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Chapter 1
General introduction

1.1 Importance of cereal crops in agriculture

Cereal crops stand as pillars of global agriculture, underpinning the
food security and nutritional needs of populations worldwide. Among
these, wheat, in particular, plays a crucial role due to its extensive
cultivation and consumption across various continents. Triticum aes-
tivum, commonly known as common wheat, serves as the primary type
of wheat cultivated. However, other cereals such as durum wheat, spelt,
and barley also contribute significantly to agricultural landscapes. .

Durum wheat ( Triticum durum) is predominantly used in pasta pro-
duction due to its high protein and gluten content, which gives pasta
its firm texture. This species is mainly grown in countries like Italy and
Canada, contributing substantially to their economies. In Europe, Italy
is the largest producer of durum wheat, while in Belgium, its cultivation
is limited to less than 2% of total cereal production.

Spelt ( Triticum spelta), an ancient grain, is known for its nutty flavor
and is often used in artisanal bread and health food products. Spelt is
gaining popularity in Europe, especially in Germany and Switzerland,
due to its perceived health benefits. In Belgium, spelt is increasingly
found in organic and health-focused food markets.

Barley (Hordeum wvulgare) is another crucial cereal, mainly used for
animal feed, brewing beer, and certain health foods. Globally, major
producers include Russia, Germany, and France. In Europe, barley’s
role is prominent in the brewing industry, with countries like Belgium



leveraging it for their renowned beer production.

These cereals differ from Triticum aestivum in terms of their uses,
nutritional profiles, and regional significance. While common wheat is
versatile and widely used, durum wheat, spelt, and barley each have spe-
cialized applications and cultural importance, particularly within Euro-
pean countries.

Globally, wheat is one of the largest cereal crops produced, second
only to maize in terms of total production. Its adaptability to diverse
climates and environments makes it a valuable crop in both developed
and developing countries, highlighting its role in international food se-
curity (FAO, 2017). As a staple food, wheat provides essential nutri-
ents, including carbohydrates, proteins, and fibers, serving as a dietary
cornerstone for millions (CIMMYT, 2020). The Food and Agriculture
Organization (FAO) underscores wheat’s importance by regularly mon-
itoring and reporting on its production, trade, and consumption pat-
terns, which significantly influence global food markets and economies.

In the context of Belgian agriculture, wheat holds a prominent posi-
tion, reflecting its global importance (Statbel, 2023). Belgium, with its
fertile lands and favorable climate, is a notable producer of high-quality
wheat, catering to both domestic needs and international markets. This
underscores not only the crop’s adaptability but also the expertise of
Belgian farmers in optimizing yields and quality. Wheat cultivation
in Belgium contributes significantly to the agricultural sector (Euro-
pean Commission, 2021; The Brussels Times, 2024), and supports rural
economies.

The significance of wheat extends beyond its nutritional value, en-
compassing economic, cultural, and environmental dimensions (FAO,
2022). As the world faces challenges such as climate change and pop-
ulation growth, the role of wheat and other cereal crops in ensuring
sustainable agricultural practices and food security becomes ever more
critical. The cultivation of wheat, therefore, represents a key inter-
section of tradition and innovation, highlighting the ongoing need for
research, sustainable practices, and policies that support the continued
success of this essential crop in both global and Belgian agriculture.

1.2 Challenges in wheat cultivation

Wheat farming, a cornerstone of worldwide agriculture and essential for
ensuring food security, faces a variety of obstacles that can markedly
affect both its yield and quality. Among these, the prevalence of dis-
eases such as Zymoseptoria tritici, responsible for Septoria tritici blotch



(STB), represents a major hurdle for farmers (Fones and Gurr, 2015).
This fungal pathogen is particularly problematic due to its ability to
adapt and develop resistance to fungicides, making its management in-
creasingly difficult. The disease causes considerable yield losses annu-
ally, highlighting the urgent need for effective and sustainable control
strategies.

Beyond Z. tritici, wheat fields are threatened by other diseases and
pests, including rusts like Puccinia striiformis (yellow rust) and Puc-
cinia triticina (brown rust), as well as Fusarium head blight caused by
Fusarium spp. (Chai et al., 2022). These challenges necessitate the
application of chemical pesticides and fungicides, which, while effective
in disease control, pose significant environmental and health risks (Rani
et al., 2021). The extensive use of these chemicals has been linked to
biodiversity loss, soil degradation, and water contamination. Residues
from pesticides can persist in the environment and enter the food chain,
posing potential health risks to humans and non-target species alike.
Wheat and barley alone account for 45 to 67% of pesticide use in Ger-
many, France, The Netherlands and Denmark (watch, 2023).

The environmental impact of chemical protection strategies extends
to the issue of pesticide resistance. The frequent application of fungi-
cides has led to the evolution of resistant strains of pathogens like Z.
tritici (Estep et al., 2015; Lucas et al., 2015; Hellin et al., 2021). This
resistance undermines the efficacy of existing fungicides, necessitating
higher doses or the development of new chemicals, further exacerbating
environmental and health concerns.

These challenges underscore the need for a paradigm shift towards
more sustainable wheat cultivation practices. Integrated Pest Manage-
ment (IPM) strategies, which combine biological, cultural, physical, and
chemical tools in a holistic approach, offer a promising path forward
(Karlsson Green et al., 2020). IPM aims to minimize the reliance on
chemical pesticides, reducing the environmental impact and the risk of
resistance development. Moreover, advancements in genetic research
and breeding techniques are paving the way for the development of
wheat varieties with inherent resistance to diseases like STB (Brown
et al., 2015; Tidd et al., 2023) or rust (Babu et al., 2020; Jamil et al.,
2020), offering a long-term solution to one of the most pressing chal-
lenges in wheat cultivation, even if pathogens can also adapt themselves
to overcome the plant resistance.



1.3 The shift towards sustainable agriculture

The global agricultural sector is increasingly embracing sustainable prac-
tices, a shift driven by the recognition of the urgent need to address
environmental concerns, climate change, and food security. This move-
ment towards sustainability is highlighted by comprehensive initiatives
such as the European Union’s Green Deal, which aims to transform the
EU into a fair and prosperous society, with a modern, resource-efficient,
and competitive economy where there are no net emissions of green-
house gases by 2050 (European Commission, 2020). A key component
of this ambitious plan is the "Farm to Fork” strategy, which specifically
targets the agricultural sector, proposing actions to make food systems
fair, healthy, and environmentally-friendly (Schebesta et al., 2020).

The EU Green Deal represents a significant commitment to sustain-
able agriculture, focusing on reducing dependency on chemical pesti-
cides and fertilizers, increasing organic farming, and enhancing biodi-
versity. The Green Deal also encourages innovation in farming tech-
niques, including the development and adoption of biocontrol methods
and disease-resistant crops, which can help reduce the environmental
and health risks associated with traditional agricultural practices. The
focus on sustainability within the Green Deal underscores the impor-
tance of a holistic approach to agriculture, one that balances production
needs with environmental preservation.

1.4 Emerging solutions: The promise of bio-
control agents

In the quest for sustainable agriculture, biocontrol agents emerge as a
promising solution to the drawbacks of traditional chemical treatments.
These natural alternatives, leveraging beneficial organisms to combat
pests and diseases, offer a way to protect crops while mitigating the en-
vironmental and health issues associated with synthetic pesticides and
fungicides. The shift towards biocontrol agents is not just a trend but
a necessary adaptation in our approach to farming, aiming for a bal-
ance between productivity and ecological stewardship (Hulot and Hiller,
2021).

Biocontrol agents, including bacteria, fungi, insects, and other mi-
croorganisms, act through various mechanisms to suppress harmful pests
and diseases (O’Brien, 2017; Latz et al., 2018; Kohl et al., 2019a; Bon-
aterra et al., 2022). For instance, strains of Pseudomonas and Bacil-
lus bacteria have been identified for their efficacy in combating fungal



pathogens in crops like wheat, showcasing their potential as biocon-
trol agents (Kildea et al., 2008; Mejri et al., 2018; Bellameche et al.,
2020). These microorganisms can outcompete pathogens for nutrients
and space, produce substances that inhibit or kill pests, and even stim-
ulate the plant’s own defense mechanisms.

The advantages of biocontrol agents extend beyond their effective-
ness against pests and diseases. Unlike chemical treatments, biocontrol
agents are typically specific to certain pests or diseases, reducing the risk
of non-target effects and preserving beneficial organisms in the ecosys-
tem (Winding et al., 2004). This specificity also means a lower likelihood
of resistance development, a growing concern with traditional pesticides
(Jensen et al., 2016).

However, large-scale use of biocontrol solutions is not without risks.
There are concerns about the potential for non-target effects, particu-
larly if non-native biocontrol agents are introduced into new environ-
ments (Simberloff, 2014). The ecological balance can be disrupted, lead-
ing to unintended consequences for local flora and fauna. Additionally,
there is the risk of biocontrol agents evolving into new forms that could
become pests themselves, behave as invasive species, or interact unpre-

dictably with native species (Ceyhan SONMEZ et al, 2017).

Moreover, biocontrol strategies align with the principles of Integrated
Pest Management (IPM), which advocates for a holistic approach to pest
control, combining physical, biological, and chemical methods with crop
management practices. Implementing biocontrol agents within IPM can
enhance agricultural sustainability, ensuring long-term crop protection
while minimizing the environmental impact.

The transition toward sustainable agriculture, including the adoption
of biocontrol agents, is perceived with mixed feelings by farmers. While
many acknowledge the long-term benefits for the environment and pub-
lic health, there are concerns about the economic viability and reliability
of these methods (Messing and Brodeur, 2018). Farmers often face un-
certainty regarding the effectiveness of biocontrol agents under varying
climatic conditions and the potential need for new equipment or train-
ing (Daw, 2009). Furthermore, the regulatory landscape can be complex
and burdensome, posing additional challenges to the widespread adop-
tion of biocontrol solutions (Ehlers, 2011).

Despite their numerous advantages, the integration of biocontrol
agents into mainstream agriculture faces challenges. These include vari-
ability in effectiveness under different environmental conditions (Fedele
et al., 2020), the need for precise application timing and methods (An-
gelopoulou et al., 2014), and regulatory hurdles. However, ongoing re-
search and technological advancements are addressing these issues, im-



proving the reliability and usability of biocontrol solutions.

1.5 Linking microbiomes to agricultural sus-
tainability

As agricultural practices evolve towards sustainability, understanding
the intricate web of life thriving within and around plant ecosystems
becomes of tremendous importance. At the heart of this web lies the
plant microbiome, a complex community of bacteria, fungi, viruses, and
other microorganisms that inhabit inside (Lengrand et al., 2024) or out-
side parts of plants, including roots, leaves, stems, and the rhizosphere
(Turner et al., 2013). The plant microbiome, referred to as the phyto-
biome (Leach et al., 2017), is not just a mere assembly of microbes; it’s a
dynamic and integral component of the plant’s existence, crucial for its
health, growth, and productivity (Lyu et al., 2021). It encompasses the
entirety of genes and genomes within these microbial communities, along
with their interactions with the plant host and the environment (Van-
denkoornhuyse et al., 2015). This biological consortium plays a pivotal
role in nutrient uptake, disease resistance, stress tolerance, and overall
plant development. The symbiotic relationships within the microbiome
can significantly enhance a plant’s ability to assimilate essential nutri-
ents, combat pathogens, and withstand abiotic stresses, thereby directly
influencing agricultural productivity and sustainability (Compant et al.,
2019). A dysbiosis, referring to a disequilibrium in the microbiome com-
position, can have deleterious effects (Chen et al., 2020Db).

The composition and functionality of the phytobiome are shaped
by an array of biotic and abiotic factors (Haichar et al., 2021). These
factors encompass a variety of environmental and biological influences,
such as soil pH, salinity, type, structure, moisture, and organic matter
content, along with plant exudates (Fierer, 2017), which are particularly
pertinent to the microbiomes associated with belowground plant parts.
Additionally, external factors like climate, the presence of pathogens,
and farming practices exert influence over the microbiota of both above-
and belowground plant components (Hardoim et al., 2015).

The specific plant species and its genotype play a pivotal role in
the recruitment of microorganisms from the surrounding soil environ-
ment, where the morphology of roots, their exudates, and the nature of
rhizodeposits significantly contribute to this process (Hartmann et al.,
2009; Ladygina and Hedlund, 2010; Chaparro et al., 2014; Reinhold-
Hurek et al., 2015). Moreover, other host-related aspects such as plant
age, developmental stage, health, and overall fitness have been identi-
fied to influence the structure of plant bacterial communities. These



factors impact plant signaling mechanisms, including induced systemic
resistance and systemic acquired resistance, as well as alter the com-
position of root exudates (Aleklett et al., 2015; Reinhold-Hurek et al.,
2015). This intricate web of interactions underlines the complexity of
the phytobiome, illustrating how both the immediate soil environment
and broader ecological factors contribute to the dynamic interplay be-
tween plants and their associated microbial communities.

Agronomic strategies profoundly influence the phytobiome, a key
component that shapes the health and productivity of crops (Harman
et al., 2021). Traditional farming techniques, including the widespread
use of fertilizers, chemical pesticides, and monoculture systems, have
been identified as major disruptors of the natural microbial equilib-
rium. Such disruptions can result in diminished microbial diversity, dis-
equilibrium between beneficial and pathogenic microorganisms, and a
consequent decline in the microbiome’s ability to provide critical ecosys-
tem services (Frison et al., 2011). These services include enhancing soil
fertility and offering a natural form of pest control, both of which are
indispensable for sustainable crop production (Ebenso et al., 2022).

Sustainable agricultural practices present a constructive alternative,
promoting a richer and more balanced microbiome (Yan et al., 2022).
Practices such as crop rotation, organic farming, reduced tillage, and
the strategic use of biocontrol agents are believed to contribute posi-
tively to the development of beneficial microbial communities. These
communities play a crucial role in bolstering plant health and increasing
resilience against diseases and environmental stresses, thereby support-
ing sustainable agricultural ecosystems (Ray et al., 2020).

Recognizing the importance of the phytobiome in agriculture leads
to the exploration of innovative farming strategies that align with eco-
logical principles. Such strategies encompass the intentional selection of
crop varieties that foster beneficial microbial associations (Ryan et al.,
2009), the application of microbial inoculants to support plant health
(Bonaterra et al., 2022), and the adoption of agricultural practices that
promote soil microbial diversity (Chen et al., 2020a; De Corato, 2020;
Palojérvi et al., 2020). These measures are foundational to enhancing
the functionality and health of the phytobiome, ensuring that crops can
thrive in a variety of conditions.

The emphasis on nurturing and leveraging the phytobiome under-
scores a critical shift toward sustainable agricultural practices (Berg
et al., 2014). This approach not only addresses the immediate needs of
crop production but also considers the long-term health of agricultural
ecosystems. By fostering a deeper understanding of the complex inter-
actions between agricultural practices and the phytobiome, there is a
clear pathway toward creating more resilient, productive, and sustain-



able farming systems.

The focus on the plant microbiome, therefore, is not just about im-
proving crop yields but about ensuring the sustainability and vitality
of our agricultural landscapes for future generations. In essence, the
discussion around the phytobiome and agricultural practices is a fun-
damental aspect of contemporary agricultural science, highlighting the
importance of ecological considerations in farming.
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2.1 Abstract

Plants have always grown and evolved surrounded by numerous mi-
croorganisms that inhabit their environment, later termed microbiota.
To enhance food production, humankind has relied on various farming



practices such as irrigation, tilling, fertilization, and pest and disease
management. Over the past few years, studies have highlighted the im-
pacts of such practices, not only in terms of plant health or yields but
also on the microbial communities associated with plants, which have
been investigated through microbiome studies. Because some microor-
ganisms exert beneficial traits that improve plant growth and health,
understanding how to modulate microbial communities will help in de-
veloping smart farming and favor plant growth-promoting (PGP) mi-
croorganisms. With tremendous cost cuts in NGS technologies, metage-
nomic approaches are now affordable and have been widely used to in-
vestigate crop-associated microbiomes. Being able to engineer microbial
communities in ways that benefit crop health and growth will help de-
crease the number of chemical inputs required. Against this background,
this review explores the impacts of agricultural practices on soil- and
plant-associated microbiomes, focusing on plant growth promoting mi-
croorganisms from a metagenomic perspective.

Keywords: crops, plants, farming practices, agricultural practices,
cropping practices, PGPR, PGPM, microbes, microorganism, NGS,
metagenomic, smart farming, microbiome engineering, microbiota

2.2 Introduction

For ten millennia, humankind has continuously reshaped its environ-
ment for the purpose of food production. With the green revolution,
farmers began to intentionally reshape their microbial niches through
the massive use of chemical inputs such as pesticides. The intensification
of farming practices dramatically unbalanced crop-associated microbial
communities. The emergence in the 1980s of Plant Growth-Promoting
Rhizobacteria (PGPR) was designed to take account of microbial com-
munities and their beneficial traits for crops as a whole (Kloepper et al.,
1980). Since then, numerous beneficial microorganisms have been iden-
tified and broadly characterized.

Most PGPR. or biocontrol agents are associated with rhizosphere
and root-endosphere microbiota that may be considered derivatives of
surrounding bulk soil microbiota. Understanding the fate of such mi-
crobiota is fundamental to developing smart farming practices, although
a tremendous amount of work is required to determine how to achieve
this. Rhizosphere microbial communities are modulated by various abi-
otic and biotic factors. There are numerous underlying mechanisms
explaining the composition, structure, and fate of below-ground micro-
biota, such as the rhizosphere effect mediated by bipartite interactions
(Hartmann et al., 2008; Mendes et al., 2013). Some bacteria can be
vertically transmitted from the seed to the next generation and thrive
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in the early stages of root development (Hardoim et al., 2012; Liu et al.,
2012). Above-ground microbial community assembly is also strongly
host- and compartment-dependent, suggesting an important relation-
ship between a plant and its epiphytic microbiota, which can originate
from seed, soil, and air (Hardoim et al., 2015; Vorholt, 2012). Despite
the tremendous progress that has been made in the study of crop benefi-
cial microbes, there has been no successful development of field-effective
bio-based plant protection products. This highlights the need to con-
sider the fate of such microorganisms in the agroecosystems to which
they have been introduced and the biological functionalities effectively
provided by a crop-associated microbiome.

A microbiome was initially defined as the genome of microbial com-
munities inhabiting specific ecological niches and interacting through
distinct and specific functions (Whipps et al., 1988). Recently, Berg
et al. (2020a) expanded this definition, enlarging the concept of the mi-
crobiome to include all microbiota, including prokaryote and eukaryote
microorganisms, their habitats, and their “theatre of activity” mediated
by microbial structures, metabolites, and nucleic elements.

Addressing the diversity, composition, and structure of a microbiome
will provide deeper insights into the numerous microbial functionalities
supporting plant health and growth (Compant et al., 2019; Lemanceau
et al., 2017). Such metagenomic studies have only been achievable fol-
lowing the emergence of next-generation sequencing technologies (NGS).
NGS also contributes to the development of other omics technologies
(transcriptomic and proteomic), enabling the description of biological
functions carried out by microbiota. In the coming years, considerable
progress in the understanding of microbiomes will be achieved through
a combination of NGS technologies and descriptive approaches that
equate more closely to biological facts.

One can expect to decrease the need for chemical inputs by mod-
ulating microbial communities in a way that benefits crop health and
growth. Against this background, the present work reviews, from a
metagenomic perspective, the impacts of cropping practices on soil and
plant microbiomes with a focus on microorganisms promoting plant
growth.

2.3 Impact of tillage practices on soil micro-
biota

For centuries, tilling has been helping farmers to prepare land for crops.
Ploughing assists in incorporating crop residues, preparing the seedbed,
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alleviating soil compaction in topsoil layers and decreasing weed, pest,
and soil-borne plant pathogen load (Hobbs et al., 2008; Tilman et al.,
2002). Although plowing is known to increase soil fertility and yield in
the short term, it leads to major soil structure disturbance. The destruc-
tion of soil macro-aggregates and networks of pores results in severe soil
erosion and ecological-niche homogenization. Conservation or reduced
tilling as well as no-till practices emerged in the 1930s to address the
detrimental effects of conventional tillage. With massive improvements
in NGS technologies, tilling practices are now increasingly investigated
from a microbial perspective. Indeed, most studies describe plowing as
one of the major drivers of soil microbiome diversity along with pedolog-
ical context and farming practices such as organic management or cover
crops (Alahmad et al., 2019; Babin et al., 2019; Degrune et al., 2019;
Hartmann et al., 2015; Wang et al., 2017). Tilling regimes impact soil
and plant microbial communities in terms of their diversity, structure,
and composition.

From a metagenomic perspective, the impact of tilling on soil mi-
crobial diversity is usually investigated through a- or [-diversity in-
dexes describing respective differences within and between communities.
Conventional tillage has low impact on fungal a-diversity while increas-
ing prokaryotic a-diversity and has a significant impact on prokaryotic
[B-diversity favoring opportunistic commensal and copiotroph microbes
(Babin et al., 2019; Banerjee et al., 2019; Degrune et al., 2017; Hartman
et al., 2018; Piazza et al., 2019; Sommermann et al., 2018; Srour et al.,
2020). Tilling facilitates fast organic matter decomposition resulting in
a sudden nutrient release that is homogeneously distributed in tilled soil
columns, thus increasing the abundance of r-strategists or fast-growing
microorganisms (Degrune et al., 2017; Schmidt et al., 2018). A fall in
a-diversity under conservation tillage practices is common and is at-
tributable to a reduction in evenness as much as in richness (Degrune
et al., 2016; Piazza et al., 2019; Tyler, 2019). Nevertheless, conservation
tillage and no-till practices favor slower organic matter degradation and
the establishment of less diverse but more oligotrophic, complex, and
stable microbial communities (Degrune et al., 2017; Song et al., 2017;
Srour et al., 2020; Tyler, 2019; Wang et al., 2017). Babin et al. (2019)
consistently observed a higher abundance of predicted genes involved
in oligotrophic lifestyles under low tillage conditions. On a long-term
basis, decreasing tilling intensity promotes a higher abundance of mi-
crobes degrading more complex organic compounds, which enhances
soil fertility (Karlen et al., 1994; Souza et al., 2013). Wang et al. (2017)
reported concordant results indicating higher soil organic carbon and ni-
trogen leading to higher nitrogen and carbon plant accumulation under
reduced tillage regimes. Low soil disturbance farming systems appear
to increase soil nutrient content and stability as well as the number of
oligotrophic and structured soil microbiota (Srour et al., 2020; Wang
et al., 2020).
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The impact of tilling on the structure of microbial communities is of-
ten evidenced through S-diversity analyses; however, network analyses
are required to investigate its complexity in greater depth. The explo-
ration of such networks requires specific metrics describing their size
(nodes and edges), the degree of co-occurrence/exclusion of interacting
Operational Taxonomic Units (OTUs), network cohesion (density), cen-
trality, and modularity (Schmidt et al., 2019). Hartman et al. (2018)
found that plowing structures soil bacterial communities by increasing
network density but also diminishes their size, modularity, and stabil-
ity. Higher density indicates a larger proportion of interacting prokary-
otic OTUs, whether through co-occurrence or co-exclusion relationships.
This is consistent with the increases in prokaryotic a-diversity discussed
above. A lower modularity index suggests conventional tilling practices
break down the structure of soil prokaryotic communities (Newman,
2006). The effects of tilling on networks of fungal communities remain
unclear but negatively impact the structure of fungal microbiota. Baner-
jee et al. (2019) identified a significant negative correlation between
plowing intensity and fungal network connectivity. They demonstrated
that fungal networks were larger and more densely connected under
no-till while tilling disrupted hyphal networks.

In addition to the impacts of soil inversion on the complexity and
stability of soil microbial networks, tilling has been shown to notice-
ably affect the composition of microbial communities (Hartman et al.,
2018; Nelkner et al., 2019; Wang et al., 2017). Historically, one of the
reasons farmers used to plow land was to decrease soil-borne pathogen
load (Tilman et al., 2002). In fact, by burying crop residues, mold-
board ploughing helps to control residue-borne or moist-dependent plant
pathogens. Reduced tilling or no-tilling keeps crop residues in upper soil
horizons which favors plant pathogens belonging to Fusarium species
(Hartman et al., 2018; Sommermann et al., 2018). However, the ab-
sence of soil disturbance promotes other fungi forming hyphal networks
such as plant beneficial arbuscular mycorrhizal fungi (AMF) (Degrune
et al., 2017; Srour et al., 2020). Consistent with this, Lienhard et al.
(2014) suggest Actinobacteria exhibiting a mycelia-like growth habit are
more sensitive to soil work.

Thus, taxonomical data generated through metagenomic approaches
should be considered cautiously depending on taxonomical level and spe-
cific biological and/or ecological functions. While both conventional and
conservation tillage increase the abundance of Actinobacteria (Babin
et al., 2019; Hartman et al., 2018), Cania et al. (2020) demonstrated that
low tilling intensity favors those harboring a higher potential to produce
exo- and lipo-polysaccharides. These biomolecules are crucial in soil
macro-aggregate formation and stability, and therefore play crucial roles
in preventing severe erosion events and ecological-niche homogenization.
Favoring heterogeneous soil microbial niches with overlapping phyloge-
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netic groups and redundant ecological functions contributes to the cre-
ation of more resilient and sustainable agroecosystems (Schmidt et al.,
2019; Srour et al., 2020). The sustainability of such agroecosystems
also relies on disease suppressive traits favored under no-till conditions
as described by Srour et al. (2020). However, among a-Proteobacteria,
Sphingomonads associated with disease suppressive traits are favored
in tilth soils while the abundance of Rhizobiales, encompassing symbi-
otic nitrogen-fixing bacteria, increases under conservation tilling (Babin
et al., 2019; Degrune et al., 2017; Souza et al., 2013; Wang et al., 2016¢).
These findings illustrate the need to consider lower taxonomical lev-
els when investigating soil microbiomes. Ultimately, these studies are
paving the way for informed soil work decision-making that will help in
recruiting specific microbial guilds and building healthier soils.

2.4 Impact of soil cover on soil microbiota

In addition to the adaptation of the tilling regime, growing cover crops,
also known as catch crops, is another efficient way to prevent soil ero-
sion and increase long-term soil fertility. Abdalla et al. (2019) recently
reviewed the impacts of cover crops on the leaching of soil nutrients
and crop productivity. They concluded that seeding catch crops sig-
nificantly decreases nitrogen leaching and increases soil organic carbon
sequestration and grain yields when favoring mixed legume-non-legume
cover Crops.

Indeed, mixing cover crops seems to favor more abundant and spe-
cialized microbiomes (Finney et al., 2017). Overall, although the a-
diversity of soil microbial communities is not impacted, specific micro-
bial guilds seem to be recruited when catch crops are implemented in
crop rotation (Cloutier et al., 2020; Kim et al., 2020). Cloutier et al.
(2020) identified significant changes in soil fungal microbiome with more
abundant and distinct arbuscular mycorrhizal fungal communities un-
der cover crop mixtures. Their findings corroborate previous work that
shows cover crop mixture and some specific cover crop species (oat and
cereal rye) increase AMF abundance in bulk soils (Finney et al., 2017).
By contrast, Detheridge et al. (2016) observed lower levels of root en-
dophytic fungi such as AMF under clover cover crops. Because clovers
are leguminous crops, the authors argued that this finding might be due
to the release of bacterially-fixed nitrogen as they identified a negative
correlation between high soil nitrate levels and root-associated fungal
populations such as AMF. The importance of considering the identity
and diversity of cover crops when attempting to benefit from fungal mi-
crobiome management has been pointed out by Cloutier et al. (2020).
A recent study highlights a positive effect of cover crop diversity on
bacterial microbiota evenness. However, Garland et al. (2021) showed
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this effect to be negligible when considering environmental factors. The
low impact of cover crop diversity on microbial biodiversity might be
attributed to the occurrence of sampling when one crop is implemented
in the field. The authors suggest that diversifying crop systems in a
space by intercropping might have a significant impact on overall mi-
crobial diversity. By contrast, this study evidences the proportion of
time spent using cover crops to be a determinant of taxa-specific and
soil microbial diversity.

Soil as much as plant bacterial microbiomes are impacted by cover
crops when implemented and destroyed (Fernandez et al., 2016; Finney
et al., 2017). As expected, cover crop burial brings fresh organic mat-
ter into the soil and increases bacterial diversity and abundance. Some
oligotrophic microbes among Acidobacteria and Verrucomicrobia phyla
are promoted along with fast-growing bacteria involved in rapid organic
matter decomposition among Actinobacteria and Firmicutes (Pascault
et al., 2013; Ramirez et al., 2012). Cover crops also contribute to an
increased functional redundancy and complementarity in soil prokary-
otic communities. The increased functional redundancy derives from
the larger soil heterogeneity and niche partitioning provided by the im-
plementation and burial of catch crops (Alahmad et al., 2019). Remark-
ably, Nivelle et al. (2016) observed that conventional tilling by disrupt-
ing macroaggregates diminishes the beneficial impact of cover crops and
impairs microbial functional diversity. Alahmad et al. (2019) demon-
strated that bacterial communities favored under cover crop regimes are
specifically involved in the metabolism of numerous carboxylic acids.
Accordingly, Nivelle et al. (2016) report faster catabolism of carbohy-
drate and phenolic compounds within microbial communities associated
with cover crops. Both studies support the hypothesis advocated by
Alahmad et al. (2019) of a functional complementarity within cover
crop-associated bacterial microbiomes.

Beyond the beneficial traits harbored by cover crop recruited soil
microbiota, Romdhane et al. (2019) considered how to select an ap-
propriate way to terminate cover crops. According to Cloutier et al.
(2020), Alahmad et al. (2019), and Garland et al. (2021), farmers could
eventually resort to cover crop diversity and duration to induce shifts in
both bacterial and fungal microbiomes in order to reduce fertilization
needs while maintaining yields. There is still much work to be done
with regard to the low number of studies investigating the impact of
cover crops from a metagenomic perspective.
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2.5 Fertilization & Amendments

Traditionally employed in agriculture, fertilization and amendments have
an important impact on soil and plant microbiomes. By modulating the
availability of nitrogen — or other minerals —, carbon, or through modi-
fication of the soil structure, these inputs affect the soil and plant life.
On the other hand, microbiomes can increase the bioavailability of soil-
borne nutrients. Most nutrients (N, P, S) are results from organic matter
degradation and have to be mineralized by telluric bacteria or fungi in
order to be available for plants (Van Der Heijden et al., 2008). In natu-
ral conditions, microbial mineralization is the key driver of plant growth
(Schimel and Bennett, 2004). Plant exudates are known to shape the
microbiome and enhance nutrient microbial conversion and bioavailabil-
ity for plants (Jacoby et al., 2017). Through this molecular dialogue,
plants established a ‘microbial nutrient supply chain’. This relation can
be unbalanced by fertilization, especially chemical inputs.

2.5.1 Fertilization

It has been established that nitrogen supply can impact disease devel-
opment. Indeed, high concentrations of nitrogen, usually in crops, are
often positively correlated with an increase in the susceptibility of plants
to diseases (Moore, 1952).

One notable study led by Fierer et al. (2012) investigated soil com-
munities across nitrogen gradients using genomic as well as physiological
tools. In terms of diversity, both sites receiving the highest levels of ni-
trogen differed from others (intermediate and low levels). The authors
evidenced a shift to copiotrophic bacterial communities. This shift was
confirmed by metagenomic analyses, with high-rate reproducing copi-
otrophic bacteria exhibiting an increase in DNA, RNA, and protein
metabolism and a decrease in urea decomposition, suggesting a dimin-
ishing reliance on organic forms of nitrogen. These observations may
have an impact on specific organisms such as plant pathogens. Wei
et al. (2015) suggested that the invasion of plant roots by pathogens
decreases when there is overlap between the resident communities and
invading pathogens due to intensified competition for resources. How-
ever, when the results of Wei et al. (2015) and Fierer et al. (2012) are
compared, it can be inferred that N-fertilization, by limiting resource
competition, enhances phytopathological disorders. Berg and Koskella
(2018) confirmed that N also decreases the protective ability of phyl-
losphere microbiota. After evidencing that a phyllosphere microbiome
could prevent leaf colonization by Pseudomonas syringae, the authors
demonstrated that the use of a fertilizer significantly decreased this pro-
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tective effect.

Another study found that N-fertilization drastically reduced phagotrophic
protists in different soil types. These protists are microbial predators
and could play a role in the modulation of soil microbial communities
(Zhao et al., 2020).

Nitrogen fertilization can also have an impact on the phosphorus
cycle. Dai et al. (2020b) demonstrated that the long-term use of N-
fertilization decreased microbial P-solubilizing and mineralizing capac-
ity by modulating microbial communities while P fertilization favored
immobilization by microorganisms by altering the functional profiles of
soil microbiota. Another study focusing on phosphorus inputs alone
also found that acid phosphatase activity was reduced along with the
solubility of mineral P (Pantigoso et al., 2018). Similar to the find-
ings of Dai et al. (2020b) for N-inputs, the authors suggested that P
fertilization decreases the P-solubilizing abilities of soil microbiomes.

Few studies have been conducted on K fertilization alone. Although
Pan et al. (2014) showed that K fertilization shapes the soil communities
but not the functions in grasslands, no other study was found to be
relevant in this context. Studies on NPK fertilization in combination
revealed the same trends in soil microbiomes (Chen et al., 2020a; Pan
et al., 2014). Based on such findings, Zhang et al. (2017) suggested that
the affected pH rather than the nutrients was responsible for these shifts
in microbial communities.

2.5.2 Organic Amendments

Bonanomi et al. (2018) reported that the suppressive effects of organic
amendments have been exhibited in 78 plant pathogens since the 1940s.
Although the authors recognized that the results were often inconsistent
and difficult to adapt in prediction tools, the comprehension of chemical
actions such as glucosinolates in suppressiveness (Larkin and Griffin,
2007) or the link between amendment, suppressiveness, and bacterial
communities (He et al., 2012) paves the way to a better management of
beneficial microbes through amendments. Nevertheless, numerous stud-
ies concerning amendments and microbiomes focus on a single pathol-
ogy or a single crop (Cesarano et al., 2017; Inderbitzin et al., 2018)
or describe microbiomes in different conditions (Bonanomi et al., 2016),
without successfully identifying guidelines for microbiome management.
A notable point of view on this issue was presented by Bonanomi et al.
(2010) in a meta-analysis of 252 papers. The authors primarily explored
the characteristics of organic soil amendments linked to a suppressive
effect in soilborne diseases. They found that multiple characteristics can
apparently be discarded and that six parameters are particularly useful
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for predicting suppressiveness prediction. These parameters, both en-
zymatic and microbial, are the FDA (flurorescein diacetate), enzymatic
activity, substrate respiration, microbial biomass, total culturable bac-
teria, and populations of Pseudomonads and Trichoderma spp.

Another potentially notable mechanism is the determination of the
feeding preferences of microbes. Bonanomi et al. (2018) compiled an
analysis of recent studies based on *C cross-polarized magic angle spin-
ning nuclear magnetic resonance (C-NMR) and evidenced several dif-
ferences in substrate preferences. Although these data provide valuable
insights, the authors insist on the need for an in-depth study in collab-
oration with laboratories worldwide. Although studies demonstrate the
positive effect of a combination of organic amendment and beneficial
microorganisms (Latha et al., 2011; Shen et al., 2015), these current
solutions cannot be generalized.

Fertilization and organic amendments shape the soil microbiome,
principally through nutrient availabilities, but also through pH or mod-
ulation of other soil parameters. Although chemical fertilization seems
to make the soil microbiome “dependent” on these nutrients, favoring
copiotrophic bacteria, and decreases the solubilizing and mineralizing
abilities of bacteria of N- and P- cycles, organic amendments offer more
possibilities. In this respect, Ling et al. (2016) found that long-term
organic amendments support stronger functional potential and more
interactions within soil communities than chemical fertilization, most
likely due to better soil stability and a good buffering capacity.

2.6 Plant genotype and microbiome

Several factors can influence the composition of plant microbiomes, in-
cluding genotypes, plant developmental stage, and plant health (Berg
et al., 2015). Characteristic root exudates are usually considered the
causative factor underlying the recruitment of specific microbial com-
munities and are influenced by plant genotype. The recruitment of the
plant-associated microbiome can vary in terms of structure and func-
tionality and depends to a great extent on the physical properties of soil
and nutrient availability (Berg and Smalla, 2009).

Numerous studies have linked microbial diversity with a reduction in
the incidence of disease (Keesing et al., 2010; Kopecky et al., 2019). A
low potato common scab is observed, even in favorable conditions, when
high bacterial diversity is present in the soil (Latz et al., 2012; van Elsas
et al., 2012). Higher soil microbiome diversity offers better odds of find-
ing a higher abundance of rare species able to bring specific protective
functions against pathogens (Latz et al., 2012). As reported by Mendes
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et al. (2018), the exclusive and abundant presence of a bacterial taxon
is a poorer indicator of disease suppression than the relative abundance
of bacterial taxa.

The breeding of cultivars resistant to pathogens is a well-known prac-
tice in the control of diseases. In some cases, the genetic background of
the plant may not be the only driver of such resistance. Wei et al. (2019)
demonstrated that the apparent resistance of cotton cultivar to Verti-
cillium wilt is partially due to the plant microbiome. An abundance
of beneficial microbes in the cotton rhizosphere offers complementary
protection against this soil-borne pathogen. Similar findings were re-
ported for cucumber resistance to Fusarium wilt (Yao and Wu, 2010)
and tomato resistance to Ralstonia solanacearum (Kwak et al., 2018).

The relative abundance of well-known beneficial rhizospheric and
root endospheric microbial groups can vary significantly between resis-
tant and susceptible cultivars (Wei et al., 2019).

However, plant genotype is not the major driver of the early estab-
lishment of a rhizospheric microbiome. Several studies indicate that soil
type rather than cultivar determines the composition of the rhizospheric
microbiome (Chen et al., 2019; Van Overbeek and Van Elsas, 2008; Xu
et al., 2009). This feature has been specifically evidenced for fungi (Nal-
lanchakravarthula et al., 2014), bacteria (Schlemper et al., 2017), and
arbuscular mycorrhizal fungi (Santos-Gonzélez et al., 2011).

Plant genotype becomes an obvious determinant of root-associated
microbiomes as plants mature (Inceoglu et al., 2010; Schlemper et al.,
2017). For a particular growth stage, different cultivars can have differ-
ent dynamics in their exudates release dynamics (Micallef et al., 2009;
Monchgesang et al., 2016; Sasse et al., 2018), thereby affecting rhizo-
sphere microbial communities in a particular way.

The effect of the host genotype on microbial populations is much
more important in the endosphere (Urbina et al., 2018). This is not sur-
prising as co-evolution processes have selected populations well adapted
to this niche. In the very early stages of a plant’s life, i.e., around ger-
mination, the microbial community of the spermosphere is composed of
microbes originating from inside and outside the seed as well as microbes
recruited from soil during imbibition (Lemanceau et al., 2017). At this
point, the main factor affecting the colonizer communities of the spermo-
sphere is the seed genotype (Adam et al., 2018; Sahadevan et al., 2019).
Microbial communities associated with germinating seeds can have a
direct impact on the promotion of plant growth, nitrogen fixation, and
disease control (Rahman et al., 2018; Sabu et al., 2019; Walitang et al.,
2017). With the transformation of rootlets in the spermosphere into
roots creating the rhizosphere, the plant genotype becomes of minor
importance in community shaping compared to soil type.
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A recent study on tomato root endospheric fungi evidenced a clear
difference in the phytohormone profiles between two cultivars harboring
different endophytic communities (Manzotti et al., 2020). More work is
needed to determine whether the hormonal profile determines the com-
position of endophytic communities’ (as with root exudates) or whether
it is a consequence of mycobiome composition. For bacteria, it has been
shown that most endophytic bacteria can interfere with plant hormonal
systems (Jasim et al., 2015, 2016).

Plant genotype can also play a critical role under mixed-cropping
conditions. It has been shown that two varieties of pea can influence
each other in terms of root-associated bacterial and fungal populations
(Horner et al., 2019). In this particular study, the root bacterial com-
munity of one cultivar remains stable (similar to single-crop commu-
nity) in response to mixed-cropping whereas the bacterial community
of the second cultivar shifts toward the first. Conversely, the root fungal
community of the second cultivar remains stable when mixed-cropped
whereas the fungal community of the first cultivar shifts toward the
second.

Polyculture has been identified as a way to enhance rhizospheric
fungal diversity (LeBlanc et al., 2015), which can be modulated by the
identity of plant species (LeBlanc et al., 2017) and by environmental
parameters that can also have a significant influence (Schlatter et al.,
2015).

Differential shifts in bacterial and fungal communities can be at-
tributed to microbial interactions, a change in soil attributes or a change
in root exudates resulting from competition between intervarieties, plant
communication, or a better mineralization of organic matter enhancing
nutrient availability (Hinsinger et al., 2011; Reiss and Drinkwater, 2018).

2.7 Biostimulants and microbiomes

Biostimulants can be defined as substances or microorganisms that stim-
ulate natural processes to enhance tolerance to abiotic stress, crop qual-
ity, and nutrient uptake and efficiency (du Jardin, 2015). The effect of
biostimulants can be attributable to the direct effects of carbon or ni-
trogen metabolism (Calvo et al., 2014) but also indirectly through the
modulation of plant microbiomes through the enhancement of microbial
activity (Colla et al., 2015).

Biostimulants are relatively new products and their effects on micro-

biomes are not well known, partly due to the great diversity of biostim-
ulant origins. In this paper, we focus on biostimulants obtained from
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protein hydrolysates from seaweed, and microbial biostimulants.

2.7.1 Biostimulants based on protein hydrolysates

Tejada et al. (2011) tested four biostimulants on degraded soils. They
identified an alteration in microbial community structure and higher mi-
crobial activity, which facilitates better plant development on degraded
soils. The biostimulant with the best effect in terms of microbial activity
and plant development was the one derived from rice bran extract. The
authors hypothesized that the effect of this biostimulant was due to its
richness in little peptides (j 3kDa), easily assimilable by microorganisms.
Other studies focused on the phyllosphere microbiome. Luziatelli et al.
(2016) found that a biostimulant from protein hydrolysates modulated
the leaf microbiome on lettuce. Notably, microbes isolated from lettuce
leaves treated with biostimulant indicated the presence of bacteria en-
abling phosphorous solubilization or producing phytohormones (IAA).
Moreover, the biostimulant favored the presence of Bacillus species ex-
hibiting an inhibitory activity against leaf lettuce pathogens FErwinia
amylovora and Fusarium oxysporum. The biostimulant could thus shape
the phyllosphere, promoting plant growth.

Regarding protein hydrolysate (PH) biostimulants, Colla et al. (2017)
concluded that this kind of biostimulant can help provide better re-
silience to biotic and abiotic stress by modulating the microbiome.
Given that PH biostimulants can only select beneficial microorganisms
present in the rhizo- or phyllosphere, the authors proposed their use in
synergy with beneficial microbes.

2.7.2 Biostimulants derived from seaweed

Most investigations of seaweed-derived biostimulants have been con-
ducted under the scope of the functional diversity of the microbiome,
through enzyme activity research rather than an analysis of the micro-
bial community diversity. Ji et al. (2017) reported that the P solubility
was higher after a seaweed biostimulant application but without affect-
ing the microbial communities. The positive action of seaweed bios-
timulants indicated greater activity of hydrogenase (Onet et al., 2019),
invertase, urease, proteinase, and phosphatase (Wang et al., 2016b).
These enzymes, involved in the carbon, nitrogen, and phosphor cycles,
explain the better nutrition status of the plants.
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2.7.3 Microbial biostimulants

Despite the fact that microbial biostimulants are relatively common in
agriculture, usually through PGPR products or vermicomposts, their ef-
fect on microbiomes is poorly documented. Berg et al. (2020b) studied
the effect of microbial biostimulants on soil and root microbial commu-
nities. Although no significant differences were found in the diversity
of these communities, except for the fungi, the tested biostimulants did
not increase the yield.

Mahnert et al. (2018) studied the impact of vermicompost on leaf
and environment microbiomes under controlled conditions. It appeared
that the biostimulant reshaped the microbiomes of the leaves, with an
increase in Bacteroidetes and other phyla such as Verrucomicrobia, Aci-
dobacteria, and Thaumarchaeota. Other groups containing beneficial
microorganisms also increased. The authors demonstrated that the ef-
fect of the biostimulant on microbiome composition could be predicted
with an accuracy of 87%. To the best of our knowledge, no other sig-
nificant research has been conducted on this theme. The two research
papers yield different results, maybe lightening the impact of field con-
ditions on plant biostimulation, and that a stronger impact of plant
biostimulant products are observed under controlled conditions or syn-
thetic substrates.

2.8 Impact of irrigation/water on microbiome

Irrigation can have an impact on microbial communities and plant mi-
crobiomes through the frequency of irrigation or the quality of irrigation
water. Due to climatic changes, the irrigated area is predicted to in-
crease to 62% from 2020 to 2070, with an impact on soil and therefore
microbial communities (D611, 2002). Without irrigation, soils will alter-
nate between drying and rewetting periods. In these conditions, more
active microbes are known to be affected more by these drying-rewetting
stresses (Van Gestel et al., 1993). For an active microbial rhizosphere,
drying and rewetting periods could be damaging. Fierer et al. (2003)
focused on the impact of this alternation on soil bacterial community
structure. They found that microbial communities in annual grasslands
were less affected in terms of biodiversity by these events than forest
(oak) soils. Nonetheless, Wu and Brookes (2005) reported a 44% de-
crease in microbial biomass in a single dry-rewet cycle in grassland. It
is unclear whether these impacts on microbial structure are direct ef-
fects of the dry-rewet cycle or indirect effects through the perturbation
of physical or biochemical soil processes, such as the C cycle (Schimel,
2018).
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Long-term monoculture irrigation has been relatively poorly stud-
ied. Nevertheless, Mavrodi et al. (2018) studied the effect of long-term
irrigation on wheat. They reported that beneficial phenazine-producing
(Phz*) Pseudomonas spp. were less abundant or detectable in irrigated
fields or in higher rainfall areas. Irrigation should alter rhizodeposition
and soil properties, disturbing microbiomes. Mavrodi et al. (2018) found
that irrigation had a slight effect on the diversity of the wheat rhizo-
sphere microbiome. However, some taxa displayed strong positive and
negative responses to irrigation such as Bacteroidetes and Proteobac-
teria. Some genera, previously identified as phytopathogen antagonists
such as Chryseobacter spp., Pedobacter spp. or Brevundimonas spp.,
were among the bacteria with the highest relative increase in abundance
under irrigation.

The quality of irrigation water also seems to have an important
impact on plant microbiomes. Cui et al. (2019), from the perspec-
tive of water management, tested different water qualities. They found
that reclaimed water and piggery wastewater use increased the abun-
dance of Bacteroidetes while decreasing Acidobacteria abundance. Al-
though PGPR were logically more abundant in the rhizosphere mi-
crobiome, their response to the different water qualities (distilled, re-
claimed, piggery wastewater) was quite variable. Finally, no increase
in (phyto)pathogenic bacteria was evidenced after irrigation with re-
claimed water or piggery wastewater.

Gu et al. (2019) also evidenced a modulation of the spinach mi-
crobiome according to the quality of irrigation water. Although they
did not find any increase in foodborne pathogens, they evidenced an
increase in potential opportunistic (phyto)pathogens. These two publi-
cations highlight the importance of the quality of irrigation water survey
for plant and consumer health.

Some authors have studied the resilience of soil microbial commu-
nities after irrigation with water of different quality. It appears that
a soil microbiome — and to the same extent — plant microbiome is not
resistant to irrigation with treated wastewater. Differences have been
observed between irrigation with freshwater and treated wastewater.
Nevertheless, during the rainy season, the baseline state of microbiomes
is recovered, evidencing the resilience of soil and plant microbiomes in
the long-term (Frenk et al., 2014). Frenk et al. (2018) showed that under
conditions of high mineral and organic carbon activities, bacterial com-
munities can change drastically, exhibiting proteobacterial dominance.
These changing communities displayed less resistance to environmental
stress such as heat disturbance as they have less diversity than soils with
low resource availability. However, the authors evidenced a functional
resilience after the end of the stress, probably due to the high growth
rates of certain groups such as Bacteroidetes or Proteobacteria.
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In conclusion, if irrigation and quality of irrigation have a relative
impact on diversity, the impact on the biomass of different groups can
be important. If populations are resilient in the long-term, thanks to
microbial seed banks (bacteria in dormancy) (Lennon and Jones, 2011),
the impact of irrigation and quality of irrigation has to be considered in
the short term, during one agricultural season. In this respect, obser-
vations have been nuanced. Some studies evidenced the positive role of
irrigation on PGPR (Mavrodi et al., 2018) while others obtained variable
(Cui et al., 2019) or negative results (Phz™ not present in irrigated soils,
Mavrodi et al. (2018)). Ultimately, even if wastewater did not seem so
harmful when applied in the short term, repeated applications of this
kind of wastewater have to be studied for a longer period. According to
the observations of Frenk et al. (2018), the use of high availability re-
sources irrigation water in the longer term could probably and durably
reshape agricultural soil microbial communities. Conversely, plant mi-
crobiome management will probably be a future tool employed to better
exploit limited water resources (de Vries and Schulte-Uebbing, 2019).

2.9 Crop protection

The application of pesticides in fields influences microbial populations
inside aerial and below-ground plant parts, as well as in the soil. The
effects can be due to the applied molecule itself, but also the degra-
dation products of the molecule. Degradation can occur through mul-
tiple processes; degradation by microorganisms, hydrolysis, photolysis,
sorption and binding to organic and soil components, plant uptake, and
volatilization (Srivastava et al., 2020). If microorganisms are able to sur-
vive in the environment contaminated by the molecule, they can then
metabolize and degrade the pesticides (Wolejko et al., 2020). There-
fore, microorganisms can play a significant role in plant tolerance to
herbicides (Tétard-Jones and Edwards, 2016).

Depending on the chemical, the active ingredient can be a racemic
mixture or enantiomer-enriched solution. Sometimes only one of the
two enantiomers has a desired effect, with the other having an indirect
effect on non-target organisms (Asad et al., 2017). When a pesticide is
applied, it usually leads to the eradication of groups of microorganisms
sensitive to the active ingredient. Niches are consequently freed and
colonized by microbes previously of minor abundance in the community
(Chen and Edwards, 2001) or thriving as a result of the release from
competition (Nettles et al., 2016; Roesti et al., 2005). It is also possible
that treatment has no significant effect on some parts of the commu-
nity, such as an effect on the fungal rhizosphere community but not on
bacterial communities (Nettles et al., 2016). If a microbial population
is well adapted to the pesticide, the treatment can induce a short-term

24



increase in microbial carbon, indicating increasing biodegradation (As-
taykina et al., 2020).

In the presence of pollution, microorganisms can enhance their adap-
tation to the prevailing conditions by altering their metabolism (Ran-
gasamy et al., 2018; Sun et al., 2004). Therefore, groups of microor-
ganisms can take advantage of an active ingredient in the environment
(Webber et al., 2015). For example, Newman et al. (2016) showed a shift
in a bacterial community towards a tolerant community after long-term
glyphosate adaptation. With the destruction of certain groups of mi-
crobes involved in the degradation of another molecule, the stability of
this second product can increase (White et al., 2010). A long-lasting
product in the environment can be important in ensuing long-term pro-
tection for the crop. This can also increase the likelihood of unintended
effects on non-target microbiomes (Nettles et al., 2016). Plants are
also capable of exuding pesticides absorbed on their aerial parts with
their roots, in addition to endogenous exudates (Dinelli et al., 2007). All
these mechanisms can influence the microbiota. Regarding the effects of
a pesticide application, as reviewed by Wolejko et al. (2020), the effects
of fungicide, insecticide, or herbicide on microbial communities vary
greatly according to the molecule used and the microbial group studied.
Although most studies agree on the lack of impacts on alpha diversity in
the rhizosphere (Lupwayi et al., 2009, 2004; Nettles et al., 2016), effects
on microbiome functionality (Fournier et al., 2020) or structure (Net-
tles et al., 2016) have been reported with shifts in relative abundance
and community composition. In the phyllosphere, microbial diversity
can even increase after a foliar treatment (Katsoula et al., 2020). Seed
treatments can have a more pronounced and dynamic impact on mi-
crobial diversity. As shown by Li et al. (2018), the richness of bacteria
and fungi species at seedling stage decreased with a neonicotinoid seed
coating. With a decreasing concentration of neonicotinoids when re-
viving, the growth of microorganisms was stimulated. Overall, general
microbiomes recovered at the end of the cultural season.

2.10 Discussion

From this work, a major trend appears to dictate the process followed
when investigating microbial communities from a metagenomic per-
spective. DNA extractions are almost exclusively performed using a
FastDNA Soil SPIN Kit (MP Biomedicals, USA) or PowerSoil DNA
Kit (MoBio, Qiagen, USA). Consideration of the extraction procedures
implemented remains relevant and may induce bias when comparing one
study to another (Kennedy et al., 2014).

When studying prokaryotes, most authors target the 16S RNA gene,
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focusing on the V4 region or a wider region including V4. Overlapping
between V2-V3 regions is also commonly used. The diversity of eukary-
otic communities is often investigated via the sequencing of an internal
transcriber region (ITS) or 28S ribosomal unit. Ideally, several genetic
markers should be considered (Sommermann et al., 2018).

Currently, sequencing usually relies on Illumina technology when
454-pyrosequencing tends to become more anecdotal. When Illumina
technology is used, a large majority of researchers make use of the Miseq
platform and, more recently, the Hiseq platform. Third-generation tech-
nologies such as PacBio or Ion Torrent continue to be marginal when
investigating soil and plant microbiomes but are expected to become a
gold standard in metagenomic approaches (Lee et al., 2016; van Dijk
et al., 2018).

Most of the studies presented in this paper used barcoded rRNA
sequences. Although this approach enables researchers to assess the
impact on microbial composition and diversity, it is notable that when
shotgun or enzymatic analyses are applied, authors gain better insight
into the networks, relationships inside the communities, and the func-
tional aspects of the microbiome.

The interpretation of meta-data produced by next-generation se-
quencing technologies depends mostly on the data management method-
ologies implemented. Several best practices are required, such as choos-
ing an adapted normalization strategy (Knight et al., 2018; Schlatter
et al., 2017). The normalization process should be selected to fit the
size and organization of the datasets, as suggested by Weiss et al. (2017).
Sufficient technical replicates should be performed in order to quantify
sequencing error rates within an assay and between assays (Nguyen
et al., 2015; Schloss et al., 2016).

In almost every paper reviewed, the composition and diversity of
microbial communities are affected by the agronomic parameters in-
vestigated. Networks and functionalities are nearly always impacted,
although these attributes have been poorly studied. Of 54 papers, only
14 studies describe networks, 14 consider biological functionalities, and
only three address both aspects simultaneously.

A deeper understanding of crop-associated microbiomes and their
functionalities requires a more holistic approach that combines data not
only from omics technologies. Investigating the fate of microbial com-
munities requires a four-dimensional perspective that examines micro-
biomes in terms of their diversity, structure, composition, and biological
functions. Functionalizing microbial communities not only through pre-
diction tools but also through quantification technologies such as qPCR
or enzymatic assays will provide relevant insights that illustrate how
those microbial communities and the services they provide are affected
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by farming practices.

Before studying the impacts of any agricultural parameter on micro-
biota, environmental features should be systematically considered with
greater concern when interpreting the results of such studies. Organic
Carbon content, Nitrogen content, pH, soil structure, soil classification,
and moisture content are several parameters that vary from field to field
and significantly impact microbiomes. Moreover, some authors high-
light the indirect activity of certain practices through pH change (e.g.,
Zhang et al. 2017). For instance, in 2006, Fierer and Jackson (2006)
found that soil pH is the main parameter influencing microbiome struc-
ture. This has since been confirmed by numerous studies (Lauber et al.,
2009; Rousk et al., 2010; Geyer et al., 2014; Qi et al., 2018; O’Brien
et al., 2019; Schlatter et al., 2020; Tan et al., 2020).

Soil pH determines the chemical forms of elements in the soil, there-
fore affecting their bioavailability for plants. This would also be an
indirect limiting factor for microbial life, as suggested by Zhalnina et al.
(2015). In addition to nutrient availability, pH also exerts effects on
catabolic activities, soil structure, and biomass activities (Wakelin et al.,
2008). Low pH can have direct toxic effects on microbe cells. Some
organisms, better adapted to acidophilic conditions, possess a special
membrane structure, proton pumps, or special transporters (Lehtovirta-
Morley et al., 2016). The relationship between soil pH and microbial
diversity can also be explained by the wide range of optimal pH tol-
erance for a community in contrast with the rather narrow pH optima
for individual species (Fernandez-Calvino and Baath, 2010). Therefore,
a shift in pH will affect the survival of some but not all microbials
(Santoyo et al., 2017). Numerous studies also link pH with microbial
activities, such as phosphate solubilization or ammonia oxidation (Hu
et al., 2013; Nautiyal et al., 2000; Sharma et al., 2013). Indeed, pH is
thought to drive the community composition of ammonia-oxidizing or-
ganisms by modifying the ammonia to ammonium ratio (Gubry-Rangin
et al., 2011; Stempfhuber et al., 2015).

A recent study demonstrated the influence of pH and depth on mi-
crobiomes in an agricultural soil configuration (Schlatter et al., 2020).
The authors showed that pH decreases from the surface to a 10 cm
depth as does bacterial richness and diversity. Notably, they observed
that bacterial richness and diversity did not recover with increasing pH
at depths below 10 cm. These results suggest that pH is the main factor
affecting diversity at near-surface depths, while other factors (dispersal,
nutrient availability) become prevalent at greater soil depths. This lower
microbial diversity at around 10 cm deep could reduce the functional
redundancy and resilience of the communities in the seed zone (Shade
et al., 2012).
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Land use history is also an important parameter to consider when
investigating soil-associated microbiota. Although the underlying mech-
anisms are not well understood, it is known that plants can recruit spe-
cific root microbiomes through root exudates, enabling them to select
beneficial microbial traits. Time after time, the soil microbiome is en-
riched in certain specific taxa, as suggested by the concept of a soil-borne
legacy (Bakker et al., 2018). Recruited microbiomes produce bioactive
metabolites or useful resources for plants. Once the crops are harvested,
molecular signals and other plant-beneficial compounds might remain
in the soil and benefit the next generation. This phenomenon was pro-
posed by Lapsansky et al. (2016) and is called the soil memory effect.

Considering the duration of assays is therefore of tremendous impor-
tance as is the implementation of cover crops, intercropping, and crop
rotation composition, all of which are among the numerous parameters
to examine when studying crop-associated microbiomes. The long-term
studies reviewed in this work reported a certain resilience or results dif-
ferent from those in the short term (Mavrodi et al., 2018), probably due
to microbial seed banks (Lennon and Jones, 2011).

In this review, we investigated the impacts of farming practices on
soil and plant microbiomes. Within the heterogeneity of the reviewed
studies, as previously noted, supplementary approaches to omics facil-
itated a strong comprehension of underlying mechanisms. Levy et al.
(2018) reviewed the different advantages and limitations of -omics tech-
niques. They conclude that no -omics approaches provide the necessary
causality and argue that, more than amplicon-based studies, a func-
tional metagenomic approach is needed and can be supplemented by
synthetic communities or reverse genomics approaches. Vorholt et al.
(2017) also advise using synthetic communities for a better understand-
ing of microbiomes. They argue that the factors shaping microbial
communities in soil matrices are not well understood because of the
complexity of environmental samples. For a better understanding of
plant-microbiome interactions, they recommend the use of multispecies
synthetic communities.

If the impact of agricultural practices on microbiomes exists, we won-
der whether the microbiome could be farmed as “collaborative crops”.
“Seeding” practices through microbial or consortia inoculation, or a
selection of varieties promoting positive microbiomes, are likely to be
the future of microbiome management (Compant et al., 2019). These
inoculations of strains or microbiome engineering in plants can be ob-
tained in different ways. They can occur through host-mediated and
multi-generation microbiome selection, inoculation into bulk soil, rhi-
zosphere, seeds or seedlings, atomization into tissues such as stems,
leaves, and flowers, and direct injection into tissues or wounds. Some
recent relevant studies involving the aforementioned techniques are re-
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viewed below. Given the lability of existing microbiomes, and the fact
that soil memory is more active in a low nutrient environment and thus
less adapted to conventional agricultural soils (Lapsansky et al., 2016),
microbiome engineering consisting of community inoculation and host-
mediated “microbiome maintenance” in single (Orozco-Mosqueda et al.,
2018) or associated crops (Horner et al., 2019) could be a useful tool for
future pest integrated management.
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Chapter 3
Phyllospheric Epiphyte
Wheat Microbiomes

Berg et al. (2020a) recently revisited the original definition of ”micro-
biome” as proposed by (Whipps et al., 1988), emphasizing its relevance,
decades after its initial introduction in 1988. The microbiome is de-
scribed as a specific microbial community within a well-defined habi-
tat, encompassing not only the microorganisms but also their interac-
tions and the resulting ecological niches (Debode et al., 2024). This
concept highlights the microbiome’s dynamic nature, integrated within
larger ecosystems and crucial for the health and functioning of eukary-
otic hosts. The term ”microbiota” is distinguished as the collection of
microorganisms across various kingdoms, along with their activities and
genetic elements within their environmental context (Fig. 3-1).

3.1 Understanding epiphytic wheat microbiomes

The phytobiome, an intricate ecosystem of bacteria, archaea, fungi,
oomycetes, viruses, and others, is fundamental to plant health, play-
ing a pivotal role in nutrient cycling, growth enhancement, and disease
resistance as reviewed by Zhang et al. (2021b). This complex microbial
community, essential for ecosystem functionality, varies across different
plant compartments (Turner et al., 2013), namely the rhizosphere, phyl-
losphere, and endosphere (Bulgarelli et al., 2012; Lundberg et al., 2012;
Lengrand et al., 2024). The phyllosphere encompasses all above-ground
parts of plants, such as leaves, stems, flowers, and fruits, while the rhi-
zosphere corresponds to the soil zone close to the plant roots where
roots and microorganisms can interact through exudates and metabo-
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Figure 3-1: Components of the microbiome.
Microbiome encompasses the microbiota (the community of microorganisms) along-
side their functional environment, including structural elements, metabolites/signal
molecules, and the ambient environmental conditions. From Berg et al. (2020a).

lites (Hartmann et al., 2008). The endosphere describes the interior of
plant tissues where microbes live. Each compartment’s unique microbial
assembly interacts with the plant and its environment in multifaceted
ways, crucially influencing plant health and productivity. Altogether,
they are referred to as the plant holobiont, comprising the plant and
its associated microbiota, which interact with each other and determine
holobiont functioning and plant performance (Mitter et al., 2016). Con-
sidering the specific case of cereals, other plant compartments (Fig. 3-2)
have been delineated to study their specific microbiome (Quiza et al.,
2023).

The formation of these microbiomes is a dynamic, multifactorial pro-
cess shaped by plant genetics, environmental conditions, soil character-
istics, and agricultural interventions. Plants secrete compounds attract-
ing specific microbes, forming distinctive communities. The provision
of stable metabolites by plant hosts reduces the microbes’ need to syn-
thesize various compounds, indicating a mutualistic relationship where
microbial functions are optimized for plant benefit (Cole et al., 2017;
Liu et al., 2018). As an example, a recent study reveals that depletion
in bacterial genes for amino acid metabolism offers a competitive ad-
vantage for Pseudomonas simiae WCS417 under conditions of abundant
plant-exuded nutrients (Yu et al., 2021).

The rich array of sources contributing to microbiome formation in-
cludes seeds, which pass endophytic microbes to offspring, soil, the
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Figure 3-2: Microbiomes associated with cereal plant compartments.
These different microbiomes form the plant holobiont. Microbes from the soil can be
recruited through root exudates and colonize the rhizoplane, the root surface. Some
may enter the root and colonize root endosphere, along with seed-inherited microbes.
They can also use vascular bundles to reach the above ground parts of the plant by
transiting trough the caulosphere, the compartment comprising the inside and outside
of the stem. They can reach the phyllosphere encompassing the phylloplane, the leaf
surface, and the leaf endosphere. In the phyllosphere, they meet other microorganisms
that can be sourced from air, water, dust, insects and other plants. Finally, when
cereal heads are developing microbes can also colonize them by the same processes
than for the phyllosphere. Adapted from Chen et al. (2022).

primary reservoir of microbial diversity, air, water, insects, and other
plants, all facilitating microbial transfer and community complexity.
Despite all these factors, the concept of plant core microbiota is in-
creasingly used. It consists of members of the microbial community that
are persistent and ubiquitous in almost all the communities associated
with a particular host (Toju et al., 2018). The core microbiota contains
key microbial taxa that carry genes with functions that are essential
for host fitness. Many members of the core microbiota of different plant
species, such as Arabidopsis thaliana, barley, citrus, grapevine, rice, soy-
bean, sugarcane, and wheat, are common at least at the genus level (for
example, Agrobacterium, Cladosporium, Coniothyrium, Erwinia, Fusar-
ium, Methylobacterium, Pseudomonas, Sphingomonas, and Resinicium)
(Hamonts et al., 2018; Xu et al., 2018; Simonin et al., 2020; Nadarajah
and Abdul Rahman, 2023). This suggests that co-occurring members of
the core microbiota are selectively recruited and enriched in parallel and
are well-adapted to life on and /or inside plant tissues. Microbial families

33



belonging to Rhizobiales and Pseudomonadales were shown to be part
of the core microbiota of several plants, with 5 to 17% of mean relative
abundance (Garrido-Oter et al., 2018), but also represent a universal
core plant microbiome (Trivedi et al., 2020).

Microbiomes are of tremendous importance for plant health, as shown
by a study where a naturally resistant A. thaliana grown in sterile
conditions became susceptible to Botrytis cinerea infection, while the
same sterile plants to whom the natural microbiome was brought back
remained resistant (Ritpitakphong et al., 2016). This indicates that
in this case, the resistant phenotype was due to the natural phyllo-
spheric microbiome. The foliar microbiome also aids in stress toler-
ance, enabling wheat to better withstand environmental challenges like
drought (Azarbad et al., 2022), extreme temperatures (Bernard et al.,
2022; Tian et al., 2022) or flooding (Francioli et al., 2022). Several
other studies showed that microbiomes can bring a natural protection
against diseases: stripe rust (Dai et al., 2020a) and Fusarium head blight
(Chen et al., 2018) of wheat or powdery mildew and ramularia of bar-
ley (Gravouil et al., 2016) but also against insects (Li et al., 2023).
Identifying and characterizing the microbial actors is the first step in
understanding how the microbiomes can protect plants from pathogens
(Penuelas and Terradas, 2014). For instance, the wheat foliar micro-
biome includes keystone taxa, such as Proteobacteria, Actinobacteria,
and Firmicutes, which are vital for plant growth (Sivakumar et al.,
2020), disease suppression (Kumar et al., 2021), and nutrient cycling
(Wang et al., 2023). However, despite advances in sequencing and anal-
ysis, as network analyses (Matchado et al., 2021), delineating the wheat
phyllosphere core microbiome remains challenging (Kavamura et al.,
2021), due to the myriad of influencing factors, including environmental
(biotic (Ellis, 2017) and abiotic factors (Sapkota et al., 2017)), plant-
specific (niches, genotype, developmental stage (Chen et al., 2022)), and
anthropogenic elements like agricultural practices.

3.2 Foliar treatments in wheat culture

In Belgium, wheat plays a pivotal role in agriculture. Maintaining its
health and productivity is of paramount importance. To this end, a va-
riety of foliar phytosanitary treatments are employed to protect wheat
crops from pests and diseases, ensuring the stability of yield and qual-
ity. These treatments can be broadly categorized into chemical pesti-
cides and biocontrol agents, each with its specific intended effects and
applications.

Chemical-based pesticides are widely used in Belgian wheat culture
for their efficacy in controlling a wide range of foliar diseases and pests.
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Commonly applied chemical treatments include fungicides to combat
fungal diseases like Septoria tritici blotch (STB), rusts, and Fusarium
head blight (FHB). These fungicides are critical in managing pathogens
that can severely impact yield and grain quality. Insecticides are also
deployed to address pest issues such as aphids and cereal leaf beetles,
which not only damage the crop directly but can also act as vectors
for disease transmission. Herbicides play a role in weed management,
ensuring that wheat crops are not out-competed for resources. The
application of these chemicals is timed and targeted based on disease
and pest forecasts, with the aim of maximizing their effectiveness while
minimizing the need for repeated applications. The application of such
compounds, typically fungicides, will have a direct effect on fungi popu-
lations on the leaves but could also have unintended effects on beneficial
plant-associated fungi in other compartments, such as in the soil. Table
3-1 illustrates the estimated amounts of chemical fungicide used in Bel-
gium in 2021, extrapolated from sales data obtained from Corder asbl
(2023).
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Table 3-1: Estimated quantities of chemical fungicides used in Bel-
gium in 2021 to protect wheat

Class/group Molecule Mode of action Estimated quantity [kg] Estimated quantity [%)
prothioconazole 16.607 19.9
tebuconazole 7915 9,5
mefentrifluconazole 6.721 81
by onazol 2,012 24
YO]I%UCOH&/O ¢ DMI (demethylation inhibitors), affects .
. epoxiconazole ’ 768 09
Triazoles
metconazole X . 706 0.8
the membrane ergosterol biosynthesis
tetraconazole 301 04
difenoconazole 131 0,2
cyproconazole 128 0,2
propiconazole 48 0,1
Mineral sulfur disrupts the metabolic processes in fungi 13.909 16,7
fluxapyroxad , L 2710 33
b&‘;afz;mxa affects energy production by inhibiting 2570 a1
SDHI benzovindiflupyr . . 2.358 28
. succinate dehydrogenase enzyme in the
isopyrazam funeal espiratory chai 600 0,7
ungal respiratory chain
boscalid g espiratory 29 03
pyraclostrobin blocks the electron transport chain, which 3.681 44
Strobilurins aZOX},‘b‘El‘Obl.Il o o . 1374 1,6
fluoxastrobin inhibits energy production in mitochondrial 1.029 1.2
trifloxystrobine respiration 462 0,6
Imidazole prochloraz inhibits the biosynthesis of ergosterol 6.268 75
ncozehe 1852 58
Dithiocarbamate mlmcm ‘ disrupting fungal metabolism it
thirame 102 0,1
Morpholine fcr.lpropiu.mrphc inhihitvs the biosynthesis of ergosterol, an 619 0,7
spiroxamine essential component of the fungal cell membrane 2.185 2,6
Benzophenone metrafenone disrupts the mitochondrial respiratory chain 1.880 23
Phenylpyrroles fluopyrame targets fungal cell wall biosynthesis 1.693 20
Phthalimides folpet disrupts fungal respiration and energy production 1.055 13
Carboxamides fenpicoxamide mitochondrial respiration 191 0,2
Quinazolinone proquinazid inhibits spore germination 127 0,2
Benzimidazole thiophanate-methyle inhibits microtubule formation 38 0,0
cyflufenamid 0 0,0
Anilinopyrimidines o uelv“_ml inhibits fungal methionine biosynthesis _
cyprodinil : 7 0,0
Carboxamides krésoxym-méthyl mitochondrial respiration New molecule
Phosphonates Potassium phosphonates ~ disrupts fungal metabolism New molecule
Pyridione pyriofenone similar to strobilurins New molecule

Table is ordered accordingly to the total amount by group, then by molecule.
Estimated quantities are extrapolated from sales data in Belgium
in 2021, obtained from Corder asbl (2023)

3.3 The impact of chemical pesticides on epi-
phytic microbiomes

In 2021, 126.480 hectares were cultivated with winter wheat in Belgium.
All active ingredients combined, more than 200 tons of chemicals were
sprayed on these fields, representing a mean application of 1,83 + 0,12
kg/ha. Among them, 83,3 tons were fungicides, representing 41% of
the total, followed by growth regulators (39%) and herbicides (18%).
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Insecticides represent less than 1% (Corder asbl, 2023). Considering
the timing of their application, fungicides exert the most significant im-
pact on the phyllospheric microbiome, as they are applied directly to
the leaves. In contrast, herbicides are utilized prior to and during the
initial growth stages of wheat. Growth regulators are typically sprayed
in early spring, usually between the phenological development stages
BBCH 30 (beginning of stem elongation) and 32 (node 2 at least 2 cm
above node 1), when only the first few leaves of wheat have fully ex-
panded. The last two leaves, which are crucial for yield, develop later
and are thus the primary concern for farmers aiming to ensure high
yields. Consequently, these leaves will be the main target of fungicide
applications, which inevitably affects their associated microbiome. In-
terestingly, growth regulators and fungicides are applied in similar quan-
tities, despite typically applying one to three fungicide treatments per
season and only one growth regulator treatment. This discrepancy can
be attributed to the concentration levels of the products, with growth
regulators generally being about twice as concentrated as fungicides.

Agrochemical inputs have significant effects on microbial communi-
ties in various plant habitats, such as the soil, rhizosphere, phyllosphere,
and endophytic tissues (Newman et al., 2016; Ali et al., 2019; Cernava
et al., 2019; Chen et al., 2020c; Koberl et al., 2020). The impact of these
chemicals has been well documented across multiple sources, revealing
that they not only affect the microbial populations but also alter the
dynamics between positive and negative responders within the plant
microbiota (Chen et al., 2020b). For example, Acinetobacter, a genus
within the Gamma-proteobacteria, is known to thrive upon fungicide
exposure, while members of the Alpha-proteobacteria, intrinsically as-
sociated with plants, often decrease in numbers (Kéberl et al., 2020;
Chen et al., 2021), highlighting the selective pressures imposed by pes-
ticide treatments.

These chemical interventions lead to shifts in the bacterial commu-
nity composition of the phyllosphere. Sphingomonas, a typical domi-
nant genus, is evenly distributed between chemically treated plots or
not, whereas Pseudomonas, another dominant genus, faces a decline in
abundance with increasing pesticide concentrations. The bacterial gen-
era Methylobacterium, Massilia, Aureimonas, Pantoea, and Burkholde-
ria, all important colonizers of plant surfaces, experience altered abun-
dance profiles under pesticide stress (Chen et al., 2021), which suggests
a reconfiguration of the microbial ecosystem in response to chemical
applications (Perazzolli et al., 2014; Cernava et al., 2019). Pesticide
treatment can also induce a negative effect on the abundant Alpha-
proteobacteria and Gamma-proteobacteria, exhibited by the negative
response of Stenotrophomonas, Serratia, and Flavobacterium, whereas
Paracoccus is a positive responder (Chen et al., 2021). On the other
hand, Gamma-proteobacteria, characterized by their fast growth, are
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believed to recolonize the phyllosphere more quickly than other mi-
crobes after pesticide treatment, effectively filling the vacated niches
during the recovery phase (Whipps et al., 2008a). This is particularly
consequential for genera such as Stenotrophomonas and Serratia, which
are closely connected to their plant hosts and are known to confer pro-
tection against various stresses (Hagemann et al., 2008; Pang et al.,
2009). Their functions may be compromised when exposed to certain
agrochemicals.

Moreover, Actinobacteria, a group that houses many promising bio-
control strains, are likely to be adversely affected by pesticide-impacted
agroecosystems. The use of pesticides is also associated with an in-
crease in particular Proteobacteria members and some Actinobacteria,
with organisms like Brevundimonas exhibiting resistance to harsh con-
ditions (Dartnell et al., 2010). However, certain treatments can shift the
balance in favor of genera such as Brevundimonas, Arsenophonus, and
Candidatus Portiera, while disadvantaging other bacterial groups known
for plant commensalism and support in natural environments, such as
Massilia, Rhodanobacter, and Brachybacterium (Ofek et al., 2012; Singh
et al., 2016; Volpicella et al., 2014).

Triazole fungicides are widely used in Belgian wheat agriculture,
with 42% of the total quantity of fungicide used. Among this fam-
ily, prothioconazole is the most sprayed with about 20% of the total.
Triazoles’ effect on soil microbial diversity is profound, as highlighted
by several studies (Onwona-kwakye et al., 2020; Storck et al., 2018;
Sulowicz and Piotrowska-Seget, 2016). In general, it results, at first, in
an increase in bacterial diversity and a decrease in fungal diversity, as
shown with metaconazole (Nair et al., 2019) and prothioconazole (Lloyd
et al., 2021). A major consequence is the observed increase in Acti-
nobacteria and in specific bacterial genera such as Bacillus alongside
a decrease in phyla Acidobacteria and Nitrospirae. The observed de-
creases in these two taxa suggest potential risks to the microbial ecology
and associated biogeochemical processes as they are involved in carbon,
iron, nitrogen, and hydrogen cycles (Daims et al., 2001; Ivanova et al.,
2020). Moreover, the impact of pesticides is not just taxonomic but
functional, as indicated by reductions in the bacterial network complex-
ity and the positive response of some core operational taxonomic units
(OTUs), classified as Nocardioides, Sphingomonas, Ensifer, Rhodococ-
cus, and Streptomyces, that correlate with the degradation of chemicals
like difenoconazole (Zhang et al., 2021a). On the same line, Burkholde-
ria, Dermacoccus, Hyphomicrobium and Methylobacterium (Han et al.,
2021) as well as Alcaligenes faecalis WZ-2 (Sun et al., 2020) have shown
considerable capability to degrade tebuconazole, yet Methylobacterium
bacteria were particularly susceptible to its impacts (Han et al., 2021).
Tebuconazole can also disturb the Firmicutes/Bacteroidetes ratio (Ku
et al., 2023). In another study, a proliferation of organotrophic bacteria
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and fungi was observed after tebuconazole application, whereas Acti-
nobacteria were found to be less tolerant to the molecule. The fungicide
also promoted the proliferation of Proteobacteria, increased the relative
OTU number of bacteria from Arthrobacter, Kaistobacter, Rhodococ-
cus and Streptomyces genera and reduced the abundance of these from
Bacillus, Gemmata and Sphingomonas genera, which may point to their
sensitivity to this chemical (Ba¢maga et al., 2022).

Among strobilurines molecules, another widely used fungicide family
in wheat, pyraclostrobin has a multifaceted impact on microbial commu-
nities: it enhances bacterial diversity while diminishing fungal diversity,
accompanied by an increase in specific bacterial genera such as Bacillus
(Nair et al., 2019). However, it also significantly raises the proportion of
the Diaporthe fungus, negatively affecting plant health. Conversely, it
reduces foliar Alternaria isolates, suggesting potential adverse effects on
seed quality when used without disease pressure (Batzer and Mueller,
2020). Interestingly, strains of Bacillus and Paenibacillus have shown
the capability to degrade pyraclostrobin, indicating their role in miti-
gating some of its impacts (Birolli et al., 2020).

Authorized in organic agriculture, sulfur application generates higher
microbial abundance and diversity. Interestingly, a negative response
was observed for the plant-associated Sphingobacteria, alongside a pos-
itive response of Acidobacteria, Blastocatellia, Delta-proteobacteria and
Verrucomicrobia (Damo et al., 2023).

Treatments with prochloraz, an imidazole often used in conventional
agriculture, negatively affected non-target organisms, notably reducing
the presence of potentially beneficial Papiliotrema flavescens on the av-
ocado fruit surface (Bill et al., 2022). Furthermore, the application of
prochloraz leads to alterations in the presence of Bacillus subtilis, along-
side a decrease in both fungal and bacterial diversity (Bill et al., 2021).

The interactions between agrochemicals and microbiomes are multi-
faceted, affecting microbial abundance, diversity, and ecosystem func-
tions (Munoz-Leoz et al., 2013). Observed shifts depend greatly on con-
sidered active ingredient, but also on the applied concentration. Gener-
ally, elevated levels of pesticides can lead to more profound and lasting
shifts in bacterial diversity, whereas lower concentrations tend to cause
only temporary or minor effects (Chen and Edwards, 2001; Storck et al.,
2018; Torabi et al., 2020; Wang et al., 2009). The observed shift is also
widely context-dependent, as pyraclostrobin was observed to reduce bac-
terial diversity (Lloyd et al., 2023) or to increase it (Nair et al., 2019)
and Acidobacteria are often susceptible to pesticides, as seen earlier, but
sometimes thriving in pesticides-polluted soil (Regar et al., 2019). In
all cases, these changes have implications for plant health, soil quality,
and broader environmental sustainability, emphasizing the need for a
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nuanced approach to agrochemical application that considers the eco-
logical ramifications.

3.4 Biocontrol agents as an alternative

BCAs present a sustainable alternative to conventional agrochemicals,
promising to enhance or maintain the health of the epiphytic microbiome
crucial for plant vitality. Generally, the development process for BCAs
candidates goes from laboratory screenings to field applications and
is based on direct antagonism and/or various plant growth-promoting
characteristics such as phosphate solubilization, nitrogen fixation, and
the production of antibiotics and siderophores (Backer et al., 2018). De-
spite their success in controlled environments, translating these benefits
to field conditions remains challenging, as evidenced by mixed results
in increasing yields for crops like maize and wheat with strains such
as Azospirillum brasilense (Fukami et al., 2016; Hungria et al., 2010)
and Kosakonia radicincitans (Berger et al., 2018), or Rhizobium legu-
minosarum bv. trifolii’s impact on rice (Kecskés et al., 2016).

However, there are very few success stories with BCAs when applied
at a large scale. Their inconsistent field performance is a significant
hurdle for farmer adoption, primarily due to the often inadequate inte-
gration of BCAs into natural microbial communities, which can be at-
tributed to several factors. Introduced microbes face competition from
well-adapted resident microflora, with the competitive ability often over-
looked during the selection process. The dosage, cell vitality, suitable
formulations for delivery, and the specific relationship between the BCA,
plant genotype, intrinsic characteristics of the pathogen, pathogen in-
oculum density, and environmental conditions significantly influence the
outcomes (Samad et al., 2017; Bonaterra et al., 2022). Moreover, the
timing and method of application can affect BCA performance, high-
lighting the need for strategies that consider the complex interactions
within the plant holobiont (Chowdhury et al., 2015). A specific micro-
bial inoculant’s effectiveness can fluctuate, not guaranteeing consistent
outcomes across all host cultivars or at all times (Finkel et al., 2017).

The interaction between BCAs and the plant microbiome is complex.
On one hand, studies have demonstrated that BCAs can beneficially
modify the foliar microbiome by suppressing harmful microbes while
enhancing the presence of beneficial ones, thus potentially improving
plant health and resilience against diseases (Cernava et al., 2019; Chen
et al., 2018). For example, the introduction of Bacillus amyloliquefa-
ciens QST713 into the banana rhizosphere has been shown to increase
Bacillus and Pseudomonas populations, indicating a positive shift to-
wards beneficial microbial communities (Tian et al., 2023). On the other
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hand, the impact of BCAs on microbiomes is not universally positive or
transformative. Some studies suggest that the introduction of certain
biocontrol agents might have minimal effects on the foliar microbiome,
underscoring the importance of the specific bacterial strains used as
BCAs (Vacheron et al., 2013).

Pseudomonads, particularly in the phyllosphere of wheat, have shown
potential in contributing to natural plant protection. However, there
is a pronounced gap in our understanding of their impacts, especially
concerning the foliar microbiomes of wheat, with limited studies ad-
dressing the effects of Pseudomonas or other BCAs on these critical
microbial communities (Miiller and Ruppel, 2014). The interaction be-
tween chemical fungicides and natural microbiomes has been explored
to some extent, revealing both positive and negative impacts on micro-
bial diversity and structure, which underscores the nuanced effects of
such treatments on plant microbiomes (Cernava et al., 2019; Ray et al.,
2020). Despite these insights, the specific influences of Pseudomonas
as a BCA on wheat’s foliar microbiome remain largely uncharted, ne-
cessitating further research to harness its full potential in sustainable
agriculture practices.

This calls for enhanced efforts in tracking BCA efficacy and integra-
tion into existing microbial communities to better leverage their benefits
while minimizing negative impacts. The future of sustainable agricul-
ture may well depend on our ability to fine-tune these biological inter-
ventions, ensuring they complement the complex ecology of plant micro-
biomes. The focus on Pseudomonas as a BCA for wheat aligns with the
urgent demand for sustainable farming practices, representing a pivotal
area of research due to the contrast between its significant potential and
the relatively few success stories. This duality underscores the necessity
for deeper investigation into optimizing the application and integration
of Pseudomonas in agricultural settings, ensuring that its benefits can
be fully realized while addressing the challenges that have limited its
widespread adoption in the field.
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Chapter 4

Pseudomonas, a keystone
genus associated with
wheat

Pseudomonas is a large genus of Gram-negative bacteria regrouping
more than 300 species (Girard et al., 2021) of motile rod-shaped bacte-
ria that are unable to form spores. They are ubiquitous and are con-
sidered as fundamental components of bacterial communities (Mendes
et al., 2013; Girard et al., 2021). A vast diversity of species carries a sig-
nificant ecological importance and offers promising applications in the
realms of biocontrol and bioremediation. Renowned for their adaptabil-
ity, versatility, and metabolic capabilities, Pseudomonas species flourish
across a multitude of environments, underscoring their role in environ-
mental sustainability, agriculture, and microbial ecology studies.

These bacteria stand out as potential biocontrol agents, capable of
suppressing plant pathogens and promoting plant growth. They achieve
this through the production of antibiotics and siderophores, alongside
inducing systemic resistance within plants. The use of Pseudomonas
strains in agriculture has showcased their potential in safeguarding var-
ious crops, presenting an eco-friendly alternative to traditional chemical
pesticides.

Since its initial description in 1894, the taxonomy of the Pseudomonas
genus has undergone significant evolution, reflecting advances in bacte-
rial taxonomy techniques. Initially identified as one of the oldest bacte-
rial taxa, Pseudomonas has been reclassified multiple times, particularly
with the introduction of molecular methods like DNA-DNA hybridiza-
tion, 16S rRNA gene sequencing, and Multi-Locus Sequencing Analysis.
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These techniques revealed that many species classified within the genus
did not form a monophyletic group, prompting calls for taxonomic re-
organization.

The advent of phylogenomic analysis has further refined our under-
standing of Pseudomonas taxonomy. This latest approach, utilizing
whole-genome sequences, allows for the construction of a detailed phylo-
genetic tree, clearly delineating Pseudomonas species into distinct clus-
ters based on shared genomic features and evolutionary relationships. In
2022, two parallel studies based on different phylogenomic approaches
ended with similar classification trees (Lalucat et al., 2022; Passarelli-
Araujo et al., 2022). The findings demonstrate that the genus, as tra-
ditionally defined, is not monophyletic, indicating a need for significant
taxonomic revision (Fig. 4-1).

Phylogenomic analysis has led to the proposal of dividing the genus
into several new genera, aiming to accurately represent the genetic di-
versity and evolutionary history of these bacteria. This methodological
advancement marks a pivotal moment in bacterial taxonomy, especially
for a genus of such broad ecological, industrial, and clinical relevance,
providing a more precise and scientifically grounded classification sys-
tem for Pseudomonas species.
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Figure 4-1: Phylogenomic classification of Pseudomonas genus.
The genus is not monophyletic and contains 13 groups, indicated by the capital G’s.
The species listed in each group are related to biocontrol and will be mentioned in the
following sections. Adapted from Lalucat et al. (2022).

The Pseudomonas fluorescens group and its eight Pseudomonas sub-
groups (P. chlororaphis, P. corrugata, P. fluorescens, P. fragi, P. ges-
sardii, P. jessenii, P. koreensis, P. mandelii) are well-known for the nu-
merous strains associated with biocontrol activities (Hofte, 2021). Pseu-
domonas strains are known to produce a broad range of bio-active com-
pounds, including lipopeptides, siderophores, polyketides, and volatile
compounds with interesting bactericidal properties against plant pathogens
(Caulier et al., 2018; Anderson et al., 2020).

On the other hand, all Pseudomonas are not beneficial to plants,
some species being phytopathogens and cause diseases in important
plants. A prominent example is P. syringae, which is responsible for var-
ious plant diseases, including bacterial speck, bacterial blight, and bacte-
rial canker. Numerous pathovars have been described, these pathogens
infecting a wide range of host plants, such as tomatoes (pv. tomato),
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beans (pv. phaseolicola), kiwifruit (pv. actinidiae), soybean (pv. glycinea)
and peas (pv. pisi) leading to significant agricultural losses. Among P.
syringae pathovars, pv. syringae has the largest host range with about
180 different plant species, including major economic crops such as stone
fruits, nut and fruits trees, vegetables and ornamentals (Morris et al.,
2019).

P. syringae employs a type III secretion system to inject effector
proteins into plant cells, disrupting normal cellular functions and pro-
moting infection. Another example is P. cichorii, which causes bacterial
rot in lettuce and celery, affecting the leaves and leading to tissue de-
cay. P. savastanoi pv. savastanoi and pv. phaseolicola infect olive and
beans, respectively, whereas P. marginalis can infect potato, carrot and
lettuce, P. corrugata infects tomato and pepper, P. fuscovaginae causes
rice rot and P. viridiflava can infect tomato, pepper and lettuce.

These phytopathogenic strains possess genes that code for toxins,
enzymes, and other virulence factors, making them significant threats
to crop production and plant health.

P. aeruginosa is the most well-known human pathogen within the
Pseudomonas genus. It is a Gram-negative bacterium that can cause
a wide range of infections, particularly in individuals with weakened
immune systems. P. aeruginosa is notorious for its role in hospital-
acquired infections, including pneumonia, urinary tract infections, and
bacteremia. It possesses several virulence factors, such as biofilm for-
mation, antibiotic resistance mechanisms, and the production of toxins,
which make infections difficult to treat and control. This pathogen is
a significant concern in healthcare settings due to its high resistance to
many antibiotics and its ability to thrive in various environments.

The presence of potentially problematic genes in some of these Pseu-
domonas taxa can diminish their attractiveness as Pseudomonas used
as BCAs. Horizontal gene transfer mechanisms, including conjugation,
transformation, and transduction, can facilitate the spread of these
pathogenicity genes among different Pseudomonas strains and other
bacterial species in the environment. This genetic exchange can compli-
cate the use of Pseudomonas as BCAs, as beneficial strains may acquire
virulence factors, reducing their safety and effectiveness.
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4.1 Biocontrol activities of Pseudomonads

The most important mechanisms of disease suppression by Pseudomonas
biocontrol agents include competition for nutrients or space (Kamilova
et al., 2005), antibiosis (Haas and Défago, 2005; Raaijmakers et al., 2002;
Raaijmakers and Mazzola, 2012), secretion systems and effector deliv-
ery (Anantharajah et al., 2016; Galle et al., 2013; Green and Mecsas,
2016; Hernandez et al., 2020; Viana et al., 2021), and induction of sys-
temic resistance (Bakker et al., 2007; Pieterse et al., 2014). Secondary
metabolite production in Pseudomonas has been extensively reviewed
(Hofte, 2021) and a comprehensive overview of the biosynthesis, chem-
istry, and biological significance of Pseudomonas secondary metabolites
is provided by Gross and Loper (2009). The literature on secondary
metabolites involved in biocontrol has been summarized in several stud-
ies (Haas and Défago, 2005; Mishra and Arora, 2018; Olorunleke et al.,
2015; Raaijmakers and Mazzola, 2012). It has become evident that only
a limited number of bioactive compounds play a clear role in biocon-
trol of plant diseases (Pieterse et al., 2014). Properties of these major
secondary metabolites are synthesized in Table 4-1 and their chemical
structures are illustrated in Appendix 1.

Table 4-1: Major Bio-active Compounds Involved in Biocontrol by
Pseudomonas

Class Metaholite Precursor Biosynthetic gene cluster References
Alkyresorcinols hexyl5-propylalkylresorcinol (HPR)  Octanoid acid darABC [y g 21 Gl
(Daes et al., 2010; Rasjmakers and Mazzola, 2012)

(Bengtsson et al., 2015; Khattari et al., 2015)
QT ni 1 fe (A A QV ABC (Olorunleke et al., 2015; Caulier et al., 2018)
Biosurfactant Rhamnolipids alkanoic acids (HAAs) ~ RMIABCRI (ot et a1 201k G s e 21
(Crouzet et al., 2020; Gétze and Stallforth, 2020)
(Déziel et al., 2003)

Phenazine-1-carboxylic acid (PCA)  chorismic acid PhzABCDEFG
I T . \ A (Chin-A-Woeng et al., 2003; Price-Whelan et al., 2006)
Lhydroxyphenazine (1-OH-PHI) PCA Ph$ (Gross and Loper, 2009; Chincholkar and Thomashor, 2013)
e . T | (Mavodi et al., 2001; Huang et al, 2011)
Heterocyclic aromatic ~ 2-hydroxy-phenazine (2-OH-PHZ) PCA Phz0 (Vevtodi et sl 2006, Briad ot a1 2015)

(Wang et al., 2016a; Biessy and Filion, 2018)

compounds: Phenazines  2-hydroxy-phenazine-1-carboxylic acid

PCA PhZCDO \:\I:\rvyflfalne(tt:\ 2017; ]:gtijg:\)‘](t al. 2‘013,\
20BROY o
Phenazine-1-carbosamide (PCN) PCA phHl
Pyocianine (PCN-) PCA PhaM
NRPSPKS Pyoluteain prolne ptABCDEFGLM ow Thonsot b 199 Tt o, 201

(W et al., 2011; Leclére et al., 2022)
(Hill et al., 1994; Kirner et al., 1998)
T — . s - - (Ligon et al., 2000; Okada et al., 2005)

Phenylpyrrole Pyrrolnitrin Tryptophan pmABCD (Bl o, 1010 Ay o, 2020
(Afonso et al., 2021)

Polyketide 2, d-diacetylphloroglucinol (DAPG)  malony] cod phIACBD (Welr et L., 207; A e al., 2017)

J ! ) (Wang et al., 2023)
pchDCBA, pchEFGHL, (Serino et al., 1997; Meyer, 2000)

(Martinez-Viveros et al., 2010; Cornelis, 2010)
pChR (Wu et al., 2011; Schalk et al., 2020)

Siderophore Pyochelin salicylic acid and cysteine

2 d-diaminobutyrate Variable, includes

Sideroph Pyoverdi
e o and tyrosine PvdLIIDAF and preABCD

(Wu et al., 2011; Ringel and Briiser, 2018)

B ; (Laville et al,, 1092; Blumer and Haas, 2000)
\ I ) (Frapolli et al., 2012; W et al., 2011)
HCN glycine henABC Frapall et al, 2012 Wo et al, 011
(Anderson et al., 2020; Anand et al., 2020)
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These major bioactive compounds are detailed in the section below.
For the sources of this information, please refer to Table 4-1.

e 2-hexyl-5-propyl-alkylresorcinol: HPR is structurally related
to DAPG but biosynthesized differently from octanoic acid. It
exhibits antifungal and antibacterial activities, with its gene cluster
identified in P. chlororaphis.

e Biosurfactants: Biosurfactants, including rhamnolipids and (cyclic)
lipopeptides, are produced by P. aeruginosa and other Pseudomonas
species, playing roles in biocontrol and plant interaction, with their
structures and biosynthesis extensively studied. Their amphiphilic
properties result from their combinations of polar peptide head
with a lipophilic fatty acid tail.

¢ Phenazines: Phenazines, nitrogen-containing pigments produced
by Pseudomonas and other Gram-negative Proteobacteria, include
various structures. Phenazine-1-carboxylic acid (PCA) is derived
from chorismic acid and is the precursor of the other related struc-
tures such as phenazine-1-carboxamide (PCN), 1-hydroxyphenazine
(10H-PHZ), 2-hydroxyphenazine (20H-PHZ) and pyocyanin (PYO),
the latter being related to P. aeruginosa. Biosynthesis genes for
phenazines are conserved within a seven-gene locus, phzABCDEFG,
with phenazine diversity arising from modifications by specific en-
zymes. These compounds exhibit anti-pathogenic properties and
can induce systemic resistance in plants, also playing a role in
biofilm formation and iron reduction. Phenazines are primarily
found in specific Pseudomonas subgroups, including P. aeruginosa,
P. chlororaphis, and P. fluorescens.

e Pyoluteorin: Pyoluteorin inhibits seedling diseases caused by
Pythium ultimum, with its biosynthesis involving a 17-gene cluster.

e Pyrrolnitrin: Pyrrolnitrin, derived from tryptophan, displays
broad antifungal activity and is synthesized by a four-gene cluster
found in various bacterial genera, including Pseudomonas.

e 2,4-diacetylphloroglucinol (DAPG): DAPG, a polyketide an-
tibiotic produced by specific Pseudomonas strains, suppresses a va-
riety of soil pathogens such as Gaeumannomyces graminis var. trit-
ici or Macrophomina phaseolina and is phytotoxic at high concen-
trations, with its biosynthesis initiated from malonyl CoA through
a conserved nine-gene cluster.

e Siderophores: Siderophores contribute to biocontrol by compet-
ing for iron, directly antagonizing pathogens, or inducing systemic
resistance. Most Pseudomonas strains produce pyoverdine, with
around 100 variants identified and categorized into four groups.
Besides pyoverdine, these strains often produce additional siderophores
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like pyochelin, enantio-pyochelin, achromobactin, pseudomonine,
corrugatin, and (thio)quinolobactin, which generally have a lower
iron affinity than pyoverdine. These siderophores vary in chemical
structure.

e Hydrogen cyanide (HCN): HCN, inhibiting cytochrome ¢ oxi-
dase, is produced by several Pseudomonas strains, with production
governed by the henABC gene cluster and regulated by various fac-
tors.

e Others bioactive molecules: Several Pseudomonas strains pro-
duce unique bio-active metabolites, likely acquired through hori-
zontal gene transfer. These include rhizoxins, with fungicidal and
oomyceticidal properties, found in some P. protegens strains and
in P. chlororaphis MA342 (Ligon et al., 2000; Loper et al., 2008;
Takeuchi et al., 2015). Sessilin, a cyclic lipopeptide with antifun-
gal effects, is specific to the biocontrol strain Pseudomonas sp.
CMR12a (D’aes et al., 2014). Syringotoxin, a peptide with an-
tibiotic activity, is produced by P. syringae and P. fuscovaginae
(Flamand et al., 1996). Promysalin, harboring salicylic acid, is an
antibiotic from P. putida RW10S1 effective against both Gram-
positive and Gram-negative bacteria (Kaduskar et al., 2017; Li
et al., 2011). L-furanomycin, discovered in P. fluorescens SBW25,
targets Gram-negative plant pathogens (Trippe et al., 2013). Sev-
eral others bio active molecules, for which associated biosynthetic
gene clusters has been identified, are listed in appendix Table S-1.

Among these numerous compounds, several have been linked to a
specific effect against fungi on different plant species. Unsurprisingly,
strains from aeruginosa, fluorescens and putida, along with lutea, groups
are the most studied for biocontrol abilities (Table 4-2).

In the specific case of wheat and its pathogens, all the major com-
pounds produced by Pseudomonas (Table 4-1) have been shown to be
effective against soil-borne fungi (Gaeumannomyces graminis var. trit-
ici, Pythium ultimum) as well as against above-ground diseases such as
head blight (Fusarium graminearum), rust (Puccinia recondita f. sp.
tritici) and STB (Z. tritici), with phenazines and 2,4DAPG as spear-
heads (Table 4-3).
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Metabolites production of Pseudomonas spp.

Table 4-2
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Table 4-3: Pseudomonas spp. metabolites targeting wheat fungal
pathogens

Target Organism Metabolites or effect Refer-
pathogen ences
2,4-
diacetylphloroglucinol
(274-DAA1:)C;)7 1- (Levy et al.,
Jumosentoria P. aeruginosa LEC1, hydroxyphenazine (1- %ggéﬁgfﬁ?
trzticzf P P. putida, P. fluo- OH-PHZ), Siderophore, ?5921)". 1990:
rescens HCN, Pyoverdin, ™ 004y
. . . (Platel
pyocianine, Dihy- et a1, 2022)
droaeruginoic Acid,
Rhamnolipids

Puccinia recon-—p o uginosa LEC1, 2,4DAPG, 1-OH-PHZ, (ke et ol

d“?a [ sp. trit- P. putida Siderophore, HCN Flaishman

cl et al., 1996)

Phenazine-1-carboxylic

P. piscium, Fluores- acid (PCA), py-

cent Pseudomonads, P. olgteorm, . pyrrolni- (Alimi et al.,
, : trin, Siderophore, 3012;  Hu
Fusarium chlororaphis Pchol0, P. . et al., 2014;
. . HCN, Phenazine-1-  sidorova
graminearum, chlororaphis BZR 245- . et al., 2023;
carboxamide  (PCN), Miller et al.,
F and Pseudomonas sp. . . 2018)
BZR 523-2 pyocyanin, lipopep-
tides, viscosin, masse-
tolides
viscosin-like cyclic
Pseudomonas fluo-  lipopeptide, 1-  (Shirzad
g“iz;"“:’;;ms rescens HC1-07, P. OH-PHZ, 2 Yang et al
va%" tm’iz’ci chlororaphis H18, P. Hydroxyphenazine ot Ak, 2090;
: chlororaphis LX2/ (2-OH-PHZ), 24 z05m) " M
DAPG
PCA, 2-hydroxy-
Pythium  ulti- . phenazine-1-carboxylic  y, . ..
i P. chlororaphis 30-84 acid (2-OH-PCA), 2019
2-OH-PHZ

The development of resistance by fungal pathogens to control strate-
gies is a significant concern in agriculture, where sustainable manage-
ment practices are essential. Chemical fungicides have been widely used
for decades; however, their efficacy is increasingly compromised by the
emergence of resistant fungal strains. This resistance often arises due to
the high selection pressure imposed by these chemicals, which typically
target specific biochemical pathways. The repetitive and widespread
use of these fungicides exerts a consistent selective force on fungal pop-
ulations, leading to the survival and proliferation of resistant mutants.
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In contrast, the risk of resistance development in fungal pathogens
against biocontrol agents such as Pseudomonas species is notably lower.
Pseudomonas spp. are versatile microorganisms that exert their anti-
fungal effects through a multifaceted mechanism of action, including the
production of secondary metabolites, competition for space and nutri-
ents, induction of systemic resistance in plants, and direct antagonism
of pathogens. This multifactorial mode of action reduces the likelihood
of fungal pathogens developing resistance, as it is considerably more
challenging for pathogens to simultaneously adapt to multiple stressors
compared to a single-target chemical fungicide.

However, it is important to note that depending on the complex-
ity of their mode of action, phytopathogens may display a wide range
of sensitivities to biocontrol agents (BCAs), including extremely low
sensitivity. In a few generations, some pathogens can adjust to the se-
lection pressure imposed by BCAs (Bardin et al., 2015). The idea that
biological control lasts longer than chemical control is a widespread mis-
conception. According to research on pest management in fields, this
assumption may not always be true. For exemple, numerous pests have
developed tolerance to one or more Bt toxins, while the codling moth
Cydia pomonella has established resistance to the C. pomonella gran-
ulovirus (Lahlali et al., 2022).

The durability of biological control of plant diseases, in contrast with
pest management, has received little attention (Akutse et al., 2020).
Similar to single-mode chemical fungicides, populations of pathogens
could change into forms that are resistant to BCAs. This would make
it less likely that BCAs will be able to reduce plant diseases for a long
time. Therefore, a weak spot in the pathogen life cycle must be found as
an opportunity window for successful biocontrol (Bardin et al., 2015).

Moreover, biocontrol Pseudomonas spp. exhibit a dynamic interac-
tion with the environment and the plant microbiome, contributing to
their effectiveness and adaptability. They can modulate their activity
based on environmental conditions and the presence of pathogens, fur-
ther complicating the ability of fungal pathogens to develop resistance.
This ecological adaptability, combined with the diversity of antifungal
mechanisms employed by Pseudomonas, creates a complex and less pre-
dictable environment for fungal pathogens, reducing the selective pres-
sure that typically drives resistance development.
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4.2 Regulation of secondary metabolites pro-
duction

The production of secondary metabolites is tightly regulated through
complex networks integrating environmental signals and metabolic feed-
back. These networks ensure the production occurs only under optimal
conditions to confer ecological advantages while minimizing metabolic
costs (Yan et al., 2018). Indeed, it has been shown that lineages of P.
aeruginosa produce surfactants when they can mitigate the oxidative
stress generated by primary metabolism and possess surplus resources
beyond their basic requirements, enabling them to support secondary
metabolism. This finding introduces an additional dimension to the
regulation of a secondary metabolite that is not crucial for primary
metabolism but plays a key role in altering the physical properties of
the environments surrounding bacterial communities (Santamaria et al.,
2022). Lipopeptide (LP) regulation in Pseudomonas has been recently
reviewed by Zhou et al. (2024).

4.2.1 Global regulation of lipopeptide-associated genes

The most extensively studied global regulatory system involved in LP
production is the Gac/Rsm signal transduction pathway (Haas and
Défago, 2005). This cascade starts with the GacS/GacA two-component
system, consisting of the GacS sensor kinase and the GacA response reg-
ulator. GacS autophosphorylates in response to an unidentified signal
at high cell densities, transferring the phosphate to GacA, which then
activates the expression of small RNA genes (Sonnleitner and Haas,
2011). These small RNAs (rsmX, rsmY, rsmZ) bind to repressor pro-
teins (RsmA, RsmE), alleviating their inhibition on mRNA translation
of genes involved in bioactive molecule biosynthesis, including LPs. Mu-
tations in gacS or gacA generally lead to a complete loss of LP produc-
tion (Koch et al., 2002; De Bruijn et al., 2007; Song et al., 2014; Olorun-
leke et al., 2017), and similarly, rsmXYZ mutants in P. protegens CHAQ
and P. lactis SS101 exhibit loss of LP production (Sobrero et al., 2017;
Song et al., 2015a).

Global regulators can also activate silent gene clusters. For example,

in P. fluorescens Pf0-1, a silent gene cluster encoding a novel CLP was
activated by complementing a defective gacA (Jahanshah et al., 2019).
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4.2.2 Regulation of LP production in mono-producers

LP mono-producers, found within groups like P. fluorescens and P.
putida, play roles in motility, biofilm formation, nutrient solubilization,
and interactions with plants and insects (D’aes et al., 2010; Raaijmak-
ers et al., 2010; Gotze and Stallforth, 2020; Oni et al., 2022). These
strains typically have well-conserved NRPS genes arranged in operons or
split configurations (Cesa-Luna et al., 2023). CLPs are secreted via the
PleABC efflux system, homologous to the MacAB-TolC system found
in many Gram-negative bacteria (Fitzpatrick et al., 2017; Girard et al.,
2022). Regulatory genes, often of the LuxR family, are positioned near
these NRPS clusters and are crucial for LP production (De Bruijn and
Raaijmakers, 2009; Washio et al., 2010; Dubern et al., 2008; Sobrero
et al., 2017).

For example, mutation in luxR1 (viscAR) or luxR2 (viscBCR) in P.
fluorescens SBW25 results in the loss of viscosin production (De Bruijn
and Raaijmakers, 2009), while mutation of luxR1 in Pseudomonas sp.
MIS38 leads to the loss of arthrofactin production (Washio et al., 2010).
The role of LuxR2 regulators varies, with some LP biosynthetic gene
clusters (BGCs) lacking these genes altogether (Girard et al., 2021).

Mono-producers of LLPs, such as syringafactin and cichofactin, are
distributed across different Pseudomonas phylogroups (Bricout et al.,
2022; Cesa-Luna et al., 2023). These LLPs are generally encoded by
two NRPS genes arranged in operons and are regulated by upstream
and downstream LuxR homologues (Berti et al., 2007). However, certain
LLP producers, like P. bijieensis 1.22-9, lack these regulatory genes, and
some strains, such as P. syringae DC3000, lack associated transporter
genes (Berti et al., 2007; Cesa-Luna et al., 2023).

While quorum sensing (QS) regulation is uncommon among mono-
producers, exceptions exist. For example, P. fluorescens 5064 regulates
viscosin production via the 3-OH-C8-HSL quorum sensing signal (Cui
et al., 2005). Similarly, the ppul-rsal-ppuR QS system regulates puti-
solvin production in P. putida PCL1445, with AHL signals inducing LP
biosynthesis genes (Dubern et al., 2006). Additional regulators include
heat shock proteins and the ClpAP complex, which are necessary for LP
production under certain conditions (Dubern et al., 2005; Song et al.,
2014; Washio et al., 2010; Song et al., 2015b). Environmental signals
also play a role: for instance, protozoal exposure upregulates LP biosyn-
thesis genes in P. lactis SS101 and P. fluorescens SBW25, enhancing
predation protection (Mazzola et al., 2009).
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4.2.3 Regulation of LP production in poly-producers

Poly-producers, such as those in the P. syringae group, often co-produce
multiple CLPs and LLPs. Their regulation is more complex than in
mono-producers and can be QS-dependent or independent.

Production of Mycins and Peptins in various plant-pathogenic Pseu-
domonas species is regulated by the GacS/GacA system and LuxR-type
transcription factors, including SalA, SyrF, and SyrG, which respond to
plant signals (Lu et al., 2002; Vaughn and Gross, 2016). These factors
work hierarchically, with SalA regulating syrG and syrF, and SyrF ac-
tivating syringomycin and syringopeptin biosynthesis (Lu et al., 2005;
Kitten et al., 1998; Wang et al., 2006b,a). Environmental signals, such
as arbutin and D-fructose, further regulate these BGCs via GacS, SalA,
and SyrF (Burch et al., 2014; Hockett et al., 2013).

Other plant pathogens, such as P. fuscovaginae, produce multiple
CLPs with distinct functions, including fuscopeptin, syringotoxin, and
asplenin. These strains lack luxR-type regulatory genes in certain BGCs,
suggesting a unique regulation mechanism (Ferrarini et al., 2022). Sim-
ilarly, P. cichorii produces cichopeptins and cichofactins, regulated by
multiple LuxR-type genes (Huang et al., 2015; Pauwelyn et al., 2013;
Girard et al., 2020).

Some poly-producers, particularly those within the P. asplenii, P.
mandelii, and P. corrugata subgroups, regulate LP production via QS
systems. These systems involve the JesR1, Jesl, RhtB, and JesR2 genes,
which are crucial for the production and secretion of CLPs (Licciardello
et al., 2009; Arp et al., 2018; Pflanze et al., 2023). In P. nunensis In5, for
example, fungal signals activate a specific regulator, NunF, necessary for
antifungal CLP production (Hennessy et al., 2017; Christiansen et al.,
2020).

The QS systems in these strains often involve AHL signals like C6-
AHL, which regulate CLP production in conjunction with LuxR-type
proteins (Hennessy et al., 2017; Berry et al., 2014; Gu et al., 2023). The
regulatory proteins JesR1 and JesR2 cluster phylogenetically with other
LuxR-type regulators, indicating a conserved mechanism across various
strains (Pflanze et al., 2023).

Tolaasin, a key virulence factor in mushroom pathogens like P. to-
laasii and P. costantinii, is regulated by reversible genetic elements that
alter the GacS sensor kinase, leading to phenotypic switching (Heeb
and Haas, 2001; Han et al., 1997). These strains also produce a second
CLP, such as pseudodesmin or viscosinamide, essential for mushroom
colonization (Hermenau et al., 2020; Cesa-Luna et al., 2023).
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In P. sessilinigenes, a well-studied biocontrol strain, sessilin and
orfamide production is regulated by LuxR-type genes (ofaR1, ofaR2,
sesR1), with regulation tied to the Gac/Rsm system (D’aes et al., 2014;
Olorunleke et al., 2017). Gene loss and genomic rearrangements further
complicate the regulatory mechanisms in these strains, highlighting the
dynamic nature of LP regulation (Omoboye et al., 2019).

4.2.4 Environmental Influences

Factors like nutrient availability and osmotic stress heavily influence
the stability and expression of genes involved in secondary metabolism.
In large-scale fermentations, nutrient-rich conditions often lead to the
accumulation of regulatory mutants, which outcompete the wild type,
reducing the overall efficacy of the inoculant (Yan et al., 2018).

4.3 Market of Pseudomonas-based bioprod-
ucts

Adopting Biocontrol Agents (BCAs) in agriculture presents several risks
and challenges that can hinder their widespread market entry. One sig-
nificant challenge is the variable efficacy of BCAs under field conditions.
For example, certain BCAs like Trichoderma species may perform well
in controlled environments but show inconsistent results when applied
in different climates or soil types. This inconsistency can deter farmers
who rely on predictable outcomes for their crops.

Another risk is the slower action of BCAs compared to chemical
pesticides. Farmers often need immediate pest control to protect their
crops, and the slower response of BCAs can lead to economic losses if
pests are not managed promptly. For instance, in cases where crops like
tomatoes or strawberries face sudden pest outbreaks, relying solely on
BCAs could result in yield losses before the BCAs take effect.

Moreover, the sophisticated management practices required for ef-
fective BCA use can be a barrier, especially for small-scale farmers.
BCAs often need precise application techniques, specific environmental
conditions, and continuous monitoring, which can be resource-intensive.
For example, the combined use of multiple BCAs, as seen in trials with
P. fluorescens and Bacillus subtilis, requires careful planning and un-
derstanding of microbial interactions, which may not be feasible for all
farmers.

The market entry of BCA products also faces regulatory and eco-
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nomic challenges. Obtaining approval from regulatory bodies like the
EFSA or EPA can be a lengthy and expensive process, delaying the
availability of new BCAs to farmers. Additionally, the cost of produc-
ing and formulating BCAs can be high, making them less competitive
compared to chemical pesticides.

Addressing these risks and challenges is crucial for the successful
adoption and market entry of BCAs. Practical solutions include con-
ducting extensive field trials to demonstrate consistent efficacy, provid-
ing education and support to farmers on BCA application, and devel-
oping cost-effective production methods to make BCAs more accessible
and affordable.

Despite these risks and challenges, Pseudomonas-based bioproducts
are already commercialized in EU, in the USA, and other parts of the
world to manage fungal diseases. Among them, several are authorized
to control wheat diseases such as Cedomon, Cerall, Cedress, AtEze,
Spot-Less, or Howler (Table 4-4).
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Examples of commercially available Pseudomonas-based

bio-products worldwide

Table 4-4
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The promising potential of Pseudomonas strains as biocontrol agents
(BCAs) against fungal pathogens in wheat fields is gaining attention due
to the urgent need for sustainable agricultural practices and reducing
the environmental impact of chemical pesticides. Despite their in vitro
success, the field application of BCAs, including Pseudomonas, is con-
strained by inconsistencies and varying degrees of effectiveness. These
challenges stem from incomplete knowledge regarding the fate of BCAs
in natural environments and their influence on existing microbiomes.
Such gaps in understanding likely contribute to the observed variabil-
ity in outcomes. However, the significance of Pseudomonads within the
wheat microbiome cannot be overstated, particularly in their role as a
keystone genus that influences both pathogen control, such as Z. tritici,
and the health of the crop’s microbiome. Recognizing Pseudomonas as a
pivotal player paves the way for leveraging their capabilities more effec-
tively, marking a step towards achieving more resilient and sustainable
wheat production systems.
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Chapter 5
Objectives

This thesis emphasizes the significant role of Pseudomonas within the
wheat bacterial microbiome, focusing on the phyllosphere. Given Pseu-
domonas demonstrated capability to combat fungal pathogens in vitro,
an increase in the use of these strains as biocontrol agents (BCAs) in
wheat cultivation is anticipated. However, the fate of BCAs upon appli-
cation to leaf surfaces and their effects on the natural microbiome remain
largely unexplored, which may contribute to the observed variability in
their efficacy. To shed light on this issue, our research explores the con-
sequences of introducing a Pseudomonas biocontrol agent on the wheat
phyllosphere microbiome. Specifically, wheat-associated Pseudomonas
population will be investigated and the effects of the introduction of a
strain of Pseudomonas on the composition and equilibrium of the foliar
bacterial communities will be studied. This will include the potential
shifts in the abundance of Pseudomonas and their impact on keystone
taxa and microbial community structure. The research will address the
following questions:

e What is the prevalence and distribution of Pseudomonas species
and how do they interact within the wheat-associated microbiome?

e [s the Pseudomonas strain CF10PS3 biocontrol agent able to es-
tablish, survive and develop on wheat leaves 7

e What is the baseline wheat foliar microbiota and how does the
introduction of the Pseudomonas biocontrol agent impact it?

To address these questions, we employed a multifaceted approach,
integrating genomic, molecular, and ecological methodologies.

First, to identify and characterize major Pseudomonas species asso-
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ciated with wheat, we conducted a systematic screening and selection of
bacterial strains. Initial characterization was performed using in wvitro
methods, followed by DNA extraction and whole genome sequencing.
The sequencing data was then assembled, annotated, and mined for in-
sights into the potential role of Pseudomonas in the wheat microbiome.
Phylogenomic analyses, including core and pan-genome analyses, were
utilized to delineate species boundaries and to identify genes potentially
involved in biocontrol.

Second, to specifically track the selected Pseudomonas strain dur-
ing field experiments, we designed and tested qPCR probes. These
probes were developed based on the unique genetic SNP identified in
the strain’s genome and its counterpart present in the other related
strains’ genomes. The qPCR assays underwent rigorous testing for val-
idation, including specificity and limit of detection determination. We
also evaluated the transferability and robustness of the assays across
different conditions. These validated probes were then used to monitor
the persistence of the introduced strain across the wheat growing season.
The qPCR data provided precise quantification of the strain, enabling
the assessment of its establishment and survival on wheat leaves under
varying field conditions.

Furthermore, the impact of the introduced Pseudomonas strain on
the natural wheat microbiome was assessed using an advanced and inno-
vative metagenomic approach with the new bioinformatic tool PRON-
AME. This approach allowed for species-level discrimination, revealing
shifts in species abundance and community structure. The sequencing
data brought detailed insights into the impacts of the introduced strain
on the native bacterial community. These findings shed light on the
ecological role of Pseudomonas within the wheat phyllosphere and its
potential to influence microbial dynamics at the phytobiome level.
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Chapter 6

Pseudomonas arvensis sp.
nov. and Pseudomonas
sitvasensts are associated
with cereals

6.0 Forewords

The preceding chapters have laid a foundation on the importance of
sustainable agricultural practices and the role of microbial communities
in crop health. In line with this, Chapter 6 delves into the potential of
Pseudomonas spp. as biocontrol agents. This chapter explores the pres-
ence of these bacteria in cereal fields, their antifungal properties, their
mechanisms of action, and their potential to replace chemical pesticides
in wheat cultivation. This chapter have been submitted for publication
in the PeerJ journal, in the section Microbiology. Several collaborators
were associated to the work presented in this chapter; Mathieu Delitte
wrote the manuscript. Mathieu Delitte and Louis Morandini collected
field samples. Mathieu Delitte and Benjamin Dubois carried out the
experiments. Claude Bragard, Alain Bultreys, Jacques Mahillon and
Frederic Debode acquired and managed funding. All authors designed
the study, interpreted the results, reviewed and approved the final ver-
sion of the manuscript.
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6.1 Abstract

The role of microbial communities in plant health and productivity has
become increasingly evident. This study examines the presence of Pseu-
domonas spp. within the phytobiomes of Belgian cereal crops, partic-
ularly wheat, and evaluates their contributions to agricultural ecosys-
tems. Specifically, we explored the antagonistic activities of these bac-
teria against major wheat pathogens, the colonization capabilities of P.
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sivasensis on wheat, and its effectiveness in reducing symptoms of Zy-
moseptoria tritici infection. Additionally, we introduced Pseudomonas
arvensis sp. nov., identified as a new inhabitant of the wheat micro-
biome, with DR1PS3 proposed as the type strain. These findings not
only deepen our understanding of microbial interactions in cereal crops
but also underscore the potential of native bacterial species in the de-
velopment of sustainable disease management strategies.

e Subjects: Microbial Ecology, Agricultural Microbiology, Plant
Pathology, Biocontrol Agents

e Keywords: Pseudomonas sivasensis, Pseudomonas arvensis sp.
nov., Wheat, Phytobiome, Biocontrol, Zymoseptoria tritici, Whole
Genome Sequencing

6.2 Introduction

Wheat is a major component of global agriculture, playing a vital role in
ensuring food security and nutrition worldwide. Its widespread use and
ability to thrive in various environments have established it as a dietary
staple globally, contributing significantly to the economic and cultural
landscape of societies. Despite its importance, wheat cultivation faces
major threats from pathogens like Zymoseptoria tritici, the causative
agent of Septoria Tritici Blotch (STB), which poses challenges due to
its evolving resistance to fungicides (Fones and Gurr, 2015).

The microbial community within the wheat phytobiome plays a crit-
ical role in nutrient cycling, growth enhancement, and particularly in
disease resistance. This complex system, consisting of the rhizosphere,
phyllosphere, and endosphere, interacts dynamically with the plant, sig-
nificantly influencing its health and productivity (Bulgarelli et al., 2012;
Lundberg et al., 2012; Turner et al., 2013; Zhang et al., 2021b; Lengrand
et al., 2024). Understanding this intricate microbiome is key to devel-
oping sustainable disease management strategies.

Among the microbial constituents, Pseudomonads have been high-
lighted as keystone species in the wheat microbiome, crucial for their
biocontrol properties and overall plant health (Sivakumar et al., 2020;
Kumar et al., 2021). However, the specific role and prevalence of Pseu-
domonas sivasensis in cereals have not been well-documented until now.
The species has been linked to diverse environments ranging from the
canola rhizosphere (Swiatczak et al., 2023b) to the Bletilla striata (hy-
acinth orchid) root endosphere (Wu et al., 2022), and even in aquatic or
industrial environments (Duman et al., 2020), as well as in a high plateau
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wetland ecosystem (Xiong et al., 2023), suggesting a notable adaptabil-
ity. This study marks the first reported association of P. sivasensis with
cereal crops, significantly broadening our understanding of its ecological
range and biocontrol potential.

Moreover, our investigation led to the discovery of a new Pseu-
domonas species, Pseudomonas arvensis sp. nov., enhancing our tax-
onomic and ecological knowledge of the genus. This discovery under-
scores the importance of advanced taxonomic tools in identifying and
characterizing microbial species within the cereal microbiome.

This study seeks to investigate the biocontrol potential of P. sivasen-
sis and P. arvensis sp. nov. within cereal crops. We aimed to under-
stand how these bacteria colonize wheat, their prevalence, and their
antagonistic effects against major wheat pathogens, contributing to
sustainable agricultural practices through the use of native biocontrol
agents.

6.3 Methods

6.3.1 Bacterial strains selection

Four cereal fields in Belgium (Table 6-1) were sampled in 2019 at four pe-
riods (ends of March, April, May, and June) to collect Pseudomonas iso-
lates from wheat heads, leaves, roots, and soil. These were obtained by
isolation on CFC agar (cephaloridine, fucidin, and cetrimid), a medium
designed for Pseudomonas growth.

Table 6-1: Characteristics of the sampled fields.

Field Field GPS Host Agricultural | Tillage
Letter Location Coordinates Practices
A Jemeppe-sur-Sambre | 50°29°47.0”N 4°37’32.6"E | Winter wheat Organic Yes
B Jodoigne 50°43'13.4”N 4°51'22.4”E | Winter wheat | Conventional Yes
C Walhain 50°39’22.2”N 4°38’52.3”E Spelt Organic No
D Mont-Saint-Guibert | 50°39’08.2”N 4°38’20.4"E | Winter wheat | Conventional No

To select strains with biocontrol potential, a rapid prescreening was
performed by qualitative observation of direct in vitro antagonism against
Fusarium graminearum, adapting antibiosis tests described for toxins
(Bultreys and Gheysen, 1999), but using lysogeny broth (LB) agar. In a
second step, their ability to antagonize four wheat fungal pathogens was
assessed through in vitro confrontation with a quantitative approach,
focusing on the mycelial growth reduction in F. graminearum (causing
head blight), Gaeumannomyces graminis var. tritici (causing take-all),
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Oculimacula yallundae (causing eyespot), and Z. tritici (causing STB).
For the first three fungi, a gelose piece from a one-week-old fungus cul-
ture grown on potato dextrose agar was placed at the center of a LBA
plate. Subsequently, three 10 pl drops of a 24-h LB liquid culture (30°C,
180 rpm) of the bacteria were introduced at 2.5 cm from the center in
three opposite directions. The plates were then incubated at 22°C for 7
days (Fusarium graminearum) or 12 days (Gaeumannomyces graminis
var. tritici and O. yallundae) and the inhibition zone was measured at
the end of the incubation period.

Considering the slow mycelial growth of Z. tritici, an alternative
top-agar method was used for evaluating the strain antagonistic abil-
ity against this pathogen. Briefly, conidia from a 10-day old Z. trit-
ici LB liquid culture (22°C, 150 rpm) were harvested, adjusted to 10°
spores/mL. One milliliter of the spore suspension was mixed with freshly
autoclaved LBA at 45°C and immediately spread over a previously con-
stituted thin PDA plate. When solidified, a 10-pl drop of a bacterial
suspension, prepared as described earlier, was placed at the center of the
plate. The inhibition area was measured 10 days later. All antagonism
tests were conducted in three biological repetitions and in two temporal
repetitions. Statistical analyses were performed in RStudio (v. 4.3.3)
using t.test of the stats package.

6.3.2 Bacterial strain initial identification

Following a 24-h incubation in LB medium (yeast extract, 5 g/L, NaCl,
5 g/L, bacto tryptone, 5 g/L) at 28°C and 150 rpm, the bacterial sus-
pensions underwent centrifugation, and the resulting pellets were used
for DNA extraction using the Invitrogen PureLink Genomic DNA Kit
(Fisher Scientific, USA) in accordance with the manufacturer’s recom-
mendations. Molecular identification involved a Multi-Locus Sequence
Analysis (MLSA) targeting the 16S rRNA, ¢ltA, rpoB, ginS, gapA, gyrB,
ileS, nuoD, recA and rpoD genes. PCR amplification conditions were
as follows: initial denaturation at 94°C for 5 min, 30 cycles of denat-
uration at 94°C for 30 sec, annealing for 30 sec, elongation at 72°C
for 60 sec, and a final extension step at 72°C for 5 min. The char-
acteristics of primers and their annealing temperatures are detailed in
Table 6-2. Amplicon length was checked on agarose gel. Sequencing
was conducted by Eurogentec (Belgium) using Sanger sequencing. Sub-
sequently, sequences were concatenated and queried against the RefSeq
Representative Genomes database at the National Center for Biotech-
nology Information (NCBI).
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Table 6-2: Characteristics of primers and annealing temperature

Amplicon Annealing

Target gene Primer name | Sequence 5’ ; 3’ aire (bpy | temporature () | Referonce
16S rRNA TI;ZR ég;?{l\éé?’?é;;ig(’(g;,sc 1400 51 Richert et al. (2005)
FE——— g [ AGITGAIGATCGAGGGCGONGED | PR S
Glutaminy-tRNA synthetase (ginS) gi:[i ;gg;ﬁ;ﬂ;ﬁﬂ;;g‘éﬁg?g“ CAGG 7y 60 Andreani et al. (2014)
Gyrase subunit B (gyrB) L:‘rgji SEZEZEZQZTEE‘;[S\E&TA 1461 57 Andreani et al. (2014)
Felewer RNA syt ()| W5E | TICCCAMTGAARGECGGCCTACC | o @ | At sl oo
NADH dehydrogenase subunit D (nuoD) ::::gf{ éitéff\g“gcg(l(czé 771 60 Ait Tayeb et al. (2005)
Recombinase A (recA) ;‘C‘Cﬁi gcéiféfi(ﬁ 537 60 Mulet et al. (2009)
RNA polymerase sigma factor (rpoD) ii;;giﬂ CGaTT (‘.1 TRTO (ﬁ?(\(’ 743 55 Mulet et al. (2010)

6.3.3 In vitro characterization

To evaluate the cellulolytic activity of the bacterial strains, the method
described by Thomloudi et al. (2021) was followed. Briefly, 10 uL of
bacterial liquid culture was placed in the center of a Petri dish contain-
ing the CMC medium. After 7 days of incubation at 37°C, plates were
flooded with 2 mL of Lugol’s solution. Cellulolytic activity was mea-
sured by the size of the translucent halo around the bacterial colonies.
Proteolytic activity was assessed using the method outlined by Durham
et al. (1987). Briefly, bacterial suspensions were inoculated on plates
containing the skimmed milk medium. After overnight incubation at
30°C, activity was measured by the size of the translucent halo sur-
rounding the bacterial colonies. Siderophore production was evaluated
as explained by Bultreys and Gheysen (2000), but using King B agar.
The orange halo around the bacteria after 24 hours of incubation at 30°C
indicated siderophore production. Swimming and swarming motility as-
says were conducted following Thomloudi et al. (2021). Briefly, 10 uL
of overnight bacterial culture was inoculated on NA medium amended
with 0.3% and 0.5% agar, respectively. Petri dishes were incubated at
28°C for one day. Biofilm formation was evaluated using the 96-well
PVC plate assay as described by O’Toole (2010) and Thomloudi et al.
(2021). Briefly, diluted (1:100) overnight bacterial cultures (100 pL)
were inoculated in each well and incubated at 28°C for 2 days. Wells
were washed three times with distilled water before adding 200 uL of
crystal violet. After incubating at room temperature for 30 minutes, the
biofilm was solubilized with a solution of 20% ethanol and 80% acetone
and measured by the intensity of the purple color. Indole production
was assessed as described by Baldan et al. (2015) and Thomloudi et al.
(2021). Briefly, the supernatant of a 48-hour bacterial culture amended
with 1% L-Tryptophan was mixed with Salkowski reagent. A positive
result was indicated by a pink-orange-red coloration in the dark. All

68



tests were conducted in three biological repetitions and in three tempo-
ral repetitions.

6.3.4 DNA extraction, genome sequencing, assembly, an-
notation and mining

DNA was extracted from pelleted 24h bacterial cultures using the Nucle-
oSpin Soil kit (Macherey-Nagel, UK), with SL1 and SX as lysis solutions.
After purification with AMPure XP beads, the quality of the DNA
was checked on a 0.8% agarose gel and with a Nanodrop spectrometer
(ThermoFisher Scientific, USA). The DNA concentration was assessed
using a Qubit 4 fluorometer (ThermoFisher Scientific,USA). Sequenc-
ing libraries were constructed with the Ligation Sequencing Kit V14
(SQK-LSK114, Oxford Nanopore Technologies, UK) following the man-
ufacturer’s recommendations. Each library was loaded on an R10.4.1
Flongle flowcell, and a MinION device from ONT (Oxford Nanopore
Technologies) was used to carry out the sequencing for 24h. For the
CF10PS3 strain, an additional WGS assay was conducted using Illumina
technology to allow a (near-)perfect hybrid genome assembly using both
ONT and Ilumina sequencing data. For this trial, the extracted DNA
was sent to Eurofins Genomics (Constance, Germany) to be sequenced
on an [llumina NovaSeq device using the NovaSeq 6000 S4 PE150 XP
sequencing mode.

The raw ONT sequencing data (POD5) was basecalled using Dorado
(v0.3.4) with the basecalling model dna_r10.4.1_e8.2_400bps_sup@v4.2.0.
Adapters were removed using Guppy (v6.5.7) and genomes were then as-
sembled using Trycycler (v0.5.4) (Wick et al., 2021). For the CF10PS3
strain, an ONT + Illumina hybrid assembly was performed following the
approach described in Wick et al. (2023). Briefly, Trycycler was used
to build a long-read assembly, which was then polished using Medaka
(v1.8.0) (ONT, 2023). This assembly without structural errors was then
polished with Illumina data using Polypolish (v0.5.0) (Wick and Holt,
2022) and Polca (Zimin and Salzberg, 2020) to remove remaining small-
scale errors.

The assembled genomes were then annotated using the Prokaryotic
Genome Annotation Pipeline (PGAP) (Li et al., 2021). Functional
pathways were retrieved using the Kyoto Encyclopedia of Genes and
Genomes (KEGG) (Ogata et al., 1999) and the KEGG Automatic An-
notation Server (Moriya et al., 2007). To evaluate the strain potential
for secondary metabolite production, AntiSMASH (Blin et al., 2023)
and the virulence factor database (VFDB) with VFanalyser (Liu et al.,
2022) were used. VFanalyzer constructs orthologous groups within the
query genome and pre-analyzed reference genomes from VFDB to avoid
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potential false positives due to paralogs, then conducts iterative and ex-
haustive sequence similarity searches among the hierarchical pre-build
datasets of VFDB.

To confirm MLSA identification of the strains with a whole genome-
based taxonomic analysis, genome sequence data were uploaded to the
Type (Strain) Genome Server (TYGS), a free bioinformatics platform
available at https://tygs.dsmz.de, accessed on 27 March 2024 (Meier-
Kolthoff et al., 2022). Information on nomenclature, synonymy, and as-
sociated taxonomic literature was provided by TYGS’s sister database,
the List of Prokaryotic names with Standing in Nomenclature (LPSN,
available at https://1psn.dsmz.de) (Meier-Kolthoff and Géker, 2019).
TYGS analysis involved using the MASH algorithm (Ondov et al., 2016)
and 16S rDNA gene sequences extracted using RNAmmer (Lagesen
et al., 2007) to determine the closest type strain genomes. Digital DNA-
DNA Hybridization (dDDH) values were computed using the GGDC 4.0
method (Meier-Kolthoff et al., 2013). A balanced minimum evolution
tree with branch support was inferred using FASTME 2.1.6.1 (Lefort
et al., 2015) and visualized with PhyD3 (Kreft et al., 2017). Type-based
species and subspecies clustering was performed using a 70% dDDH
threshold (Meier-Kolthoff and Goker, 2019). In parallel, Average Nu-
cleotide Identity (ANI) was calculated with orthoANIu method, consid-
ered as the most accurate method (Yoon et al., 2017), with a threshold
for species delineation set at 96% (Madhaiyan et al., 2017).

6.3.5 Plant colonization

Transformation to express GFP was performed following the recom-
mendations of Choi and Schweizer (2006). Briefly, plasmids were ob-
tained from an overnight liquid culture (37°C, 220 rpm) of Escherichia
coli strain DH5« containing either Tn7::mNeonGreen plasmid or helper
plasmid pTNS3. Culture was conducted in LB supplemented with 10
ng/mL gentamycin and 0,2 mM diaminopimelate (DAP). Plasmids were
extracted with QIAprep Spin Miniprep kit (Qiagen) following manu-
facturer recommendations. To prepare competent cells, strains in the
exponential growing stage were washed three times in a sucrose solution
(102.7 g/1) and transformed by electroporation. Briefly, 100 pl of com-
petent cells were mixed with 500 ng of Tn7::mNeonGreen and 500ng of
helper plasmid pTNS3 and electroporated at 2,5kV. Transformed cells
were spread on LBA plates containing gentamycin antibiotic.

Bacteria expressing GFP were then cultivated in LB for 24 h (30°C,
180 rpm) before being washed twice and resuspended in sterile MgCly
+ 1% Tween20. Seeds from the Chevignon wheat cultivar were soaked
in this suspension for 1 h before sowing in an autoclaved 70/30 mix
of loam/perlite. Plants were maintained in a growth chamber with a
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day/night cycle of 8 h light and a temperature of 20°C. Hydathode
morning dew and total leaves were harvested 9, 15 and 30 days after
sowing. Drops exiting hydathodes were immediately spread on LBA
plates supplemented with gentamycin and CFC plates. Apex of the
leaves were dipped in 100 pl of sterile MgCly + 1% Tween20 for 10
min (Suspension A). A 3-cm section of the mid leaf (for suspension M),
situated at 8 cm of the apex, and a 3-cm section situated 1 cm away
from the leaf base (for suspension B) were cut and dipped in 1 ml of
sterile MgCly + 1% Tween20 for 10 min. After removing the leaf parts,
suspensions M and B were centrifuged at 13,000 g for 2 min and 900 pl
of supernatant were discarded. Pellet was resuspended in the remaining
100 pl before spreading on CFC plates and LBA plates supplemented
with gentamycin. All plates were incubated at 28°C for 24 h.

The following detached leaves protocol was applied to follow the epi-
phytic spatial distribution of the strain expressing GFP. Wheat seeds
of the Chevignon cultivar, showing intermediate resistance to Z. tritici,
were grown in an autoclaved 70/30 mix of loam and perlite in plastic
trays in a glass-house with 16 h of light and a constant temperature of
22°C until the second leaf was fully expanded. Water agar (15 g/L) con-
taining 100 mg/L benzimidazole (Sigma), used to retard senescence, was
dispensed into sterile clear polystyrene boxes (10 x 10 cm). Two rectan-
gular sections (2,5 x 10 cm) were cut from the center of the agar. The
plantlet second leaf sections were laid, top surface uppermost, across
the gap so that the cut ends remained on the agar. The gap below the
leaves helped to prevent water soaking and contamination by other mi-
croorganisms. In this gap, a sterile paper piece soaked with 1 mL sterile
water was introduced to maintain high humidity in the box. Eight leaf
sections were fitted into each box. Strips of agar were then laid over
the cut edges of the leaf sections so that they were not exposed, thereby
delaying senescence. Bacterial suspension was constituted with a 24
h LB culture washed and resuspended in MgCl, + Tween20 at a 108
CFU/mL concentration. In each box, 2 ml of this suspension was ap-
plied. Leaf surfaces were observed under a laser confocal microscope
after inoculation and every 5 days for up to 40 days.

6.3.6 Plant protection

To evaluate the ability of the strains to protect the plant by reducing
STB infection and its pycnidia production, a detached leaves protocol
was designed. Boxes with detached leaves and their inoculation with
bacterial suspensions were performed as explained in the last paragraph.
All boxes containing detached leaves were constituted on the first day,
whereas bacterial and mock treatments (negative control, treated with
the MgCly; + Tween20 buffer only) took place that same day, the day
after, and three days later. After bacterial inoculation on the last day,
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boxes were left for 30 min under a laminar flow to allow leaves to dry
before pathogen application.

Fungal inoculum of Z. tritici was produced from an active culture
grown on LBA. An isolated mycelium mound derived from a single spore
was placed in 10 mL of LB in a 50 mL Falcon tube. After 10 days of
incubation at 22°C under shaking, spores were harvested by centrifuga-
tion and washed twice in sterile MgCly + 1% Tween 20. The suspension
concentration was then adjusted to 10° spores/mL. In each box where
bacteria had been applied two or three days before, or 30 minutes ear-
lier, 2 mL of this suspension was applied, and boxes were closed and
incubated at 20°C with a light/dark period of 8/16 h. Symptomatic
area and number of pycnidia were scored 28 days after inoculation. All
assessments were carried out using a dissecting microscope at 40X mag-
nification. Statistical analysis was performed in Rstudio (v. 4.3.3) using
t test of the stats v4.3.3 package. This experiment was conducted twice
at different time intervals.

6.4 Results

6.4.1 Isolates characterization

From the 444 Pseudomonas isolates obtained at the end of the sam-
plings, 114 exhibited direct antagonism against F. graminearum. Among
them, 33 showed antagonist activities against at least three of the four
tested pathogens in quantitative tests, where mycelium growth inhibi-
tion was measured (Table 6-3). They were all active against the two
soilborne pathogens G. graminis var. tritici and O. yallundae, and
showed various abilities to antagonize F. graminearum and Z. tritici.
For isolates obtained from heads, 11/12 were able to control F. gramin-
earum. Similarly, 5/6 foliar isolates are able to antagonize Z. tritici.

All isolates were able to produce siderophores, protease, and cellu-
lase, except for isolates BF6PS3 and CR3PS2 (Pseudomonas germanica
and Pseudomonas granadensis, respectively), which did not exhibit cel-
lulase production.

MLSA identification based on 10 taxonomically relevant genes com-
pared to the NCBI representative genome database allowed retrieving
11 Pseudomonas species in this wheat-associated community (Table 6-
4). Pseudomonas fluorescens, Pseudomonas lurida, Pseudomonas poae,
Pseudomonas salmasensis, Pseudomonas orientalis, and Pseudomonas
simiae are known to colonize wheat, some strains of these species being
known as potential biocontrol agents. On the other hand, Pseudomonas
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tensigenes, Pseudomonas granadensis, Pseudomonas germanica, Pseu-
domonas lactis, and Pseudomonas sivasensis had never been associated
with wheat or cereal, to the best of our knowledge. This is particu-
larly interesting for P. sivasensis and closely related species since they
represent more than 25% of the 33 isolates (Table 6-4). These isolates
originate from all plant compartments and were retrieved from the first
sampling which occurred at the end of March until the last sampling
which took place at the end of June. They were obtained from the
four fields no matter the tillage use and agricultural practices (whether
organic or conventional) nor the plant host (spelt or winter wheat).
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Table 6-3: In vitro antagonist activities of the Pseudomonas isolates
and their bioactive molecules production

Antagonisite activity Bioactive molecules
Isolate F. graminearum  Z. tritici G ngn.Nfzs O. yallundae Protease Cellulase Siderophore
var. tritici
AEI0PS1 5.8 ** 0.0 ns 7.2 Hk 17,7 REEE + + i
BE11PS1 5.8 *** 0.0 ns 47 e 137 e " 4 N
BF6PS1 4.7 * 5.3 * 14.9 ek 14,0 R + _ .
CR3PS2 3.0 ** 0.0 ns 138 F¥F 180 weer + - +
AELIPS2 5.7 *%r 52 *e 52 e 133 ek N N N
AE11PS3 5.8 *F* 5.8 kERk g8 *k 16.3  FFE* + + 4
AE1IPS4 6.0 6.3 FERE 3O Rk |5 wbek N N N
BF10PS1 3.5 * 4.8 X140 R 15,7 wkek + + 4
BFSPS1 7.2 e 4.3 RRRE Q7 RRRR |53 Rk i . N
BR8PS4 33 * A7 REEX 13 REx 16.3  weeE + + 4
BR8PS5 3.8 * 3.8 ek () Rk 11.8  Hkx + 4 .
CF11PS1 2.3 ms 0.0 ns 6.0 ** 6.5 ns + + +
CF10PS4 1.7 ns 3.5 HER 120 ek 6.5 ns + + +
AE12PS1 7.0 R 4.0 38  ** 13.4  kEx + + +
AE12PS4 4.8 FF* 4.5 FE¥x 28  *x 15.0 FFE* + + 4
AE12PS5 3.8 ** 3.7 ek 33 x 148 Hen N N N
BS3PS2 3.8 ¥ 3.5 FFx 12,7 Rk 16.0 *** + + L
BS3PS3 3.2 4.0 k¥ 19,7 REEE 14.3 ke + + 4
CE10PS1 3.3 * 0.0 ns 3.7 ** 14,0 %k n 4 4
CR6PS3 5.5 ** 79 Rk 11 RERE 15.0 %k n 4 4
CRGPS4 6.0 ** 5.8 Wk Q5 ek JqQ i + "
CRGPS5 6.0 *** 52 ¥ 105 e 130 b N N N
DR10PS5 5.0 * 0.0 ns 6.5  ** 14,7 ekEE + + 4
AR12PS3 2.8 s 0.0 ns 17.8 Fk* 937 HREx + + 4
BE10PS1 3.2 **¥* 0.0 ns 3.9 HFERk 13.3 ek + + 4
BE10PS3 3.1 *** 0.0 ns 3.9 EwEkE 13,1 e + + 4
CF10PS3 1.7 ms 2.7 WX 57 kX 73 ns + + +
CR7PS1 58 ** 0.0 mns 7.0 ** 17,3 wkk + + 4
DR1PS3 35 * 0.0 ns 94  ** 72 ns + + n
DR4PS3 53 ** 58 FRE 90 Reer 166 wrEr + ¥ +
DS3PS4 2.7 ** 0.0 ns 8.5  HEE 19.3 ke + + "
DS3PS5 43 * 0.0 ns 8.0  HHHE 18.0 RkEE + + 4
ARI11PS3 25 * 0.0 ns 15.8  HFHk* 18.7  RHE* + + 4

The numbers represent the mean inhibition measures in millimeters (n=6), and stars denote the significance of the
measured inhibition. Significance was evaluated by comparing measures with the negative control in the Student t-test
(ns : not significant; *: p-value <0,5 ; ** <0,01; *** <0,001; **** <0,0001)
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Table 6-4: Identity percentages between 10 genes used in the MLSA
approach and their best-match in the NCBI representative genome
database, with the information about isolate origin

Identification
based on MLSA against % ID with Plant  Field . Agric. Sampling
A ) Isolate ) Host Tillage |
refseq representative type-strain organ location practices  date
genomes database
P. fluorescens 96.95 AE10PS1 Head J-s-S WW  Yes O 19/06/19
P. fluorescens 97,57 BE11PS1 Head Jodoigne WW Yes C 18/06/19
P. germanica 99,04 BF6PS1  Leaf  Jodoigne WW Yes C 24/04/19
P. granadensis 99,42 CR3PS2  Root  Walhain S No (0] 27/03/19
P. lactis 99,78 AE11PS2  Head J-s-S WW  Yes O 19/06/19
P. lactis 98,54 AE11PS3  Head J-s-S WW  Yes (0] 19/06/19
P. lactis 99,5 AE11PS4 Head J-s-S WW  Yes (0] 19/06/19
P. lurida 98,39 BF10PS1 Leaf  Jodoigne WW Yes C 18/06/19
P. lurida 99,04 BF8PS1  Leaf  Jodoigne WW Yes C 21/05/19
P. lurida 99,34 BR8PS4  Root Jodoigne WW  Yes C 21/05/19
P. lurida 98,71 BR8PS5  Root  Jodoigne WW  Yes C 21/05/19
P. orientalis 97,7 CF11PS1  Leaf  Walhain S No O 20/06/19
P. poae 98,99 CF10PS4 Leaf  Walhain S No (0] 20/06/19
P. salmasensis 98,79 AEI12PS1  Head J-s-S WW  Yes O 19/06/19
P. salmasensis 99,32 AE12PS4  Head J-s-S WW  Yes O 19/06/19
P. salmasensis 99,56 AE12PS5 Head J-s-S WW  Yes O 19/06/19
P. simiae 97,21 BS3PS2 Soil Jodoigne WW  Yes C 25/03/19
P. simiae 99,32 BS3PS3 Soil Jodoigne WW  Yes C 25/03/19
P. simiae 99,2 CE10PS1 Head Walhain S No (0] 20/06/19
P. simiae 99,79 CR6PS3  Root  Walhain S No (0] 29/04/19
P. simiae 99,71 CR6PS4  Root  Walhain S No O 29/04/19
P. simiae 99,57 CR6PS5  Root Walhain S No O 29/04/19
P. simiae 99,53 DR10PS5 Root MSG WW  No C 14/06/19
P. sivasensis* (tmp) 93,82 AR12PS3  Root  J-s-S WW  Yes O 19/06/19
P. sivasensis 98,33 BE10PS1 Head Jodoigne WW Yes C 18/06/19
P. sivasensis 99,29 BE10PS3 Head Jodoigne WW Yes C 18/06/19
P. sivasensis 98,9 CF10PS3 Leaf  Walhain S No (0] 20/06/19
P. sivasensis* (tmp) 97,39 CR7PS1  Root Walhain S No O 23/05/19
P. sivasensis* (tmp) 99,22 DR1PS3  Root MSG WW  No C 01/04/19
P. sivasensis* (tmp) 99,79 DR4PS3  Root MSG WW  No C 25/04/19
P. sivasensis* (tmp) 98,67 DS3PS4  Soil MSG WW  No C 01/04/19
P. sivasensis* (tmp) 99,11 DS3PS5 Soil MSG WW  No C 01/04/19
P. tensigenes 96,58 AR11PS3 Root  J-s-S WW  Yes (0] 19/06/19

MSG: Mont-Saint-Guibert, J-s-S: Jemeppes-sur-Sambre, WW: winter wheat, S: spelt, O: organic, C: conventionnel
* Strain initially identified as P. sivasensis via MLSA, subject to reidentification as P. arvensis sp. nov. - see below.
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6.4.2 Genome sequencing

Considering the unexpected prevalence of P. sivasensis isolates in this
community, whole genomes of the nine strains were sequenced using
a MinION device and the V14 sequencing chemistry. The genome se-
quences are deposited on NCBI under BioProject reference number PR-
JNA1141912 and the strains are deposited in the LMG bacterial collec-
tion in Gent, Belgium, with accession numbers provided in Table 6-5.

All 11 genome assemblies, including reference strains BsEB-1 and
W6, have one contig with a similar length of 6.30 £+ 0.14 Mbp, a GC
content of 60.02 + 0.32%, and 5639 + 118 proteins (Table 6-5). No
plasmid was retrieved in the genomic contigs.

Table 6-5: Genomic characteristics of 11 P. sivasensis strains

Strain BsEB-1 W6 CF10PS3 BE10PS3 BE10PS1 CR7PS1 DR1PS3 DS3PS5  DS3PS4  ARI2PS3 DR4PS3
LMG accession / S-33105 33107 33706 3710 Bl 33712 S$-33704 33708 33709
NCBI accession | SAMN23530418  SAMN15393973  SAMN2904002  SAMN2493717  SAMNA2493716  SAMNA2493718  SAMN42493719  SAMN42493721 SAMNA2493722 SAMNA2493720
Size (Mbp) 6.101 6.109 6.351 6.279 6.279 6.305 6.408 6.246 6.246 6448 6.576
Percent G+C 18 8 06 07 07 60.2 60.1 602 60.2 604 606
Protein number 5463 5506 3687 3609 5611 3639 5729 5568 9573 ST 5880

In-depth genome alignments performed via TYGS delineated phylo-
genetic relationships across 27 distinct species clusters, as illustrated
in Fig. 6-1. Four clusters were assigned to the query strains, in-
dicating notable genetic delineations. Notably, in TYGS tool strain
P7 is the reference genome for P. sivasensis, which closely grouped
with two additional queried reference genomes, BsEB-1 and W6, along-
side with strains BE10PS1, BE10PS3, and CF10PS3, as evidenced by
short branch lengths indicating minor genetic distances (red numbers).
Conversely, strains CR7PS1, DR1PS3, DS3PS4, and DS3PS5 formed
a distinct cluster, characterized by longer branch lengths from known
species, suggesting a potential new species. This hypothesis was further
supported by robust bootstrap values above 70% (blue numbers), con-
firming the reliability of these phylogenetic relationships. Additionally,
AR12PS3 and DR4PS3 showed close affiliations with P. cyclaminis and
P. marginalis, respectively.
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Figure 6-1: Phylogenetic tree based on complete genome alignments.

Tree was build using FastME 2.1.6.1 in TYGS. All query genomes were aligned with
the 50 most closely related genomes among the 20886 genomes in the database. Closest
alignments were selected to build the tree. Red numbers are the branch length value,

The blue numbers above branches are GBDP

pseudo-bootstrap support values > 60% from 100 replications, with an average branch

scaled in terms of GBDP distance.

support of 79.9%. The tree was rooted at the midpoint. Species delineation is repre-

sented by the color bar on the right.
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Figure 6-2: Genome organization of sequenced strains
Plain horizontal lines represent the complete aligned genomes. Orthologous clusters
between genomes are connected by shades of gray indicating the percentage of similar-

ity, as depicted in the right part.

DR4PS3 (P. marginalis)

Detailed comparison of complete genome organization across strains,
as visualized in Fig. 6-2, aligned consistently with phylogenetic relation-
ships established by TYGS. Each genome is marked distinctly, with P.
stvasensis genomes shown in green, illustrating homogeneous genomic
structures indicative of close evolutionary relationships. In contrast,
genomes attributed to a P. arvensis sp. nov. demonstrated a unique
organizational pattern, emphasizing potential genomic divergence. No-
tably, the comparison between the BsEB-1 and CR7PS1 genomes high-
lighted significant organizational variations. Additionally, the genome
of P. cyclaminis AR12PS3 was more similar to that of the new species
than that of P. sivasensis in its organization, suggesting nuanced evo-
lutionary relationships. In contrast, P. marginalis DR4PS3 exhibits
distinct genomic features, underscoring its phylogenetic distance.

6.4.3 Genome mining

In the results presented in Table 6-6, the genomic comparisons between
various strains of P. sivasensis and related species were quantified us-
ing orthoANIu and dDDH metrics. The orthoANIu values, typically
ranging above 99% among closely related P. sivasensis strains (BsEB-
1, W6, CF10PS3, BE10PS1 and BE10PS3), underscore a strong genetic
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relatedness. Conversely, dDDH values, crucial for delineating species
boundaries, highlighted more pronounced differences, especially when
comparing P. sivasensis with distinct species such as P. cyclaminis and
P. marginalis. The lower dDDH values between these species, often
below the 70% species delineation threshold, support their classifica-
tion as separate species. The genomic analysis reinforces that strain
AR12PS3 is close to P. cyclaminis strain MAFF 301449T and the strain
DRA4PS3 to P. marginalis ICMP 3553, given their ANI and dDDH val-
ues (AR12PS3: 98.96%, 91.4%; DR4PS3: 98.87%, 90.0%). The pro-
posed new Pseudomonas species comprising strains CR7PS1, DR1PS3,
DS3PS4, and DS3PS5 showed high intra-group ANI values exceeding
98.82%, signifying close genetic relationship. Although their ANT val-
ues with P. cyclaminis stood at approximately 95.80%, just under the
threshold (Rossell6-Méra and Amann, 2015), their dDDH values with a
species representative genome or with the isolate AR12PS3 ranged from
65 to 66%), below the 70% species delimitation threshold (Meier-Kolthoff
et al., 2013).

Table 6-6: OrthoANIu and dDDH values calculated between
genomes.

orthoANTu
P sivasensis P. arvensis sp. nov. P. cyclaminis  P. marginalis  P. cyclaminis P marginalis
BsEB-1 W6 CFL0PS3 BELOPS3 BELOPSL CR7PSI DRIPS3 DS3PS5 DS3PS4 ARIZPS3  DRPS3  MAFF 3014497 ICMP 3353

sivasensis

BsEB-1 9995 9895 9905 9905 963 0165 OL69 9169 9169 .14 9136 81,79

W6 00/ 906 9904 9907 9142 93T 919 L8 9LR 87.92 916 8785

L CFI0PS3 as a1/ 9906 9905 9143 9133 L8 9L 9L 8118 9152 8.5

. DEWPS; 99 918 9 9999 915 93 936 9L36 9146 .04 9148 §9.56

. BEIORSI 99 918 9 100 0T L4 LR 9LR 9146 87.99 9153 80.56

E CR7PSI 44 Hd Uy 46 46 9882 0888 9880 958 8.1 95.76 80.54

e, DRIPS3 43 M3 Ml 46 46 o1 9905 9905 9518 88.09 95.78 89.55
DS3PS5 U3 M3 U3 5 45 6 9 /

| 999 9586 814 9581 89.52
DS3PS4 U3 M3 U3 45 4“5 6 9 m 95.86 815 98 §9.52

P. cyclaminis ~ AR12PS3 44 W U5 45 45 6.1 66 69 659

/ 817 98.96 80.58
P. marginalis - DRAPS} Wi My M7 U8 U8 BL¥ 3 3 34 §8.26 9887
P cyclominis - MAFF 014497 447 447 47 48 48 6.1 62 65 65 94 33 8.2
P.marginalis  1CMP 3533 345 35 U6 U3 U3 Blo¥ B B 353 90 /

OrthoANIu values are in the upper right part and dDDH values in the lower leﬁ part.

Fig. 6-3 illustrates the core and pan-genome of P. sivasensis and
related strains, using a Venn diagram to depict orthologous gene clus-
ters. For the sake of clarity, one isolate of each species and the reference
genome BsEB-1 were used. This analysis provides insights into the
genetic conservation and variability within these strains, highlighting
the core genes essential for basic cellular functions and shared across
all examined strains. Additionally, it also delineates genes unique to
specific strains, reflecting their evolutionary adaptations and potential
specialized functions. The pan-genome size indicates the total genetic
diversity found across all strains, essential for understanding the species’
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adaptability and ecological fitness.
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Figure 6-3: Core and pan-genome analysis of one strain of each
species compared with P. sivasensis reference strain (BsEB-1).
Venn diagram of orthologous clusters generated by OrthoVenn3

In this analysis, 4,950 + 76 clusters were detected within each genome.
Of these, 4,228 were shared across all five isolates. Additionally, 233
clusters were exclusively shared by the two representatives of P. sivasen-
sis, BsEB-1 and CF10PS3. The later strain harbored 13 unique clusters,
12 of which being of unknown function, while the remaining one con-
tained the GspE gene, involved in the type II secretion system. Strains
DR4PS3, DS3PS5, and AR12PS3 possessed 19, 18, and 9 unique clus-
ters, respectively. These clusters were predominantly of unknown func-
tion, except in the case of AR12PS3, where processes related to flavonoid
and macrolide biosynthesis were identified, along with a fimbrial protein
associated with cell adhesion.

Fig. 6-4 illustrates the genetic profiles of each strain concerning their
biocontrol potential. Here, we present a subset of biocontrol-related
genes from the VFEdb and ANTISMASH databases, focusing on genes
for which some strains showed a match. There were no discernible trends
in the presence or absence of genes among different species. However,
one notable exception is the presence of the efflux pump encoded by
AcrAB genes, which was exclusively found in P. sivasensis strains and
P. cyclaminis AR12PS3. Notably, P. sivasensis, along with P. arven-
sis sp. nov. DRI1PS3, possessed the complete operon for koreenceine
production. All genomes analyzed in this study contained operons for
viscosin, APE-V{, fragin and pseudopyronine production. Conversely,
the pvdD gene, a key component of the pyoverdine biosynthetic gene
cluster, was not identified in any genomes, although all strains pos-
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Figure 6-4: Distribution of genes potentially involved in biocon-
trol in the nine sequenced genomes and two P. sivasensis reference
genomes.

sessed the fpvA gene which encodes the pyoverdine receptor. Similarly,
none of the strains possessed a complete operon for pyochelin produc-
tion, but all except DR4PS3 had the fptA gene encoding the pyochelin
receptor. Notably, all strains exhibited potential quorum sensing capa-
bility through Acyl-homoserine lactone and possessed the GacA/GacS
regulatory system.

6.4.4 Plant colonization

Soaking of wheat seeds in GFP bacterial suspensions followed by im-
mediate sowing allowed bacteria to enter the seedling and to reach the
upper parts, as exhibited by the spreading on LBA supplemented with
gentamycin of morning dew in the following days after emergence (Fig.
6-5a). Among P. sivasensis strains, CF10PS3 was isolated from leaf
and was able to antagonize Z. tritici during in vitro tests. It was used
in subsequent tests to evaluate its plant colonization abilities. Following
seed inoculation, CF10PS3 was transported through xylem and exited
leaves through hydathodes. From there, it was able to colonize the leaf
surface. As shown with confocal imagery after leaf spraying, CF10PS3
can thrive on leaf surface. Immediately following application, single bac-
teria were found homogeneously distributed on the surface (Fig. 6-5b).
Two days later, it was found in large aggregates that colonized trichomes
and their base (Fig. 6-5¢), veins (Fig. 6-5d) and more importantly, they
occupied the niche around stomata (Fig. 6-5e).
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Seed coating Spraying

Figure 6-5: Ability of all strains to exit leaves through hydathodes
(a), and ability of CF10PS3 to colonize trichomes (c), veins (d) and
stomata (e) from initial homogenous distribution of single cells (b).
Images b, ¢, d and e have been taken with a confocal microscope and its associated
laser exiting green fluorescent protein of transformed CF10PS3. All these images
has the same scale, represented by the bar on image b and where taken under 630X
magnification.

6.4.5 Plant protection

CF10PS3 also demonstrated the capability to reduce the symptomatic
area of Z. tritici. In the positive control boxes, where Z. tritici was
applied alone to evaluate the infection level without protection, leaf
area covered by lesion was about 50% (Fig. 6-6a) and mean pycnidia
number produced by these lesions on each leaf was 87,3 (Fig. 6-6b).
When CF10PS3 was applied just before the pathogen, symptomatic
area decreased to about 20% and mean pycnidia number dropped to 31.
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This effect was even more noticeable when applied two and three days
before infection (dbi), with symptomatic area of 5 and 2%, respectively.
Considering these low infection levels, no pycnidia were produced on the
few symptomatic tissues.

STB control by CF10PS3 treatment

a) Symptomatic area b) Pycnidia number
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Figure 6-6: Zymoseptoria tritici control by CF10PS3 treatment.
a) symptomatic area on leaves in boxes where bacteria was applied 3 days before
pathogen inoculation (3dbi), 2 dbi or the same day than Z. tritici conidia (0dbi). b)
Mean pycnidia number per leaf produced by the lesions with or without CF10PS3 ap-
plication. Student test P values are indicated (n=8). Positive control were inoculated
with Z. tritici conidia only, whereas mock treatment (negative control) were sprayed
with the buffer only.

6.5 Discussion

The Pseudomonas genus, known for its significance in association with
a variety of plants (Preston, 2004; Poncheewin et al., 2022), and par-
ticularly cereals (Mehmood et al., 2023), has once again demonstrated
its potential in biocontrol. In this study, from 444 isolates obtained in
several cereal fields in Belgium, 33 showed biological activity against
at least three of the four wheat pathogens tested (F. graminearum, G.
graminis var. tritici, O. yallundae, and Z. tritici), underscoring the
biocontrol potential of this genus. Initially, Sanger sequencing of 10
taxonomically relevant genes (16S rRNA, gapA, ginS, gltA, gyrB, ileS,
nuoD, recA, rpoB, and rpoD) through a Multi-Locus Sequence Analysis
(MLSA) approach allowed for the identification of 11 species. Among
these, P. fluorescens, P. lurida, P. poae, P. salmasensis, P. orientalis,
and P. simiae are known to colonize wheat, some strains of these species
being known as potential biocontrol agents (Kron et al., 2020; Gémez-
Lama Cabands et al., 2022; Ibrahim et al., 2023). In addition, isolates
have also been identified as P. tensinigenes, known to colonize wheat
rhizosphere and produce tensin (Girard et al., 2021), P. granadensis al-
ready isolated from soil (Pascual et al., 2015), P. germanica obtained
from Iris germanica rhizomes (Atanasov et al., 2022), known soil in-
habitant P. lactis (Havryliuk et al., 2020), and P. sivasensis. The
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MLSA reported nine isolates, more than one quarter, as belonging to P.
sivasensis with high percentages of identity, greater than 97%, except
for isolate AR12PS3 for which the best match was still P. sivasensis,
but with a lower 93% identity. P. sivasensis was known to promote
the growth of canola (Swiatczak et al., 2023b) and was spotted in dif-
ferent environments but was never associated with cereals, to the best
of our knowledge. Its high prevalence in the four fields and all plant
compartments observed with the samplings encouraged us to investi-
gate further. Whole genome sequencing of these nine strains confirmed
only three of the isolates as true P. sivasensis, despite initial MLSA
findings. This highlights the superior resolution of WGS over MLSA
in species identification (Mulet et al., 2023). The remaining isolates
were reclassified; one as P. cyclaminis (AR12PS3), a species phyloge-
netically close to P. marginalis and P. grimontii (Sawada et al., 2021),
and another as P. marginalis (DR4PS3). The other four could consti-
tute a new species, with the proposed name Pseudomonas arvensis sp.
nov., with DR1PS3 as the type-strain and strains CR7PS1, DS3PS54,
and DS3PS5 as other representatives. This new species, phylogeneti-
cally closer to P. cyclaminis and close to P. siwvasenis, P. marginalis,
and P. grimontii, presents an interesting case with Average Nucleotide
Identity values calculated with orthoANIu method, — considered as the
most accurate method (Yoon et al., 2017) - around 95.80% and dig-
ital DNA-DNA Hybridization values between 65 to 66%, just below
the ANI and dDDH thresholds commonly used for species delineation
(96% and 70%, respectively) (Madhaiyan et al., 2017). The close evolu-
tionary relationships among these species are reflected in their genomic
structure and gene composition, with 4,228 of 4,950 gene clusters being
common across the genomes studied. Significantly, the conserved re-
gions comprise operons responsible for the production of viscosin, APE-
Vi, pseudopyronine, and acyl-homoserine lactone production. Viscosin
is a lipopeptidic biosurfactant involved in motility and biofilms, and
harboring PGP traits and antifungal properties (Alsohim et al., 2014).
APE-Vfis an arylpolyene with antifungal and biocontrol activities in P.
fluorescens NBC275 (Dutta et al., 2020). Pseudopyronine is a pyrone
with significant activity against agriculturally important fungi (Nis-
hanth Kumar et al., 2016). The diazeniumdiolate secondary metabolite
fragin is a metallophore with reported antifungal activity (Jenul et al.,
2018). Acyl-homoserine lactone (AHL) is a quorum-sensing (QS) sig-
naling molecule with a potent effect on pathogenic microbes on leaves
(Chaudhry et al., 2021). All P. sivasensis strains and P. arvensis sp.
nov. strain DR1PS3 shared the complete operon for koreenceine pro-
duction, a polyketide with antifungal effects (Riera et al., 2023). Among
the strains, P. sivasensis CF10PS3 was isolated from leaf and demon-
strated notable in vitro antagonistic activity against Z. tritici. It was
further explored for its plant colonization capabilities. Following seed
inoculation, CF10PS3 was demonstrated to move via the xylem, exited
leaves through hydathodes, and demonstrated effective colonization of
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leaf surfaces. It was shown that the strain will preferentially establish
itself around stomata, along the veins, and at the bases of trichomes,
considered as preferential sites for microbial colonization as reviewed by
Vacher et al. (2016). Translocation and proliferation of Pseudomonas
in plants have already been highlighted, notably with P. chlororaphis
(Hernandez-Jerez et al., 2020). These bacteria applied to seeds could
indeed migrate from the seed to various plant tissues, including roots
and foliage, albeit often at lower concentrations in the foliage. Other
studies have also demonstrated that P. chlororaphis can internally colo-
nize plant tissues, indicating that seedborne applications can effectively
distribute the biocontrol agent within the plant (Mercado-Blanco and
Bakker, 2007; Finkel et al., 2017). This internalization suggests that the
bacteria not only adhere to external plant surfaces but can also pene-
trate and establish within, utilizing pathways like root hairs, cracks,
and wounds. This movement is crucial for the bacteria’s role in biocon-
trol, enhancing their effectiveness by inhabiting spaces that are critical
for pathogen interaction and plant health support. Following spray ap-
plication on leaves, confocal microscopy revealed initial homogeneous
distribution of bacteria, which then aggregated significantly around tri-
chomes, veins, and stomata within two days. Most epiphytes survive on
the leaf surface by forming large aggregates which help them to cope
with the surrounding milieu and maintain a hydrated surface by the
production of extracellular polymeric substances (Morris and Kinkel,
2002; Lindow and Brandl, 2003; Baldotto and Olivares, 2008; Vorholt,
2012). CF10PS3’s ability to produce hormones and surfactants, as well
as its motility and biofilm formation are likely to be key factors in the
colonization success (Nadakuduti et al., 2012; Braga et al., 2016; Ueda
et al., 2018; Leveau, 2019; Oso et al., 2019; Streletskii et al., 2019; Flores-
Nunez et al., 2020). This strategic colonization presumably facilitates
the observed reduction in symptomatic areas of Z. tritici infection and
the reduction of pycnidia produced by lesions. Preinfection applications
were the most effective. Z. tritici conidia germinate on the leaf surface,
undergo an epiphytic growth phase (Fones et al., 2017), and then in-
vade the plant through the stomata (Battache et al., 2022). Near the
stomata, the fungus can encounters CF10PS3, which can exert its an-
tagonistic effects to reduce the number of hyphae that penetrate the
stomata and start an infection.

6.6 Conclusions

This study highlighted the significant prevalence of P. sivasensis and
the newly discovered P. arvensis sp. nov. in cereal crops, underscoring
their potential roles in agricultural ecosystems. The work confirmed the
natural occurrence of Pseudomonas species in association with cereals
and demonstrated the extensive colonization capabilities of these bac-
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teria, particularly P. sivasensis. The discovery of P. arvensis sp. nov.
enriches our understanding of microbial diversity in the cereal phyto-
biome and its implications for agricultural practices. While the study
sheds light on species-specific interactions within the wheat microbiome,
it also raises considerations about how environmental factors influence
the efficacy and stability of these bacteria. These findings prompt a
reevaluation of how we might better leverage microbial interactions for
crop health and yield, potentially leading to more sustainable and eco-
logically friendly agricultural practices. Further research into the genetic
and environmental interactions of these Pseudomonas strains could pro-
vide deeper insights into their roles and management within agricultural
Systems.
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Chapter 7

Monitoring Pseudomonas
stvasensts strain CF10PS3
in cereal fields

7.0 Forewords

Building upon the insights gained previously, Chapter 7 transitions
to a focused case study on Pseudomonas sivasensis strain CF10PS3.
This chapter, which will be submitted for publication in Microbiology-
Open, examines the behaviour of this specific strain in a wheat field. By
employing advanced qPCR techniques, the study monitors the dynamics
of CF10PS3 in the wheat phyllosphere. The findings provide valuable in-
sights into the strain’s environmental behavior and its potential benefits
for wheat disease management, thus paving the way for more targeted
and effective biocontrol strategies in sustainable agriculture. Several col-
laborators were associated to the work presented in this chapter; Math-
ieu Delitte led the conceptualization, formal analysis, and wrote the
original draft of the manuscript. Benjamin Dubois contributed to the
conceptualization, equally participated in the formal analysis, and sup-
ported the writing of the original draft. Jacques Mahillon contributed
to the conceptualization, supported the review and editing, and shared
responsibility for acquiring funding. Frédéric Debode also contributed
to the conceptualization, supported the review and editing, and shared
responsibility for acquiring funding. Claude Bragard contributed to the
conceptualization, led the review and editing, and shared responsibil-
ity for acquiring funding. All authors reviewed and approved the final
version of the manuscript.
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7.1 Abstract

The persistence and efficacy of biocontrol agents (BCAs) in agricul-
tural fields are crucial for sustainable crop production. In this study,
we investigated the persistence of the introduced bacterial strain Pseu-
domonas sivasensis CF10PS3 in the wheat phyllosphere using a novel
qPCR probe protocol. The CF10PS3 strain, known for its in vitro bio-
control properties against wheat pathogens, was applied through foliar
spray, and its persistence was monitored over seven weeks. Our qPCR
assays, designed to specifically detect CF10PS3, distinguished it from
naturally occurring P. sivasensis strains, providing precise insights into
its dynamics in the field.

The experimental results indicated that CF10PS3 was already present
on the wheat leaves prior to its application, suggesting its natural adap-
tation to the foliar environment. Following initial application, a signifi-
cant increase in CF10PS3 was observed, though subsequent environmen-
tal factors such as rain and wind might have caused notable fluctuations
in its population. Despite these variations, the introduced strain showed
considerable persistence, with population levels significantly higher than
those in untreated plots by the end of the study period.

This research underscores the importance of understanding bacte-
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ria dynamics in the field, highlighting the influence of environmental
conditions on their efficacy. The use of specific qPCR. probes proved
effective in monitoring introduced strains, offering valuable insights for
optimizing BCA application strategies. Our findings contribute to the
development of robust biocontrol methods, promoting sustainable agri-
cultural practices and enhancing crop protection.

Keywords: Pseudomonas sivasensis, Biocontrol agents (BCAs), Wheat
microbiome, Phyllosphere, qPCR monitoring, Plant-microbe interac-
tions, Environmental impact, Sustainable agriculture, Microbial per-
sistence

7.2 Introduction

The use of beneficial microorganisms in agriculture has recently gained
significant attention as an eco-friendly and sustainable approach. They
allow for enhancing crop productivity and reduce the environmental im-
pact of chemical treatments. Pseudomonas spp. strains have emerged
as pivotal beneficial microorganisms due to their diverse array of plant
growth-promoting and biocontrol capabilities (Mehmood et al., 2023).
They have exhibited remarkable potential for increasing crop yields,
improving soil health, and protecting plants against phytopathogens
(Martinez et al., 2019; Ghadamgahi et al., 2022; Ridene et al., 2023).
Despite such promising abilities, to date, no biocontrol agent has consis-
tently demonstrated effective control of wheat foliar diseases, particu-
larly Zymoseptoria tritici, the causative agent of Septoria Tritici Blotch.

In the phyllosphere, encompassing the above-ground parts of plants,
such as leaves and stems, the survival and colonization of Pseudomonas
spp. strains are subject to a complex interplay of environmental factors
(Chaudhry et al., 2021). High humidity levels often create a more fa-
vorable environment by reducing desiccation stress on the leaf surfaces,
thus promoting microbial growth (Aung et al., 2018). However, the rela-
tionship between humidity and microbial colonization is also influenced
by additional factors. Temperature fluctuations, for example, modulate
the metabolic activity and growth rates of Pseudomonas spp. (Kahl
et al., 2022; Bisht, 2023). Rainfall events introduce another dimen-
sion, potentially washing away or diluting microbial populations, but
also providing moisture essential for survival (Pietrarelli et al., 2006).
Moreover, the presence of other microorganisms on leaf surfaces, form-
ing the phytobiome, and the specific characteristics of the plant host
further influence the dynamics of microbial communities (Leach et al.,
2017; Sivakumar et al., 2020; Zhang et al., 2021b; Bashir et al., 2022).
Consequently, the interaction between Pseudomonas spp. and the phyl-
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losphere is a multifaceted process, where humidity, temperature, rain,
and a myriad of ecological factors collectively shape the outcomes of mi-
crobial colonization and its potential biocontrol activities against plant
pathogens. Understanding this intricate balance is pivotal for harness-
ing the full potential of Pseudomonas-based strategies in sustainable
agriculture.

The successful use of Pseudomonas spp. in agricultural field trials
necessitates the development of robust tools for their detection, quan-
tification and monitoring. Understanding the presence and persistence
of these strains in the field is essential for optimizing their application
strategies, but also for assessing their long-term impacts on both crop
health and the broader ecosystem. Traditional culture-based methods
and generic molecular techniques have been valuable in elucidating the
presence of Pseudomonas populations in soil and plant-associated niches
(Elad and Kirshner, 1993; Paul et al., 2017; Pujol et al., 2006). How-
ever, they often lack the specificity required to discriminate between
closely related Pseudomonas strains, limiting their use in strain-specific
monitoring.

To address this limitation, we present in this study the design and
validation of a strain-specific probe tailored for the precise detection of
a Pseudomonas strain used in a recent agricultural field trial. The de-
velopment of such a probe represents a critical step towards elucidating
the fate and dynamics of this specific strain in the complex environment
of cereal fields.

Here, we describe the rational design of the strain-specific probe, its
molecular validation, and its application up to the field trial stage. We
also discuss broader implications of our findings for the use of Pseu-
domonads in sustainable agriculture and the advantages of strain spe-
cific monitoring approaches.

The ability to selectively detect and monitor specific Pseudomonas
sp. in agricultural field trials holds promise for enhancing our under-
standing of their behavior in natural ecosystems and optimizing their
application for sustainable crop production. Furthermore, it opens up
new avenues for tailoring biocontrol and plant growth-promoting strate-
gies based on an in-depth understanding of strain-specific interactions
with the crop.
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7.3 Material and methods

7.3.1 Bacterial strain and formulation

Pseudomonas isolate CF10PS3 was obtained from a flag leaf in a spelt
field (Triticum spelta) located in Walhain, Belgium. The field was
managed under organic agriculture, without tillage. The isolate was
identified as Pseudomonas sivasensis strain CF10PS3 (Delitte et al.,
submitted). Briefly, identification was performed through Multi-Locus
Sequence Analysis targeting 16S rRNA, ileS, gapA, ginS, gltA, gyrB,
nuoD, recA, rpoB and rpoD genes and later confirmed via whole genome
sequencing performed with both Illumina and MinION technologies. In
vitro assessments revealed the strain’s ability to produce siderophores,
proteases, and cellulase, as well as its ability to solubilize phosphate,
and exhibit swimming and swarming behaviors. It has also shown great
ability to colonize wheat leaves both through direct spray applications
and through translocation from seed coating. Both in wvitro and in
planta studies demonstrated CF10PS3’s efficacy against Z. tritici, the
causal agent of Septoria Tritici Blotch in wheat. According to Delitte et
al. (submitted), strain CF10PS3 possesses the genetic determinants for
the production of several biocontrol-related metabolites. These include
viscosin, fragin, pseudopyronine, the aryl polyene APE-V{, koreenceine,
and siderophore. Additionally, strain CF10PS3 also possesses flagella
and type IV pili (Delitte et al., submitted). The strain is available via
the LMG collection in Belgium, under collection number LMG S-33705.
It can also be obtained through a Material Transfer Agreement (MTA)
from the Plant Health Laboratory at the Earth and Life Institute —
Applied Microbiology, UCLouvain.

Prior to each field application, CF10PS3 was grown on lysogeny
broth (LB) agar plates at 28°C for 24 h (10g/1 tryptone, 5g/1 yeast
extract, 5g/1 NaCl). A single colony was selected and inoculated into
20 mL of LB. Following 24 h of growth at 30°C, 180 rpm, the bacterial
suspension was used to inoculate 2 L of LB, incubated at 30°C, 180
rpm for 24 h. Following incubation, the bacterial suspension was cen-
trifuged and the bacterial pellets were resuspended in buffer to reach
a final concentration of 10 CFU/ml. The buffer consisted in 10 mM
MgCly and 0.1% Tween20. All liquids were sterilized by autoclaving
at 121°C, 3 bars for 1 h. Sterile buffer was used as negative control in
mock treatment.
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7.3.2 Plant treatment and sampling

Winter wheat cultivar Chevignon was sown in an agricultural field in
Perwez, Belgium, on 15/10/2022. The sowing followed a potato crop
rotation. Trial plots, each measuring 10 by 2 m, were randomly as-
signed to four replicates per treatment modality. Bacteria suspended
in buffer, as well as sterile buffer alone (which will be referred as the
mock-treatment), were applied to the corresponding plots on 27/04/23
(BBCH32) to protect the third leaf, on 11/05/23 (BBCH37) to protect
the second leaf and on 17/05/23 (BBCH39) to protect the flag leaf.
BBCH scale provide a standardized method for describing phenologi-
cal development (Meier et al., 2009). Leaf sampling was conducted by
cutting the base of seven leaves within each plot. The harvested leaves
were immediately placed in sterile Falcon tubes and stored on ice until
they could be transferred to a laboratory for weighing and freezing at
-20°C. Leaf samplings were performed following this schedule: for the
second leaf, sampling occurred before and 1 h after treatment, as well
as at 1, 4, and 6 days post-treatment. On the 6th day after the sec-
ond leaf treatment, additional bacterial application was made to protect
the first leaf. Consequently, both the first (F1) and second (F2) leaves
were sampled at each designated sampling time: before and 1 h after F1
treatment, 2 days after F1 treatment, 5, 7, 14, 22, 29, 36, 43 and 50 days
after the F1 treatment. This comprehensive sampling approach allowed
a detailed monitoring of P. sivasensis strain CF10PS3 dynamics in the
wheat field.

7.3.3 Harvest of epiphytic microbial communities and DNA
extraction

To recover the diverse epiphytic microbial communities present on the
leaves, we adopted the leaf harvest protocol as follow: leaves were placed
in sterile 250 mL wide-neck Erlenmeyer flasks, each containing 50 mL
of a sterile peptone-phosphate buffer (peptone 10 g/1, NaCl 5 g/L,
KH,;PO, 7,5 g/L and KHPO4.3H,0 9,5 g/L). Following an incuba-
tion period of 30 min at room temperature, the Erlenmeyer flasks were
subjected to agitation at 150 rpm for 75 min. This was followed by a
45 min resting period at room temperature. The liquid from each flask
was then transferred back into the initial Falcon tubes and centrifuged
for 20 min at 6,000 rpm. Subsequently, the supernatant was discarded,
while the pelleted microorganisms were stored at -20°C for subsequent
analysis.

DNA extraction was performed with DNeasy PowerSoil Pro Kit (Qi-
agen), following the manufacturer’s protocol with one modification: the
initial lysis buffer was used to resuspend the pellet. The resuspended
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pellet was then placed into the Power-Beads tube, and the remainder of
the protocol proceeded without further changes. Extracted DNA was
quantified using Qubit4 system (Thermo Fisher Scientific).

7.3.4 Probes and primer design

A single-nucleotide-polymorphism (SNP) was identified in the align-
ment of the 319 rrn sequences (16S-ITS-23S operon) obtained from
NCBI complete genomes of wheat-associated Pseudomonas, as previ-
ously described by Delitte et al. (submitted), and the complete se-
quenced genome of isolate CF10PS3 (Table S-2). P. chlororaphis was
also considered, as it is one of the two commercialized Pseudomonas
strains in Belgium. The other one being of undetermined species (strain
DSMZ 13134), it was not considered in this study. To specifically detect
the presence of P. sivasensis strain CF10PS3 among bacterial commu-
nities in leaf washing samples, a set of two primers was designed to
amplify the region encompassing the targeted SNP (either a “T” in iso-
late CF10PS3 or a “G” in all the other sequences) in the rrn operon.
Complete alignment of the 319 sequences can be found in supplementary
Table S-2.

The TagMan probe sequence was custom-designed by adjusting the
size and number/position of Locked Nucleic Acid (LNA) bases to en-
hance its affinity for the specific target sequence (https://eu.idtdna.com/
calc/analyzer) while minimizing stability towards non-target DNA se-
quences, allowing for effective mismatch discrimination (You et al.,
2006). Primers were selected using the Primer3 webtool (http://bioinfo
.ut.ee/primer3-0.4.0/) to amplify a region of 100-200 bp surrounding
the probe sequence, ensuring optimal compatibility with the designed
probes (Table 7-1).

The compatibility of all designed primers to work in a single reaction
was evaluated using the multiple primer analyzer webtool (www.thermo
fisher.com). The specificity of the probe and primer pair was veri-
fied on GenBank using primer-Blast and Blastn algorithms (Ye et al.,
2012). The combination of T-probe and primers only hits the tar-
geted P. sivasensis CF10PS3. The G-probe and primers combination
allowed for the detection of all targeted P. sivasensis strains (reference
strains 2R0O45, BsEB1, P7, CCUG57209, W6, and strains BE10PS1,
BE10PS3).
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Table 7-1: Primers and probes characteristics

Primers and Amlr)lh_
probes char- Sequence (5’ > 3°) Tm , ©

o s o length
acteristics C

(bp)

Ps_sivasensis. F  CGTTTGGCTCCACCACTACT 60 145
Ps_sivasensis. R ACGTTCAGTCTATCTTTCTATCACA 58
Ps_sivasensis. T FAM-CATTGTTATGATGGTGAA-BHQ1 611
Ps_sivasensis. G~ HEX-CATTGTGATGATGGTGAA-BHQ1 61.1

Underscored bases are Locked Nucleic Acid (LNA) and bases in bold are the
SNPs specific for each probe. Melting temperatures (Tm) are indicated in
Celsius degrees. FAM and HEX are the fluorophores used with the BHQ-1
quencher.

7.3.5 Cloning of the target DNA and determination of
plasmid copy number

To produce amplicons representative of the target sequences, the primer
pair was used in a standard PCR reaction with Q5 High Fidelity DNA
Polymerase (NEB) and DNA extracted from P. sivasensis strain CF10PS3
(for T-SNP) and strain DS3PS5 (for G-SNP). The resulting PCR prod-
ucts were visualized on an agarose gel to ensure specificity, and subse-
quently purified using a SmartPure PCR kit (Eurogentec). DNA purity
and concentration were assessed with a NanoDrop spectrophotometer
(Thermofisher Scientific) and a Quantus fluorometer (Promega). To
standardize PCR reactions, DNA fragments with either T or G SNP
were ligated into pK18mobsacB plasmid following the Gibson Assembly
Cloning Kit instructions (NEB) and introduced in competent E. coli
using the heat shock transformation protocol. Briefly, 10 ul of Gibson
Assembly products were added to 200 ul of competent cells. The mix-
ture was kept on ice for 15 min before going to a 42°C bath for 42 sec
and getting back on ice for 2 min. The mixture was supplemented with
950 pl of LB medium and incubated at 37°C, 150 rpm, for 1h. Bacteria
were concentrated by centrifugation (5,000 g, 10 min) and spread on
LBA plates containing kanamycin, X-gal, and IPTG. Plasmid DNA iso-
lated from bacterial cultures was extracted with Qiaprep Spin Miniprep
Kit (Qiagen) and adjusted to 10% copies with Thermofisher DNA Copy
Number and Dilution Calculator with a molar mass per base pair set at
650 Da. The limit of detection, robustness, and efficiency were deter-
mined on diluted plasmid DNA.
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7.3.6 Limit of detection

The absolute Limit of Detection (LOD) for our PCR assay, which in-
cludes primers, both probes, and amplification program, was determined
using serial dilutions of plasmid DNA. For these dilutions, we aimed
target copy numbers of 50, 20, 10, 5, 2, 1, and 0.1. We performed six
PCR reactions for every dilution level. The LODg, defined as the lowest
number of copies at which all six PCR tests yield positive results, was
identified under the condition that the highest dilution, supposedly con-
taining 0.1 copy per reaction, resulted in no more than one positive PCR
out of six attempts (Association Francaise de Normalisation (AFNOR),
2003). We subjected the copy number at the LODg to 60 additional
tests within the same run to determine the LODg5. The LODgs crite-
rion is met when at least 95% of these 60 tests produce positive results.
The maximum acceptable copy number for both LODg and LODgs5 were
set at 20 copies.

7.3.7 Dynamic linear range and efficiency

The dynamic range of our PCR assay was evaluated over eight orders
of magnitude ranging from 10® to 10! copies. For each dilution, we
conducted the assay in six replicates. We analyzed linearity by plotting
the cycle threshold (Ct) values against the logarithmic scale of target
concentrations (Stolovitzky and Cecchi, 1996). Dilutions from 10% to
10! copies in six replicates were also used in two plates, as well as in
duplicates in eight other plates, to calculate PCR efficiency. To be
considered as acceptable, efficiency has to be between 90 and 110%
(Broeders et al., 2014).

7.3.8 Transferability and robustness

To assess the transferability of the method, LODg, LODgs, linear range
and efficiency were tested following the same protocols in another inde-
pendent laboratory at the Walloon Agricultural Research Centre (CRA-
W), located in Gembloux, Belgium. The robustness of our method was
evaluated by implementing variations to the standard experimental pro-
cedures (Commission, 2010). The parameters we adjusted included the
primer concentrations (either standard or reduced by 30%), probe con-
centrations (standard or reduced by 30%), and the volume of the real-
time PCR Master Mix (standard or altered by + 1 uL), resulting in a
total reaction volume of 20 £+ 1 pL. We conducted six replicates con-
taining 20 copies of each plasmid targets, under the modified conditions
detailed in Table 7-2. The key criterion for acceptance was that all al-
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Table 7-2: Experimental conditions tested to evaluate robustness of

the method.
P(.JR ma- CFX96 thermocycler (Bio-Rad)
chine
PCR
reagent Takyon No Rox Probe 2X MasterMix dTTP (Eurogentec)
kit
Primers Mi
concen- Standard s Standard Standard Standard
. 30%
tration
Probes Minus
concen- Standard Standard s Standard Standard
. 30%
tration
Standard | Standard | Standard itandarf || standard -
PCR vol- | (18ul mix | (18ul mix | (18ul mix H 1l (17wl
(19u] mix .
ume + 2ul | + 2ul | + 2ul ¥ 2l mix + 2ul
DNA) DNA) DNA) DNA) DNA)

Variations to the standard protocol tested in the robustness evaluation.
Standard protocol is in the second column. Primers (-30%) and probes (-
30%) concentration limitations were tested, as well as the reaction volume
(plus or minus 1 ul of Master Mizx).

terations to the standard protocol should consistently yield a positive
result at a target level of 20 copies per reaction, as per the guidelines
defined by Broeders et al. (2014).

7.3.9 Specificity

Specificity of the method was checked on 34 organisms from different
taxonomic bacterial genera including 20 Pseudomonas spp. isolates.
The possibility of cross-reaction with human DNA was considered and
host wheat DNA was also checked. Briefly, human DNA was extracted
from saliva and wheat DNA from a young leaf obtained from disinfected
seed grown in sterile condition and surface-disinfected before extraction.
Both DNA were extracted with DNeasy PowerSoil Pro Kit (Qiagen),
following the manufacturer’s recommendations and each DNA extract
was tested at least in duplicates. Two nanograms of DNA were used
in the PCRs. The tested organisms are outlined in Table 7-3. With
the exception of P. aeruginosa and P. paraeruginosa which were ob-
tained from humans, all other organisms were isolated from agricultural

96



environments, primarily associated with wheat, and all DNA was also
extracted with PowerSoil DNA Extraction Kit (MO BIO Laboratories,
USA), following the manufacturer’s recommendations.
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Table 7-3: List of organisms used to evaluate qPCR specificity.

Genus Species Strain Origin Name*
Bacillus subtilis BF12B1 Wheat leaf UPB 1356
Brevundimonas alba 18360 Soil LMG 18360
Burkholderia anthina 22950 Maize rhizosphere LMG 22950
Enterobacter kobei BC_B1 Field soil UPB 1352
Flavobacterium johnsoniae LMG1341  Soil LMG 1341
Glutamicibacter creatinolyticus BC_F7 Field soil UPB 1350
Homo sapiens / / /
Methylobacterium  bullatum 24788 Moss phyllosphere LMG 24788
Microbacterium oxydans E109 Field soil UPB 460
Pantoea agglomerans Pal9 Wheat head UPB 1357
Pedobacter foliorum 31463 Field soil LMG 31463
Pseudomonas aeruginosa Pa01 Wound LMG 1242
Pseudomonas cichorii P14 Field soil UPB 461
Pseudomonas cyclaminis AR12PS3  Wheat root UPB 1358
Pseudomonas fuscovaginae CB51 Wheat UPB 526
Pseudomonas lurida BF10PS1  Wheat leaf UPB 1359
Pseudomonas lurida BF8PS1 Wheat leaf UPB 1355
Pseudomonas marginalis DR4PS3 Wheat root UPB 1360
Pseudomonas arvensis sp. nov. CR7PS1 Wheat root UPB 1361
Pseudomonas aTvensis sp. nov. DR1PS3 Wheat root UPB 1362
Pseudomonas arvensis sp. nov. DS3PS4 Field soil UPB 1363
Pseudomonas arvensts sp. nov. DS3PS5 Field soil UPB 1364
Pseudomonas orientalis CF11PS1  Wheat leaf UPB 1365
Pseudomonas paraeruginosa 8029 Infected ear LMG 8029
Pseudomonas protegens 44RP8 Field soil UPB 1366
Pseudomonas sivasensis BE10PS1  Wheat head UPB 1367
Pseudomonas sivasensis BE10PS3  Wheat head UPB 1368
Pseudomonas stwasensis CF10PS3  Wheat leaf UPB 1354
Pseudomonas syringae pv. aptata 5143 Beta vulgaris LMG 5143
Pseudomonas syringae pv. atrofaciens P64 Wheat UPB 463
Pseudomonas viridiflora 2352 Phaseolus sp. LMG 2352
Sphingobacterium  thalpophilum BC_B3 Field soil UPB 1353
Sphingomonas albertensis 32139 Wheat leaf LMG 32139
Staphylococcus equorum BC_G2 Field soil UPB 1351
Triticum aestivum / / /
Xanthomonas translucens pv. undulosa CB4 Wheat UPB 513

* The strains were obtained from either the BBCM/LMG collection in
Ghent, Belgium, or from the UPB collection at the Plant Health lab of
UCLouvain, Belgium.
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7.3.10 gPCR assay for bacteria quantification

The mixture for qPCR assay was prepared with Takyon No ROX Probe
2X MasterMix dTTP (Eurogentec), 300 and 200 nM of each primer and
probe, respectively, and 2 ul of DNA template in a total volume of 20
pl. The amplification reaction was performed on a CFX96 thermocycler
(Bio-Rad). The qPCR cycling protocol included an activation step at
95°C for 3 min, followed by 40 cycles of denaturation at 95°C for 10 sec
and annealing/extension at 60°C for 45 sec, with fluorescence intensity
measured at the end of each cycle. Each sample was run in two tech-
nical replicates. Eight tenfold serial dilutions of each plasmid (ranging
from 10% to 10! DNA copies) were prepared and used as templates for
each qPCR run. These dilutions were utilized to generate calibration
curves, correlating known starting quantities with their corresponding
Ct (Cycle threshold) values. These calibration curves were instrumental
in achieving absolute quantification of the copies from both the T and G
probes in the samples by plotting the Ct values against the established
calibration curve.

7.3.11 qPCR assay for wheat DN A quantification

To assess the presence of plant DNA contaminants in DNA extracts, we
conducted qPCR assays targeting the wheat ARF and DUF52 house-
keeping genes. These genes were chosen due to their demonstrated sta-
bility in terms of expression within wheat genomes, as previously estab-
lished by Dubois et al. (2017). Briefly, the qPCR reactions employing
TagMan probes were prepared using 10 ul of Takyon No ROX Probe 2x
Mastermix dTTP Blue (Eurogentec), with a concentration of 300 nM
for each primer and 100 nM for the TagMan probe labeled with the
FAM fluorophore and TAMRA quencher (Eurofins Genomics). Addi-
tionally, 2 pul of the extracted DNA and nuclease-free water (Thermo
Scientific) were added to reach a total reaction volume of 20 pl. The
prepared samples were loaded into a Hard-Shell 96-Well PCR skirted
white plate and securely sealed using a Microseal 'B’ PCR Plate Seal-
ing Film (Bio-Rad). Subsequent PCR amplifications were conducted
on the C1000 TouchTM thermal cycler, coupled with the CFX96TM
Real-Time detection system (Bio-Rad). The thermal cycling program
involved an initial denaturation step at 95 °C for 3 min, followed by 40
cycles of denaturation at 95 °C for 10 sec and annealing/extension at 69
°C for 1 min. Each sample was subjected to two technical replicates to
ensure precision and reliability. For the quantification of relative wheat
DNA content in each sample, we used the 22¢* method, where ACt
represents the difference between the Ct values for the wheat (Ctyheat)
and the sample (Ctsample). DNA extracted from thoroughly disinfected
leaves served as a reference for ”pure” wheat DNA content. This method
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allowed us to accurately estimate the proportion of wheat DNA in the
samples.

7.3.12 Data analysis

All data analyses were performed using R Studio (version 2022.07.1
Build 554). The initial steps were to set the limit of detection to the
one calculated in previous steps and normalizing DNA concentrations.
To achieve this, the gPCR data for each wheat gene (ARF and DUF52)
were processed separately. The mean Ct values of technical replicates
were computed for each sample, as well as for the ”pure” wheat DNA
extract. ACt values were calculated by subtracting the mean Ct value
of wheat from each Ct value of the samples. The relative abundance of
wheat DNA in the samples was then calculated using the 22¢* method.
The final relative abundance (Relab) of wheat was determined by av-
eraging the relative abundance values obtained from each gene for each
sample. DNA concentration (DNA _cc) in each sample was subsequently
normalized (nDNA) as follows: nDNA = (1 - Relab) * DNA _cc. Data
obtained from qPCR assays targeting the FAM and HEX probes, which
detect copies from CF10PS3 strain or the natural population, respec-
tively, were utilized as ” Starting Quantities”, divided by the mass of the
sample to express data by gram of tissue. All data beyond the LOD (see
2.6.) were discarded. The means of both values for technical replicates
were calculated for each fluorophore and each sample, and normalization
was carried out, taking into account the nDNA values calculated earlier.
Additionally, the fluorophore copies for each treatment were averaged
across the four field replicates, and their standard error values were
calculated. Logarithms of these data were calculated to facilitate their
representation in graphical form. Normality of the data was assessed by
the Shapiro-Wilk normality test with p-values < 0,05. For statistical
analysis, a mixed linear model was built for each foliar stage to take into
account the dynamic of samplings. Hourly meteorological data used in
the analysis were sourced from the CRA-W Gembloux meteorological
station, 10 km away from the field.

7.4 Results

7.4.1 Strain characterization

P. sivasensis is found as a common bacterial species associated with
small grain cereals (spelt, wheat) and plays a role as a key species within
the small grain cereals phytobiome at field level (Delitte et al., submit-
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ted). P. sivasensis strain CF10PS3 was isolated from a flag leaf in
a spelt field in Walhain, Belgium, managed under organic agriculture.
This strain was selected for its potential biocontrol-related metabolites
production, its colonization abilities on wheat leaves and its potential
control of Septoria Tritici Blotch. Interestingly, based on an alignment
of 319 sequences Pseudomonas spp. strains (Table S-2), CF10PS3 can
be distinguished from the other ones usually found in wheat fields, as
it has a “T” SNP in the 16S-ITS-23S operon that allowed us to design
a qPCR experiment to specifically detect it. Others sequences from P.
siwasensis and closely related species (P. arvensis sp. nov. and P.
cyclaminis) have a “G” SNP and are detected with the primers and
G-probe combination. All others sequences were theoretically verified
in silico and were neither amplified by the primers nor detected by the
probes, excepted for 11 sequences among the 319, belonging to P. fluo-
rescens and P. poae species and representing a low-level percentage of
off-target detection (<3,5%) (Table S-2).

7.4.2 Method performances

We assessed the performance of the designed experiment across various
parameters to ensure accuracy and reliability. This includes evaluating
the specificity, limit of detection, linearity, efficiency and robustness,
ensuring trustworthy results for the intended application.

The specificity of the method was checked on 34 organisms related
to our case study. Human DNA was checked for cross contamination.
Wheat DNA was verified for its lack of influence on the experiment.
Probe labeled with FAM fluorophore only gave positive results for P.
sivasensis CF10PS3, confirming the “T” SNP is only present in that
strain (Table 7-4, FAM column). The other probe labeled with the HEX
fluorophore and designed to detect “G” SNP effectively gave positive
response for all other P. sivasensis sensu lato, confirming its relevance to
evaluate the natural population of that group (Table 7-4, HEX column).
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Table 7-4: Specificity of the method.

Target Results FAM Results HEX
P. sivasensis CF10PS3 + (m=15,74+/0,17) -

P. sivasensis BE10PS1 - + (m=17,92+/.0,16)
P. sivasensis BE10PS3 - + (m=18,78+/.0,48)
P. cyclaminis AR12PS3 - + (m=17,84+/.0,15)
P. arvensis sp. nov. CR7PS1 - + (m=18,58+/.0,03)
P. arvensis sp. nov. DR1PS3 - + (m=19,02+/.0,11)
P. arvensis sp. nov. DS3PS4 - + (m=19,64+/.1,28)
P. arvensis sp. nov. DS3PS5 - + (m=19,314/.0,05)

Bacillus subtilis BF12B1 - -
Brevundimonas alba LMG 18360 - -
Burkholderia anthina LMG 22950 -

Enterobacter tabaci BC_B1 -

Flavobacterium johnsoniae LMG1341 - -
Glutamicibacter creatinolyticus BC_F7 - -
Methylobacterium bullatum 24788 - -
Microbacterium ozxydans E109 - -
. aeruginosae Pa0l - -
. cichorii P14 - -
. fuscovaginae CB51 - -
. luride BF10PS1 - -
. lurida BF8PS1 - -
. marginalis DRAPS3 - -
. orientalis CF11PS1 - -
. paraeruginosae 8029 - -
. protegens 44RP8 - -
. syringae pv. aptata 5143 - -
. syringae pv. atrofaciens P64 - -
. viridiflora 2352 - -
Pantoea agglomerans 19 - -
Pedobacter foliorum 31463 - -
Sphingobacterium thalpophilum BC_B3 - -

in20e~iaBiaBiavRiavBiavRia vl Ela iRl

Sphingomonas albertensis 32139 - -
Staphylococcus equorum BC_G2 - -
Xanthomonas translucens pv. undulosa CB4 - -
Human DNA - -

Wheat DNA - -
+ = Positive signal, - = No signal

For positive samples, mean Cq values with their standard deviations are
gtven in brackets

This experimental setup confirmed in silico results where the combi-
nation of primers and probes allowed specific detection of either CF10PS3
or the other P. sivasensis s.l..

102



The limit of detection was evaluated following two complementary
approaches. The LODg of the method was estimated at 20 copies for
each target since this quantity was detected in all six replicates and the
highest dilution, supposedly containing 0.1 copy per reaction, resulted
in no more than one positive PCR out of six attempts, as required in
Broeders et al. (2014). For LODys, at least 57 out of 60 attempts yielded
positive results with both probes on targets plasmid DNA.

Linearity was observed over a range from 102 to 10® copies per re-
action (Fig. 7-1). The coefficient of determination (R?) was calculated
as >0.99 for both probes. At 10 copies, only three of the six replicates
were positive for each probe, since this number is under the LOD, and
therefore was not considered for linearity evaluation.

For each plate, efficiency ranged between 90% and 110%, meeting
the the criteria proposed by Broeders et al. (2014). The PCR method
robustness was successfully evaluated on plasmid DNA. All tests with
deviations to the standard protocol delivered positive results with 20
template copies with only slight deviations to the expected Cq value
(Table 7-5), aligning with requirements described in Broeders et al.
(2014).

40
K
m FAM
30 ¥ =- 4,153 x + 45,645
R:=0,998
25
=
Z2
& 20 + HEX
= y=- 4,013 x + 4558
(9}-. 15 R*=0997
10
5
0
1 2 3 4 5 & 7 B 9

Template copes [kogld]

Figure 7-1: Linearity of the designed qPCR.
This was analyzed with serial dilutions from 108 to 10% copies of both probes (labelled
with FAM fluorophore in blue or HEX fluorophore in red). Points represent the mean
values of six replicates. Lines represent linear fits of the data with their associated
equations of calibration function and correlation coefficients.
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Table 7-5: Robustness of the qPCR method.

FAM fluorophore HEX fluorophore
Peviations from - Hx- Ob- Coefficient of Ex- Ob- Coefficient of
standard protocol PeCted served variation (%) pected served variation (%)
Cq Cq ‘ Cq Cq !

-30%

. 35.19 34.5 2.05 36.47 35.1 3.68
primers
-30% 3519 35.9 211 3647 365 -0.19
probes
A% Mas- g5 09 354 -0.48 3647 371 -1.68
terMix
1% Mas 3509 353 -0.29 3647 373 217
terMix

7.4.3 Persistence of introduced P. stvasensis in wheat
phyllosphere

The newly developed qPCR protocol was then used to investigate the
persistence of P. sivasensis CF10PS3 in the wheat phyllosphere over
key wheat growth stages following its application via foliar spray. A
mock treatment consisting of the sterile buffer alone was also evaluated
for comparison.

Initial situation

In this field experiment, natural populations of P. sivasensis s.l. were
comparable across all plots and on F1 and F2, with no statistical differ-
ence (Fig. 7-2). The strain of interest was already present on the leaves
prior to the initial treatment targeting F2 leaves on May 11 (foliar stage
BBCH37). Indeed, a slight level of detection (4 copies per gram of leaf)
of CF10PS3 was observed in plots where the bacterium has not been
applied yet (Fig. 7-3b, green triangle). This could be expected, consid-
ering that the strain was isolated from a flag leaf, indicating its natural
presence and adaptation to the foliar cereal leaf environment. Higher
levels of detection, with about 10 copies per gram (Fig. 7-3b, blue tri-
angles), were observed in plots where a previous treatment targeting F3
had been applied at BBCH32, 15 days before the first sampling of second
leaves. At that time, the developing F2 leaves were probably impacted,
with bacteria in the spray application likely landing on emerging F2.
With very few exceptions, CF10PS3 can be detected around 100 copies
in plots where it was not applied.
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P. sivasensis s.I. population before treatment
a)on F1 b) on F2

w

Log detected quantities
N

Mock-treated plots CF10PS3 treated plots Mock-treated plots CF10PS3 treated plots

Figure 7-2: Natural population levels before treatments on F1 (a)
and F2 (b).

Second leaf bacterial population dynamic

Following the first treatment targeting F2 on May 11 (BBCH37), a
significant increase in CF10PS3 presence on treated leaves was noted,
with a 100-fold increase (Fig. 7-3b, blue triangles). A slight 10-fold
increase was also observed in untreated plots (green triangles), likely
due to the wind drift during windy conditions at that moment of the
day (Supplementary Fig. S-3).

Subsequent sampling conducted the day after treatment revealed a
substantial decrease in bacterial detection across all plots. A 13-mm
rain event, occurring 3 hours after treatment (Supplementary Fig. S-
3), likely contributed to this decrease by washing off both applied and
natural CF10PS3 populations. Additional rain episodes in the following
days may further explained the continuous decrease in all plots, indicat-
ing potential wash off and dilution of bacterial populations. Bacterial
levels were maintained until a new application on May 17 (BBCH39),
aiming to protect F1. This treatment resulted in a 10-fold increase of
CF10PS3 in plots treated with bacteria (Fig. 7-3b, blue triangle), since
underlying F2 leaves were also impacted by the treatment targeting F1
leaves. Mock-treated plots were unaffected, and surprisingly, natural
populations decreased by 10 times (blue crosses). In the following two
days (May 18 and 19), CF10PS3 populations dropped by a tenfold fac-
tor, while natural populations remained stable. Windy conditions with
lower humidity might have increased desiccation for the bacteria (Sup-
plementary Fig. S-3). Over the next three days (until May 22), wind
persisted, but with milder temperatures and higher humidity, poten-
tially allowing bacteria to maintain their levels. Throughout the sub-
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sequent five weeks, all populations followed similar increasing trends,
with natural populations consistently and statistically close in number.
At the end of the sampling campaign, detected amounts of CF10PS3 in
plots treated with bacteria were 20 times higher than in mock-treated
plots, reaching from 50 copies to nearly 1,000.

First leaf bacterial population dynamics

On F1 leaves (Fig. 7-3a), initial amounts of CF10PS3 were notably
high, around 1,000 copies per gram on May 17 (BBCH39). Unsurpris-
ingly, there was a tenfold difference between treated and untreated plots.
Natural populations remained significantly consistent across all plots af-
ter bacterial application. A significant drop in all bacterial populations
was observed in all plots until May 22. In the following five weeks, all
curves followed a similar pattern, also observed on F2 leaves. At the
end of the sampling campaign, natural P. sivasensis s.l. populations
reached approximately 5,000 copies, whereas plots where CF10PS3 was
applied or the untreated plots showed 1,000 and 100 copies per gram,
respectively. Copies of CF10PS3 were consistently higher throughout
the season when applied in the field compared with mock-treated plots.

Seasonal dynamics

The natural population levels of P. sivasensis and closely related species
fluctuated between 500 and 5,000 copies per gram during the sampling
campaign, conducted from the foliar stage BBCH37 to the senescence of
F1 and F2 leaves (BBCHS5 and 81, respectively). When CF10PS3 was
applied, there was a notable increase in copies throughout the season,
with fluctuations ranging between 10 (F2) or 50 (F1) and 5,000. Ulti-
mately, the number of CF10PS3 copies was significantly higher in plots
where the bacteria were applied compared to mock-treated plots. It is
evident that foliar application can influence the bacterial population of
a single species throughout the entire season.
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7.5 Discussion

P. sivasensis CF10PS3, a common bacterial species in small grain ce-
reals, was isolated from a spelt field in Walhain, Belgium, under or-
ganic management. It produces siderophores, proteases, cellulases and
biocontrol-related metabolites, and can antagonize wheat pathogens,
particularly Z. tritici (Delitte et al., submitted). CF10PS3 is distinct
from other P. sivasensis found in wheat fields, as it has a SNP in the
16S-ITS-23S operon that allowed us to design a qPCR experiment to
specifically detect it.

The durability of a plant protection control method is crucial for its
long-term efficacy, defined as its persistence in space and time (Bardin
et al., 2015). However, various biocontrol agents (BCAs) have shown
inconsistent efficacy under commercial field conditions, proving less ef-
fective or even ineffective compared to controlled conditions (Bonaterra
et al., 2022). Traditionally, the persistence of introduced bacteria was
assessed using series dilution and plating on selective agar media, which
did not allow discrimination between introduced strains and related
natural populations (Elad and Kirshner, 1993; Paul et al., 2017; Pu-
jol et al., 2006). In this study, we developed qPCR probes to dis-
tinguish the introduced P. sivasensis strain CF10PS3 from naturally
present P. sivasensis s.l. in the wheat phyllosphere. This tool was
useful to investigate the persistence of the introduced strain over seven
weeks post-application. The results also indicated the absence of notice-
able effect of the CF10PS3 introduction on wild P. sivasensis naturally
present on leaves. Similar experiments had already been conducted on
strawberry, following the colonization of Methylobacterium extorquens
and its impact on fruit flavor (Verginer et al., 2010), and on potato
and black pepper to examine the endophytic colonization of P. putida
strain P9 (Andreote et al., 2009) and BP25 (Agisha et al., 2017), re-
spectively. Other works have developed strain-specific qPCR for soil
and root-associated microorganisms (Mendis et al., 2018).

Our field study suggests that environmental factors, particularly
rainfall and humidity, may play a significant role in shaping the dynam-
ics of bacterial populations, including P. sivasensis strain CF10PS3.
While the strain has demonstrated an ability to persist in the wheat
phyllosphere, fluctuations observed post-treatment point to the possi-
bility that environmental conditions could impact both introduced and
naturally occurring bacterial populations. This raises the importance of
carefully considering the timing of bacterial treatments to enhance col-
onization and efficacy. The decreases in CF10PS3 populations observed
after treatment could plausibly be associated with weather events, such
as rainfall, which may have contributed to bacterial wash-off. Such pat-
terns hint at the sensitivity of bacterial persistence to external factors,
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although further studies would be required to definitively link these
changes to specific meteorological conditions. The potential for popu-
lation recovery following these environmental challenges suggests a cer-
tain resilience in CF10PS3, a characteristic that may be beneficial for its
continued development as a biocontrol agent. Additionally, our use of
strain-specific probes allowed precise tracking of the introduced strain,
distinguishing it from other P. sivasensis strains naturally present in
the field. This level of specificity is vital for understanding the persis-
tence and behavior of the strain in a complex field environment. Despite
the variability in population levels, plots treated with CF10PS3 gener-
ally maintained higher bacterial counts compared to control plots. This
observation indicates that targeted bacterial applications can positively
influence foliar bacterial populations, even under fluctuating environ-
mental conditions. Investigating methods to enhance the strain’s en-
vironmental stability, perhaps through formulation or application tim-
ing adjustments, could further improve its potential in sustainable crop
management.

The primary drawback for qPCR detection lies in the presence of
non-degraded DNA in samples, with the rate of DNA degradation post-
cell death being highly dependent on environmental conditions (Nielsen
et al., 2007). While research has explored DNA persistence in soil,
varying results have been reported, ranging from rapid degradation in
some studies (Nielsen et al., 2000) to a prolonged persistence in others
(England et al., 1997). Assessing DNA persistence in the phyllosphere
requires further investigation. Nevertheless, our field trial results sug-
gest that long-term DNA stability is unlikely in the phyllosphere. Two
and five days after F1 field inoculation, all treated plots exhibited a 1-
and 2-log decrease, respectively, in CF10PS3 population levels, indicat-
ing rapid population decline. In this case, the rain wash-off hypothesis
can be excluded since no precipitation was recorded during these days.

Monitoring the presence and persistence of BCAs allows for the
evaluation of their effectiveness in controlling plant pathogens under
field conditions and their impact on native epiphytic communities. Un-
derstanding how BCAs react to environmental conditions enables re-
searchers to optimize application strategies, including timing, reappli-
cation, dosages, and formulations for more effective pest control. Assess-
ing the interaction between different co-formulants and BCAs will help
determine their influence on efficacy, stability, and persistence. This in-
formation is crucial for optimizing formulation combinations and identi-
fying synergistic effects that enhance overall performance. Understand-
ing the impact of co-formulants will contribute to the development of
commercially viable biocontrol products.

The inconsistent efficacy observed in field settings, despite promis-
ing results in controlled conditions, underscores the need for a com-
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prehensive understanding of BCA persistence. Traditionally, assessing
BCA persistence relied on techniques unsuitable for discriminating be-
tween introduced strains and natural populations. Our innovative use of
qPCR probes allowed us to overcome this limitation, specifically distin-
guishing the introduced P. sivasensis strain CF10PS3 from its naturally
occurring counterpart in the wheat phyllosphere. This technological
advancement enabled a detailed investigation of the persistence of the
introduced BCA candidate for seven weeks. Comparing our detected
levels with those reported in the literature is challenging due to the lim-
ited available data. However, Pujol et al. (2006) also observed a decline
in populations of Pseudomonas spp. after application, with stabilization
at approximately 5000 CFU per gram, which aligns with our findings
of population stabilization at around 1000 copies per gram. Similarly,
Paul et al. (2017) reported a reduction in Bacillus thuringiensis pop-
ulations from 10'2 to 10* within six days post-application, indicating
that a decline post-inoculation is typical for bacterial biocontrol agents,
yet sufficient numbers can remain to confer beneficial effects. As for the
comparison between F1 and F2 inoculation, we observed that the bacte-
rial population level on F1 leaves before application was already higher
than on F2 leaves. This is in line with the origin of the strain, which
was isolated from a flag leaf (F1), suggesting its natural adaptation to
this part of the plant. On F2 leaves, after the initial introduction of the
bacteria, the strain quickly established itself, occupying approximately
50% of the P. sivasensis population, as both signals were at the same
levels. At growth stage 59, the strain still accounted for around 10% of
the population, and this proportion was maintained until the last sam-
pling. On the flag leaves (F1), the introduced strain was the dominant
population for the first three weeks post-application, after which it stabi-
lized at around 10% of the total population. These levels are promising,
as they suggest that the strain is well-adapted to the leaf environment
and can persist at levels that are hopefully sufficient to control diseases.
However, the bacterial load required for effective disease control is a cru-
cial factor that must be thoroughly investigated. Future studies should
focus on determining the optimal bacterial concentrations needed for
disease suppression in similar environments. This could involve testing
varying application concentrations to better understand the relation-
ship between bacterial load and disease control efficacy. Such studies
are essential to substantiate any strain’s potential as a biocontrol agent
and to optimize its practical application in the field. Given the pro-
gression dynamics of Septoria tritici blotch (STB), which spreads from
the lower leaves to the upper leaves via rain splash, it is crucial that
the introduced strain is able to colonize all foliar levels. This is particu-
larly important for protecting the flag leaves (F1), which contribute the
most to wheat yield, as well as the second leaves (F2) to a lesser extent.
Ensuring effective colonization of both leaves could provide critical pro-
tection against STB, maintaining healthy foliage and preserving crop
yield potential.
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The phyllosphere’s dynamic nature, influenced by factors such as
moisture, temperature fluctuations, UV radiation, and nutrient avail-
ability, presents a challenging environment for microorganisms. De-
spite these hurdles, our field experiment, targeting F1 and F2 leaves
with a strain applied in a buffer, demonstrated a significant increase
in P. sivasensis presence throughout the season. Transitory decreases,
attributed to rain events and environmental factors, underscored the
dynamic nature of bacterial populations. Despite fluctuations, the in-
troduced bacteria exhibited persistence, hinting for its potential as a
protective agent. The CF10PS3 strain was shown to be able to colonize
foliar parts of the plant following seed coating (Delitte et al., submit-
ted). Here, it was demonstrated that it can also directly colonize leaves
after foliar application, suggesting a potential for biocontrol application.

Our research highlights the importance of tracking BCAs on leaves.
This capability will help optimizing application strategies and allows for
the study of co-formulants, improving biocontrol methods. Overall, this
research increases our understanding of BCA behavior in complex field
environments, leading to more effective and adaptable plant protection
strategies.

7.6 Conclusion

Our study underscores the potential of the P. sivasensis CF10PS3 strain
as a biocontrol agent in wheat fields, particularly against the pathogen
Z. tritici. The development of qPCR probes enabled precise monitoring
of CF10PS3, distinguishing it from naturally occurring P. sivasensis,
and provided insights into its persistence and dynamics in the field.
The results demonstrated that despite environmental challenges such as
rainfall and temperature fluctuations, the CF10PS3 strain maintained
a higher presence in treated plots compared to controls, suggesting its
potential for effective foliar application.

The ability of CF10PS3 to persist and adapt to the phyllosphere en-
vironment, both as a seed coating and a foliar application, highlights
its versatility as a biocontrol agent. This study also emphasizes the
need for optimizing application strategies, including timing and formu-
lations, to enhance the efficacy and stability of BCAs under variable
field conditions. Understanding the interactions between BCAs and en-
vironmental factors, as well as co-formulants, is crucial for developing
commercially viable and effective biocontrol products.

Overall, our research contributes to a deeper understanding of BCA

behavior in field environments, advocating for the implementation of
targeted bacterial applications in plant protection. This knowledge will
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aid in improving biocontrol methods, ultimately leading to more sus-
tainable and resilient agricultural practices.
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Chapter 8

Impact of Pseudomonas
swasensis CF10PS3
introduction on wheat
phyllosphere microbiome

8.0 Forewords

Given that P. sivasensis is widely associated with wheat, that strain
CF10PS3 can colonize the plant and thrive on leaves after foliar appli-
cation, we wanted to understand its impact on the natural foliar micro-
biome. This chapter leverages the methodology developed with PRON-
AME (appendix 2), a new bioinformatic pipeline allowing species-level
discrimination in metabarcoding studies focusing on 16S-1TS-23S (rrn)
operon, and the field assay described in Chapter 7 to examine popu-
lation dynamics in the weeks following the flag leaf treatment. These
dynamics were compared with those resulting from a conventional chem-
ical treatment program consisting of an application of metconazole and
folpet at stage BBCH32, followed by a mixture of fluxapyroxad and
mefentrifluconazole at stage BBCH59. This chapter has been drafted
as a paper for publication in Science of the total environment jour-
nal. Several collaborators were associated to the work presented in this
chapter; Mathieu Delitte wrote the manuscript and collected field sam-
ples. Mathieu Delitte and Benjamin Dubois carried out the experiments.
Claude Bragard, Jacques Mahillon and Frédéric Debode acquired and
managed funding. All authors designed the study, interpreted the re-
sults, reviewed and approved the final version of the manuscript
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8.1 Abstract

In the quest for sustainable agriculture, biological control agents (BCAs)
offer promising alternatives to chemical pesticides. While the impacts
of chemical treatments on the microbiome are well-documented, stud-
ies on BCA impacts remain scarce. This work investigates the impact
of introducing Pseudomonas sivasensis CF10PS3, a candidate bacterial
biocontrol agent, on the wheat phyllosphere microbiome, compared to a
conventional chemical treatment. Utilizing an innovative metagenomic
technique with PRONAME, we assigned taxonomy at the species level
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to microbial communities associated with wheat plants treated with
CF10PS3, a chemical fungicide, and a buffer as a control. Our findings
demonstrate that CF10PS3 has a dynamic impact on the phyllospheric
microbial landscape, initially exerting a detrimental effect on numerous
species, followed by a mixed effect with a similar number of depleted
and promoted species. Ultimately, almost only promoted species were
observed. The chemical treatment had more transient effects, with an
equal number of depleted and promoted species by the end. These inter-
actions underline the potential of using BCAs as microbiome modifiers,
offering fine resolution since no broad effect was observed on the overall
community, as revealed by alpha and beta diversity indices. This study
contributes to the growing understanding of microbial interactions in
the phyllosphere and highlights the importance of integrating micro-
bial management strategies in crop cultivation to bolster agricultural
sustainability.

8.2 Introduction

The microbiome is a fundamental component of plant health and pro-
ductivity, contributing to nutrient cycling, growth enhancement, and
disease resistance (Lyu et al., 2021). Recent researches have under-
scored the critical role of the plant microbiome, a dynamic and complex
community of microorganisms that resides in and around plant tissues
and is referred to as the phytobiome (Leach et al., 2017). Understanding
these microbial communities, particularly within the context of wheat,
is essential for advancing agricultural practices and ensuring sustainable
crop production.

The term "microbiome” was initially defined by Whipps et al. in
1988 and later revisited by Berg et al. in 2020. The microbiome en-
compasses a specific microbial community within a well-defined habitat,
including the microorganisms themselves, their interactions, and the re-
sulting ecological niches (Whipps et al., 1988; Berg et al., 2020a). This
concept highlights the interconnectedness and dynamic nature of these
microbial communities, which are intimately linked to the health and
functioning of their host plants.

The wheat phytobiome, an intricate ecosystem comprising bacteria,
archaea, fungi, oomycetes, viruses, and other microorganisms, plays a
pivotal role in plant health. This microbial community varies across dif-
ferent plant compartments, including the rhizosphere (soil zone around
roots), phyllosphere (above-ground parts like leaves, stems, and flowers),
and endosphere (interior plant tissues)(Bulgarelli et al., 2012; Lundberg
et al., 2012; Turner et al., 2013; Zhang et al., 2021a; Lengrand et al.,
2024). Each compartment hosts a unique microbial assembly that in-
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teracts with the plant and its environment, influencing plant health and
productivity (Mitter et al., 2016).

Focusing on the phyllosphere, the above-ground parts of wheat plants
harbor a diverse microbial community. The wheat leaf microbiome in-
cludes a variety of bacteria along which Actinobacteria, Proteobacte-
ria, Bacilli, Clostridia, and Sphingobacteria are key players (Kavamura
et al., 2021; Chen et al., 2022; Barroso-Bergada et al., 2023; Li et al.,
2023). These microorganisms are crucial for nutrient cycling, disease
control, and overall plant health (Hartman et al., 2018). However, the
composition and dynamics of these microbial communities are influ-
enced by numerous factors, including environmental conditions, plant
genotype, developmental stage, and agricultural practices (Berg et al.,
2015; Delitte et al., 2021).

Chemical treatments, including fungicides, herbicides, and insecti-
cides, are commonly used in wheat cultivation to manage pests and
diseases. These treatments significantly impact the phyllospheric mi-
crobiome, often altering microbial diversity and community structure
(Munoz-Leoz et al., 2013; Ku et al., 2023; Lloyd et al., 2023). For in-
stance, fungicides applied to leaves can affect the abundance and com-
position of microbial populations, sometimes promoting the growth of
specific genera like Acinetobacter while reducing others such as Alpha-
proteobacteria (Koberl et al., 2020; Chen et al., 2021). These shifts can
disrupt the balance of beneficial and harmful microorganisms, poten-
tially leading to unintended consequences for plant health.

Bacterial biocontrol agents (BCAs) offer a promising alternative to
chemical treatments, controlling plant pathogens and promoting plant
growth, thereby potentially reducing chemical inputs. Pseudomonas
species have shown significant potential as BCAs in wheat cultivation
due to their production of antimicrobial compounds and induction of
systemic resistance in plants (Hofte, 2021). However, the introduction
of BCAs into the wheat phyllosphere and their impact on the natural
microbiome are not well understood.

The importance of plant microbiota in biocontrol research has been
underestimated, yet it is crucial for the integration of BCAs and the
ecological shifts they induce within the microbial community (Massart
et al., 2015). The interactions between introduced beneficial microor-
ganisms and native microbial populations vary with environmental con-
ditions, emphasizing the need for microbial ecology research to enhance
the efficacy of BCAs (Mendes et al., 2013). Inconsistent results with
BCA applications may arise from complex interactions between intro-
duced bacteria and the existing microbial community. Factors such as
microbial competition, environmental conditions, and plant-specific re-
sponses can influence BCA effectiveness (Samad et al., 2017; Bonaterra
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et al., 2022). Understanding these interactions is crucial for optimizing
BCAs and achieving consistent, beneficial outcomes in wheat cultivation
(Bonaterra et al., 2022).

The wheat microbiome, particularly the phyllosphere, is vital for
plant health and productivity, hosting beneficial microbial communities.
While chemical treatments can disrupt these communities, BCAs offer
a sustainable alternative. This study aims to understand the impact of
BCAs on the wheat microbiome to develop strategies for their successful
integration and consistent performance, which is critical for advancing
sustainable agricultural practices and enhancing wheat production in
the face of increasing environmental challenges.

8.3 Materials and Methods

8.3.1 Bacterial strain characterization

Pseudomonas sivasensis strain CF10PS3 was obtained from a flag leaf
in a spelt field (Triticum spelta) in Walhain, Belgium (Delitte et al.,
submitted). Whole genome sequencing was performed with Illumina
and MinlON technologies. The strain revealed in witro capabilities
to produce siderophores, proteases, and cellulase, solubilize phosphate,
and exhibit swimming and swarming behaviors. It effectively colonized
wheat leaves through direct spray and also following seed coating, and
its role against Zymoseptoria tritici, the causal agent of septoria trit-
ici blotch, was demonstrated. The strain possesses genes for producing
biocontrol-related metabolites such as viscosin, fragin, pseudopyronine,
aryl polyene APE-VT, koreenceine, and siderophores, along with flagella
and type IV pili (Delitte et al., in preparation).

8.3.2 Plant treatments

Winter wheat variety Chevignon was sown in an agricultural field in
Perwez, Belgium, on October 15, 2022, following a potato crop rota-
tion. Plots measuring 10 by 2 m were assigned to four replicates per
treatment modality. CF10PS3 was grown on lysogeny broth (LB) agar
plates at 28°C for 24 h, inoculated into LB, and incubated. The bacte-
rial suspension was centrifuged, and pellets were resuspended in sterile
buffer to a final concentration of 107 CFU/mL. Buffer components in-
cluded 10 mM MgCly and 0.1% Tween20. Buffer as control and bacterial
applications occurred on April 27, May 11, and May 17, 2023, targeting
specific leaf stages (BBCH32, BBCH37, BBCH39). BBCH scale pro-
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vides a standardized method for describing phenological development
(Meier et al., 2009). Chemical treatments involved metconazole and
folpet at stage BBCH32, followed by a mixture of fluxapyroxad and
mefentrifluconazole at stage BBCH59, on May 31.

8.3.3 Samplings

Leaf sampling involved cutting the base of seven leaves per plot, with
two replicates. Leaves were stored on ice and frozen at -20°C. Flag leaf
samplings followed a schedule: field plots were sampled before BBCH39
treatment and 1 h after for CF10PS3 and buffer controls, as well as 2, 7,
14 and 42 days after treatment. In chemically treated plots, leaves were
harvested 1 h and 28 days after the treatment. This approach allowed a
detailed assessment of the impact of P. sivasensis strain CF10PS3 and
chemical treatments on the foliar microbiome.

8.3.4 Harvest of epiphytic microbial communities and DNA
extraction

To recover the diverse epiphytic microbial communities present on the
leaves, we adopted the leaf harvest protocol as follow: leaves were placed
in sterile 250 mL wide-neck Erlenmeyer flasks, each containing 50 mL
of a sterile peptone-phosphate buffer (peptone 10 g/1, NaCl 5 g/L,
KH,;PO, 7,5 g/L and KHPO4.3H,0 9,5 g/L). Following an incuba-
tion period of 30 min at room temperature, the Erlenmeyer flasks were
subjected to agitation at 150 rpm for 75 min. This was followed by a
45 min resting period at room temperature. The liquid from each flask
was then transferred back into the initial Falcon tubes and centrifuged
for 20 min at 6,000 rpm. Subsequently, the supernatant was discarded,
while the pelleted microorganisms were stored at -20°C for subsequent
analysis.

DNA extraction was performed with DNeasy PowerSoil Pro Kit (Qi-
agen), following the manufacturer’s protocol with one minor modifi-
cation: the initial lysis buffer was used to resuspend the pellet. The
resuspended pellet was then placed into the Power-Beads tube, and the
remainder of the protocol proceeded without further changes. Extracted
DNA was quantified using Qubit4 system (Thermo Fisher Scientific).
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8.3.5 PCR Amplification and sequencing libraries prepa-
ration

Extracted DNA was amplified using primers 16S-27F
(5-AGRGTTYGATYHTGGCTCAG-3’) and 23S-U2428R
(5-CCRAMCTGTCTCACGACG-3’) targeting the 16S-ITS-23S region
of the ribosomal operon (rrn) ( 4500 bp) of bacteria (Martijn et al.,
2019). The PCR mixture (20 pL total volume) included 2xGoTaq
Long PCR Master Mix, 0.5 uM of each primer, 2 ptM of mPNA (to
block mitochondrial amplification), 2 pM of pPNA (to block plastid
amplification), and 20 ng of DNA (Lundberg et al., 2012). The thermal
profile consisted of an initial denaturation at 95°C for 2 min, followed
by 30 cycles of 20 s at 95°C, 60 s at 67°C, 30 s at 55°C, and 4 min
at 65°C, with a final extension at 72°C for 10 min. PCR was per-
formed in triplicate and pooled before purification with AMPure XP
beads (Beckman Coulter) using a 0.5X ratio. The quantity and quality
of the PCR products were assessed using a Qubit4 Fluorometer (Invit-
rogen) and Nanodrop spectrophotometer, respectively, and visualized
on agarose gel. Libraries were prepared using the Ligation Sequencing
Kit V14 (SQK-LSK114) (Oxford Nanopore Technologies) according to
the manufacturer’s instructions and sequenced with Flongle Flow Cells
(LSK114) during 24-hour runs.

8.3.6 Sequencing data processing and analysis of diversity

Raw data were analyzed with PRONAME (Dubois et al., in prepara-
tion). Raw data were imported into PRONAME, and adapters and
primers were trimmed. A graph of simplex and duplex read distribu-
tion was constructed, and only duplex reads with lengths between 3500
and 5000 bp and a minimum quality score of 15 were kept. PRONAME
refined clustered reads with a 90% identity percentage and polished the
centroid sequence using the medaka model based on 300 subsampled
reads. Representative sequences were blasted against the

OEBG_fulloperon/lul6S8F 1u23S2490R _seqs_from_bacterial_genomes_co
mplemented.fasta database included in PRONAME (Dubois et al., 2022).

8.3.7 Analysis on QIIME2

Identification of taxonomic groups with statistically significant differ-
ences in abundance between treatments was performed using ANCOMBC
in QIIME2 (Lin and Peddada, 2020). We used parameters as —p-p-adj-
method 'BH’ —p-conserve True and —p-alpha 0.005. This method ac-
counts for variations in microbiome datasets, such as unequal sampling
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fractions and differences in sequencing efficiency, to limit the effects of
group unevenness due to microbiome variability among individuals in
the study. OTUs were summarized at the species level.

8.4 Results

8.4.1 Quantitative shifts in species abundance

In our study, we used ANCOMBC (Lin and Peddada, 2020) to assess the
differential abundance of taxa at the species level in field plots subjected
to treatments with CF10PS3 and chemical agents, compared to plots
treated with buffer only (negative controls). The results are illustrated
in Fig. 8-1 and reveal both enhancement and depletion effects on several
bacterial species due to the treatments.

Depleted species: In the immediate following of treatment, 145 species
were negatively impacted in CF10PS3-treated plots, and 72 species
in chemically treated plots, indicating a significant decrease in these
species’ populations. The number of negatively impacted species rapi-
dely decreased to 77 seven days post-treatment with CF10PS3. Unfor-
tunately, we lack corresponding data for the chemically treated plots at
an equivalent time point. Over the course of four weeks, this negative
impact continued to vanish, with only a few species still exhibiting signif-
icant reduced abundance compared with negative control— three species
(Microlunatus phosphovorus, Pantoea agglomerans and Pseudomonas
coleopterorum) - in the CF10PS3-treated plots and seven (Corynebac-
terium marinum, Dietzia kunjamensis, Hymenobacter sp. BRD128,
Massilia sp. H6, Planococcus halotolerans, Pseudomonas coleopterorum
and Sphingomonadaceae bacterium OTU29MARTAL) in the chemically
treated plots.

Enhanced species: Conversely, an enhanced abundance of several species
was also observed following both types of treatments, more pronounced
with CF10PS3. After the bacterial treatment, the abundance of 17
species increased immediately and 48 were promoted after 2 days, sug-
gesting a thriving condition for these taxa. Remarkably, the benefit of
bacterial treatment in terms of number of positively impacted species
continued to show a sustained increase throughout the season, with 33
species still showing enhanced abundance at the end of the observa-
tion period. In contrast, the chemical treatments initially positively
affected 27 species; however, this effect was more transient, with only
8 (Eziguobacterium sibiricum, Kineococcus radiotolerans, Rhodococcus
fascians, Rhodococcus sp. RCBS9, Clostridium chauvoei, Hymenobacter
sp. BRD128, Erwinia persicina, Roseomonas haemaphysalidis) species
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continuing to exhibit an increased abundance by the end of the sampling
period.

This detailed assessment underscores the intricate interactions among
microbial communities when exposed to different treatments. The ap-
plication of CF10PS3 has consistently shown more enduring benefits on
several bacterial species than chemical treatments. Our results illumi-
nate the dynamic nature of microbial ecosystems, revealing that some
species not only withstand but adapt to new environmental conditions
over time. These findings demonstrate the potential of targeted mi-
crobial interventions to favorably shift community dynamics, enhancing
the resilience and adaptive capacities of beneficial species while reducing
the prevalence of others.

Taxa response to treatments
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42 49

Days post reatment
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-90
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—¥— CF10PS3 (Depleted species)

—&— Chemical (Depleted species)

Figure 8-1: Taxa response to treatments.
Following treatments, the number of depleted (red) or enhanced (blue) species are
represented for each sampling time point. To be noted, chemical treatment took place
14 days after bacterial treatment, so the last sampling (after 42 days for bacteria and
28 days for chemical) was the same day.

8.4.2 Species-specific responses to CF10PS3 and chemical
treatments

Fig. 8-2 details the dynamic shifts in microbial species following the
application of CF10PS3. This large-scale introduction of CF10PS3 into
the environment had immediate and significant effects on the natural
microbial populations. Within just one hour following the foliar applica-
tion, a substantial depletion of numerous bacterial species was observed,
while fewer species showed increased numbers. Notably, the taxa most
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Figure 8-2: Positive and negative influence of CF10PS3 treatment
on species.
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Figure 8-3: Positive and negative influence of chemical treatment on
species.

Each bar in the graph represents a species, color-coded to indicate its phylum affili-
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treatment on species diversity across different phyla. Bars length represent the log-fold
change value between the species abundance in the treated sample compared to buffer
control (n=2).

BBCHE1
28days
Lng-fnld change

BECHES
lhour

affected in terms of species number were Acidobacteria, Bacilli, and
Pseudomonata. As the environment began to adjust to the introduction
of CF10PS3, a balance was observed between depleted and promoted
taxa over the next two days, which continued into the following two
weeks. This suggests a period of adaptation and re-establishment of
microbial equilibrium within the ecosystem. By the end of the observa-
tion period, 42 days after treatment, the overall impact of the CF10PS3
treatment on the microbiome diversity appeared to be positive: only 3
species remained depleted, while 33 species were promoted. Similarly,
the immediate effects of the chemical treatment, as shown in Fig. 8-
3, were comparable to those observed with CF10PS3, with numerous
species being depleted and a few showing improvement. However, the
long-term effects of the chemical treatment were more mixed. After 4
weeks, the data indicated a nearly balanced outcome, with 8 species
enhanced and 7 species remaining depleted. These species names are
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listed in the previous point. These observations highlight the transient
nature of microbial disruptions caused by both CF10PS3 and chemical
treatments. While both treatments initially disrupt the microbial com-
munities, the CF10PS3 treatment seems to foster a more robust and
beneficial adaptation over time, in contrast to the chemical treatment,
which results in a more balanced and less clearly positive outcome in
terms of promoted and depleted species number.

8.4.3 Species-level impact: Promoted and depleted re-
sponders

Taking advantage of the methodology used here, we were able to cate-
gorize species that were either promoted or depleted by the treatments,
at the species level.

All the species impacted at any time points are listed
in a supplementary table freely accessible on a Google
Drive via the QR code or the link:

https://docs.google.com/spreadsheets/d/1dqiM71Ba9kQo2jVV_f2ZZKa4eHDvbK2U
/edit?usp=sharing&ouid=112697845186401374116&rtpof=true&sd=true

In this section, we will concentrate on the major trends observed.
Depletion: Immediate decline following chemical treatment was observed
in numerous species, including Arthrobacter sp. EM1, Bacillus smithii,
Bradyrhizobium sp. BWC-3-1, Clostridium (4 species), Flavobacterium
pallidum, Methylobacterium bullatum, and Sphingomonas sp. NICI1.
None of these species remained depleted until the end of the sampling.
Populations of species belonging to Hymenobacter and Massilia genera,
as well as Pseudomonas coleopterorum and Sphingomonadaceae bac-
terium (OTU29MARTA1) were diminished at 28 days post-treatment.

While many perturbations were observed following bacterial appli-
cation, few were lasting. Nakamurella sp. was reduced from two days
after treatment and lasting for 14 days and Limnochorda pilosa and
Austwickia chelonae were lessened from immediately after treatment
through to 14 days. At the conclusion of the experiment, only Pan-
toea agglomerans and Pseudomonas coleopterorum remained negatively
impacted.

At the end of samplings, species from Pseudomonas genus were de-
pleted in both treatments, as well as Dietza and Massilia members
(chemical treatement) and Pantoea (bacterial treatment).

Enhancement: Fxiguobacterium sibiricum population was consistently

promoted from immediately after the chemical treatment through to
the end of the experiment. Following CF10PS3 application, no species
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showed an increased and sustained abundance response immediately un-
til the end. Sporosarcina thermotolerans and Clostridium chauvoei were
enhanced starting two days after CF10PS3 treatment and remained so
until the end. Rubrivivaz gelatinosus showed enhancement effects be-
ginning two days after treatment and lasting for 14 days. At the end of
sampling, Frwinia, Fxigobacterium, Rhodococcus and Kineococcus gen-
era, known to contain biocontrol-related species, were improved.

Throughout the experiment, transient positive impacts of bacte-
rial treatment were noted on well-known genera such as Arthrobac-
ter, Clostridium, Hymenobacter, Massilia, Methylobacterium, Paeni-
bacillus, Sphingomonas, and Staphylococcus. Finally, 13 genera con-
taining biocontrol-related species were promoted at the end of the ex-
periment, including Bacillus, Cellulomonas, Corynebacterium, Kineo-
coccus, Methylobacterium, Micromonospora, Mycolicibacterium, Naka-
murella, Nocardioides, Pseudomonas, Rhodococcus, Sphingomonas and
Sporosarcina. Pseudomonas synzantha was the only species from the
Pseudomonas genus to be boosted by the bacterial spray, observed at
42 days post-treatment.

This summary underscores the complex and varied impacts of chem-
ical and CF10PS3 treatments on microbial communities, highlighting
the species-specific responses.

8.5 Discussion

In this study, the bacterial candidate biocontrol agent P. sivasensis
CF10PS3 and a chemical treatment comprising fluxapyroxad and mefen-
trifluconazole were studied for their effects on the wheat phyllosphere
microbiome diversity, using a buffer as a negative control. Effective
colonization of the bacterial strain was confirmed by in silico qPCR,
indicated by an initial sharp increase in its specific marker (" T” SNP)
post-application (Supplementary Fig. S-5). Although its level gradu-
ally declined, it remained above the baseline established by the buffer-
treated plots, suggesting a sustained but reduced presence. Our metage-
nomic approach enabled us to profile the wheat phyllosphere microbial
community down to the species level and describe the impacts of both
chemical and bacterial treatments on these species.

8.5.1 Microbial community profile

At the beginning of this study, members of the Phyla Pseudomon-
adota (53%), Bacillota (16.5%), Actinomycetota (16.4%), Bacteroidota
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(4.7%), and Cyanobacteriota (6.5%) represented together 97% of the
total diversity. The major bacteria at the genus level were Bacillus,
Clostridium, Frigoribacterium, Gloeocapsopsis, Hymenobacter, Massilia,
Nocardioides, and Pseudomonas. Given the seven-week span of our sam-
pling, we anticipated natural modifications in the microbial community
independent of the treatments. Indeed, a shift to other major genera was
observed by the end of the sampling campaign and included Curtobac-
terium, Erwinia, Frigoribacterium, Hymenobacter, Massilia, Pantoea,
Pseudomonas, Rathayibacter, and Sphingomonas. This seasonal micro-
biome modification is widely documented in numerous other studies
(Copeland et al., 2015; Stone and Jackson, 2016; Carlstrom et al., 2019;
Toju et al., 2019; Janakiev et al., 2020; Zhang et al., 2022; Howe et al.,
2023; Li et al., 2023) Although widely reported as important members
of phyllospheric microbiomes, Methylobacterium and Burkholderia were
found to be present to a limited extent in this study, with less than 1
percent of reads associated to these genera.

8.5.2 Interactions and responses to bacterial application

The significance of plant microbiota in biocontrol research has often
been underestimated, yet it is pivotal both for the integration of bio-
control agents (BCAs) and for the ecological shifts these agents induce
within the microbial community (Massart et al., 2015). The interactions
between beneficial microorganisms introduced and the native microbial
populations typically vary with environmental conditions, emphasizing
the need for microbial ecology research to improve the integrative ef-
ficacy of BCAs (Mendes et al., 2013). Additionally, as the stability of
BCAs post-application is influenced by several factors, including the
host microbiota and its environment, formulating BCAs effectively to
sustain adequate population densities for disease control could be an
interesting leverage (De Clercq et al., 2003; Lahlali et al., 2009; Sare
et al., 2021).

Our results showed that although numerous perturbations in mi-
crobial populations were noted following the application of CF10PS3,
few were enduring. For instance, Nakamurella sp. and Limnochorda pi-
losa exhibited temporary depletion that subsided after 14 days, whereas
Rubrivivaz gelatinosus demonstrated promoted abundance starting two
days post-treatment and persisting for 14 days. Throughout the exper-
iment, transient positive impacts of bacterial treatment were observed
on well-known genera such as Arthrobacter, Clostridium, Hymenobacter,
Massilia, Methylobacterium, Paenibacillus, Sphingomonas, and Staphy-
lococcus. These changes remind the shifts in diversity and composi-
tion seen in the strawberry fruit microbiome influenced by the BCA
Metschnikowia fructicola, including the enrichment of potentially bene-
ficial genera Bacillus, Methylobacterium, Rhizobium and Sphingomonas
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(Zhimo et al., 2021).

Sporosarcina thermotolerans and Clostridium chauvoei also displayed
enhanced population from two days post-application and sustained these
benefits throughout the study period. This suggests that while the in-
troduction of BCAs can disrupt the native microbial ecosystem, the
effects vary significantly between species, with some adapting or recov-
ering over time and others remaining depleted or enhanced.

These findings align with previous observations where the introduc-
tion of Pseudomonas, such as P. corrugata CCRS0 in the pepper rhi-
zosphere, altered the bacterial community composition (Sang and Kim,
2012). Pseudomonas spp. DSMZ13134 transiently modified the barley
rhizosphere microbiota for up to three weeks post-treatment (Buddrus-
Schiemann et al., 2010), and similar transient modifications were noted
with P. fluorescens strains 2P24 and CPF10 on the cucumber rhizo-
sphere, with differences vanishing after eight weeks (Yin et al., 2013).

Furthermore, the response to BCAs varies depending on specific mi-
crobial communities and environmental conditions. For instance, Bacil-
lus amyloliquefaciens and Beauveria bassiana had negligible impacts on
bacterial diversity one month post-treatment (Sylla et al., 2013), yet
a positive quantitative response of Bacilliales following BCA applica-
tion was evident. In our study, several Bacilliales members, including
Paenibacillus, Sporosarcina, and Staphylococcus, were favored following
CF10PS3 treatment. This increase in Bacilliales, along with a decrease
in Enterobacterales (among which Erwinia is found), was also observed
by Cernava et al. (2019). Additionally, an increase in Paenarthrobacter
population following BCA application was noted, a genus recently dis-
tinguished from Arthrobacter (Busse, 2016), which also benefited from
BCA application (Yang et al., 2020).

In this study, a significant impact of P. sivasensis CF10PS3 intro-
duction on other Pseudomonas members was only evident at 42 days
post-treatment. Pseudomonas species were affected either positively
(with a logfold change value of a taxa attributed to P. synzantha of
1.50) or negatively (with a logfold change value of a taxa attributed
to P. coleopteorum of -0.78), additionally indicating a species-specific
effect. Pantoea agglomerans was impacted by a log fold change of -
0.98. In a comparative study of seed to seedling microbiomes, these
two species demonstrated robust initial colonization capabilities. How-
ever, they faced challenges in maintaining their dominance in the new
seedling environment, potentially due to competitive interactions with
other microbes (Arnault et al., 2024). This could indicates their poor
persistence in adapting to changing environmental conditions, poten-
tially explaining their behaviour observed here.

In terms of plant health, inferred from the number of biocontrol-
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related genera, the CF10PS3 treatment proved more beneficial than the
chemical treatment. This is evidenced by the enhancement of 13 gen-
era containing biocontrol-related species with the bacterial treatment,
compared to only 4 genera with the chemical treatment at the end of
the study. However, this is a simplified view of plant health and does
not consider commensal interactions.

8.5.3 Effects of chemical fungicide on microbial dynamics

Mefentrifluconazole belongs to the triazoles class, which primarily in-
hibit the ergosterol synthesis crucial for fungal cell membranes. SD-
HIs, including fluxapyroxad, block the fungal mitochondrial respiration.
Following fungal population reduction with fungicide treatment, some
bacterial groups may suffer due to their specific nutritional dependen-
cies on fungi (Velez et al., 2018), sensitivity to chemical changes, or
direct sensitivity to the chemical itself (Andreolli et al., 2023). These
trends seem species-dependent, as for instance Sphingomonas, a typi-
cally dominant genus, has been shown to be evenly distributed between
chemically treated plots and untreated ones, indicating its resilience
(Koberl et al., 2020; Chen et al., 2021). However, the use of iprodi-
one has been shown to decrease populations of Corynebacterium and
Arthrobacter (Katsoula et al., 2020) while Pseudomonas faces a decline
in abundance with increasing pesticide concentrations, and the bacte-
rial genera Flavobacterium, Massilia, and Methylobacterium experience
altered abundance profiles under pesticide stress (Chen et al., 2021).
Methylobacterium bacteria were particularly susceptible to the impacts
of tebuconazole (Han et al., 2021), and this molecule also negatively
impacted Sphingomonas (Ba¢maga et al., 2022). Bradyrhizobium is a
member of the Alpha-proteobacteria intrinsically associated with plants.
This class often decreases in numbers with pesticide exposure (Koberl
et al., 2020; Cheng et al., 2021). Clostridium has also been reported as
depleted by several fungicides (Ma et al., 2021).

Fungicide broader ecological impacts can indirectly benefit certain
bacterial groups in the microbiome (Nair et al., 2019; Lloyd et al., 2021).
Indeed, bacteria and fungi are in harsh competition for nutrients in the
environment (Mille-Lindblom et al., 2006; Wang and Kuzyakov, 2024).
By reducing competitive fungal populations, these fungicides can de-
crease competition for resources and can change substrate availability,
which can enhance bacterial growth. Additionally, the alteration of mi-
crohabitat conditions, such as pH (Akinnifesi et al., 2006; Crini et al.,
2017), and the reduction of antagonistic metabolites, can create favor-
able niches for specific bacteria adapted to these new environmental
conditions (Causevi¢ et al., 2024). This combination of reduced com-
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petition and altered environmental conditions can lead to the prolifer-
ation of certain bacterial groups that are otherwise suppressed in the
presence of robust fungal activity. This response is species-dependent,
as shown by Pekkonen et al. (2013) with oligotroph versus copiotroph
behaviours. In our study, some taxa from the copiotroph Rhodococ-
cus genus showed an increased abundance after treatment. In an other
study, such enhancement of Rhodococcus was correlated with the degra-
dation of chemicals like difenoconazole (Zhang et al., 2021b). Tebucona-
zole has also been noted to increase Rhodococcus as well as the relative
number of bacteria from the Arthrobacter genus (Ba¢maga et al., 2022).
Pyraclostrobin, another fungicide, increases Bacillus and Paenibacillus
which have shown the capability to degrade the molecule (Nair et al.,
2019). Gamma-proteobacteria, characterized by their fast growth, are
believed to recolonize the phyllosphere more quickly than other mi-
crobes after pesticide treatment, effectively filling the vacated niches
during the recovery phase (Whipps et al., 2008b). Erwinia, a mem-
ber of the Gamma-proteobacteria, could exemplify this resilience. The
Bacteroidetes group, among which Hymenobacter is found, showed in-
creasing abundance in iprodione-treated samples (Katsoula et al., 2020),
and Planococcus strains have been isolated from pesticide-contaminated
soils (Gaur et al., 2020).

Specific fungicides can have dual effects on specific bacterial groups.
For example, Pyraclostrobin increases Bacillus and Paenibacillus (Nair
et al., 2019) as mentioned earlier, but has also been found to deplete Fz-
iguobacterium (Zhang et al., 2019), illustrating the complex and varied
impacts of chemical fungicides on microbial communities. The impact
of fungicides on bacterial populations is highly variable, and depends
on each group’s ecological role, adaptability to environmental changes,
resistance to chemical effects, and the chemical molecule considered.

8.5.4 Overall microbiome response

While the bacterial and chemical treatments impacted specific microbial
species, they did not broadly alter the overall structure of the micro-
bial community as indicated by alpha and beta diversity indices (Sup-
plementary Fig. S-4). The results revealed that alpha diversity was
initially stable, then decreased as the season advanced, a trend likely
shaped by both intrinsic plant characteristics and external environmen-
tal factors such as temperature, desiccation and UV exposure (Segarra
et al., 2015b; Daranas et al., 2018b). Chemical and bacterial treat-
ments showed minimal impact on this initial stability, possibly due to
favorable conditions for microbial colonization (Perazzolli et al., 2014;
Copeland et al., 2015; Darlison et al., 2019; Stone and Jackson, 2021;
Zhang et al., 2022). Despite a reduction in alpha diversity towards
the end of the season, beta diversity remained stable, reflecting a con-
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sistent overall microbial community structure (Copeland et al., 2015;
Stone and Jackson, 2021). This consistency underscores a resilient core
microbiome able to adapt to environmental shifts (Zhang et al., 2022).
The analyses of alpha and beta diversity showed no notable differences
across treatments and controls (Supplementary Fig. S-4). This indi-
cates that these indices, relevant for overall effects, are less indicative
in studies where major impacts are observable at fine taxonomic res-
olutions. Indeed, specific species populations were either depleted or
enriched significantly, which was not mirrored in the diversity indices.

8.5.5 Detailed taxonomy and study limitations

Taking advantage of the species-level taxonomic attribution with PRON-
AME, this study highlighted specific taxa promoted or depleted by the
Pseudomonas introduction in the wheat foliar microbiome and corrobo-
rated most of other studies’ conclusions to upper taxonomic levels. The
sequencing analysis focused exclusively on high-quality duplex reads, fa-
cilitated by PRONAME, a robust tool designed for processing complex
sequencing data. By prioritizing these reads, a high level of confidence
was ensured in our taxonomic classifications down to the species level,
which was crucial for detailed resolution required in our study. The 4500
bp 16S-1TS-23S amplicon length used in this analysis covered enough
genetic variance to enable accurate species discrimination. An overview
of the sequencing results with the number of reads obtained for each
duplicated sample is indicated in Supplementary Table S-3. This table
illustrates the depth and consistency of sequencing across the samples
examined. This study, while providing valuable insights into the impact
of P. sivasensis CF10PS3 on the phytobiome of wheat, was conducted
under specific environmental conditions at a single geographic location,
which may limit the generalizability of the findings to other regions
or under different environmental scenarios. Comparison with chemical
treatment involved one of several plant protection products, composed
of two of many active molecules. Additionally, the use of a single wheat
cultivar, Chevignon, may not represent the response of other cultivars
with different genetic backgrounds, as it is known to deeply influence
the microbiome (Schlemper et al., 2017; Urbina et al., 2018; Wei et al.,
2019). These factors could influence the microbial dynamics observed
and the interaction between the biocontrol agent and the plant micro-
biome, potentially leading to different outcomes in other settings or with
different plant varieties.
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Chapter 9
General discussion

9.1 Discussion

The genus Pseudomonas plays a significant role in the wheat micro-
biome, with various species contributing to plant health and productiv-
ity (Preston, 2004; Poncheewin et al., 2022; Mehmood et al., 2023). No-
table species include Pseudomonas aeruginosa, P. chlororaphis, P. fluo-
rescens, P. lurida, P. piscium, P. orientalis, P. poae, P. salmasensis, P.
simiae, and P. putida, known for their association with cereals and bio-
control properties (Kron et al., 2020; Gémez-Lama Cabands et al., 2022;
Ibrahim et al., 2023). These Pseudomonas species are known for produc-
ing a range of bioactive compounds that enhance plant growth and con-
trol pathogens, including antimicrobial compounds, siderophores, and
enzymes that may contribute to disease control within the phyllosphere.
These bioactive compounds, along with their roles and targets, are sum-
marized in Tables 4-1, 4-2, and 4-3. These compounds have also been
extensively reviewed by Hofte (2021) Hofte (2021). Furthermore, some
of these species have been shown to induce systemic resistance in plants,
enhancing their ability to withstand pathogenic attacks. In our study,
we identified numerous Pseudomonas species associated with cereals,
including P. tensinigenes, known to colonize the wheat rhizosphere and
produce tensin (Girard et al., 2021); P. granadensis, previously isolated
from soil (Pascual et al., 2015); P. germanica, obtained from Iris ger-
manica rhizomes (Atanasov et al., 2022); P. lactis, a known soil inhab-
itant (Havryliuk et al., 2020) and P. sivasensis. P. sivasensis promotes

the growth of canola (Swi@tczak et al., 2023b) and has been identified in

various environments (Duman et al., 2020; Wu et al., 2022; Swi@tczak
et al., 2023a; Xiong et al., 2023), but to the best of our knowledge, it
had not been previously associated with cereals despite the fact that the
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bacteria was found systematically associated with small grain cereals in
this study.

Indeed, among the 444 Pseudomonas isolates associated with cereals
and obtained from various agricultural contexts, 33 showed antagonist
activities against at least three of the four tested pathogens in in wvitro
quantitative tests (G. graminis var. tritici, O. yallundae, F. gramin-
earum and Z. tritici (See Chapter 6). In vitro characterization might
provide insight into their ecological roles, as almost all isolates from
heads could control in vitro the head-pathogen Fusarium graminearum,
and almost all leaf isolates could antagonize the leaf-pathogen Zymosep-
toria tritici, indicating their potential roles in plant defense with various
mechanisms, including antagonism (See Chapter 6). P. sivasensis and
closely related species comprised over 25% of our 33 isolates. Among
these, we identified a new species, Pseudomonas arvensis sp. nov.,
which is genetically different of the closely related species while produc-
ing similar secondary metabolites. These species are widely associated
with cereals, as isolates were collected from all plant compartments and
from the first sampling in late March to the last in late June. They
were obtained from four fields, irrespective of tillage use and agricul-
tural practices, whether organic or conventional, or the plant host, be
it spelt or winter wheat. Given their notable presence in our study and
the significance of Pseudomonas research in agriculture, it is surprising
that P. sivasensis and P. arvensis sp. nov. had not been previously
identified as part of the wheat microbiome. This highlight the fact
that most of the bacteria associated with small grain cereals have been
mostly looked at as plant pathogens, therefore bypassing major bacte-
rial species associated with the cereal phytobiome. Further research is
required to determine whether P. sivasensis and P. arvensis are unique
to Belgium or if they have a broader distribution. In this study, we
concentrated primarily on wheat defenses against Zymoseptoria tritici.
In witro tests showed that the Pseudomonas sivasensis strain CF10PS3
can reduce symptoms and pycnidia production by Z. tritici, although
the precise mechanisms remain unexplored. Strain CF10PS3 is capable
of producing cellulase, protease, and siderophore, and has the genetic
potential to synthesize viscosin, fragin, APE-Vf, pseudopyronine, and
koreenceine (See Chapter 6). While these metabolites have not been
directly linked to controlling Z. tritici, their involvement is suspected
due to the broad activity spectrum of these compounds. Comparative
genome analysis revealed a significant difference between the closely re-
lated species P. sivasensis and P. arvensis sp. nov. regarding biocontrol
capabilities. Both possess the genetic cluster necessary for producing
fragin, a metallophore with antifungal properties (Jenul et al., 2018),
but the latter lacks the cluster for koreenceine, with the exception of
one strain (DR1PS3) out of four.
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9.1.1 Large scale adoption journey

While having numerous pros and benefits, large scale adoption of biocon-
trol solutions by farmers is still subjected to several steps and obstacles.

The use of Biocontrol Agents (BCAs) represents a fundamental shift
in agricultural pest management compared to traditional chemical pes-
ticides. Unlike chemical treatments that focus on reducing specific
pathogens, BCAs aim to enhance the overall health of the plant holo-
biont — the plant and its associated microbial communities. This inte-
grated approach leverages the natural interactions between plants and
beneficial microbes to promote plant health, resilience, and productiv-
ity. However, this strategy also comes with its own set of drawbacks,
limitations, and compromises that must be carefully considered. Chem-
ical pesticides aim to directly target and reduce specific pathogens or
pests, providing immediate crop protection by eliminating harmful or-
ganisms. However, they can lead to resistance development among
pests, negatively impact non-target organisms, and cause environmental
contamination. In contrast, biocontrol agents (BCAs) like Pseudomonas
sivasensis CF10PS3 take a holistic approach by enhancing the overall
health and resilience of the plant holobiont. BCAs promote beneficial
microbial communities that support plant growth, improve nutrient up-
take, and enhance natural defenses, fostering a diverse and balanced
microbial community on the plant surface. This approach aims to cre-
ate a more sustainable and resilient agricultural system.

BCAs offer several benefits, including sustainability by reducing chemi-
cal inputs, resistance management by promoting diverse microbial ecosys-
tems, and enhanced plant health, making crops more resilient to vari-
ous stresses. However, their efficacy is generally considered variable and
inconsistent at field level (Nicot et al., 2011). It can vary based on en-
vironmental conditions, they act more slowly than chemical pesticides,
and they require more sophisticated management practices combined
with a thorough knowledge of the plant, BCA and pathogen biology
(Elad et al., 2007; Ruocco et al., 2012). Several leverages can be con-
sidered to enhance field performance of BCA, as reviewed by Marian
and Shimizu (2019). They include strategies such as improving abiotic
stress tolerance (Puopolo et al., 2015; Daranas et al., 2018a), incor-
porating anti-stress protectants (Sui and Liu, 2014), utilizing nutrient
provisioning and organic amendments (Yandigeri et al., 2015; Gramisci
et al., 2018), combined application of multiple BCAs (Chemeltorit et al.,
2017; Jambhulkar et al., 2018) with an optimization of formulation pro-
cedures (Segarra et al., 2015a; Angeli et al., 2017; Bejarano et al., 2017).
These approaches can help in enhancing the persistence, colonization,
and biocontrol efficacy of BCAs under field conditions.

Adopting BCAs involves compromises between immediate pest control
and long-term sustainability. Integrated Pest Management (IPM) sys-
tems, which can combine BCAs with chemical treatments, offer a bal-
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anced approach, allowing BCAs to promote plant and soil health while
reserving chemical treatments for emergency interventions. This shift
from chemical pesticides to BCAs represents a more integrated and sus-
tainable approach to pest management, focusing on plant holobiont
health rather than solely targeting pathogens. To enhance the adop-
tion of BCAs, demonstration trials in diverse agricultural settings are
essential to showcase their efficacy and benefits. Training and educa-
tion programs for farmers on proper application techniques and ben-
efits are crucial, along with ensuring regulatory approval from bodies
like the EFSA or EPA. Addressing economic considerations through
cost-effective production methods, financial incentives, and cost-benefit
analyses can encourage adoption. Increasing awareness through tar-
geted campaigns and success stories can build trust, while extensive
research and standardized application guidelines can improve consis-
tency of results. By addressing these steps and obstacles, the adoption
of BCAs can be significantly enhanced, leading to more sustainable and
resilient agricultural practices.

9.1.2 Durability

One of the benefits offered by BCA and helping for its wider adoption
could be its theoritically enhanced durability. The durability of a control
method for plant protection is defined by its sustained efficacy over time
and space, influenced by the selection pressure it exerts on pest popu-
lations and their ability to adapt (Bardin et al., 2021). Pseudomonas
sivasensis CF10PS3 can also persist in the wheat phyllosphere for up
to seven weeks post-application (Chapter 7), highlighting its potential
as a long-term biocontrol agent for wheat diseases. This persistence can
reduce the need for frequent reapplications, lowering costs and labor
for farmers, and supports the practical implementation of biocontrol
agents (BCAs) in agriculture as stable alternatives to chemical pesti-
cides. The durability of chemical control methods has been challenged
by the frequent emergence of resistance in various plant pathogenic fungi
(Brent and Hollomon, 2007). Similarly, resistance to microbial biocon-
trol agents or their metabolites has been observed in arthropod pests
(Siegwart et al., 2015). For example, resistance to Bacillus thuringiensis
toxins was reported in three pest species several years after its market in-
troduction. However, documented cases of resistance in plant pathogens
to microbial bioprotectants are scarce, possibly due to their limited use
compared to conventional protection tools (Bardin et al., 2015).

Antibiosis, a mode of action similar to chemical control, is effective but
raises concerns about resistance development. Plant pathogens have de-
veloped resistance mechanisms to various toxic compounds produced by
beneficial microorganisms (Duffy et al., 2003; Raaijmakers et al., 2009).
Conversely, resistance to competitive mechanisms seems unlikely, but
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some pathogens may exploit nutritional resources more efficiently, affect-
ing the efficacy of microbial bioprotectants (Kohl et al., 2019b). Some
bacteria, like those producing lipopeptides, can alter plant leaf surfaces
to hinder pathogen attachment and growth, with a direct antimicrobial
effect and the ability to induce systemic resistance in plants (Ongena and
Jacques, 2008; Falardeau et al., 2013). The development of resistance to
lipopeptides appears unlikely due to their biosurfactant properties and
the costly mechanisms required for microorganisms to repair membrane
damage (Falardeau et al., 2013; Zhao et al., 2017). However, differ-
ent levels of sensitivity to lipopeptides were observed in Venturia inae-
qualis strains (Desmyttere et al., 2019). Microbial bioprotectants like
Trichoderma combine multiple modes of action, including hyperpara-
sitism and antibiosis, enhancing their efficacy against various pathogens
(Elad, 2000; Harman, 2006; Howell, 2003; Karlsson et al., 2017). Bacil-
lus subtilis QST713, for instance, uses antimicrobial metabolites, nutri-
ent competition, and induction of systemic plant resistance to control
pathogens such as Botrytis cinerea and Pythium ultimum (Paulitz and
Bélanger, 2001; Lahlali et al., 2013; Levasseur et al., 2005). The durabil-
ity of biocontrol depends on the specific modes of action involved, with
some being more prone to resistance development than others. Studies
have shown varying levels of susceptibility to microbial bioprotectants
among plant pathogen strains, potentially reducing field efficacy. For
example, different sensitivities to phenazine-1-carboxylic acid and 2,4-
diacetylphloroglucinol were observed among Gaeumannomyces grami-
nis var. tritici and Fusarium oxysporum strains (Mazzola et al., 1995;
Schouten et al., 2004). Monitoring resistance levels before and after
treatment can inform on resistance distribution and impact on efficacy.
Testing numerous isolates of a target plant pathogen for resistance to
a microbial bioprotectant is crucial for estimating resistance emergence
risk. Rapid assessments of resistance in large pathogen strain collec-
tions, as done for fungicides, should also be applied to BCAs to ensure
their long-term efficacy.

The widespread use of microbial bioprotectants in commercial agri-
culture raises concerns about the potential development of resistant
strains, similar to what has occurred with chemical pesticides. To as-
sess this risk, it is necessary to repeatedly expose plant pathogens to
microbial bioprotectants or their compounds through experimental evo-
lution, a method also used in human pathology and fungicide research
(Cowen, 2001). One study involving the microbial bioprotectant B.
subtilis CL27 in a greenhouse setting found that after ten treatments,
it became ineffective against B. cinerea (Li and Leifert, 1994). An-
other study demonstrated that B. cinerea could adapt to pyrrolnitrin,
an antibiotic produced by several microbial bioprotectants including
Pseudomonas, and showed cross-resistance with iprodione, a common
fungicide (Ajouz et al., 2010; Fillinger et al., 2012). Although resistance
developed, it came with significant fitness costs, such as reduced growth,
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aggressiveness, and conidia production, which limited the pathogen’s
epidemic potential (Ajouz et al., 2011). Understanding the potential
for resistance development is crucial for ensuring the long-term effec-
tiveness of microbial bioprotectants. This knowledge helps identify risk
factors and select microbial bioprotectants with a lower risk of losing
efficacy against target plant pathogens. Major research efforts are still
needed to gain detailed knowledge of the modes of action of biocontrol
agents. This knowledge will allow optimizing their use in the field and
should therefore foster their durability. For example, guidelines could
be established for using complex formulations (mixtures of metabolites
or microorganisms with different modes of action) or for alternating
different products. This could also help ward off potential failures by
guiding the screening procedure for new biocontrol agents towards more
durable modes of action (Bardin and Siegwart, 2022).

9.1.3 Environmental impacts of repeated introduction of
BCA

The introduction of CF10PS3 initially alters the microbial community
composition, finally enhancing the abundance of potentially beneficial
genera and reducing the prevalence of potentially harmful ones. How-
ever, these changes are generally transient and species-specific, with
some microbial populations recovering or adapting over time. In the
short term, this disruption could improve plant health and disease re-
sistance. Similar patterns are observed with other BCAs, where initial
beneficial impacts may stabilize as the ecosystem adjusts, highlighting
the importance of understanding these dynamics for effective biocon-
trol application. Repeated application of BCAs could lead to shifts in
the native microbial community structure and function, potentially pro-
moting beneficial microbes that support plant health while suppressing
pathogens. However, long-term ecological studies are necessary to fully
understand these impacts and to ensure that they do not lead to unin-
tended consequences such as the development of resistance or disruption
of native microbial ecosystems. Over time, the consistent presence of
BCAs like CF10PS3 might select for microbial communities that are
more resilient and supportive of crop health, yet the ecological balance
must be monitored to prevent negative outcomes. This general consider-
ation applies to all BCAs, emphasizing the need for sustainable practices
and ongoing monitoring. The persistence and environmental impacts of
CF10PS3 highlight broader considerations for the use of BCAs. FEn-
suring that BCAs are compatible with local ecosystems and integrated
into comprehensive IPM strategies is essential. This includes rotating
BCAs to prevent resistance, monitoring microbial community changes,
and conducting long-term impact studies. To maximize the survival and
efficacy of CF10PS3, it is crucial to consider environmental conditions

138



such as humidity, temperature, and rainfall when planning applications.
For example, applying CF10PS3 during periods of moderate humidity
and temperature can enhance its colonization and persistence on plant
surfaces. In regions with heavy rainfall, applications should be timed to
avoid wash-off, such as targeting early morning or late afternoon when
dew is present but rain is less likely. Seasonal variations also play a
role; applying CF10PS3 in spring when plant growth is vigorous can
support better establishment and activity compared to late summer ap-
plications when conditions might be less favorable. Of course, the tim-
ing regarding the targeted pathogen life cycle is obviously important
too. Experimenting with different dosages and formulations is essential
to find the most effective combination for sustained microbial presence
and biocontrol activity. For instance, initial field trials might involve
varying the concentration of CF10PS3 from 10° to 10° CFU/ml to de-
termine the optimal dose that balances efficacy with cost. Formulations
that include protective agents, such as glycerol or skim milk powder,
can enhance the survival of CF10PS3 during storage and application.
Additionally, encapsulating CF10PS3 in biodegradable polymers might
protect the bacteria from environmental stressors, gradually releasing
them in the phyllosphere and promoting prolonged activity. Assessing
the impact of different co-formulants on BCA stability and efficacy is
crucial to identify synergistic combinations that enhance performance.
For example, combining CF10PS3 with organic amendments like com-
post tea can provide additional nutrients that support bacterial growth
and activity. Another approach could be co-applying CF10PS3 with
other agents that produce complementary metabolites, enhancing over-
all plant health and disease control. Studies could explore the potential
synergistic effects of CF10PS3 with natural antifungal compounds like
chitosan, which can help suppress a broader range of pathogens while
promoting the biocontrol efficacy of CF10PS3.

9.1.4 Persistence of introduced BCA in the environment

The persistence of P. sivasensis CF10PS3 in the soil could be an impor-
tant factor for its effectiveness as a biocontrol agent. This study, which
focused on the phyllosphere, provides valuable insights that are appli-
cable to soil environments as well. Whereas the strain was applied on
above ground plant parts with foliar spray, bacteria can also reach the
soil either by off-target fraction of the treatment or with rain washoff.
The persistence of CF10PS3 in the soil might be influenced by various
environmental conditions such as temperature, humidity, and soil pH,
as well as by competitive interactions with native soil microbes. These
factors collectively determine the survival, colonization, and activity of
CF10PS3, which in turn impact its efficacy in controlling soil-borne
pathogens and promoting plant health. Considering the strain’s ability
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to control eyespot and take-all disease pathogens in in vitro tests, along
with its capability to colonize aerial parts of the plants from a simple
seed coating, the persistence of the strain in agricultural soils could be
beneficial. Studies similar to the one presented in Chapter 8 but fo-
cused on the soil would nevertheless be necessary to ensure that such
long-term introduction does not have detrimental effects on the micro-
biome. Monitoring techniques, such as strain-specific gqPCR, are essen-
tial tools for studying the long-term dynamics and stability of CF10PS3
in the soil. Strain-specific qPCR allows for the precise quantification of
CF10PS3 populations, distinguishing them from native Pseudomonas
strains and other microbes. This technology provides detailed data on
the persistence and distribution of CF10PS3 over time, under various
environmental conditions and agricultural practices. Such insights are
crucial for optimizing application strategies, ensuring that CF10PS3 re-
mains active and effective as a biocontrol agent over extended periods.
Extending this understanding to biocontrol agents (BCAs) in general,
the principles of persistence and monitoring apply broadly. The effec-
tiveness of any BCA in the soil depends on its ability to establish itself
and interact beneficially with the native microbial community. Envi-
ronmental factors play a significant role; for instance, temperature ex-
tremes can reduce microbial activity, while appropriate moisture levels
can enhance microbial survival and function. Soil characteristics such
as texture, organic matter content, and nutrient availability also influ-
ence BCA persistence. By monitoring BCA populations, it is possible
to adjust application methods and timings to enhance their persistence
and effectiveness. For example, applying BCAs during periods of mod-
erate environmental stress or in conjunction with soil amendments that
support microbial life can improve their establishment and longevity.
Moreover, integrating BCAs into broader soil health management prac-
tices is crucial. Practices such as reduced tillage, organic amendments,
and cover cropping can create more favorable conditions for BCAs by
enhancing soil structure, moisture retention, and microbial diversity.
These practices could not only support the persistence of BCAs but
also contribute to overall soil fertility and plant health, creating a more
resilient agricultural ecosystem. At the beginning of the field study,
we observed an initial composition of the phyllospheric microbial com-
munity dominated by major phyla such as Pseudomonadota, Bacillota,
Actinomycetota, and Bacteroidota, a taxonomic distribution that echoes
numerous studies (Kavamura et al., 2021; Chen et al., 2022). When
applied to leaves, strain CF10PS3 initially distributed homogeneously
across the surface. Confocal imagery revealed that the bacteria quickly
migrated to preferential colonization sites such as around stomata, along
veins, and at the bases of trichomes. This movement was facilitated by
its swimming and swarming abilities, likely enhanced by the produc-
tion of viscosin, a cyclic lipopeptide that reduces surface tension and
promotes bacterial spread and motility (Vacher et al., 2016). Indeed,
the connection between lipopeptides and Pseudomonas in facilitating
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bacterial spread is well-documented (Flamand et al., 1996). Following
bacterial introduction, numerous resident species were depleted. This
might result from the massive introduction of CF10PS3, triggering eco-
logical countermeasures by both the natural population and the intro-
duced strain. As the introduced bacteria migrated towards preferential
sites, they likely encountered other microorganisms already occupying
those sites, necessitating the use of CF10PS3’s antibiosis machinery for
successful colonization. This could involve cellulase, which can help
disrupt bacterial biofilms (Kamali et al., 2021), and alkaline protease,
which may inactivate antibiotics produced by other bacteria (Ander-
son et al., 2004). Although lacking a complete operon for pyoverdines
production (missing pvdD and pvdJ genes responsible for NRPSs syn-
thesis (Ghssein and Ezzeddine, 2022)), in wvitro tests confirmed the
strain’s capability to produce unidentified siderophores that can signif-
icantly impact competitors by inducing iron starvation (Colombowala
and Aruna, 2018; Vollenweider et al., 2023). Other compounds poten-
tially produced by the strain could also play a role in this antibiosis
against resident phyllospheric bacteria. Their genetic determinants are
present in CF10PS3 genomes, but actual production was not assessed.
These include viscosin, which has potential antibacterial effects through
disrupting bacterial membranes (Alsohim et al., 2014); koreenceine, a
polyketide with noted antifungal properties and underexplored antibac-
terial activity (Riera et al., 2023); pseudopyronine, primarily effective
against fungal pathogens, and APE-Vf, used in antifungal biocontrol,
which may possess antibacterial properties through mechanisms that
need further verification (Nishanth Kumar et al., 2016; Dutta et al.,
2020).

Besides this direct antagonism of the introduced strain toward the
resident microbiome, the massive introduction could also rapidly de-
crease resource availability, thereby reducing the number of surviving
species (Pekkonen et al., 2013).

Most epiphytes, including CF10PS3 as shown by confocal imagery,
survive on leaf surfaces by forming large aggregates where they pro-
duce extracellular polymeric substances (EPS), enhancing their hydra-
tion and protection against environmental stressors (Morris and Kinkel,
2002; Lindow and Brandl, 2003; Baldotto and Olivares, 2008; Vorholt,
2012). The quorum-sensing (QS) molecule Acyl-homoserine lactone
(AHL) plays a crucial role in biofilm formation by regulating EPS pro-
duction (Chaudhry et al., 2021). The potential ability of strain CF10PS3
to engage in QS and its biofilm formation capability could not only en-
hance bacterial resistance to antimicrobial compounds and environmen-
tal challenges, such as UV radiation, desiccation, temperature fluctua-
tions, or wash off but could also provide a stable environment through
the production of biosurfactants like viscosin, which supports cell adhe-
sion and aggregation (Alsohim et al., 2014). These various and comple-
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mentary mechanisms of strain CF10PS3 are key factors in its successful
colonization observed in the field trial (Nadakuduti et al., 2012; Braga
et al., 2016; Ueda et al., 2018; Leveau, 2019; Oso et al., 2019; Strelet-
skii et al., 2019; Flores-Nunez et al., 2020). With the development of
specific qPCR probes, we were able to effectively track the strain’s pres-
ence in the field. Two days after the massive introduction of the bac-
teria, strain CF10PS3 numbers had dropped, likely due to the reasons
explained earlier and as a result of phyllospheric interactions. Remark-
ably, it showed no significant influence on other P. sivasensis s.l. pop-
ulations naturally present in the phyllosphere (see chapter 7). Inside
the microbiome, the situation tended toward an equilibrium between
the populations, with several species still depleted but many others now
promoted (see chapter 8). Some enhanced species may take advantage
of the niche clearing resulting from the bacterial competition (Caugevié
et al., 2024). The chemical treatment also brought several direct pertur-
bations in the natural populations following the treatment. Numerous
species were depleted while others were promoted, to a lesser extent.
In the two weeks following the bacterial treatment with P. sivasensis
CF10PS3, an equilibrium persisted between the number of promoted
or depleted species, culminating in 33 enhanced species and only three
still depleted by the end of the sampling period. Despite a decrease in
the abundance of CF10PS3, its presence remained higher than in con-
trol plots as evidenced by ”T” SNP detection through qPCR and in
metagenomic reads (See Chapters 7 and 8). By the experiment’s con-
clusion, 13 genera containing biocontrol-related species were enhanced
in the bacterial treatment plots, compared to only 4 in those receiving
the chemical treatment, reflecting a more beneficial impact on plant
health. The sustained influence on specific species despite the reduc-
tion in CF10PS3 population suggests that the lasting effects could be
attributed either to the residual bacteria, their metabolite production,
or a shift in the microbial community dynamics initiated by the treat-
ment. Strategies to enhance the persistence of CF10PS3, such as encap-
sulation or co-application with supportive nutrients, might confirm the
direct role of the bacteria and its metabolites in these observed effects.
CF10PS3 caused significant shifts in the abundance of specific microbial
species. The biocontrol agent particularly promoted a sustained effect
on certain species, unlike the chemical treatment’s more transient im-
pact. This underscores the potential of targeted biocontrol strategies to
improve desirable microbial traits without disrupting the overall com-
munity structure. In this context, microbiome engineering via bacterial
inoculation represents a promising strategy for manipulating microbial
communities to bolster plant health. While the biocontrol and chemical
treatments affected specific microbial populations, as observed at the
species level, they did not broadly disrupt the overall microbial com-
munity structure, measured by alpha and beta diversity indices. This
indicates that these indices, relevant for overall, big-picture effects, are
less indicative in studies where major impacts are observable at fine tax-
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onomic resolutions. Indeed, we observed numerous species populations
either depleted or enhanced, which was not reflected in the diversity
indices. A contrario, as the season progressed, external factors such as
temperature dessication and UV exposure did influence microbial di-
versity, highlighting the impact of environmental conditions on these
communities (Segarra et al., 2015b; Daranas et al., 2018b). Overall,
the research illustrates the complex dynamics within the wheat phyl-
losphere, where introduced biocontrol agents and chemical treatments
transiently affect specific microbes without causing widespread disrup-
tion to the community, while having an effect on specific species.

9.2 Perspectives

Research in the fields of microbial interactions and microbiome engi-
neering continues to expand rapidly, yet several pivotal questions re-
main unanswered, and numerous gaps require to be resolved. The
complex mechanisms by which CF10PS3 influences adjacent microbial
populations—whether through direct competition, niche modification,
or biochemical processes like antimicrobial compounds production and
quorum sensing—are still not fully understood, necessitating further de-
tailed exploration. While initial steps have been taken to characterize
general trends in microbial community shifts following treatment, the
specific taxa that are either promoted or suppressed have been identi-
fied here. However, their precise ecological roles and implications on
plant health have not yet been thoroughly elucidated. This lack of de-
tailed understanding underscores the need for identifying the roles these
microbes play within their ecosystems. By examining the functional
impacts of the biocontrol agent CF10PS3 on the phyllosphere micro-
biome, we can begin to unravel how these microbial shifts directly influ-
ence plant health. Such insights could help developing targeted inter-
ventions that enhance phyllosphere resilience and productivity, moving
from mere identification to a comprehensive functional understanding.
Another intriguing aspect is the ecological and evolutionary responses
of microbial communities to repeated applications of CF10S3. Given
indications of CF10PS3’s association with the wheat xylem and its exit
through hydathodes, suggesting a continuous introduction of the bacte-
ria into the phyllosphere from a seed coating. It raises also the question
of how the microbiome might adapt and evolve. Factors such as the pro-
duction of enzymes like cellulase, which may facilitate the breakdown of
plant cell walls and enhance colonization within plant tissues, are crucial
to consider (Flint and Bayer, 2008). Additionally, traits like the produc-
tion of biosurfactants such as viscosin which reduce surface tension and
aid in bacterial spread across plant surfaces, certainly play a pivotal role
(Alsohim et al., 2014). Genes related to motility, such as those encoding
flagella, and nutrient acquisition mechanisms like siderophore produc-
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tion for iron uptake, are probably important in determining how effec-
tively CF10PS3 colonizes the plant. Moreover, the ability of CF10PS3
to form biofilms could be critical for bacterial adherence and plant col-
onization (Mina et al., 2019). Examining the differential microbiome
responses with other Pseudomonas species, distinct genera, or within
microbial consortia could also shed light on strain-specific versus more
general responses, as the strain-specific response has been highlighted
for gut microbiota (Ma et al., 2023). Enhancing the presence of key-
stone species on wheat through selective breeding (Gruet et al., 2023),
foliar sprays, or via seeds (Johnston-Monje et al., 2021) offers a promis-
ing path forward. Establishing the threshold levels necessary for effec-
tive biocontrol of Z. tritici could take advantage of tools like qPCR to
monitor and optimize the field effectiveness of microbial interventions
(Barbau-Piednoir et al., 2014; Taylor et al., 2014; Thilakarathna et al.,
2022). Additionally, implementing techniques such as viability-qPCR
(v-qPCR), a technique using a dye or a compound such as propidium
monazide to prevent amplification of dead-cells DNA, could be a signif-
icant advancement for accurately assessing viable bacterial populations
and refining biocontrol strategies under diverse environmental condi-
tions. This could also open new avenues for the study of co-formulants
to improve BCA survival. Microbiome engineering aims to tailor the
plant microbiome towards a community structure that enhances essen-
tial plant functions. Despite considerable progress and the deployment
of complex approaches using biological control agents or plant growth-
promoting microbes, applying these strategies in commercial settings
has encountered challenges (Glick, 2012). This is likely due to the ex-
clusion of new microbes by more resilient existing microbial commu-
nities, whose composition has evolved through intricate multi-faceted
interactions with the environment (Hardoim et al., 2015). The response
of native microbiota to introduced microbial strains remains poorly un-
derstood, and insights from research such as those presented here could
help illuminate this issue, particularly in the rhizosphere, which is the
most studied plant compartment in this context (Araujo et al., 2019;
Afridi et al., 2022; Zhang et al., 2023). Reinhold-Hurek et al. (2015)
and Hu et al. (2018) provide comprehensive insights into the mecha-
nisms through which plants influence their microbiomes. Their studies
elucidate the various microhabitats within specific niches and how mi-
crobial communities in these niches are selectively enriched by the plant.
This selective enrichment plays a critical role in enhancing plant nutri-
ent uptake and health, offering insights into the complex plant-microbe
interactions that are pivotal for microbiome engineering. Alongside the
various drivers of microbial community stability (Shade et al., 2012),
Glick (2012) also addresses the practical challenges of implementing
these microbiome modifications in agricultural settings, noting the re-
sistance posed by established microbial communities. The plant itself
plays a crucial role as many of the molecular signals that activate plant
immune responses are remarkably similar, and often identical, across
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both pathogenic and beneficial microbes (Rodriguez et al., 2019).

In light of these challenges, the future of microbiome research lies
not only in deciphering microbial identities but also their functions.
This shift towards function-based strategies will likely be propelled by
advancements in shotgun metagenomics, which have already begun to
map microbial functions in other contexts like the phyllosphere micro-
biome of rice (Roman-Reyna et al., 2020). As we continue to unravel
these complex microbial networks, the potential for favoring and direct-
ing microbiomes to enhance plant development, nutrition, and disease
control appears promising (Compant et al., 2019; Hardoim et al., 2015;
Lemanceau et al., 2017).

In this work, we introduced a novel application of qPCR probes to
distinguish the introduced P. sivasensis strain CF10PS3 from naturally
occurring strains. This specific detection allows for precise monitoring
of the persistence and dynamics of the biocontrol agent (BCA) in the
field, which is a significant advancement over traditional methods that
could not differentiate between introduced and native populations. The
study’s findings on the persistence and impact of CF10PS3 on the wheat
phyllosphere microbiome are crucial for developing robust biocontrol
strategies and enhancing sustainable agricultural practices.

The specific qPCR for CF10PS3 can be applied in various contexts
to monitor and optimize biocontrol strategies. In co-formulant stud-
ies, this tool allows researchers to study interactions between CF10PS3
and other co-formulants in biocontrol products. By monitoring the
population dynamics of CF10PS3, researchers can infer how different
co-formulants affect its survival, colonization, and biocontrol efficacy,
leading to the development of optimal formulations that enhance the
overall effectiveness of biocontrol agents.

For biocontrol strategy optimization, the specific qPCR can deter-
mine the optimal timing and concentration for applying CF10PS3 in
the field by monitoring its persistence and activity under different envi-
ronmental conditions. By quantifying CF10PS3 populations over time,
the tool helps establish the most effective dosage and frequency for ap-
plication, ensuring sustained biocontrol activity.

Environmental impact assessments benefit from monitoring CF10PS3
with specific gPCR, as it helps assess its impact on native microbial
communities. Understanding these interactions provides insights into
the ecological safety and long-term effects of introducing CF10PS3 into
agricultural environments. Additionally, regular monitoring can detect
any changes in the susceptibility of target pathogens to CF10PS3, pro-
viding early warning signs of resistance development.

In mutant studies for metabolite production, the specific qPCR can
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monitor the persistence and impact of mutants of CF10PS3 that are
deficient in specific metabolites. This helps elucidate the roles of these
metabolites in plant-microbe interactions and biocontrol efficacy. By
comparing the behavior of wild-type and mutant CF10PS3 strains, re-
searchers can determine how specific metabolites influence microbial
community dynamics, pathogen suppression, and overall plant health.

The specific qPCR can also evaluate how different agricultural prac-
tices, such as tillage, crop rotation, and organic amendments, affect the
persistence and activity of CF10PS3. This information can guide the
development of sustainable farming practices that support biocontrol ef-
ficacy. Furthermore, integrating the specific gPCR into Integrated Pest
Management (IPM) programs allows for the monitoring of CF10PS3 as
part of a broader strategy to manage pests and diseases with minimal
chemical inputs.

The broader implications and research opportunities of this work
include linking CF10PS3 behavior to ecosystem functions. By monitor-
ing CF10PS3 populations and their interactions with other microbial
species, researchers can gain insights into the ecosystem functions sup-
ported by this biocontrol agent, such as nutrient cycling, pathogen sup-
pression, and plant growth promotion. Additionally, the specific gPCR
tool contributes to a deeper understanding of microbial ecology by pro-
viding data on the persistence and behavior of introduced strains within
native microbial communities. This can inform ecological theories and
models related to microbial colonization and competition.

The insights gained from monitoring CF10PS3 can inform the devel-
opment of next-generation biocontrol agents tailored to specific crops
and environmental conditions. By understanding the factors that influ-
ence the success of CF10PS3, researchers can design more effective and
resilient biocontrol strategies.

Additionnaly to the qPCR tool developped in Chapter 7, we also
took advantage of a newly designed tool opening several other per-
spectives. PRONAME is a user-friendly pipeline for processing long-
read Nanopore metabarcoding data, significantly advancing species-level
taxonomic identification in microbial ecology and biocontrol research.
By leveraging long-read sequencing technology, PRONAME allows for
longer sequence reads, capturing entire gene regions and reducing am-
biguities in taxonomic assignments. This enhances the resolution of
microbial community analyses. PRONAME generates high-quality con-
sensus sequences, reducing errors and biases, and ensuring reliable taxo-
nomic classifications. Its accessible interface allows researchers of vary-
ing bioinformatics expertise to easily process and analyze complex se-
quencing data, making advanced taxonomic identification more acces-
sible. PRONAME integrates with comprehensive microbial databases,
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enhancing species-level identifications and facilitating the discovery of
novel or rare taxa. It has been effectively used to identify and moni-
tor specific strains of P. sivasensis in the wheat phyllosphere, crucial
for understanding biocontrol agents’ dynamics and impacts. PRON-
AME provides accurate and detailed microbial community profiles, en-
abling researchers to explore relationships between microbial diversity,
ecosystem functions, and environmental factors, essential for develop-
ing sustainable biocontrol strategies. In microbial ecology, it could help
study microbial diversity and functions in different ecosystems, aiding in
bioremediation and diversity-function studies. In agricultural and plant
sciences, it could profile soil microbiomes under different practices and
study plant-microbe interactions, aiding in biofertilizer and biopesticide
development. In industrial biotechnology, it could identify microbial
strains for enzyme production, biofuel generation, and waste degrada-
tion, and monitor fermentation processes. In public health and epidemi-
ology, PRONAME could help tracking microbial contamination sources
and study antibiotic resistance gene distribution, informing strategies
to combat antibiotic-resistant infections.

9.3 Achievements

The work presented here has made several advancements in theoretical
knowledge, allowed by advances in two practical aspects. Accomplish-
ments encompass:

e Comprehensive identification and genomic characterization of Pseu-
domonas species within the wheat microbiome, providing insights
into their diversity, presence, and ecological roles throughout dif-
ferent wheat growth stages.

e Demonstration of wheat association with Pseudomonas sivasensis
in Belgium
e Discovery of a new species named Pseudomonas arvensis sp. nov.,

closely related to Pseudomonas sivasensis, and associated with
wheat.

e Evaluation of Pseudomonas sivasensis CF10PS3 for its potential
as a biocontrol agent against Zymoseptoria tritici, including assess-
ment of its biocontrol traits and effectiveness in suppressing this
pathogen. The ability of CF10PS3 to colonize plant leaves from
a simple seed coating and to form large aggregates in preferential
locations after foliar spray was also highlighted.

e Documentation of the persistence of the introduced strain CF10PS3
in the wheat phyllosphere, despite environmental challenges.
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e Identification of the impacts of strain CF10PS3 on natural pop-
ulations, suggesting that the introduced strain can coexist with
the native microbial communities without major disruption, while
favoring specific species.

The methodological developments include:

e The development of novel quantitative PCR (qPCR) protocols for
the specific detection and quantification of Pseudomonas sivasensis
CF10PS3, allowing for precise monitoring of its persistence in the
phyllosphere over time.

o A GFP-tagged strain of Pseudomonas sivasensis CF10PS3

e The creation of an innovative bioinformatic pipeline capable of
conducting species-level metagenomic evaluations, to assess the
impact of strain CF10PS3 introduction on the native microbial
communities.

e Overall, a methodological pipeline to monitor the wheat cereal
leaves phytobiome at field level.
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Appendix

Table S-1: Others bioactive molecules produced by Pseudomonas

Spp.

Class
Aminoglycoside
Cyclic lipopeptide
Cyclic lipopeptide
Cyclic lipopeptide
Cyclic lipopeptide
Cyclic lipopeptide
Cyclic lipopeptide
Cyclic lipopeptide
Cyclic lipopeptide
Cyclic lipopeptide
Cyclic lipopeptide
Cyclic lipopeptide
Cyclic lipoundecapeptide
Diazeniumdiolate
Enzyme
Lipodepsipeptide
Polyketide
Polyketide
Pyrazolotriazine
Pyrone
Quinolones
Siderophore
Soluble tropolonoid

Metabolite
Anikasin
Arthrofactin
Bananamides
Massetolide A
Pseudodesmin A
Putisolvin

Viscosin
Viscosinamide A
WLIP

Xantholysin
Poaeamide
Orfamides (ABCDE)
Lokisin

Fragin

Oxalate degrading enzym
Tolaasin

Koreeceine
Lankacidin
Pseudoiodinine
Pseudopyronine
Dihydroaeruginoic acid
Crochelin
7-hydroxytropolone
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G. graminis

F. graminearum var. tritici

0. yallundae

Z. tritici

Figure S-1: Exemples of in vitro confrontation tests
For in wvitro mycelial growth reduction of pathogens, inhibition is measured between
bacterial isolates and fungi for Fusarium graminearum, Gaemanomyces graminis var.
tritici and Oculimacula yallundae. For Zymoseptoria tritici, a top-agar method is
used.

Figure S-2: Detached leaves tests
Hllustration of the detached leaves protocol utilized in the study. The leaf ends are en-
capsulated between two agar slices supplemented with benzimidazole to prevent senes-
cence. The left image shows the negative control, treated only with water, while the
right image displays the positive control, treated exclusively with Z. tritici spores. Both
images were captured 28 days after treatment.
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Table S-2: Number of sequences used in the alignment for probes
and primers design and off-target detection of G-probe

] Nb of Nb of Off-target
Species . .
sequences strains strains
P. arvensis sp. nov. 24 4 /
P. chlororaphis* 36 7 /
P. cyclaminis 6 1 /
2020WEIHUA
P. fluorescens 92 22 ATCC13525
NCTC10038
P. germanica 4 1 /
P. granadensis 4 1 /
P. lactis 11 6 /
P. lurida 15 5 /
P. marginalis 21 5 /
P. orientalis 13 7 /
DSM14936
LMG21465
PA1-8B
P. poae 35 11 PA2-1F
RE1114
SWRI2
WS5103
P. salmasensis 6 1 /
P. simiae 12 4 /
P. sivasensis 36 8 /
P. tensinigenes 4 1 /
Total 319 84 10

*includes subspecies auranticia, aureofaciens, chlororaphis, piscium and two unspecified.
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gPCR detection of P. sivasensis after field application
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Figure S-3: qPCR detection of P. sivasensis in field, with meteoro-
logical data

Points represent the mean gPCR copies from P. sivasensis CF10PS8 (triangles) or the
natural population of P. sivasensis sensu lato (crosses), encompassing closely related
species, on flag leaves (a) and second leaves (b). Data are shown for plots (n=4)
that were either mock-treated with buffer (green) or treated with CF10PSS3 (blue).
Error bars indicate standard deviation (SD). For the natural population analysis, data
from bacteria-treated and mock-treated plots showed no significant statistical difference
and were therefore combined. Fach square of the grid represents one day, with the
corresponding BBCH stage at sampling indicated on the X-axis. Meteorological data
are represented (c) for temperature (curve in red), wind velocity (curve in black),
precipitation (bars in blue) on the left Y axis. Relative humidity is represented by the
green curve on the right Y axis.
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Table S-3: Number of reads generated in each duplicated sample

Treatment Sampling Samplel Sample2
Buffer BBCH39.0 251685 355773
Buffer BBCH39_1h 412599 224594

CF10PS3 BBCH39_1h 266221 194977
Buffer BBCH39_2d 250275 275233
CF10PS3 BBCH39_2d 220216 219650
Buffer BBCHb55_7d 277799 156528
CF10PS3 BBCHb55_7d 293216 282216
Chemical BBCHb55.7d 207965 208018
Buffer BBCH59_14d 264030 272799
CF10PS3  BBCH59.14d 309489 102437
Chemical =~ BBCHH9_14d 201103 226965
Buffer BBCHS81 42d 121745 30362
CF10PS3  BBCHS1_42d 279489 249983
Chemical ~ BBCHS81_42d 234114 200209

alpha and beta diversity

In our study, we investigated the effects of a fluxapyroxad and mefen-
trifluconazole mixture, referred to as the chemical treatment, and Pseu-
domonas sivasensis strain CF10PS3 on the alpha and beta diversity of
microbial communities, compared with a buffer control. Alpha diversity
indexes, including observed features, Pielou eveness and Shannon en-
tropy, were calculated in QIIME2 (version 2024.2)(Bolyen et al., 2019).
Beta diversity was analyzed using Bray-Curtis dissimilarity matrices,
with a p-value of <0.05 considered significant. Data were visualized
using QIIME view.

Alpha diversity, which assesses the variety and abundance within a
single sample, is quantified in our study by two metrics: species richness
and evenness. Richness refers to the number of different species present,
while evenness measures how similar the abundances of different species
are. Our findings revealed that the alpha diversity metrics did not show
statistically significant differences between the different treatments and
the control over time. However, observable trends indicate changes in
these metrics. For instance, the number of observed features (richness)
remained relatively stable during the initial 14 days of observation, as
depicted in Fig. S-4a. Subsequently, there was a notable decline in both
richness and evenness, as seen in the metrics for Pielou’s evenness (Fig.
S-4b) and Shannon entropy (Fig. S-4c).

Beta diversity, on the other hand, measures the differences between
microbial communities across different samples, indicating the variation
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in species composition. In our study, beta diversity was assessed through
Bray-Curtis distances and illustrated in Fig. S-4d. The results showed
no significant changes attributable to either the chemical or CF10PS3
treatments compared to the buffer control. Unlike alpha diversity, beta
diversity did not exhibit a decline at the end of the observation period,
suggesting that the overall community composition remained consistent
across treatments.
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Figure S-4: « and (§ diversity metrics.
Evolution of a) Observed features, b) Pielou eveness, ¢) Shannon entropy and d) Bray-
Curtis distances metrics during sampling season in CF10PS8 and chemically treated
field plots, compared to buffer control.
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Monitoring of CF10PS3 after treatment
In a previous work, we developed a qPCR. assay specifically designed to
detect and monitor the presence of P. sivasensis CF10PS3. This was
achieved by designing primers and a probe that target a unique thymine
(T) single-nucleotide polymorphism (SNP) in the 16S-IT'S-23S operon
sequence, characteristic of CF10PS3, while other closely related species
possess a guanine (G) SNP at this locus. This enables precise differ-
entiation of CF10PS3 from other species and strains. We used qPCR
primers and probe sequences to quantify in silico the T SNP directly
from sequencing reads. Upon application of CF10PS3 to designated field
plots, a significant increase in the detection of the T SNP was noted,
confirming the successful establishment of CF10PS3 in the treated envi-
ronments. In contrast, field plots treated with buffer or chemical agents
(fluxapyroxad and mefentrifluconazole mixture) did not exhibit any in-
crease in T SNP levels. Following the initial rise in detection, the levels
of CF10PS3 gradually decreased over subsequent days and weeks. De-
spite this decline, the detected levels of CF10PS3 remained consistently
above those observed in buffer-treated plots, indicating a sustained pres-
ence of CF10PS3, even at reduced concentrations.

CF10PS3-"T" SNP detection in reads
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Figure S-5: CF10PS3 detection in field plots.
In silico detection of T SNP specifically associated with P. sivasensis strain CF10PS3
present in sequencing reads.
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