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Glossary

Certain terms commonly used in the biosciences can vary in meaning
depending on the specific field in which they are applied. Therefore, it
is helpful to define some key concepts as they are used throughout this
thesis.

Complementarity occurs when two or more elements (such as
substances, processes, or actions) work together in a way that en-
hances the overall outcome, but each element contributes its own
distinct function or benefit without directly enhancing each other’s
effects. The outcome is additive.

Synergism is a coordinated or correlated action of two or more
structures, agents, or physiologic processes so that the combined
action is greater than the sum of each acting separately. The out-
come is multiplicative (Thoo et al., 2013; Sonam and Guleria, 2017;
Tavadyan and Minasyan, 2019; Olszowy-Tomczyk, 2020).

The endophytome is the collective community of endophytes,
including bacteria, fungi, archaea, viruses, and other microbes,
such as protists, protozoa, or archaebacteria, that inhabit plants
as obligatory or facultative organisms that are vertically or hori-
zontally transmitted (Lengrand et al., 2024).

Mutualism is a type of symbiotic relationship between two differ-
ent species where both parties benefit from the interaction. Each
organism gains advantages that enhance its survival, growth, or
reproductive success due to the presence of the other (Holland and
Bronstein, 2008).

Resilience is a performance measure representing the system abil-
ity to survive disruptive events, and the rapidity in restoring sys-
tem capacity after the disruptive event has occurred (Caputo et al.,
2019).

Symbiosis is a broader term that describes any close, long-term

interaction between two different biological species. This relation-
ship can be beneficial, neutral, or harmful to one of the partners

XIX



(Martin and Schwab, 2012a). The name symbiosis was coined by
Anton de Bary (1879) and he defined it literally as the “living
together of dissimilarly named organisms.” (Martin and Schwab,

2012b).
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GENERAL
INTRODUCTION

1. Problem statement

Climate change is intensifying extreme weather events such as heat
waves, droughts, and shifts in rainfall patterns, posing significant threats
to global food security. These events can drastically reduce crop yields,
which is particularly concerning given the growing global population
projected to reach nearly 10 billion people by 2050 (Singh et al., 2023;
Searchinger et al., 2019). To meet this demand, food production must
increase substantially, necessitating innovative and sustainable agricul-
tural practices (Espinosa-Leal et al., 2018; Raza et al., 2019; Qaim,
2020). Among the main crops, tomato, Solanum lycopersicum is partic-
ularly vulnerable, with risks of yield reduction of up to 40% due to more
frequent droughts occurrences (Hammond et al., 2022; Kopeckd et al.,
2023).

The European Union has taken proactive steps to address these chal-
lenges through initiatives like the Green Deal and the Farm to Fork
Strategy. These policies aim to reduce the use of chemical pesticides and
fertilizers, promote sustainable agricultural practices, and align with the
Sustainable Development Goals (SDGs) (Commission, 2020). These ini-
tiatives highlight the need for innovative solutions that can enhance crop
resilience and productivity while minimizing environmental impact.

Biostimulants, substances designed to enhance plant nutrition, stress
tolerance, and quality traits, have gained increasing interest as po-
tential solutions (du Jardin, 2015). Among these substances, humic
substances (HS), which are major components of soil organic matter
from decomposed plant, animal, and microbial residues, are particularly
noted for their role in enhancing plant resilience against abiotic stresses
(du Jardin, 2015; Rouphael and Colla, 2018). They can directly improve



plant growth by activating essential hormonal and antioxidant pathways
in plants (Piccolo, 2002; Canellas et al., 2015).

Our understanding of how HS influence plant growth and stress re-
sponse is still incomplete, particularly when viewing plants as holo-
bionts—a concept that recognizes plants not just as individual entities
but as complex systems comprising both the plant and its microbiota
(Hassani et al., 2018; Lemanceau et al., 2017). This holistic vision is
essential for understanding how plants, in interaction with endophytes,
manage stresses (Bary et al., 1866; Reinhold-Hurek and Hurek, 2011).
Some endophytes play pivotal roles in enhancing plant health, including
improving nutrient absorption and increasing resistance to environmen-
tal stressors (Hardoim et al., 2015; Pandey et al., 2019; Eid et al., 2021;
Santoyo et al., 2016). These microbial partners are either vertically
transmitted through seeds, ensuring continuity from one plant genera-
tion to the next, or horizontally acquired from the surrounding environ-
ment, adding diversity to the plant’s internal ecosystem (Truyens et al.,
2015; Shade et al., 2017; Frank et al., 2017; Rochefort et al., 2021).

Endophytic bacteria, particularly seed-transmitted endophytes, are
crucial in the early stages of plant development and overall health
(Shahzad et al., 2018; Pandey et al., 2022). Despite their significance,
our knowledge of seed-transmitted endophytic bacteria remains sparse
(Simonin et al., 2022).

Although the crucial role of these microbial communities in plant
physiology, studies investigating the effects of HS on these communities
under varying stress conditions remain less explored. This gap under-
scores the necessity for more comprehensive studies that utilize multiple
approaches, such as metagenomics, culturomics, metaproteomics and
metatranscriptomics. These methods can help elucidate the complex re-
lationships within plant holobionts, potentially leading to more effective
biostimulation strategies.

The aim of this thesis is to deepen our knowledge of tomato endo-
phyte communities and to evaluate their role under stress conditions.

2. Thesis outline

In this thesis, we begin with a literature review (Chapters I to IV). In
Chapter I, we first introduce the concept of endophytes and endophy-
tomes, exploring their composition and formation, including the modes
of transmission and common genomic characteristics of endophytes. Ad-
ditionally, we present the impact of biotic and abiotic factors on endo-
phytomes. Next, in Chapter II, we explore the role of endophytic bacte-



ria in increasing plant drought stress tolerance. In Chapter III, we focus
on seed-transmitted endophytic bacteria, discussing their relevance and
the composition of the seed bacterial endophytome. We also examine
the evolution of bacteria present in seeds across different plant struc-
tures and specifically investigate the seed-borne bacterial endophytes of
S. lycopersicum.

Chapter IV explores the mechanisms of action of HS used as biostimu-
lants, integrating both the indirect and direct effects of these substances
on plant metabolism, including their interactions with hormonal and re-
active oxygen species (ROS) pathways. The chapter also examines the
complementation effects of bacteria and HS and their interactions with
plant-associated microbiota in hydroponic systems.

In the first part of the results, presented in Chapter V, we provide in-
sights into seed-borne endophytic bacteria of S. lycopersicum var. Mon-
eymaker. We detail the dynamic colonization processes and their im-
plications for tomato tolerance to osmotic stress. Chapter VI focuses
on how HS increase tomato tolerance to osmotic stress while modulat-
ing vertically-transmitted endophytic bacterial communities. We discuss
the impact of HS on plant growth under both non-stress and osmotic
stress conditions and analyze the shifts in endophytic bacterial commu-
nity composition induced by these factors.

Chapter VII is devoted to a general discussion, where we summarize
the main results and highlight the methodological advances made in our
approach. We discuss the complex interplay between plant genomes, en-
vironmental factors, and microbiota in defining plant phenotypes. Ad-
ditionally, we address the challenges of identifying endophytic communi-
ties and propose future research directions. We conclude by discussing
the potential applications of biostimulants and endophytic bacteria in
agricultural and political contexts, emphasizing their significance for sus-
tainable agriculture.
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CHAPTER I.
Plant-endophytes
interactions

The first chapter of this thesis is devoted to introducing the reader to
the concept of endophytes and the dynamic interaction that occurs be-
tween plants and their endophytome, modulating their development and
resistance to biotic and abiotic factors. This chapter revisits and refines
the definitions of endophyte and endophytome, focusing on the complex
relationships within bacterial endophytomes. It also explores the com-
position and formation of the endophytome, focusing on the mode of
transmission and the genes commonly found in genomes of endophytes.
Finally, the impact of biotic and abiotic factors on endophytomes is pre-
sented, highlighting the adaptability and resilience of plant-associated
microbes.
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1. Abstract

Currently, it seems inconceivable to dispute the major role of microor-
ganisms in human health or insects with endosymbionts. Although mi-
crobial endophytes were discovered long ago, little is known about the
roles of plant-associated microorganisms. Some endophytes are horizon-
tally transmitted, whereas others are seed-borne; together, they influ-
ence plant health. Beneficial endophytes can promote plant growth and
yield by increasing plant resistance to biotic and abiotic stresses. Re-
cently, the tools available to study the phytobiome have much improved,
opening doors for a better understanding of the fascinating interactions
taking place at the plant level. This review redefines the conceptual
framework for ”endophyte” and ”endophytome,” focusing on the intri-
cate dynamics of bacterial endophytomes. Systematically examining
the formation pathways and profiling endophytes allows for a compre-
hensive exploration of the intricate dynamics governing plant-microbe
interactions. Additionally, the assessment of how endophytomes are in-
fluenced by both biotic and abiotic factors provides essential insights



into the adaptability and resilience of plant-associated microorganisms.
Our comprehensive analysis integrates genomic insights with environ-
mental considerations, offering a nuanced perspective on the functional
roles of bacterial endophytomes. Therefore, a new, inclusive definition
is essential to accurately represent the complexity of interactions within
the plant microbiome as well as having the whole picture of associated
concepts.

2. Introduction

Plants naturally host distinct microbial communities outside and inside
their tissues in the phyllosphere (i.e., air-plant interface), rhizosphere
(i.e., root-soil interface), and endosphere (i.e., internal tissues of the
plant). Microorganisms associated with the endosphere, known as en-
dophytes, directly influence plant metabolism and plant cells. Several
studies have highlighted the benefits of endophytes in improving plant
health (Harman et al., 2021) by revealing their ability to enhance nu-
trient uptake, disease resistance, stress tolerance, conserve water, and
promote soil health, which contributes to reducing environmental im-
pacts, increasing productivity, and long-term sustainability in agricul-
ture (Compant et al., 2010b; Hardoim et al., 2008, 2015). Therefore,
harnessing these natural benefits as biocontrol agents can reduce envi-
ronmental impacts of pest management, offer targeted pests and disease
control, and enhance agricultural system resilience.

In endophyte studies, conventional methods often entail isolating bac-
teria from culture media after surface disinfection, followed by reinoc-
ulation into plants. A critical issue with this approach is its heavy re-
liance on cultivating endophytes in artificial culture media, despite the
majority of the microbial diversity in natural environments remaining
unculturable. Additionally, the surface disinfection step used to isolate
endophytes introduces biases limiting the recovered isolates’ diversity.
Therefore, the isolated strains might not accurately represent the full
diversity of plant-associated endophytes. Furthermore, reinoculation of
endophytes from one plant into another of the same species, as practiced
in the conventional approach, disrupts natural host-specific interactions
between endophytes and their host plants. These knowledge gaps ham-
per our ability to understand the ecological significance and functional
potential of endophytes fully (Compant et al., 2019; Hardoim et al.,
2015; Papik et al., 2020).

Given these limitations, there is an urgent need for a timely review
and re-evaluation of the conventional methods employed in endophyte
research. Emerging techniques such as metagenomics, metatranscrip-
tomics, and single-cell sequencing can provide valuable insights into the



diversity, functionality, and dynamics of endophytes without the con-
straints of cultivation-based methods. A more effective approach would
be directly examining the endophytic communities to evaluate how abi-
otic and biotic stressors influence their dynamics and evolution. Rapid
progress in sequencing techniques has enabled the in situ study of these
endophytic communities, thereby advancing the understanding of their
functional roles in plants. Although progress has been made on plant
endophytes, there is still a long way to go to achieve what has been done
so far on human microbiota (Gilbert et al., 2018)

Here, we discuss the multifaceted nature of plant-endophyte interac-
tions, redefine the concept of endophytes, explore the formation of the
bacterial endophytome, examine the existence of a bacterial endophy-
tome profile, analyze the factors driving variation in endophyte com-
munities. This will provide a conclusion and future perspectives on the
topic and highlight how understanding the interactions between plants
and endophytes can contribute to sustainable agriculture.

3. Plant-endophyte multifaceted relations

3.1. Back to the roots — defining endophyte

The term ‘endophyte’ is derived from the Greek words ‘endon’ meaning
‘within’ and ‘phyton’ meaning ‘plant’. The term was coined by Bary
et al. (1866) referring to the presence of ‘bacteria’ living inside a fern
called Ophioglossum. At that time, the term ‘bacteria’ was used to
encompass all living organisms, including those living inside a plant.

Endophytes have been defined thereafter in different ways, not al-
ways including the full range of living organisms able to reside within
their host plants. Petrini (1991) proposed restricting the definition to
‘all organisms inhabiting plant organs that, at some time in their life,
can colonize internal plant tissues without causing apparent harm to the
host’. Several other definitions have been proposed, often restricting en-
dophytes to a group of organisms (e.g., fungi or bacteria), symbiotic
and/or commensal microorganisms, or facultative and/or mandatory
microorganisms (Cabral et al., 1993; de Medeiros Azevedo et al., 2021;
Hardoim et al., 2015; Hallmann et al., 1997; Rosenblueth and Martinez-
Romero, 2006).

Recent technological advances, facilitated by metagenomic studies
and drastic reduction in sequencing costs, have provided a much better
view of the diversity and the type of microorganisms associated with
plants, with emerging terms like ‘phytobiome’ referring to the collec-
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tive community of microorganisms, including bacteria, fungi, archaea,
viruses, and other microbes, that interact with plants within a spe-
cific environment. It encompasses a plant-associated microbiome that
includes both endophytic and rhizospheric microorganisms. The term
‘holobiome’ is defined as the collective assemblage of all organisms, in-
cluding plants, animals, and microorganisms, as well as their genetic
material, that coexist within a specific ecological niche or habitat. Re-
defining the term ‘endophytome’ with regard to these newly defined
terms is also necessary for the precision, clarity, and elucidation of the
complex interactions and synergistic relationships between organisms, as
well as their combined contributions to ecosystem functioning, health,
and resilience.

Several plant-associated microbes may sometimes cause disease but
stay associated with their host plants simply as commensals. For exam-
ple, Xylella fastidiosa has been associated with more than 600 asymp-
tomatic host plants (EFSA Panel on Plant Health et al., 2019). Simi-
larly, Clavibacter and Curtobacterium are often associated with asymp-
tomatic plants, although some species are dangerous plant pathogens
(Eichenlaub and Gartemann, 2011; Bulgari et al., 2014). Using a metage-
nomic approach to search for plant viruses has revealed the presence of
numerous viral sequences and viruses that do not cause diseases (Rooss-
inck, 2010). Some plant pathogens, individuals of the same species, or
even strains, are also found in alternate hosts, where they do not cause
diseases (Salvaudon et al., 2005). What drives the shift of such organ-
isms along the ‘parasite—mutualist continuum’ has yet to be explained
(Drew et al., 2021). Dependent on the host-microorganism association,
excluding the ‘pathogen’ from the endophyte definition is impossible
considering these examples.

To fully capture the complexity and diversity of endophytic organisms
and their relationships with plants and elucidate the complex network
of interactions and dependencies in endophytic microbial populations
in plants, there is an urgent need to return to the original definition
proposed by Bary et al. (1866). As our understanding of endophytes
continues to evolve, it is essential to develop a comprehensive and inclu-
sive definition encompassing all aspects of their ecology and biology.

Based on the definition of the human microbiome, we propose to
define the ”endophytome” as a collective community of endophytes, in-
cluding bacteria, fungi, archaea, viruses, and other microbes, such as
protists, protozoa, or archaebacteria, that inhabit plants as obligatory
or facultative organisms that are vertically or horizontally transmitted.
The endophytome is composed of endophytes that interact dynamically
with plants according to six types of interaction (Kogel et al., 2006; Pa-
pik et al., 2020; Swanson et al., 2022; Agler et al., 2016; Berendsen et al.,
2018) (Figure I-1). A given endophyte may develop different interactions
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with its host during its life cycle.

Mutualism - mutually beneficial relationships or interactions between
endophytes and their host plants, in which both partners derive advan-
tages and receive reciprocal benefits. Example: Arbuscular mycorrhizae
fungi (from Glomeromycota phylum) form structures called arbuscules
inside the plant root cells, facilitating carbohydrate exchange and en-
hancing the plant’s ability to absorb water and nutrients (Sturmer and
Kemmelmeier, 2021).

Parasitism/ ”rhizophagy” - where only one actor benefits that can
lead to plant disease, while plants can benefit microorganisms without
providing any advantages. Example : rhizophagy is a mechanism where
plant can internalize and digest nutrients from symbiotic microbes (bac-
teria and fungi) (White et al., 2018).

Commensalism - where it is beneficial for one agent and safe for the
other. Example : Fungal endophyte Epichloé residing within the tissues
of grass can produce secondary metabolites, such as alkaloids beneficial
for plant host (Bastias et al., 2017).

Neutralism - where the interaction does not influence either partners.

Competition - where both partners are negatively affected by the
interaction. Example : Xylella fastidiosa is a bacterium that colonises
the xylem vessels, the water-carrying channels in the plant. It depends
on the plant for its nutrition and survival. When it rapidly kills the host
plant, the source of nutrients on which the bacterium depends is rapidly
exhausted. This can lead to a significant halt or slowdown in bacterial
growth (Landa et al., 2022).

Ammensalism - where one organism is negatively affected or inhib-
ited, whereas the other remains unaffected.

A “healthy” endophytome refers to the absence of any disease and
shows a large degree of diversity even depending on the host (genera,
species), the stage of development, and the environment. The endophy-
tome can also be characterized as a functional core or a complement of
metabolic and other molecular functions performed by the microbiome
with a plant part but not necessarily provided by the same organisms
in different species or individuals (Lloyd-Price et al., 2016).

The following sections focus on bacterial endophytomes. Our focus
will now shift toward unraveling the entry pathways of bacterial en-
dophytes and exploring whether transmission occurs through vertical
or horizontal pathways. We will explore the drivers of the diversity
and composition of bacterial endophytes. By unraveling the mystery of
the bacterial endophytome, we aimed to gain deeper insights into its
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functional roles and potential applications in agriculture and ecosystem
management.

Plant Endophyte
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Figure I-1: Theoretical framing of interactions between endophytes
and host plants.

Some interactions are more evident than others and therefore more studied (e.g. mu-
tualism). Others are more complex to represent or even name (e.g. neutralism). Mu-
tualism — mutually beneficial interaction between endophyte and its host plant. Both
partners derive advantages and receive reciprocal benefits. Parasitism / “rhizophagy”
- only one actor benefits. This can lead to plant disease or plants can benefit microor-
ganisms without providing any advantages. Commensalism - beneficial for one agent
and safe for another. Neutralism — no influence on either of the partners. Compe-
tition - megatively affects both partners. Ammensalism - one organism is negatively
affected or inhibited, while the other organism remains unaffected. A given endophyte
may develop different interactions with its host during its life cycle. The two cen-
tral rectangles show the effect of the interaction on the plant (left) and the endophyte
(right). Green, yellow or red represent beneficial, neutral or harmful effects of the
interaction. Each line represents a type of interaction.

3.2. Where does bacterial endophytome come from ?

The endophytome comprises seed-transmitted microorganisms and mi-
croorganisms from the environment. Endophytes colonize the host verti-
cally from parent to offspring, mainly via seed or vegetative propagation,
horizontally through the environment, or in mixed modes (Bright and
Bulgheresi, 2010) (Figure I-2).

Vertical pathway: This pathway involves the transmission of bacteria
through seeds or vegetative propagation (Cankar et al., 2005; Mastretta
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et al., 2009; dos Santos et al., 2018). Endophytes present in the seeds
can be acquired from pollen, flowers, fruits, or the plant’s soil. Bacteria
reach the reproductive organs from the seed via xylem vessels or the
shoot apical meristem and differentiate into reproductive organs (Frank
et al., 2017). Most vertically transferred bacteria must spend their entire
lives inside the host, on which they depend to survive. Vertical trans-
mission has been identified as a factor that helps align the interests of
mutualists, suggesting that symbiotic endophytes transferred vertically
are mutualists and likely provide an indispensable function (Herre et al.,
1999). Indeed, seed endophytes have been shown to benefit their hosts
by releasing seeds from dormancy, facilitating germination, protecting
against pathogens, and promoting the growth of seedlings (Puente et al.,
2009). Typical members include the genera Acinetobacter, Bacillus, Mi-
crococcus, Paenibacillus, Pantoea, and Pseudomonas (Truyens et al.,
2015).

Horizontal pathway: Horizontal transfer is mainly realized by the
soil-to-root route because roots are considered the main entry point for
microorganisms. Indeed, bacteria can penetrate the endodermis, the
innermost layer of the root cortex, through root hair channels, cracks
in the epidermis, cell-to-cell junctions, or through root cap cells that
detach as the roots grow (Hardoim et al., 2008). Once bacteria reach
the endodermis, they must pass through the Casparian strip, a cell wall
thickening that prevents the free diffusion of molecules and ions between
the root cortex and vascular tissues. Studies suggest that some bacte-
ria can pass through the Casparian strip by inducing the expression
of endodermal transporters, such as aquaporins, which allow bacteria
to cross the endodermal barrier (Bulgarelli et al., 2013). Addition-
ally, some bacteria secrete cell wall-degrading enzymes or manipulate
host cell signaling pathways to facilitate their entry into the endoder-
mis. Once in the endodermis, endophytes mainly move into the xylem
vascular system, allowing systemic colonization of internal plant com-
partments (James et al., 2002). They can colonize xylem vessels and
perforation plates between these vessels (James et al., 2002; Compant
et al., 2005). In addition to this main transport route, other endophytes
also colonize intercellular spaces (Hardoim et al., 2015). This pathway
can be considered passive or active (Hardoim et al., 2008) depending on
the penetration mode within the plant. An active penetration pathway
can be mediated by the attachment of bacterial endophytes to plant
cells using their flagellum and the secretion of metabolites that facili-
tate the penetration process (mostly exopolysaccharides [EPS] and cell
wall degrading enzyme (Kandel et al., 2017; Pinski et al., 2019; Ullah
et al., 2019a). To some extent, root exudates and rhizodeposits can
attract certain types of microorganisms in planta (Cocking, 2003; Com-
pant et al., 2010a; dos Santos et al., 2018; Germida et al., 1998; Hall-
mann et al., 1997; Hardoim et al., 2015; Sessitsch et al., 2002). Bacte-
rial endophytes can also be horizontally transmitted to the phyllosphere
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level (Redford et al., 2010; Kembel et al., 2014; dos Santos et al., 2018)
from dust, rainwater, or surrounding pollinators. Hydathodes, lenticels,
and stomata are the primary gateways for endophytes in these environ-
ments (Compant et al., 2010a; Frank et al., 2017; Hardoim et al., 2015).
Plants can close or open their stomata upon contact with different micro-
bial antigens (Gimenez-Ibanez et al., 2017; Melotto et al., 2017), which
suggests that the plant immune system plays a role in the selection
of microbes entering the endosphere (Fesel and Zuccaro, 2016). How-
ever, some foliar endophytes also control stomatal opening (Rho et al.,
2018). Plant- and sap-feeding insects can be endophyte vectors. These
insects have piercing—sucking mouthparts and can directly puncture the
phloem and/or xylem cells that transmit the endophytes (Frank et al.,
2017). Finally, only compatible endophyte-plant interactions can suc-
cessfully colonize the endosphere, which explains the reduced number of
endophytes compared with rhizospheric bacteria (Hardoim et al., 2015;
Khare et al., 2018). An analysis of all sequenced 16S genes available in
the International Nucleotide Sequence Database Collaboration identified
four phyla containing more than 96% sequenced endophytic prokary-
otes: Proteobacteria (54%), Actinobacteria (20%), Firmicutes (16%),
and Bacteroidetes (6%). Most endophytic bacteria belong to the class
Gammaproteobacteria, including Acinetobacter, Enterobacter, Pantoea,
Pseudomonas, Stenotrophomonas, and Serratia (Hardoim et al., 2015).
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Figure I-2: Types of endophyte transmission and endophyte location
in plants.

The gray arrows indicate different types of transmission of endophytes in the host
plant: horizontally and vertically. The endophytes can move through translocation to
reach different locations within the plant: inside the flower (1), of the fruit (2), of the
leaves (3), of the shoot (4), and of the roots (5).
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3.3. Toward an endophytome profile?

The endophytome comprises various endophytes characterized by ge-
nomic differences compared with free-living microorganisms. However,
these differences can be difficult to describe because some are facul-
tative (del Carmen Orozco-Mosqueda and Santoyo, 2021). Ali et al.
(2014) were the first to compare the genomes of endophytes and non-
endophytes, thereby identifying the genes involved in secretion and trans-
port activities, polymer degradation or modification, detoxification, and
maintenance of redox potential. They suggested that these functions
might play a role in endophytic behavior, allowing them to colonize
plants.

This review presents the functional characteristics of endophytic bac-
teria and their involvement in plant colonization and propagation. The
soil-to-root colonization steps were divided into: (1) detecting root ex-
udates, (2) motility toward the plant, (3) adhering to root surfaces,
(4) penetrating the root surface, and (5) colonizing the plant’s internal
parts. Each of these stages is mediated by a variety of biomolecules
that influence the expression of both bacterial and colonized plant genes
(Pinski et al., 2019) (Figure I-3).

Colonization by endophytic bacteria starts with the chemotaxis of
free-living bacteria toward the roots, aided by methyl-accepting chemo-
taxis proteins (MCPs). These transmembrane sensors detect molecules
and direct bacteria toward attractants or away from repellents (Bal-
sanelli et al., 2016). The involvement of MCPs in plant colonization was
demonstrated using inactivation mutants of Herbaspirillum seropedicae
SmR1 and Azospirillum brasilense Sp7. In SmR1, one MCP is required
to sense the rhizosphere and direct bacteria toward host-secreted com-
pounds. In Sp7, the inactivation of another MCP results in impaired
chemotaxis and colonization of plant roots (Greer-Phillips et al., 2004).

At the root surface, bacteria can attach through biofilms, which con-
tain water, proteins, polysaccharides, eDNA, RNA, and ions. Mutants
in various species, such as G. diazotrophicus PAL, have shown that other
polymers, including EPS, glucomannan, and cellulose, also affect attach-
ment and colonization. Adhesion is mediated by the flagella, pili, curli,
and hemagglutinins. The upregulation of genes encoding filamentous
hemagglutinin proteins suggests their involvement in root attachment
(Barak et al., 2005; Williams et al., 2008; Monteiro et al., 2012; Ainelo
et al., 2018). Bacterial surface components, particularly lipopolysac-
charides (LPS), play crucial roles in early attachment and colonization.
Mutations in rfbB or rfbC, which are involved in rhamnose biosynthesis,
reduce the attachment to and colonization of maize roots by H. serope-
dicae SmR1, as well as the bacterium’s robustness against detergents,
antibiotics, and phytohormones. Similarly, mutations in the rfbD gene of
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A. brasilense impair attachment and colonization efficiency. O-antigen
ligase, involved in O-antigen biosynthesis, was upregulated during col-
onization, indicating its involvement in plant-endophyte interactions.
Bacterial LPS binds to maize ro