al.,, 2013). Since large parts of the soil have limited nutrient access, the rhizosphere
represents an oasis for soil microorganisms due to the release of rhizodeposits by plant
roots. These rhizodeposits, defined as the easily available organic nutrients and signaling
compounds, include root exudates, border cells and mucilage (D. L. Jones et al., 2009;
Philippot et al., 2013; Raaijmakers et al., 2009). We recently observed that the addition of
microplastics could have strong effects on the rhizosphere bacterial community (Qi et al.,
2020b). In the current study, we did not observe significant changes in bacterial or fungal
rhizosphere communities (diversity and assembly) among rhizosphere soil samples.
Nonetheless, bacterial and fungal communities that were closely attached to the Bio_Ma
“plastisphere” were very different from the rhizosphere communities in the Bio_Ma
treatment. The Bio_Ma plastispheres revealed a high abundance of specific bacteria phyla
(Actinobacteria, Bacteroidetes, and Proteobacteria) and fungal genera (Rhizoctonia and
Arthrobotrys). By providing a new niche for soil microorganisms, the “plastisphere” could
alter the structure and function of soil and rhizosphere microbial community. Despite the
increasing interest in “plastisphere”, very few studies have been conducted on this topic
and they are focused only on aquatic ecosystems (Amaral-Zettler et al., 2020; Yang et al.,
2019). In our study, we were able to obtain high-quality DNA only from the plastisphere of
the Bio_Ma treatments for amplicon sequencing. However, it would be of great interest to
further study the “plastispheres” formed around different types and sizes of plastic. The
addition of microplastics to soil could be a source of nutrients and extra surfaces attractive



| 145

for certain microbes, and hence, affecting microbial community and function. Taking into
consideration that many species belonging to two fungal genera dominating the
“plastisphere” (Rhizoctonia and Fusarium) are pathogenic, we can speculate that this habitat
may act as a reservoir of pathogens. Hence, it would be important in the future to study the

effect of plastic residues on the abundance of soil borne pathogens.

Conclusions

In the current study, the addition of plastic mulch film residues to suppressive soil, did not
reveal significant effects on disease symptoms in wheat inoculated with F. culmorum, nor
on the plant-associated bacterial and fungal community composition, structure and
diversity. However, we observed changes in the plant biomass and mineral nutrient
content. Moreover, the analysis of “plastisphere” revealed substantially different bacterial
and fungal taxonomic patterns and diversity as compared to the rhizosphere soil. Based on
our results, we suggest that the introduction of plastic into the soil would create a new niche
“plastisphere” that harbours a distinct microbial community. Such findings highlight the
importance to characterize the plastisphere in soil and to unravel its impact on the plant-soil
system.
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Supplementary Material

Table S1. Detailed information about suppressive soil and Bergharen sand

soil parameters unit S11 BS
pH / 7.28 £0.19 7.53+0.05
oM % 3.48+0.47 0.24 £0.04
Fe mg/kg 0.11 0.19+0.01
K mg/kg 68.77+1.1 2.02+0.32
Mg mg/kg 56.43 + 0.58 0
P mg/kg 5.43+0.04 0.11+0.03
S mg/kg 1.17 £0.15 0
C % 1.99+0.88 0.05+0.01
N % 0.16 £ 0.07 0
C:N / 12.44 NA

Table S2. Content of some mineral nutrients in shoot of wheat plants. The content of Mg, K

and Ca are expressed as mg g2 DW while the content of Mn, Fe, Cu, Zn, Mo are expressed

as ug g1 DW. Nutrients displaying significant differences among treatment (p<0.05) are

reported in bold.

LDPE_Ma LDPE_Mi Bio_Ma Bio_Mi S11_FC S11_NF
Mg | 1.88:0.11 2.06£0.26 1.9740.51 1.64£0.11 1.77:0.18 2.06£0.23
52.29+1.89
K ) 40.44+2.76a | 48.38:3.71ab | 44.12+3.61ab | 39.98+10.36ab | 45.515.11ab
Ca 3.67+0.09 3.03#0.31 3.3240.39 3.20#0.35 3.0240.58 3.61#0.36
19.48+3.90
Mn N 21.10+2.05b | 17.94+2.09ab | 17.45+4.27ab | 11.17+1.47a | 23.54%3.25b
154.26+25.
Fe " 121.76+40.00 | 165.48+131.78 | 95.33+16.73 91.87+17.02 | 130.03+26.49
Cu 9.15+2.89 6.67+2.47 11.1247.24 11.59£9.56 8.14+4.13 8.46+2.28
Zn | 42.25+1.84 | 30.45%6.21 37.7245.16 35.33+2.40 35.05+16.77 42.80+8.15
Mo | 11.54+1.90 5.3240.52 13.68£9.37 9.06+1.24 6.53+2.49 7.03+0.22

Table S3. Content of some mineral nutrients in root of wheat plants. The content of Mg, K

and Ca are expressed as mg g2 DW while the content of Mn, Fe, Cu, Zn, Mo are expressed

as ug g1 DW. Nutrients displaying significant differences among treatment (p<0.05) are

reported in bold.

LDPE_Ma LDPE_Mi Bio_Ma Bio_Mi S11_FC S11_NF
Mg 6.31+3.58 19.51+14.65 5.54+2.16 7.3345.85 5.19+2.04 3.08+1.41
K 16.71+2.26 15.39+2.23 15.31+1.18 18.42+3.06 16.65+0.94 14.84+1.48
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Ca 2.99+0.33 3.96+1.41 2.88+0.21 2.94+0.52 3.40+0.70 2.39+0.19

Mn 51.71+14.81 101.06+69.58 43.80+8.81 58.83+23.78 56.67+8.04 41.27+8.36

Fo 2773.92+15 | 7516.81+6038. | 2285.71+723. | 3320.64+2228. | 2825.24+728. | 1758.14+633.
81.59 32 17 92 29 59

Cu 18.1046.61a 35.3847.98b 13.9443.17a 13.82+2.40a 15.9245.96a 12.45%4.88a

Zn 46.43+6.40 66.12+19.37 40.40+0.45 49.08+6.25 52.2946.27 41.44+0.79

Mo 1.28+0.45 0.9240.31 0.91£0.19 0.8710.34 0.80£0.37 0.86+0.35

Table S4. One-way ANOVA analysis of bacteria 16S community alpha diversity based on

Shannon index.

Df Sum Sq Mean Sq F value Pr(>F)
Treatments 6 0.3144 0.05240 2.488 0.0561
Residuals 21 0.4422 0.02106

Table S5. One-way ANOVA and Tuckey posthoc analysis of fungi ITS community alpha

diversity based on Shannon index.

Df Sum Sq Mean Sq F value Pr(>F)

Treatments 6 5.534 0.9224 4.207 0.00621
Residuals 21 4.604 0.2192

Treatments diff Iwr upr p adj
LDPE_Mi-LDPE_Ma 0,85 -0,23 1,93 0,19
Bio_Ma-LDPE_Ma 0,81 -0,27 1,89 0,23
Bio_Mi-LDPE_Ma 0,44 -0,63 1,52 0,83
Bio_plastisphere-LDPE_Ma -0,43 -1,50 0,65 0,85
S11_FC-LDPE_Ma 0,59 -0,48 1,67 0,57
S11_NF-LDPE_Ma 0,77 -0,31 1,84 0,28
Bio_Ma-LDPE_Mi -0,04 -1,11 1,04 1,00
Bio_Mi-LDPE_Mi -0,41 -1,48 0,67 0,87
Bio_plastisphere-LDPE_Mi -1,28 -2,35 -0,20 0,01
S11 _FC-LDPE_Mi -0,26 -1,33 0,82 0,98
S11_NF-LDPE_Mi -0,08 -1,16 0,99 1,00
Bio_Mi-Bio_Ma -0,37 -1,45 0,71 0,92
Bio_plastisphere-Bio_Ma -1,24 -2,32 -0,16 0,02
S11_FC-Bio_Ma -0,22 -1,30 0,86 0,99
S11_NF-Bio_Ma -0,04 -1,12 1,03 1,00
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Fig. S1. Principal Component Analysis of bacterial (16S) and fungal (ITS) communities.
ANOSIM statistics is indicated in the left-bottom corner of each plot.
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Chapter 6

General and summarizing

discussion
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In 2019, the European Union launched a strategy towards a zero pollution and toxic-free
environment (“A European Green Deal,” 2019). One of the targets in the so-called “From
Farm to Fork” actions for the year 2030 is to reduce the use of chemicals and hazardous
pesticides in agriculture by 50%. Hence, one of the great challenges of our generation is to
increase agricultural yields and enhance nutritional quality of food crops while reducing the
input of fertilizers and pesticides. Soil-borne diseases caused by pathogenic fungi form a
major threat for crop production worldwide. Resistance breeding, chemical and cultural
control measures have been largely unsuccessful to date for most fungal root pathogens.
Hence, ‘Learning from Nature’ by exploring and exploiting the natural mechanisms of soil
disease suppressiveness gives us a profound opportunity to develop effective and
sustainable strategies to protect crops from fungal root pathogens. In my thesis, | explored
the microbiome-driven phenomenon of soil suppressiveness to Fusarium culmorum in
wheat, building a basis to identify the responsible microorganisms and to understand the
underlying mechanisms of disease suppression (Chapters 2-4). Moreover, | evaluated the
impacts of microplastic pollution on disease suppressiveness and the rhizosphere
microbiome of wheat (Chapter 5). The main findings of each of the chapters are summarized
in figure 1 and discussed in more detail below.

Chapter 2

-F. culmorum suppressive soils do not share the same microbial
taxonomic patterns or physical and chemical characteristics
-Volatile emission is one of the factors that may contribute to
disease suppressiveness to F. culmorum, but it is not a general one

Chapter 3

-Adenylation domain profiles in F. culmorum suppressive soils
share similar community structure

-Adenylation domain profiles indicate the possible role of
siderophores in disease suppressiveness to F. culmorum

Chapter 4

-Dilution-to-extinction experiment indicated the role of both
diversity and abundance of specific bacteria groups in the

F. culmorum suppressive soil

-Functional analysis of the rhizosphere metagenomes across the
dilution series revealed an enrichment of KEGG orthologs
associated with iron uptake, chitinases and type 6 secretion
systems in disease suppressive microbiomes

-Nine metagenome-assembled genomes were associated with the
diminished suppressive phenotype

"SISaY1 QYd SIY1 JO S131ADYI [DIUBWIIIAXS
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The distribution of disease suppressiveness of soils to Fusarium culmorum

Natural disease suppressiveness of soils to soil-borne pathogens was recognized worldwide
already more than a century ago (Atkinson, 1892; Baker and Cook, 1982; Gomes Exposito
etal., 2017; Hornby, 1983; Schlatter et al., 2017a). For most soil-borne pathogens, however,
the distribution of disease suppressiveness across multiple agricultural soils is unknown
because of a lack of simple diagnostic tools. In Chapter 2, we conducted for the first time a
large-scale screening of soils from different regions in the Netherlands and Germany for
suppressiveness to root rot of wheat caused by the fungal pathogen Fusarium culmorum.
This economically important pathogen causes significant losses in cereals, mostly in wheat
and barley (Dean et al., 2012; Scherm et al., 2013). Because of mycotoxins production, it
also contaminates grain making it unfit for human and animal consumption or malting
(Antonissen et al., 2014; Nielsen et al., 2014). We found a baseline level of disease
suppressiveness to F.culmorum in many of the screened soils, but a high level of
suppressiveness was found in 4 out of 28 soils tested. In all four, the suppressiveness was
eliminated by sterilization and could be transferred to a non-suppressive soil by
transplantation (Chapter 2). Based on the results presented in Chapter 2 we concluded that
the distribution of F. culmorum suppressive soils does not follow a specific geographic
pattern or field history. Moreover, we did not find any significant correlation with physical
or chemical soil properties. To look for enriched bacteria populations in Fusarium culmorum
suppressive soils, we performed 16S-based taxonomic profiling of all 28 soils. Based on our
results we did not find any specific taxonomic group of bacteria that was significantly
enriched in the suppressive soils; however, we found Acidobacteria to be hub taxa in some
of the suppressive soils based on co-occurrence network analysis. The results presented in
Chapter 3 indicate that co-occurrence patterns of A-domains (functional amplicons) are
much better predictors of soil suppressiveness than microbial taxonomy based on 16S
amplicon sequencing. This is in line with studies revealing that functional genes involved in
secondary metabolite production can be characteristic to disease suppressive microbiomes.
For example, the take-all decline (TAD) soils show an overrepresentation of 2,4-
diacetylphloroglucinol (phl) functional genes (Kwak and Weller, 2013; Raaijmakers and
Weller, 1998), and Rhizoctonia solani AG8 suppressive soils show greater expression of
polyketide cyclase genes (Hayden et al., 2018). Additionally, Zhao et al. found that the
overrepresentation of non-ribosomal peptide synthases (NRPS) genes in Fusarium wilt
suppressive soil is more characteristic for disease suppressiveness than taxonomic microbial
community structure and chemical properties (Zhao et al., 2018), which is in line with our
results for F. culmorum suppressive soils. More specifically, we found an enrichment of
NRPS gene clusters in suppressive soils based on co-occurrence networks, and many of
these clusters were predicted to encode siderophores. We also predicted, based on
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substrate specificity profiles of A-domains, possible enrichment of cyclic and branched
lipopeptides in the suppressive soils.

It would be instrumental to be able to diagnose disease suppressiveness in agricultural soils
for the purpose of field and crop selection. The perfect diagnostic tool for soil disease
suppressiveness should ideally be precise, fast, and easy for interpretation. The sequencing
of one or more functional amplicons could possibly meet those criteria but still a more in-
depth fundamental understanding of soil suppressiveness is required to develop such tools.
The main obstacle is understanding disease suppressiveness at a mechanistic level, which is
especially challenging since the phenomenon is complex and diverse. Different approaches
to predict soil suppressiveness was presented in the work of Hayden et al. where authors
used metabolomics to discriminate between Rhizoctonia suppressive and non-suppressive
soils (Hayden et al., 2019). Metabolomics allows to study metabolites and their
concentrations in biological systems, unlike DNA sequencing that reflects a potential to
produce metabolites. Future studies should integrate both NGS sequencing and
metabolomics to understand in depth the phenomenon of soil suppressiveness.

Is Fusarium culmorum soil suppressiveness general or specific?

Two main models of suppressiveness have been recognized: specific suppression associated
with the activity of enriched populations of specific microbes, and general suppression
associated with the metabolic activity of the microbial community as a whole. Both types
of suppressiveness can be eliminated by soil sterilization but only the specific
suppressiveness can be transplanted, by adding small amounts of suppressive soil to
conducive soil (Baker and Cook, 1982; Schlatter et al., 2017a).

We show that suppressiveness to F. culmorum of the identified soils can be transplanted to
non-suppressive soil (Chapter 2) and that rhizosphere suspensions of wheat grown in
suppressive soils S11 can be transplanted to a sterile soil (Chapter 4). These results indicate
that the observed suppressiveness is specific and associated with the rhizosphere
microbiome. Subsequent comparison of the profiles of A-domain functional amplicons
between F. culmorum suppressive and conducive soils revealed the association of
siderophore BGCs with suppressiveness (Chapter 3). Soil microorganisms produce
siderophores to sequester and solubilize iron that is essential for the functioning of a
number of enzymes. It is one of the mechanisms of competition for this limited resource
and overall, competition for resources is considered as a general soil suppressiveness
phenomenon. Though we have not found any enriched bacterial taxa in F. culmorum
suppressive soils based on 16S amplicon analyses (Chapter 2), we can not exclude the
involvement of specific groups of other organisms that we have not tested like, fungi,
oomycetes, nematodes, protists or viruses. We also cannot exclude that enriched groups of
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microorganisms in the suppressive soils are not taxonomically coherent but rather these
are groups of microorganisms collectively expressing certain functions.

All in all, in F. culmorum suppressive soils analyzed in this thesis, we found some putative
traits associated with specific disease suppressiveness (transferability) but also traits typical
for general suppressiveness (competition for iron via siderophores). These results therefore
need to be interpreted with caution because they are based on predictions and need future
validation experiments. We also can not exclude other traits or involvement of other groups
of organisms that we have not tested. It is emphasized in the work of Schlatter et al. that a
particular disease suppressive soil can operate in the whole spectrum between specific to
general suppressiveness (Schlatter et al.,, 2017a) and based on our experiments we
postulate that F. culmorum suppressiveness is one of the examples of intermediate models
where both the density of microbial populations and diversity play a role.

Mechanisms of suppressiveness to Fusarium culmorum

Up to date, several mechanisms in different disease suppressiveness systems were found
(for more details see Chapter 1). In Rhizoctonia solani suppressive soils, the production of
chlorinated lipopeptides nunamycin and thanamycin by Pseudomonas was identified as a
key mechanism of plant protection (Mendes et al., 2011; Michelsen et al., 2015; Watrous et
al., 2012). For the sugar beet — Rhizoctonia suppressive soil, endophytic bacterial genera
Flavobacterium and Chitinophaga provided an additional line of defense (Carrién et al.,
2019). In wheat, enriched populations of fluorescent pseudomonads producing
2,4-diacetylphloroglucinol were found responsible, at least in part, in take-all suppressive
soils (Kwak and Weller, 2013; Raaijmakers and Weller, 1998). For R. solani AG8 in wheat,
higher frequencies of Acidobacteria and Gemmatimonas and higher expression of stress
related genes and polyketide cyclases were related to suppressiveness (Hayden et al., 2018;
Yin et al, 2013). Our work on wheat indicated several possible mechanisms of
suppressiveness to F. culmorum. These mechanisms are schematically summarized in figure
2 and further described below. We do not know if there is only one dominant mechanism
of suppressiveness in this system, but identification of several possible modes of action
suggests that the suppressiveness is a synergistic or additive effect of multiple mechanisms
that either work simultaneously, in sequence, or in spatially different compartments along
the developing plant root system.
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N

Fig. 2. Proposed mechanisms of Fusarium culmorum disease suppressiveness. The wheat
root microbiome is depicted on the left side of the figure and the pathogen is depicted
on the right side as spores of F. culmorum. a — Collective activity of the whole microbial
community with Acidobacteria as hub taxa (Chapter 2), b- production of secondary
metabolites, both soluble and b1 - volatile (Chapters 2, 3 and 4), c- competition for iron
(Chapters 3 and 4), d- activity of specific bacteria taxa (Chapter 4).

Collective activity of the microbial community in suppressiveness with Acidobacteria as
hub taxa

The high connectivity of Acidobacteria in F. culmorum suppressive soils found in the
taxonomic analysis (Chapter 2) suggests the importance of its interactions with other
species for the functioning of the whole bacterial community. The role of Acidobacteria in
soil ecosystems is largely elusive despite its ubiquity in soil, mostly because of the difficulties
of isolation and in-vitro cultivation methods (Eichorst et al., 2018; Kielak et al., 2016).



| 157

Nevertheless, sparse cultivation-based and culture-independent functional studies
highlight the enormous metabolic potential of this genus, especially in complex
carbohydrate metabolism, nitrogen and sulfur turnover and siderophores production (Costa
et al., 2020; de Chaves et al., 2019; R. T. Jones et al., 2009; Kalam et al., 2020; Kielak et al.,
2016; Llado et al., 2016). In particular, its role in soil aggregation and in the turnover of
exopolysaccharides can have a tremendous effect on soil functioning (Costa et al., 2018).
We speculate that in F. culmorum suppressive soils Acidobacteria are involved in plant
protection by modulating ecological processes and providing crucial ecological services like,
nutrients turnover and soil matrix formation. That indirect role is more probable than direct
antagonism against the pathogen but considering vast metabolic potential of Acidobacteria
we cannot exclude the second scenario. It will be very interesting to further explore the yet
unknown roles, if any, of Acidobacteria in disease soil suppressiveness.

Involvement of secondary metabolites in disease suppressiveness

Microorganisms execute their beneficial functions through the production of specialized
secondary metabolites. These metabolites do not take part in essential cell processes but
allow the microorganism to perform auxiliary functions. The synthesis and secretion of
secondary metabolites is an energy and resource investment and that is why their
production is most of the times controlled by regulation systems in response to external
signals. Soil microorganisms are known to produce a plethora of various types of secondary
metabolites that constitute a largely untapped resource for novel compounds (Cragg and
Newman, 2013). Secondary metabolites allow microorganisms to communicate, acquire
nutrients and interact with other (micro)organisms (Raaijmakers et al., 2002; Sharrar et al.,
2020). In several cases, the production of microbial secondary metabolites or the potential
to produce them (biosynthetic genes) was found to be linked to disease suppressiveness
(more in Chapter 1). In my thesis (Chapters 3 and 4), several gene clusters associated with
soil suppressiveness to F. culmorum were identified based on sequencing of adenylation
domains and based on untargeted shotgun metagenomics. These gene clusters encoded
mostly lipopeptides, polyketides and siderophores, groups of compounds that are known
for their antifungal activities through direct antagonism or through competition for
resources. Substantial genetic diversity of the gene clusters combined with limited
prediction of their functions, in most of the cases, allows us only to speculate about their
precise roles. Nevertheless, the association with the disease suppressive phenotype makes
them a good target for further studies.

In general, the identification of gene cluster functions requires isolation of the
microorganism carrying that cluster followed by site-directed mutagenesis or by cloning and
expression of the gene cluster in a different host, in case the corresponding microbial
species is difficult to culture or to transform (Cui et al., 2018; Gomez-Escribano and Bibb,
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2011). With the mutants at hand, these can then be compared to their wild type strain for
their ability to suppress the target fungal pathogen in vitro and/or in planta. One of the best
examples of functional identification of a gene cluster followed by identification of its
function in suppressive soils comes from the work on thanamycin. The gene cluster
encoding this compound was identified to be crucial for antifungal activity against R. solani
by transposon mutagenesis in Pseudomonas sp. strain SH-C52 isolated from a suppressive
soil (Mendes et al., 2011). Later the encoded metabolite was identified as a chlorinated 9-
AA lipopeptide and characterized for its antifungal activity and for its production by
nanoDESI mass spectrometry in live microbial colonies (Watrous et al., 2012). Our findings
about the biosynthetic genes in F. culmorum suppressive soils in Chapters 3 and 4 allow us
to generate a number of hypotheses about the role of secondary metabolites in the soil

suppressiveness that we can further validate in a similar manner.

Potential role of volatile metabolites in suppressiveness

A number of studies have demonstrated the role of volatile compounds emitted by soil
bacteria in antagonism towards plant pathogens in-vitro (Garbeva et al., 2014b;
Hammerbacher et al., 2019; Hunziker et al., 2015; Ossowicki et al., 2017) including strains
isolated from suppressive soils (Carrion et al., 2018; Cho et al., 2017; V. Cordovez et al.,
2015; Gomez Exposito et al., 2015). Nevertheless, the exact role of this group of compounds
in disease suppressiveness is still unclear. In the work presented in Chapter 2 we have made
the first attempt to elucidate this role. Based on our results the overall volatile emissions by
the soil microbiome provided some level of protection against the pathogen. Volatile-
mediated soil suppressiveness was observed for four soils, including two suppressive and
two conducive soils. Hence, volatile emission is one of the factors that may contribute to
disease suppressiveness to F. culmorum, but it is not a general one. In our work we did not
focus on isolating pure cultures of bacteria and testing their in-vitro activity but rather
tested the suppressive effect of overall soil volatile emissions on plant health. There are
often discrepancies between in-vitro experiments with single isolates and experiments
including soil and plants. Gdmez Expdsito et al. described the antifungal in-vitro activity
(including volatiles) of Lysobacter spp. isolated from a Rhizoctonia-suppressive soil showing
plant growth-promoting traits of these strains, but when introduced into the soil the
Lysobacter isolates were not able to protect plant against infection (Gomez Expésito et al.,
2015). Recent in-vitro and in-situ studies indicated that the production of volatiles in natural
environment is related to the composition of microbial communities and that reduced
microbial diversity increased the volatile emission but decreased the number of emitted
volatiles (Abis et al., 2020). In a perspective article, Brilli et al. highlighted the need to further
explore volatile emissions in soil to improve sustainable plant protection strategies for
agriculture (Brilli et al., 2019). Our findings indicating the potential role of volatiles in soil
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suppressiveness to F. culmorum require follow-up experiments to identify the volatile

compounds with suppressive activity and the microorganisms emitting them.

Competition for iron

The availability of iron is soils is generally low and while this element is essential for living
organisms it is often a limiting resource in this environment. Microorganisms, under low
iron conditions, produce siderophores allowing them to sequester and take up iron.
Production of siderophores is often recognized as a mechanism of competition between
(micro)organisms (Ahmed and Holmstrém, 2014; Saha et al., 2016). The profound example
of the key role of competition for iron in soil suppressiveness comes from the work on
Fusarium oxysporum suppressive soils in the Chateaurenard region in France. The central
role of competition for iron and involvement of siderophore-producing Pseudomonads was
demonstrated as one of the key mechanisms of suppression (summarized in Chapter 1). The
pathogen used in the French work is related to F. culmorum, which is why we presumed
some similarities between these two suppressiveness soil systems. Indeed, we found
overrepresentation of siderophore biosynthetic gene clusters (BGC) in F. culmorum-
suppressive soils based on adenylation domain profiles (Chapter 3) and enrichment of iron
uptake functional genes based on a dilution-to-extinction experiment (Chapter 4). Iron-
limiting conditions, where the production of siderophores is triggered, are most likely to
prevail in soil environments. That is why the production of siderophores is often identified
in soil microorganisms, including the microorganisms related to disease suppression and
plant growth promotion (for review: (Ahmed and Holmstrom, 2014; Hofte and Bakker,
2007)). It has also been shown that some siderophores can trigger systemic resistance in
plants, constituting another line of defense against pathogens (Audenaert et al., 2002; Chae
etal., 2020; Pieterse et al., 2014; Sousa and Olivares, 2016). In three out of four F. culmorum
suppressive soils found in our work the concentration of bioavailable iron is very low (0.02
to 0.11 mg/kg) and on the remaining one it reaches 0.45 mg/kg what is related to a low pH
of this soil (Chapter 2). That suggests that in most of the suppressive soils tested here, we
can expect competition of iron via siderophores. That is in line with the data obtained in
Chapter 3 where we see the overrepresentation of siderophore BGCs in suppressive soils.
All in all our results suggest that siderophores take part in direct antagonism against
pathogens causing iron starvation, but also may trigger ISR in wheat, making it a possible
dual action mechanism of soil suppressiveness. Additional experiments are needed to
validate the role of competition for iron in disease suppressiveness. In previous works on
other soil suppressiveness systems the involvement of this competition was tested by
modifying iron availability in soil using surplus of iron or chelators (Almario et al., 2014;
Scher and Baker, 1982). This simple yet elegant approach is also planned in the continuation

of our work.
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Activity of specific bacteria taxa

The screening of 28 soils described in Chapter 2 did not reveal any common enriched
bacterial taxa within suppressive soils but the extensive analysis of suppressive soil S11 in
Chapter 4 suggested that several taxa possibly play a role in disease suppressiveness
(Acidobacteria, Verrucomicrobia and Streptomycetes). There could be two main reasons for
this apparent discrepancy: soil suppressiveness in different soils may not share the same
mechanisms or the microbial basis of the activity may be more similar functionally than
taxonomically. Moreover, in Chapter 4 we used a deep shotgun metagenomic that can
provide more detailed taxonomic representation of microbial community than 16S
amplicon sequencing used in Chapter 2. Using high volume metagenomes, we can often find
the differences between datasets at lower taxonomic levels (Schéler et al., 2017; Tessler et
al., 2017). Comparison of shotgun metagenomes obtained in a dilution-to-extinction
experiment revealed that several bacterial taxa significantly decreased in abundance as the
soil lost disease suppressiveness upon dilutions of the extracted microbiome (Chapter 4).
Among these taxa we found again Acidobacteria, but also Streptomycetes, previously
associated with suppressiveness, and Verrucomicrobiota, previously associated with soil
fertility (Navarrete et al., 2015). Streptomyces isolated from Streptomyces scabies
suppressive soils (Liu et al., 2011), from Fusarium oxysporum suppressive soils (Cha et al.,
2016) and from Rhizoctonia suppressive soil (V. Cordovez et al., 2015) exhibited antagonistic
activities against pathogens. In general, the biosynthetic potential and biocontrol traits of
Streptomyces are prominent (Belknap et al., 2020; Nicault et al., 2020; Sousa and Olivares,
2016; van der Meij et al., 2017). In the metagenomic analysis of suppressive soil S11
(Chapter 4) we found a number of biosyntetic gene clusters taxonomically assigned to
Streptomycetes encoding siderophores (discussed above), melanins that appear to play a
role in colonization of plant roots by Streptomycetes (Chewning et al., 2019) and possibly
novel compounds of unknown functions belonging to terpenes, polyketides and
non-ribosomal peptides.

The future efforts in this study will be focused on the integration of the metagenomic
approach, with metabolomics and culturomics. In the course of the dilution-to-extinction
experiments on suppressive soil S11 (Chapter 4) from the collected rhizosphere samples,
we have additionally extracted metabolites for mass spectrometry analysis (MS) and
preserved a bacterial collection of 184 strains, which were also subjected to sequencing.
Successive steps will be identifying the changing trends in the abundance of natural
products across the dilution series and linking these products to BGCs and taxa identified in
this study. Having this information, we can further use selective isolation and molecular
identification approaches (PCR, DNA probes or sequencing) to recognize producers of these
natural products in the bacterial isolate collection from soil S11. Following this path, we can
further identify functions and mechanisms provided by key taxa and elucidate their role in
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soil suppressiveness. Extensive knowledge about the microbial community of suppressive
soil S11 and bacterial collection will allow us to construct synthetic microbial communities
that we can test for protection against Fusarium and possibly other pathogens in wheat or
other plants. Altogether, the follow up studies will allow us to not only predict the

mechanisms of the soil disease suppression but also validate the findings.

The impact of plastic on soil microbiomes and disease suppressiveness

Agriculture is a substantial producer of waste products, and in the last decade, also of plastic
waste (Millati et al., 2019). Nowadays, accumulation of plastic is becoming a global threat,
but the use of plastic in agriculture is becoming increasingly popular. One of the main
sources of plastic in agriculture is the use of mulching films. It was demonstrated by Zhao
et al. that fields that use mulching contain significantly more plastic residues then fields that
do not (Zhou et al., 2020). The impact of plastic on terrestrial ecosystems is not only the
problem for agriculture but our knowledge on how it affects farming is insufficient (Rillig,
2020; Rillig and Lehmann, 2020). In the last years the answer from the industry for the
demand of more environmentally friendly solutions has been manufacturing all kinds of
“bioplastics”. In principle these materials have similar physical properties to conventional,
fossil fuel-based plastic, but they degrade in the environment much faster. In practice, there
are no clear international guidelines defining what is a “bioplastic”, which causes a lot of
misconceptions. Often “bioplastics” are composed of bio-based (for example cellulose-
based) polymers mixed with conventional plastic. Recent work of Qi et al. show that both
conventional plastics and “bioplastic” have a negative impact on the growth of wheat and
a significant impact on rhizosphere microbial communities (Qi et al., 2019, 2018). We have
found that the soil suppressiveness to F. culmorum has a microbial basis (Chapter 2) and
subsequently we wanted to evaluate if the addition of plastic to a suppressive soil can
influence the ability of the microbiome to protect the plant. Although we have not seen a
significant impact on the protective effect of suppressive soil in our short-term experiment,
we have found an impact on the plant nutrient status and microbiome. We see in our
experiments that the “bioplastic” we tested, may cause a significant shift in the microbial
community as it creates a new niche in the soil inhabited by different microbiota. The
difference in this microbiota manifested mainly as the high relative abundance of fungal
genera such as Rhizoctonia and Fusarium. We can speculate that in the long term it can have
an impact enrichment of economically relevant pathogens as many of them belong to these
genera, but further experiments are needed to investigate this (Chapter 5). What seems to
be an environmentally friendly alternative to conventional plastic may be actually harmful
to soil health. This problem may get more pressing as global climate changes affect the
ability to grow crops (Godfray et al., 2010; Wang et al., 2017). Increasing temperature and
drought may force farmers to use more plastic mulching to maintain food production at the



162 | Chapter 6

same level. Global warming and drought can also directly have an impact on soil
microbiomes, causing unforeseen effects in food production (Ochoa-Hueso, 2017). Our
work highlights the importance of healthy soil microbiomes and gives the basis for

improving the sustainability of agriculture in the future.

Concluding remarks and future perspectives

Overall, the research presented in this thesis constitutes the first extensive screening of
suppressiveness to Fusarium culmorum across numerous agricultural field soils, the
essential groundwork to establish the microbial basis of disease suppressiveness, and the
first integration of a dilution-to-extinction approach with untargeted metagenomics to
deconstruct the mechanistic basis of suppressiveness. We also evaluated the impact of
plastic on disease suppressiveness, plant growth and soil microbial communities that
addresses current global environmental concerns. This work builds a foundation for further
research on this intriguing phenomenon and a methodological base for plant-associated
microbiome studies. We suggested several possible mechanisms of soil suppressiveness and
proposed the ways to validate them. In the course of our work on disease suppressiveness
to F. culmorum, we have also pointed out several putative mechanisms of suppressiveness
that were not yet experimentally validated. Considering the high abundance of various
pathogenic and non-pathogenic Fusaria in soils (Moretti, 2009; Summerell et al., 2010) and
that the main distinction between these groups is the ability of producing mycotoxins and
other pathogenicity factors (Perincherry et al., 2019; Wachowska et al., 2017), studying the
effects of a disease suppressive microbiome on the production of pathogenicity factors by
F. culmorum will be part of these validation experiments.

Another step in research on disease suppressiveness is the implementation of
metatranscriptomics and metabolomics. The current study indicated a metabolic potential
of the rhizosphere microbiome of wheat to produce a number of metabolites that may play
an important role in soil suppressiveness, nevertheless linking this data with information
about produced metabolites necessitates confirmation and validation. Moreover, the data
on bacterial taxa that were proposed to play a role in suppressiveness in Chapter 4 should
be used for selective isolation and characterization including site-directed mutagenesis and
functional bioassays. Altogether, these approaches can be used to further pinpoint key
microbial taxa and traits which in turn provides a framework to design a synthetic microbial
community that recreates the natural protection against F. culmorum observed in the field
soils (Carrion et al., 2019; Tsolakidou et al., 2019). Having a deep understanding of
functioning of soil suppressiveness, we can utilize this knowledge in designing biological
plant protection agents or in steering soil microbial communities towards developing
disease suppressiveness (Arif et al., 2020; Kumar and Dubey, 2020; Orozco-Mosqueda et al.,
2018).
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Summary

Soil holds an enormous diversity of microbial life that is essential for the functioning of
terrestrial ecosystems. Bacteria, fungi, protists, viruses and other organisms living is the soil
colonise plant roots in response to root exudates and form a rhizosphere — a remarkable
ecosystem where microorganisms live in close association with plant roots. The rhizosphere
microbiome is known to provide beneficial services to plants like nutrient acquisition,
growth promotion or directly and indirectly protecting against biotic and abiotic stresses. In
contrast to beneficial plant-associated microorganisms, plant pathogens are a major threat
causing reduced yields and contaminated food products. Their control requires the
application of environmentally hazardous pesticides. Cereals and also other crops suffer
severely from pathogenic fungi from the genus Fusarium. Those pathogens not only
significantly reduce the yield but contaminate the harvest with mycotoxins making it unfit
for consumption. In my thesis, | studied soils that are suppressive to Fusarium culmorum of
wheat. These soils provide a natural protection against root infections which is mediated by
the activity of soil microbial community. Those soils are recognised worldwide but, in most
cases, the exact mechanisms of microbiome-based crop protection are unclear. The overall
aim of my thesis was to disentangle the microorganisms and mechanisms involved in
disease suppressiveness to F. culmorum of wheat.

We started the investigation on soil suppressiveness by performing a phenotypic screening
of 28 field soils from the Netherlands and Germany to identify suppressive soils. Four soils
exhibited a high level of disease suppressiveness to F. culmorum and via soil sterilization
and soil transplantation we showed that the protective effect observed in the four
suppressive soils is (micro)biological in nature. After comparing bacterial taxonomy profiles,
physical and chemical parameters we found that different F. culmorum suppressive soils do
not share the same microbial taxonomic patterns nor physical or chemical characteristics.
Our results further showed that the emissions of volatiles from the soil microbiome may
contribute to disease suppressiveness of some soils, but not for all. Subsequently we
analyzed the profiles of adenylation domain (A-domain) functional genes. Those genes are
part of biosynthetic genes clusters encoding secondary metabolites like polyketides, non-
ribosomal peptides or terpenes, metabolites often associated with microbial interactions
and suppression of plant pathogens in suppressive soils. Based on A-domain profiles we
found that the F. culmorum suppressive soils share a similar A-domain community
structure. These bioinformatic analyses further suggested a possible role of siderophores
and competition for iron in disease suppressiveness. The microbiome of suppressive soil
showing the highest level of protection — soil S11, was then subjected to perturbation by
dilution-to-extinction by transferring serial dilutions of an extracted suppressive soil S11
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microbiome to a sterile soil. In the wheat-Fusarium bioassays with diluted microbiomes,
we showed the transferability of suppressiveness and a non-linear relationship between
suppressiveness and microbiome dilution. Subsequent analysis of wheat rhizosphere
metagenomes along the dilution trajectory revealed a significant reduction of genetic
diversity and significant changes in microbial community composition. Bacterial taxa
previously associated with suppressiveness and soil fertility (ex. Streptomycetes,
Acidobacteria and Verrucomicrobia) significantly decreased in relative abundance with
higher dilutions of the microbiome. Moreover, in low dilutions that still conferred
suppressiveness, we found an enrichment of genes related to iron uptake, chitinases and
elements of type six secretion system. Furthermore, we discovered an association between
suppressiveness and nine metagenome-assembled bacterial genomes carrying various
novel biosynthetic gene clusters. Altogether, the dilution-to-extinction approach pointed to
several mechanisms of disease suppression that need to be validated in future research.
Finally, we evaluated the impact of plastic film residues on the soil microbiome, disease
suppressiveness and plant growth. We found that the addition of plastic to the soil in short
term does not affect the soil suppressiveness to F. culmorum but has a negative impact on
plant biomass and nutrient status. We also found that plastic residues in soil create a new
niche populated by significantly different microbiota that, in a longer term, may affect soil
microbiome diversity and functioning.

In conclusion, this thesis presents the identification of disease suppressive soils, putative
microbes, mechanisms, genes and metabolites associated with suppressiveness, as well as
the environmental impact of microplastics on the soil microbiome, plant growth and plant
health. Based on the results obtained, several new hypotheses were generated to further
disentangle plant-associated microbiome functioning in the context of protection against
biotic stress and the exposure to microplastic pollution of soil ecosystems.



| 193

Streszczenie

Gleba jest siedliskiem zréznicowanych mikroorganizméw bedgcych niezbednymi do
funkcjonowania ekosysteméw lagdowych. Bakterie, grzyby, protisty, wirusy i inne
mikroorganizmy Zzyjagce w glebie zasiedlajg korzenie rodlin w odpowiedzi na zwigzki
chemiczne wydzielanie przez nie tworzac ryzosfere — nadzwyczajny ekosystem, w ktérym
mikroorganizmy zyjg w Scistej wspétpracy z rodlinami. Pula mikroorganizméw (mikrobiom)
zasiedlajgcych ryzosfere petni funkcje majgce korzystny wptyw na rosliny takie jak: udziat w
pobieraniu zwigzkdw pokarmowych, wydziatanie zwigzkéw promujacych wzrost roslin lub
tez posredni albo bezposredni udziat w ochronie rosliny przed czynnikami biologicznymi (np.
patogenami) lub fizycznymi. W przeciwiefdstwie do mikrobiomu petnigcego korzystne
funkcje wzgledem roslin w glebie wystepuja tez mikroorganizmy patogenne ktore
wywotujac choroby stanowig istotny element redukujgcy plony lub czynigcy plon
niezdatnym do uzytku poprzez kontaminacje produktami swojego metabolizmu (np.
toksynami). Zwykle ochrona upraw przed chorobami wymaga stosowania srodkow ochrony
roslin, ktére wywieraja zgubny wplyw na srodowisko jak i obnizajg jakos¢ upraw.
Szczegodlnie zboza, ale takze inne uprawy, sg czesto ofiarg patogennych grzybow z rodzaju
Fusarium. Patogeny te nie tylko znaczgco obnizajg plony, ale takze zanieczyszczajg ziarno
mykotoksynami powodujg ich niezdatnos¢ do spozycia. W mojej pracy, zajmowatem sie tak
zwanymi glebami hamujgcymi, ktérych unikalny mikrobiom nie dopuszczajg do
wyksztatcenia symptomdw chorobowych pomimo obecnosci patogenu oraz sprzyjajacych
warunkdéw do wystgpienia choroby. Doktadnie, glebami hamujgcymi na ktdrych pszenica nie
przejawiata symptomoéw chorobowych wywotanych przez patogen grzybowy Fusarium
culmorum. Gleby hamujgce sg rozpoznawane na catym s$wiecie, niemniej jednak w
wiekszosci przypadkéw, pomimo rozpoznania biologicznych podstaw aktywnosci, doktadne
mechanizmy ich dziatania sg niejasne. Gtdwnym celem mojej pracy jest rozwikfanie
mechanizméw biologicznej aktywnosci gleb hamujgcych zaangazowanych w ochrone
pszenicy przed F. culmorum.

RozpoczeliSmy naszg prace od przesiewowego badania gleb znajdujacych sie na terenie
Holandii i Niemiec pod katem fenotypu gleby hamujgcej. Wsrdd 28 przetestowanych przez
nas prob, w 4 znalezlismy wysoki poziom hamowania F. culmorum, po czym poprzez
sterylizacje i transplantacje gleby wykazalismy, ze hamowanie to ma podtioze
(mikro)biologiczne. Po przeanalizowaniu profili taksonomicznych mikrobiomoéw wszystkich
analizowanych przez nas gleb jak i ich wtasciwosci fizyko-chemicznych, wykazalismy, ze
gleby hamujace z naszej kolekcji nie wykazujg znaczacych podobiefstw w ani w profilu
taksonomicznym mikrobiomu, ani w charakterystyce fizyko-chemicznej. Nasze kolejne
badania wykazaty, ze zwigzki lotne emitowane przez mikroorganizmy zasiedlajace badane
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przez nas gleby hamujgce mogg miec¢ zwigzek z obserwowang ochrong pszenicy, ale nie w
kazdym przypadku. Nastepnie, przeanalizowalismy profile genéw funkcyjnych domen
adenylacji. S3 one elementami klastréw gendw biosyntezy metabolitow wtdrnych takich
jak: poliketydy, peptydy pochodzenia nierybosomalnego czy terpeny. Produkcja tych
metabolitdw jest czesto powigzana z mechanizmami ochrony roslin wystepujacymi w
glebach hamujacych. Analiza profili domen adenylacji wykazata, ze badane przez nas gleby
hamujgce posiadajg podobng strukture sieci tych domen. Dalsze analizy bioinformatyczne
oparte o te profile sugerujg istotng role sideroforéw oraz konkurencji o zelazo w badanych
przez nas glebach hamujacych. Mikrobiom gleby hamujacej wykazujgcej najwyzszy poziom
ochrony przed patogenem — gleby S11, zostat przez nas poddany analizie z udziatem
perturbacji poprzez jego ekstrakcje, seryjne rozcieficzenie oraz wprowadzenie do sterylnej
gleby. W testach fenotypowych wykazalismy, ze mikrobiom gleby S11 poddany takiej
perturbacji nadal jest w stanie chroni¢ pszenice przed patogenem jednak traci tg zdolnos¢
wraz ze wzrastajgcym rozciericzeniem w sposdb nieliniowy. Nastepnie, przeanalizowalismy
dane metagenomowe uzyskane z sekwencjonowania mikrobiomow ryzosfery pszenicy
hodowanej w tym eksperymencie wykazujac, znaczace zmiany w réznorodnosci genetycznej
oraz strukturze mikrobiomu pomiedzy rozcienczeniami. Grupy bakterii uprzednio
powigzane z zyznoscig gleby oraz glebami hamujgacymi (np. Streptomycetes, Acidobacteria
and Verrucomicrobia) znaczgco zmniejszyty swoéj wzgledny udziat w mikrobiomie przy
wyzszych rozcienczeniach. Ponadto, przy nizszych rozcienczeniach, ktére wcigz znaczaco
chronity pszenice przed patogenem, znalezliSmy wysoki udziat gendw zwigzanych z
pobieraniem Zzelaza przez mikroorganizmy, chitynaz oraz elementéw systemu sekrecji typu
széstego. Znalezliémy takze zwigzek pomiedzy hamowaniem patogenu, a obecnoscig
dziewieciu genomow bakterii uzyskanych z metagenomoéw, ktére posiadajg szereg nowych,
nie-opisanych wczesniej biosyntetycznych klastrow gendéw. W koncu, zbadalismy wptyw
plastiku w glebie hamujgcej na jej mikrobiom, wzrost roslin oraz hamowanie patogenu.
Wykazalismy, ze pomimo braku wptywu plastiku na przeciwdziatanie rozwojowi choroby,
ma on negatywny wptyw na biomase rosliny oraz jej stan odzywienia. Ponadto, obecnos¢
czastek plastiku w glebie tworzy nowa nisze ekologiczng ktéra moze miec¢ dalekosiezny
wptyw na bioréznorodnosc¢ oraz funkcjonowanie gleby.

Podsumowujac, praca ta zawiera identyfikacje gleb hamujacych oraz domniemanych
mikroorganizmow, gendw, metabolitéw i mechanizmédw lezagcych u podstaw ich
funkcjonowania, jak réwniez badania nad wptywem plastiku w glebie na jej mikrobiom,
funkcjonowanie i zdrowie roslin. W oparciu o uzyskane wyniki udato nam sie wygenerowa¢
szereg hipotez ktérych weryfikacja bedzie prowadzita do przyblizenia rozwikfania
biologicznych mechanizméw aktywnosci gleb hamujacych oraz wptywu plastiku na
ekosystemy lgdowe.
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