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Over the past several decades, agricultural production systems have undergone 

unprecedented development, driven by continuous global population growth and 

increasing challenges to food security posed by climate change (Bisht et al., 2024; 

Borges et al., 2022). Advances in high-yield crop breeding, the extensive application 

of chemical fertilizers and pesticides, and the adoption of mechanized and large-scale 

farming practices have substantially enhanced agricultural productivity (Gao et al., 

2024; Guo et al., 2022; Shi et al., 2023). In particular, modern agricultural systems, 

characterized by high-input and high-output production models, have enabled rapid 

increases in crop yields in many regions over a relatively short period. 

However, while this high-input agricultural model has substantially increased 

productivity, it has also led to a growing number of ecological and environmental 

concerns. First, the excessive use of chemical fertilizers-especially nitrogen 

fertilizers-has contributed to soil acidification, groundwater contamination, and 

eutrophication of aquatic ecosystems (Balasuriya et al., 2022; Ma et al., 2023; Zhang 

et al., 2022c). At the same time, imbalances in the nitrogen cycle result in an increase 

of the emission of greenhouse gases, such as nitrous oxide and carbon dioxide, thereby 

further exacerbating climate change (Guo et al., 2022; Shi et al., 2023). Second, 

although the extensive use of pesticides and insecticides can effectively control pests 

and disease in the short term, long-term reliance on chemical control can lead to the 

development of pesticide resistance in pests and diseases. Moreover, these chemicals 

may harm non-target organisms and pose potential risks to human health through 

bioaccumulation along the food chain (Finger and Möhring, 2024; Yuanyuan et al., 

2022). 

Therefore, a central challenge for modern agriculture is how to ensure food security 

while simultaneously reducing the negative environmental impacts of agricultural 

production and improving the sustainability of agroecosystems. Among the various 

proposed solutions, harnessing the natural biological regulatory mechanisms that 

already exist within ecosystems is increasingly recognized as a promising strategy for 

achieving sustainable agriculture. 

1 Harnessing the microbiome to address sustainable agriculture. 

1.1 Strategies for achieving sustainable agriculture 

In recent years, a variety of strategies have been proposed and sometimes 
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implemented in both scientific research and agricultural practice to promote 

sustainable agricultural development. Among these approaches, optimizing nutrient 

management is considered one of the key measures for improving agricultural 

sustainability. For example, precision fertilization, the use of controlled- or slow-

release fertilizers, and improved nitrogen application strategies can significantly 

enhance plant nutrient uptake efficiency while reducing environmental pollution 

caused by nitrogen leaching and volatilization (Medel-Jiménez et al., 2022; Mingolla 

and Rosa, 2025; Ndaba et al., 2022; Ren et al., 2022). In addition, optimizing the 

composition of nitrogen sources-such as through the balanced application of 

ammonium and nitrate-can further improve nitrogen use efficiency and support 

normal plant growth and development (Chen et al., 2024a; She et al., 2024). 

In terms of pest and disease management, sustainable agriculture emphasizes 

integrated management strategies based on ecological principles. For instance, the use 

of antagonistic microorganisms to suppress plant pathogens or pests can effectively 

reduce the reliance on chemical pesticides while minimizing negative impacts on the 

environment and non-target organisms (Han et al., 2023; Kahn et al., 2021). 

Furthermore, diversified cropping systems-such as crop rotation, intercropping, and 

relay cropping-can disrupt pest and pathogen life cycles while improving soil nutrient 

utilization efficiency (Wei et al., 2025; Yang et al., 2024b; Yu et al., 2025). 

Additional practices, including conservation tillage, straw incorporation, and 

increased organic matter inputs, contribute to improving soil structure, enhancing soil 

fertility, and maintaining soil microbial diversity (Xin et al., 2024; Zhao et al., 2025). 

The latter has received increasing attention in recent years, with the rapid development 

of microbiome research. The role of plant-microbe interactions has emerged as an 

increasingly important direction for optimizing agricultural production systems and 

advancing the sustainability of modern agriculture. 

1.2 The microbiome: a future solution for sustainable agriculture 

Plants do not exist as isolated organisms but rather as part of complex ecological 

systems that include diverse microbial communities. Among these, rhizosphere 

microbial communities play a particularly important role in plant growth and 

adaptation to environmental challenges (Ling et al., 2022; Ma et al., 2026). With the 

rapid development of high-throughput sequencing technologies, our understanding of 

the structure and function of plant-associated microbiomes has expanded considerably. 
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Increasing evidence suggests that manipulating or optimizing plant-associated 

microbial communities-for example, through the application of beneficial microbial 

inoculants (bioinoculants) or of synthetic microbial communities (SynComs)-can 

enhance crop productivity and stress tolerance while reducing reliance on chemical 

inputs (Cui et al., 2025; Poppeliers et al., 2023; Xu et al., 2025). 

Consequently, treating the microbiome as an important component of crop 

improvement and agroecosystem regulation and integrating microbiome-based 

strategies into agricultural management systems are emerging as a promising new 

approach for advancing sustainable agriculture (Liu et al., 2025b; Woo et al., 2023). 

This plant-microbe co-optimization paradigm has the potential to balance agricultural 

productivity with environmental protection, thereby providing both a theoretical 

framework and practical pathway for the development of more sustainable 

agricultural systems in the future. 

2 The role of the microbiome in enhancing plant stress resistance 

2.1 Microorganisms in the phytosphere 

The phytosphere refers to the microecological environment formed by plants and their 

surrounding habitats, encompassing several distinct microhabitats such as the 

rhizosphere, the endosphere, and the phyllosphere associated with aboveground plant 

tissues (Dwivedi et al., 2025; Jetter et al., 2025; Santos‐Medellín et al., 2022; Sohrabi 

et al., 2023). These microenvironments provide suitable habitats for a wide range of 

microorganisms, leading to the establishment of complex and diverse microbial 

communities on plant surfaces as well as within plant tissues. 

Among these niches, the rhizosphere is widely regarded as one of the most 

biologically active regions for microbial activity (Beckers et al., 2017; Bulgarelli et 

al., 2012; Edwards et al., 2015). Plant roots release a wide range of organic 

compounds-including sugars, amino acids, organic acids, and a range of other, 

specialized, metabolites-into the surrounding soil (Bouwmeester et al., 2025b). These 

root exudates serve as important carbon and energy sources for microorganisms, 

thereby attracting large numbers of microbes to colonize the root vicinity (Fracchia et 

al., 2024; Panchal et al., 2022). At the same time, some microorganisms are capable 

of entering root tissues and establishing endophytic communities, while the surfaces 

of aerial plant parts, including leaves and flowers, can also be colonized by diverse 

microbial populations (Deng et al., 2024; Wang et al., 2023d). 
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Although microbial communities inhabiting these different ecological niches vary in 

their composition and functional characteristics, they collectively contribute to plant 

growth, nutrient acquisition, and responses to environmental stresses. 

2.2 The role of the microbiome in enhancing plant resilience to abiotic stresses 

In natural environments, plants are frequently exposed to a variety of abiotic stresses, 

such as drought, salinity, high temperature, and heavy metals. These environmental 

pressures can not only inhibit plant growth but may also cause severe physiological 

damage or even lead to plant death (Ghuge et al., 2023; Kerbler and Wigge, 2023; 

Munir et al., 2022; Zhang et al., 2022a). In recent years, increasing evidence has 

shown that plant-associated microbial communities play an important role in 

mitigating these abiotic stresses, helping plants maintain physiological homeostasis 

and improve their capacity to adapt to adverse environmental conditions through 

multiple mechanisms. 

For example, under drought, certain rhizosphere microorganisms enhance plant water 

uptake by modulating plant hormone levels or by promoting root branching and root 

hair development (Fang et al., 2025; Singh et al., 2024). Similarly, under saline 

conditions, microorganisms regulate plant ion transport systems to reduce the 

accumulation of sodium ions in plant tissues. At the same time, they enhance the plant 

antioxidant system, thereby mitigating cellular damage caused by reactive oxygen 

species (Kumar et al., 2023; Schmitz et al., 2022). 

In addition to these environmental stresses, nutrient limitation-particularly the 

deficiency of macronutrients-is one of the most common abiotic constraints in both 

natural and agricultural ecosystems (Jezek et al., 2023; Wang et al., 2023c; Zhao et al., 

2024a). A growing body of research indicates that plant-associated microbial 

communities can enhance plant adaptation to nutrient-deficient environments by 

participating in soil nutrient cycling, promoting root development, and improving 

nutrient acquisition and utilization efficiency (Compant et al., 2025; Liu et al., 2023). 

A well-established example is the long-standing symbiotic relationship between plants 

and arbuscular mycorrhizal (AM) fungi, through which plants have substantially 

improved their tolerance to nutrient stresses, particularly phosphorus limitation, over 

evolutionary time (Bouwmeester et al., 2021; Bouwmeester et al., 2007). 

Taken together, the plant microbiome plays an important ecological regulatory role in 

alleviating multiple forms of abiotic stress and represents a key biological foundation 
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for plant adaptation to complex and changing environmental conditions. 

2.3 The role of the microbiome in enhancing plant resilience to biotic stresses 

In addition to abiotic stresses, plants in natural environments are also challenged by a 

wide range of pathogenic organisms, including fungi, oomycetes, bacteria, viruses, 

insects and nematodes. These biotic stresses can severely affect plant growth and 

productivity (Coke et al., 2024; Salem et al., 2023; Singh et al., 2023; Wang et al., 

2022b). Plant-associated microbial communities play a crucial role in helping plants 

resist these biological threats. 

Indeed, antagonistic microorganisms suppress the invasion of pathogens and insects 

through several different mechanisms. For instance, they may compete with pathogens 

for ecological niches and resources or produce antimicrobial and/or otherwise toxic 

compounds that inhibit pathogen colonization and insect invasion (Andrić et al., 2023; 

Steindorff et al., 2026; Yue et al., 2025). In addition, certain microorganisms can 

stimulate plant immune response by inducing systemic defense mechanisms. One 

well-known example is induced systemic resistance (ISR), in which microbial signals 

activate plant defense pathways and place the plant in a “primed” physiological state. 

As a result, plants are able to respond more rapidly and effectively when pathogen 

infection occurs (Ahmed et al., 2023; Jin et al., 2024). 

2.4 The role of microbiomes in enhancing plant resistance to nematodes 

Beyond enhancing resistance to microbial pathogens, beneficial microorganisms also 

play an important role in protecting plants against soil-borne pests such as parasitic 

nematodes. The latter are among the most important soil-borne pests in agricultural 

systems, causing substantial crop yield losses and economic damage worldwide each 

year (Coke et al., 2024; Wieczorek and Bell, 2025). Among them, cyst nematodes are 

considered one of the most destructive groups due to their strong environmental 

adaptability, and ability to survive in soil for extended periods (Chen et al., 2024b; 

Usovsky et al., 2023). For solanaceous crops such as potato, potato cyst nematode 

(PCN) infection can be particularly severe, and PCN is listed as quarantine pest in 

many countries (Ochola et al., 2022). 

The life cycle of cyst nematodes is highly specialized. The hatching of second-stage 

juveniles (J2) from eggs is regulated by chemical signals present in the host root 

exudates (Abedini et al., 2025; Guerrieri et al., 2021; Shimizu et al., 2023; Vlaar et al., 
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2021). Studies have shown that a class of triterpenoid in the root exudates of 

leguminous and solanaceous plant species can stimulate cyst nematode hatching. One 

of the most well-known compounds is solanoeclepin A (SolA), which can induce PCN 

egg hatching in extremely low concentrations (Abedini et al., 2025; Ochola et al., 

2022). After hatching, the juveniles invade plant roots and induce the formation of 

specialized feeding structures that allow them to obtain nutrients and complete their 

life cycle. This process ultimately damages root function, suppresses plant growth, 

and reduces crop yield (Vlaar et al., 2022). Therefore, elucidating the biosynthesis of 

solanoeclepin-related compounds and their roles in plant-nematode interactions, as 

well as understanding how microorganisms influence and regulate these interactions, 

is essential for advancing our knowledge of cyst nematode infection processes and for 

developing novel control strategies. 

Microorganisms play an important role in the biological control of plant-parasitic 

nematodes and are increasingly regarded as sustainable alternatives to chemical 

nematicides in agriculture. Numerous studies have demonstrated that soil 

microorganisms can suppress cyst nematodes through a variety of mechanisms. First, 

some microorganisms are able to directly parasitize or prey on nematode eggs and 

juveniles. For example, certain fungi can infect nematode eggs by forming specialized 

attachment structures, thereby disrupting normal embryonic development (Hamrouni 

et al., 2025; Vinothini et al., 2024). Second, some bacteria and fungi can secrete 

proteases, chitinases, and other degradative enzymes, as well as various secondary 

metabolites, which damage the nematode eggshell or cuticle, thereby inhibiting egg 

hatching or causing juvenile mortality (Mhatre et al., 2022). 

In addition, certain plant growth-promoting rhizobacteria (PGPR) can enhance plant 

defense against nematode infection by inducing induced systemic resistance (ISR) 

(Hiltl and Siddique, 2020; Zhang and Gleason, 2020). Microbial communities may 

also alter the rhizosphere microenvironment-for example by modifying soil pH-which 

may interfere with the nematodes’ ability to perceive host-derived chemical signals, 

thereby reducing the success of infection (Wang et al., 2025; Yan et al., 2024). 

In recent years, several microorganisms with biocontrol potential have been 

developed into agricultural bioproducts. Representative examples include bacterial 

genera such as Bacillus and Pseudomonas, as well as fungal genera such as 

Trichoderma. These microorganisms not only suppress nematode damage but often 

simultaneously promote plant growth, highlighting their considerable potential for 
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application in modern sustainable and environmentally friendly agricultural systems. 

 

Fig. 1 Beneficial rhizosphere microorganisms enhance plant stress resilience. 

Beneficial rhizosphere microorganisms make plants more resilient to abiotic stresses such as climate change, 

soil environment fluctuations, and nutrient deficiencies, as well as biotic stresses such as harmful insects, 

parasitic nematodes, and pathogens. 

2.5 Chemical communication between plants and microorganisms in the rhizosphere 

Plants and their associated microorganisms do not merely coexist; rather, they form 

dynamic ecological networks through complex signaling exchanges. Recent studies 

have shown that when plants experience environmental stress or nutrient limitation, 

they do not passively allow microbial colonization. Instead, plants actively shape the 

composition of the surrounding microbial community, selectively recruiting 

microorganisms that are beneficial for their growth and survival, under the prevalent 

suboptimal conditions (Arnault et al., 2023; Ma et al., 2025; Yang et al., 2025). 

This active regulation largely depends on chemical communication (Bouwmeester et 



GENERAL INTRODUCTION 

15 

al., 2025a; Bouwmeester et al., 2025b). Plant roots release a diverse array of chemical 

compounds-collectively forming the root exudate-that influence the structure and 

activity of the rhizosphere microbial community. The root exudate comprises primary 

metabolites such as sugars, organic acids, and amino acids, as well as a wide array of 

specialised metabolites, such as flavonoids and coumarins (Bouwmeester et al., 2025a; 

Hou et al., 2025; Koprivova and Kopriva, 2022; Subrahmaniam et al., 2025; Ulbrich 

et al., 2022). These compounds not only serve as carbon sources for microorganisms 

but can also function as signaling molecules that regulates microbial chemotaxis and 

colonization (Bouwmeester et al., 2025a). Under conditions of nutrient deficiency or 

pathogen infection, plants alter the composition of their root exudate, thereby 

selectively enriching beneficial microorganisms with specific functional traits 

(Bouwmeester et al., 2007; Li et al., 2026; Liu et al., 2025a). 

At the same time, microorganisms can respond to plant-derived signals by producing 

their own metabolites, establishing a bidirectional communication system. Many 

rhizosphere bacteria produce volatile organic compounds (VOCs), phytohormone 

analogs, and other signaling molecules that influence plant growth and immune 

responses (Goud et al., 2025; Wang et al., 2023b). For example, some microorganisms 

produce indole-3-acetic acid (IAA), which promotes root growth and development 

(Goud et al., 2025), while certain lipopeptides and small-molecule metabolites can 

activate plant immune responses (Zhang and Gleason, 2020). In addition, microbial 

signaling molecules can modulate plant root architecture and metabolic activity, 

which in turn can facilitate microbial colonization and establish a more stable plant-

microbe association (Liu et al., 2025b; Srivastava et al., 2025). 

Together, these reciprocal chemical interactions create a dynamic and mutually 

beneficial communication network between plants and microorganisms. This finely 

tuned signaling system plays a crucial role in maintaining plant health, enhancing 

stress resilience, and stabilizing ecosystem functioning. 

3 The role of microbiomes in enhancing plant tolerance to nitrogen-related stress 

3.1 Microbial enhancement of plant nutrient acquisition 

During growth and development, plants continuously absorb a wide range of nutrients 

from the soil, including macronutrients such as nitrogen (N), phosphorus (P), and 

potassium (K), as well as micronutrients such as iron (Fe), zinc (Zn), and copper (Cu). 

In natural soils, however, many of these nutrients exist in insoluble or otherwise 
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poorly available forms, making them difficult for plants to acquire efficiently (Wang 

et al., 2022a; Zhao et al., 2024b). Rhizosphere microorganisms can facilitate plant 

nutrient acquisition through several mechanisms. For instance, some bacteria and 

fungi secrete organic acids, chelating compounds, or enzymes that convert poorly 

soluble mineral elements in soil into forms that plants can readily absorb (Jin et al., 

2022; Wang et al., 2022c). 

In addition, certain symbiotic microorganisms establish highly specialized 

associations with plants. A well-known example is the symbiosis between plants and 

mycorrhizal fungi, which can significantly extend the effective absorption area of 

plant roots, thereby improving the uptake of water and mineral nutrients (Bennett and 

Groten, 2022; Wang et al., 2023a). Among the various nutrients required for plant 

growth, nitrogen stands out as one of the most critical macronutrients. 

3.2 The importance of nitrogen nutrition for plants 

Nitrogen is one of the mineral nutrients required in the largest quantities during plant 

growth and development and plays a decisive role in plant morphogenesis and 

metabolic processes. Nitrogen is a fundamental component of amino acids and 

proteins and is also a key constituent of nucleic acids, ATP, and chlorophyll (Ding et 

al., 2021). Consequently, nitrogen availability directly influences photosynthetic 

capacity, cell division, and overall plant growth rate (Zhang et al., 2022b; Zhu et al., 

2023). Adequate nitrogen supply generally promotes leaf development, enhances 

photosynthetic efficiency, and ultimately contributes to increased crop yields. 

However, in natural ecosystems, nitrogen available for direct plant uptake is often 

limited (Ruffel et al., 2025; Yan et al., 2022). Although the atmosphere contains 

abundant nitrogen gas (N₂), plants cannot directly utilize this form and rely on 

microbial nitrogen fixation to convert atmospheric nitrogen into bioavailable 

inorganic forms (Gou et al., 2023; Li et al., 2023). As a result, nitrogen frequently 

becomes one of the primary limiting factors for plant growth in many natural soils. 

Under nitrogen-deficient conditions, plants typically exhibit clear symptoms of 

growth inhibition, including leaf chlorosis, reduced growth rates, and decreased 

biomass accumulation (Kang et al., 2023; Zhang et al., 2024a). 

Beyond its direct effects on plant growth, nitrogen status also influences plant 

immunity and signaling pathways, thereby affecting plant resistance to environmental 

stresses. Nitrogen deficiency can suppress metabolic activity and reduce the synthesis 
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of defense-related proteins and secondary metabolites, weakening plant resistance to 

various biotic stresses. For example, plants grown under nitrogen-limited conditions 

are often more susceptible to pathogen infections (Ding et al., 2021) and may also be 

more vulnerable to plant-parasitic nematodes, such as cyst nematodes (Akiyama et al., 

2025). 

3.3 Nitrogen availability in natural ecosystems 

In soil ecosystems, nitrogen occurs in several different forms. Among them, the two 

major inorganic forms that plants can directly absorb are ammonium (NH₄⁺) and 

nitrate (NO₃⁻) (Chen et al., 2024a; Zhang and Chu, 2020). The formation and 

transformation of these nitrogen forms largely depend on microbial-driven nitrogen 

cycling processes, including mineralization, nitrification, and denitrification (Han et 

al., 2024; Li et al., 2022b; Li et al., 2020; Martikainen, 2022). Because different 

microbial communities perform distinct functional roles in these processes, the 

relative proportions of ammonium and nitrate in soil can fluctuate dynamically 

depending on environmental conditions and microbial activity. 

Over the course of evolution, plants have developed distinct mechanisms for the 

uptake and assimilation of these two nitrogen forms. Nitrate is typically transported 

into plant cells through specialized nitrate transporters and is subsequently reduced to 

nitrite and ammonium before entering amino acid synthesis pathways (Li et al., 2024; 

Yan et al., 2023). In contrast, ammonium is absorbed through ammonium transporters 

and can be directly assimilated into nitrogen metabolism via the glutamine synthetase-

glutamate synthase (GS-GOGAT) cycle (Lee et al., 2020; Xiao et al., 2023). Due to 

differences in uptake and metabolic pathways, these two nitrogen forms can exert 

markedly different effects on plant physiology and root system architecture, 

particularly in the case of ammonium as a nitrogen source. 

3.4 Toxic effects of ammonium 

Ammonium is a nitrogen source that plants can assimilate directly, and its assimilation 

generally requires less energy than nitrate assimilation. In theory, this makes 

ammonium a relatively efficient nitrogen source for plants (Xiao et al., 2023). 

However, under natural conditions or in agricultural systems where ammonium is 

supplied as the sole nitrogen source-or when ammonium concentrations in the 

rhizosphere become excessively high-plants often exhibit symptoms such as growth 

inhibition, impaired root development, and leaf chlorosis. This phenomenon is 
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commonly referred to as ammonium toxicity (Hachiya et al., 2021). 

Research has shown that ammonium toxicity does not arise from a single cause but 

rather results from multiple physiological and metabolic disturbances. On the one 

hand, excessive accumulation of ammonium ions in plant tissues can disrupt 

intracellular ionic balance and inhibit the uptake of essential cations such as potassium, 

calcium, and magnesium (Liu et al., 2022; Xie et al., 2023). On the other hand, 

excessive ammonium assimilation can lead to imbalances in carbon and nitrogen 

metabolism by consuming large amounts of carbon skeletons, thereby affecting plant 

energy metabolism and organic acid cycling (Xiao et al., 2023). Moreover, high 

ammonium levels may induce cellular pH changes, accumulation of reactive oxygen 

species (ROS), and disruptions in hormone signaling pathways, further exacerbating 

growth inhibition (Feng et al., 2020; Sun et al., 2020). 

Therefore, a deeper understanding of ammonium uptake, assimilation, and toxicity 

regulation in plants-as well as the role of microorganisms in these processes-is 

essential for optimizing nitrogen fertilization strategies and improving nitrogen use 

efficiency in crops. 

3.5 Microbial contributions to plant nitrogen acquisition 

Microorganisms play a central role in soil nitrogen cycling and can enhance plant 

nitrogen acquisition and utilization through multiple mechanisms. First, certain 

microorganisms can convert atmospheric nitrogen gas into plant-available ammonia 

through biological nitrogen fixation. These microorganisms include both symbiotic 

nitrogen-fixing bacteria that form nodules with leguminous plants and free-living 

nitrogen-fixing bacteria (Li et al., 2022a; Schulte et al., 2021). Through this process, 

atmospheric nitrogen can be introduced into terrestrial ecosystems, providing an 

additional nitrogen source for plants. 

Second, many soil microorganisms participate in the mineralization of organic 

nitrogen, converting nitrogen contained in complex organic matter into ammonium or 

nitrate, thereby increasing the availability of nitrogen in soils (Sun et al., 2021). In 

addition, certain rhizosphere bacteria can indirectly enhance plant nitrogen uptake by 

promoting root growth or altering root system architecture. For example, microbial 

production of phytohormone-like compounds, such as auxins, can stimulate root 

branching and increase root hair density, thereby expanding the root surface area 

available for nitrogen absorption (Dellagi et al., 2020; Liu et al., 2024). 
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Furthermore, microorganisms can improve plant nitrogen use efficiency by regulating 

the expression of plant genes involved in nitrogen transport and metabolism. Some 

plant growth-promoting bacteria are able to induce the expression of nitrogen 

transporters or nitrogen metabolism enzymes, thereby enhancing plant adaptation to 

low-nitrogen environments (Dellagi et al., 2020; Zhang et al., 2024b). 

Through these direct and indirect mechanisms, plant-associated microbial 

communities play a crucial role in maintaining nitrogen nutritional balance and 

improving nitrogen use efficiency. Consequently, the use of beneficial 

microorganisms to enhance plant nitrogen acquisition is increasingly recognized as an 

important strategy for reducing chemical fertilizer inputs and improving resource use 

efficiency in sustainable agricultural systems. 

4. Genotype-specific divergence in plant-microbiome interaction networks 

4.1 Differences between wild and cultivated crops resulting from domestication 

Crop domestication represents a fundamental milestone in the development of 

agricultural civilization. It refers to the process by which wild plant species undergo 

gradual genetic and phenotypic changes under long-term human intervention, 

selection, and cultivation, eventually giving rise to cultivated crops that are adapted 

to agricultural environments and can be reliably used by humans (Gross and Olsen, 

2010). The earliest instances of crop domestication can be traced back to the Neolithic 

period approximately 10,000 years ago, when humans began selecting plant 

individuals with desirable characteristics-such as high nutritional value, ease of 

cultivation, and convenient harvest-from natural ecosystems (Doebley et al., 2006; 

Purugganan, 2022). Through continuous selection across generations, these 

advantageous traits were progressively reinforced. Over time, this sustained artificial 

selection reshaped plant growth habits, reproductive strategies, and morphological 

traits, gradually transforming plants from members of wild ecosystems into crops that 

are highly dependent on human management (Krug et al., 2023). 

During long-term domestication and artificial selection, cultivated crops developed a 

set of characteristic traits that distinguish them from their wild ancestors. These 

changes are commonly referred to as the domestication syndrome (Conrady et al., 

2023). One of the most prominent changes involves reproductive and dispersal traits. 

For example, many crops gradually lost the natural seed shattering trait during 

domestication, allowing mature seeds to remain attached to the plant and enabling 
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more efficient harvesting (Alam and Purugganan, 2024). 

Seed or fruit dormancy is also frequently reduced in cultivated crops, resulting in more 

synchronized and stable germination (Alseekh et al., 2021). In addition, domestication 

has significantly altered the size and structure of edible plant organs. Grain crops 

typically developed larger seeds, while fruit and vegetable crops often exhibit 

substantially enlarged fruits or storage organs. These changes have greatly increased 

the harvestable yield per unit area (Allaby et al., 2022). 

However, while domestication has generated many desirable agronomic traits, it has 

also led to the loss of certain important characteristics. Long-term human selection 

often focuses on a limited number of traits, such as yield or product quality, which can 

result in reduced genetic diversity and consequently lower adaptability to 

environmental changes or emerging pests and diseases (Andersson and Purugganan, 

2022; Wu et al., 2021). Moreover, defensive traits commonly found in wild plants may 

be weakened in cultivated crops. For instance, the production of defensive secondary 

metabolites or the capacity to mount inducible defense responses can be reduced 

(Gasparini et al., 2021). Thus, while domestication has shaped the high-yield 

characteristics of modern agriculture, it has also altered the ecological adaptation 

strategies of plants to some extent. 

4.2 Domestication systems provide an ideal model for comparing differences in plant-

rhizosphere microbiome interaction networks across genotypes 

In modern agricultural systems, high crop yields often rely on substantial inputs of 

chemical fertilizers and pesticides to ensure stable production under varying 

environmental conditions (Guo et al., 2025; Yang et al., 2024a). In such nutrient-rich 

and highly managed environments, crops may become less dependent on 

microorganisms for nutrient acquisition or protection. As a result, the ability of plants 

to actively recruit beneficial microorganisms may be weakened. 

Furthermore, artificial selection during crop breeding has primarily focused on 

aboveground agronomic traits-such as yield, fruit size, and plant architecture-while 

relatively little attention has been paid to root traits and their interactions with soil 

microorganisms (Chomicki et al., 2020; Spengler, 2020). This selective focus may 

have led to changes in root exudate composition, root system architecture, and the 

capacity of modern cultivars to recruit beneficial microbes, ultimately reducing the 

efficiency of plant-microbiome interactions. In contrast, many wild plant species and 
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traditional landraces often maintain stronger symbiotic relationships with 

microorganisms, enabling them to sustain relatively robust growth even under 

nutrient-poor conditions or high pathogen pressure (Bolger et al., 2014). 

To systematically evaluate these changes, an increasing number of studies use 

domestication systems as models for investigating plant-microbe interactions. Such 

systems typically compare wild ancestors, traditional landraces, and modern cultivars 

to reveal the genetic and ecological changes that occurred during domestication and 

breeding (Chialva et al., 2024; Steinhauser et al., 2010). By comparing plant materials 

representing different stages of domestication, researchers can analyze variations in 

rhizosphere microbial community structure, microbial recruitment capacity, and the 

efficiency of plant-microbe interactions. 

This research strategy not only helps elucidate how crop domestication has influenced 

microbiome assembly processes but also provides new perspectives for crop 

improvement. For example, identifying the mechanism by which wild species that 

efficiently recruit beneficial microorganisms may allow microbiome-associated traits 

to be reintroduced into breeding programs. Such approaches could improve 

agricultural sustainability by enhancing plant performance while reducing reliance on 

chemical inputs. 

5. Outline of my thesis 

Nitrogen is essential for plant growth, and the rhizosphere microbiome, often 

considered a secondary genome of the plant, plays a pivotal role in mediating nitrogen 

acquisition from soil. Although an increasing number of studies have begun to explore 

beneficial plant-microbiome interactions that enhance plant tolerance to nitrogen-

related stresses, a systematic understanding of how these interactions vary across plant 

genotypes, particularly between wild species and modern cultivars shaped by 

domestication, remains limited. 

Against this backdrop, this thesis aims to elucidate how wild and cultivated tomato 

genotypes differentially activate rhizosphere microbiome interaction networks under 

nitrogen stress. In particular, it focuses on the ecological roles of key microorganisms 

within these networks in enhancing plant resilience to a broader spectrum of nitrogen-

related stresses. 

In Chapter 2, I used wild tomato (Solanum pennellii) and cultivated tomato (Solanum 



CHAPTER 1 

22 

lycopersicum cv. Moneyberg) as a comparative model system to systematically 

investigate genotype-specific differences in growth responses to various nitrogen 

forms. These phenotypic differences were linked to shifts in the rhizosphere 

microbiome. By characterizing microbiome dynamics under nitrogen treatments, I 

identified key microbial taxa, particularly P. megaterium, that responded to nitrogen 

availability in both genotypes. Through comparative genomic analyses of host-

associated P. megaterium isolates, combined with inoculation experiments, I 

elucidated genotype-specific plant-microbiome interaction networks and uncovered 

distinct molecular mechanisms by which beneficial microbes enhance nitrogen-

deficiency tolerance in the two tomato genotypes. 

In Chapter 3, I extended this work by examining the broader ecological functions of 

P. megaterium recruited under nitrogen limitation, with a particular focus on their 

roles in mitigating nitrogen-associated abiotic stresses. Using Arabidopsis thaliana as 

a model system, I investigated how these microbes influence plant responses to 

ammonium toxicity. Most P. megaterium strains promoted plant growth under 

ammonium stress, indicating conserved functional potential across host species. By 

integrating genetic, physiological and molecular approaches, I demonstrated that 

representative P. megaterium strain enhances ammonium tolerance by activating a 

coordinated molecular network, primarily involving the maintenance of cellular redox 

homeostasis through the induction of antioxidant systems such as ascorbate 

peroxidase. 

In Chapter 4, I further explored the ecological roles of P. megaterium in mediating 

plant responses to nitrogen-associated biotic stress, with a particular focus on plant-

cyst nematode interactions under nitrogen-deficient conditions. By assessing the 

impact of P. megaterium inoculation on tomato root metabolomes, I investigated how 

these microbes influence the biosynthesis of the nematode hatching factor 

solanoeclepin A (SolA). Through integrated genetic, physiological and biochemical 

analyses, I identified a novel key gene involved in SolA biosynthesis. Furthermore, 

microbial metabolomics revealed that beneficial microbes regulate the expression of 

SolA biosynthetic genes via the production of the phytohormone indole-3-acetic acid 

(IAA), thereby modulating SolA accumulation and ultimately influencing cyst 

nematode hatching. 

Finally, in Chapter 5, I synthesize the findings from the preceding chapters and 

integrate them with recent advances in the field to discuss the functional roles of 
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beneficial microbes in enhancing plant tolerance to nitrogen deficiency. I further 

examine how these plant-microbiome interaction systems differ across genotypes 

shaped by domestication. In addition, I discussed the broader roles of beneficial 

microbes in mitigating nitrogen-related stresses, including ammonium toxicity and 

cyst nematode infection. The thesis concludes with perspectives on future research 

directions, highlighting the potential of leveraging plant-microbiome interactions to 

develop more sustainable agricultural systems. 
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