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ABSTRACT 

 

EFFECT OF PLANT GENOTYPE ON PLANT-MICROBE INTERACTIONS AND 

MULTI- GENERATION ECOSYSTEM SELECTION OF MICROBIAL COMMUNITIES 

ASSOCIATED WITH PLANT BIOMASS IN ARABIDOPSIS THALIANA 

 

December 2023 
 

Nachiket Shankar, B.E., MS Ramaiah Institute Of Technology 
PhD, University of Massachusetts Boston 

 
 

Directed By Professor Rick Kesseli 

The microbiome's role in shaping host phenotypes is a critical area of investigation, 

with implications for ecology, evolution, and host health. Dynamic plant-microbe interactions 

are influenced by factors like soil type, environment, and genotype. Understanding their impact 

on microbial communities is key for tailored plant benefits. An artificial ecosystem selection 

experiment was done for eight generations with Arabidopsis thaliana Ler and Cvi. This 

revealed distinct microbial communities shaped by genotypes and biomass treatments. 

Initially, environment dominated, but over time, genotype and biomass gained influence, 

explaining ~40% of the variation. Moreover, genotype-specific rhizobacterial associations 

were observed, enhancing understanding of community dynamics and genetics, with potential 

for agricultural applications.  
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Plant genes interact with microorganisms, fostering beneficial or antagonistic 

relationships. This control affects microbe abundance, aiding nutrient uptake, disease 

defense, and stress tolerance. Despite a century of research, our understanding of these 

genetic mechanisms remains limited. Our study focused on using near-isogenic lines (NILs) 

obtained from crossing Arabidopsis thaliana Ler and Cvi to narrow down a plant genomic 

region previously identified in the lab. This region spans approximately 3.75 Mbp on 

chromosome 1 and houses around 995 genes. Employing fine-mapping with near-isogenic 

lines and metagenomic data, we confirm a small yet significant genotype impact on microbial 

community structure, identifying genotype-specific microbial taxa abundance. Our work 

reduces the candidate region to 418 genes, advancing insight into the genetic control imposed 

by Arabidopsis thaliana on the microbiome. 
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PREFACE 
 

This thesis is divided into three chapters, and each chapter deals with plant-microbe 

interactions in Arabidopsis thaliana. Chapter 1 gives a broad overview of plant-microbe 

interactions and encompasses the scope and importance of study in this field. This chapter 

builds up to the two main studies addressed in the thesis and provides the basis for the 

dissertation.  

Chapter 2, The role of microbial community assembly on the plant is highlighted. I 

utilized, two common inbred genotypes of Arabidopsis thaliana, Cvi and Ler, to carry out 

generational ecosystem selection for a total of eight generations. The composition of the 

resulting microbial community was shaped by a complex interplay between environmental 

factors, genotypes, and biomass selection treatment (high or low biomass selection). In the 

initial phases of the experiment, the environment played a dominant role in shaping the 

microbial community composition, while the genotype and biomass treatment had modest but 

significant impacts. Over time, the plant genotype and selection strategy gained more 

influence, ultimately leading to the plant genotype becoming the primary determinant of the 

microbial community composition. This study enhances our understanding of both the 

microbial community dynamics and plant genetics and can be applied to agricultural settings 

to improve plant growth and in soil restoration.  

Chapter 3 aims to narrow down the candidate regions involved in plant genetic 

control of the microbiome in Arabidopsis thaliana Ler based on a previously identified 

quantitative trait loci (QTL) region. The identified QTL region spans approximately 3.75 

Mbp at the beginning of chromosome 1 of Arabidopsis thaliana Ler consisting of ~995 
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genes. A highly replicated (12 replicates) fine-mapping approach using near-isogenic lines 

(NILs) is employed to analyze 16S rRNA metagenomic data coupled with statistical 

analyses. The study confirmed the findings from previous studies that have shown a 

significant but small effect of plant genotype on the microbial community structure. In 

addition, we found evidence of genotype-specific differential abundance of specific 

microbial taxa.  Ultimately, we narrowed down the candidate region from ~995 genes to 418 

genes. This study is a step forward in deciphering the mechanisms behind plant genetic 

control in Arabidopsis thaliana.
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2. CHAPTER 1 INTRODUCTION 

REVIEW OF PLANT-MICROBE INTERACTIONS IN THE CONTEXT OF MICROBIAL 
COMMUNITY ASSEMBLY, PLANT GENETIC CONTROL, AND ECOSYSTEM 

SELECTION  
 

 
Introduction 

 
Plant hosts harbor a diverse group of microorganisms residing in the region 

surrounding the roots (rhizosphere) and extending up to the leaves (phyllosphere), 

collectively known as the plant microbiome. These microorganisms can establish complex 

relationships with plants and provide a variety of fitness benefits to the plant, including but 

not limited to, disease resistance (1–3), growth promotion (4,5), nutrient uptake (6,7), and 

stress tolerance (8–10). The practical implications of plant-microbe interactions on 

agriculture, and the ecology and evolution of plants, have sparked a keen interest in 

understanding the factors that influence and shape plant-associated microbiota. The emphasis 

of this chapter is on the biotic and abiotic factors that influence the rhizosphere microbiome 

(RM) and the advantages and detrimental impacts the RM has on plant growth, disease 

resistance, and nutrient acquisition.   Further, we explore the impact of plant genetic control 

on the RM and the factors influencing microbial community assembly. 

 

The “holobiont” concept 

The conventional understanding of a host phenotype is centered around the interplay 

between genotype and environment, resulting in observable physical traits or growth patterns. 

However, in the past two decades, research on the microbiome has emphasized the significance 



 
 
 
 

 

2 

of the host’s microbial community as an essential component of the plant’s environment and 

of this equation. The role of the microbiome in shaping the host phenotype has emerged as a 

critical area of investigation, for diverse fields such as ecology, and host health.  

The term “holobiont” was initially conceptualized as the plant host and its associated 

symbionts (11). However, today the holobiont has expanded to include the entire microbiome 

as a unit of selection (12). The plant microbiome represents a rich source of functional diversity 

that is not encoded within the host genome. The interactions between the plant host and its 

microbiome are dynamic and reciprocal, with the plant shaping its immediate environment 

through exuding specific metabolites, thereby promoting the growth of specific microbial taxa, 

while the microbiome in turn influences plant health and growth (Fig. 1.1). 

 

Impacts on plant nutrition, health, and abiotic stress 

Plant-microbe interactions encompass a spectrum of both beneficial and harmful 

outcomes that play pivotal roles in shaping ecosystems and agriculture. Plant pathogens can 

lead to diseases, causing reduced crop yields and economic losses and parasitic plants exploit 

host resources, impacting plant fitness and community dynamics. In recent years research has 

been directed toward harnessing the beneficial aspects of these interactions. The sections 

below review the types of interactions, their underlying mechanisms, and strategies that 

harness the benefits of the plant microbiome. 

The importance of the potential beneficial effects of plant-associated microbiota has 

been recognized in the fields of agriculture, ecology, and evolution. For instance, nitrogen-

fixing bacteria, like Rhizobium species, convert atmospheric nitrogen into a usable form for 
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plants, contributing to enhanced nitrogen availability. Regarding plant health, some members 

of the microbiome act as a defensive shield, providing protection against pathogens. For 

example, Bacillus species, produce antimicrobial compounds, effectively suppressing 

harmful pathogens (13,14) and Trichoderma, a genus of fungi, is known for its biocontrol 

abilities against plant diseases (15,16). When it comes to abiotic stress, the microbiome can 

play a vital role in enhancing plant resilience (17). For instance, plant growth-promoting 

rhizobacteria (PGPR) can improve plant tolerance to drought stress by producing stress-

related hormones and promoting root growth (18). As a result, extensive research has been 

done to better understand the role of the microbiome in the acquisition of essential nutrients 

(nitrogen, phosphorus, and iron), conferring resistance to diseases and mitigating abiotic 

stress. The section below delves deeper into each of these aspects.  

 

Nutrient uptake and acquisition 

The microbiome plays a crucial role in plant nutrient acquisition by enhancing 

nutrient availability and uptake. Beneficial microorganisms in the rhizosphere and plant 

tissues facilitate nutrient solubilization, fixation, and cycling, making essential nutrients more 

accessible to plants. Additionally, some microbes form symbiotic associations, such as 

mycorrhizal fungi and nitrogen-fixing bacteria, which directly contribute to plant nutrient 

uptake and utilization. Overall, the microbiome acts as a vital partner for plants, promoting 

their nutrient acquisition and supporting their growth and health.  
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Nitrogen 
Nitrogen is an essential macronutrient for plant growth and productivity. Nitrogen-

fixing bacteria or “Diazotrophs” are capable of fixing nitrogen by converting atmospheric 

nitrogen to ammonia (7). More importantly, biological nitrogen fixation (BNF) is a trait 

exclusive to prokaryotes.  Depending on the type of diazotroph, BNF can occur in soil and on 

plant roots (non-symbiotic or associative) or within plant root nodules (symbiotic).  

Associative diazotrophs are mostly present in the soil or reside on the surface of roots and do 

not form nodules. They are omnipresent and genetically diverse, belonging to different genera 

such as Axoarcus, Axospirilium, Burkholderia, Citrobacter, among others (19).  They fix very 

low amounts of nitrogen in the soil (1–20 kg N ha−1 year−1) (20). 

Symbiotic diazotrophs are typically involved in nitrogen fixation within specialized 

structures on plant roots called nodules. Rhizobia and Frankia are among the most widely 

researched diazotrophs in root nodulation. More than 150 kg N ha-1 of nitrogen is reported to 

be fixed by these kinds of associations, which is very high and comparable to nitrogen added 

by fertilizers (21). Rhizobia are the common symbionts of leguminous plants and often form 

strong mutualistic relationships (22).  Some examples of identified nitrogen-fixing bacteria 

include Rhizobium, Bradyrhizobium, Burkholderia, Achromobacter, and Gluconacetobacter 

diazotrophicus (23–27). Frankia on the other hand associates with non-legumes. Frankia is a 

filamentous, gram-positive Actinomycetes and can symbiotically associate with about 220 

species of dicots  (28). However, the use of nitrogen-fixing bacteria in agriculture is still limited 

to certain strains and crops, such as Gluconacetobacter diazotrophicus in sugarcane and 

Rhizobium leguminosarum in leguminous plants (29). 
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Phosphate 
Arbuscular mycorrhizal (AM) and Ectomycorrhizal (EM) fungi are a type of beneficial 

soil fungi that establish a symbiotic relationship with the roots of the majority of plants (30). 

Their fine and extensive hyphae allow them to absorb nutrients, such as phosphorous, that 

would otherwise be inaccessible to the plant. The fungus then passes the nutrients to the plant 

in exchange for sugars (31–35). However, not all plants can form a symbiotic relationship with 

AM or EM fungi, and non-mycorrhizal plants have alternative adaptations that allow 

colonization by other fungi, such as Colletotrichum tofieldiae (36). Recent research has 

demonstrated that in conditions of low phosphorus, suppressing the plant’s immune system 

leads to the development of an inorganic-phosphate assimilating fungal microbiome that 

enhances the growth of non-mycorrhizal plants in phosphorus-deficient soils (9,37).  

 

Iron  
Iron is an essential nutrient for plants, but it is often found in soil in forms that are not 

readily available to plants. Iron is involved in many important processes in plants, including 

producing chlorophyll, maintaining cell membrane stability, and regulating oxidative stress. 

Microbial siderophores are small molecules produced by microbes and can chelate iron, 

making it more available to plants (38). By chelating iron, microbial siderophores can increase 

the uptake of iron by plant roots (39–41). By increasing the availability of iron to the plant, 

microbial siderophores can improve the growth and health of plants, especially in soils that are 

low in iron (42–45). In the face of iron limitation, plants have evolved two methods of 

acquiring this nutrient. They either make inorganic iron more soluble in the area surrounding 
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the roots (Strategy I) or release phytosiderophores which are then transported into the root 

tissue through a specific system (Strategy II) (46). Some microbial siderophores can 

outcompete pathogens for iron, thus reducing pathogen growth and potential harm to the plant 

(47). For example, Coumarins, plant-derived secondary metabolites, shape the root bacterial 

community of Arabidopsis thaliana by promoting iron mobilization and suppressing a 

common Pseudomonas species that compete with the plant for iron through reactive oxygen 

species (48). 

 

Disease resistance 

The idea that bacteria can protect plants against pathogens is referred to as “bacterial 

biological control” or “biocontrol”. This concept has been around for a long time. In 1995, 

Ryan et al. showed that Pseudomonas spp. is effective against take-all disease, a soil-borne 

disease affecting a wide range of crops including wheat, barley, and carrots (49). There are 

several mechanisms by which microorganisms can ward off plant pathogens. These include 

but are not limited to competition for nutrients and space, antibiotic production, induced plant 

systemic acquired resistance, and production of quorum sensing (QS) and volatile organic 

compounds (VOCs). 

Microorganisms that are beneficial to plants can compete with pathogens for essential 

nutrients, trace elements, and space, effectively reducing the growth and colonization of the 

pathogen. For example, the presence of Pseudomonas spp. has been shown to reduce the 

growth of microorganisms that cause plant diseases and compete with them for resources (1–

3).  Rhizosphere fungi are also known to produce several secondary metabolites that have 
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antibiotic properties, some of the most well-known ones are Aspergillus nidulans which 

produce penicillin-like b-lactams and Cephalosporium acremonium that produce 

cephalosporins (50,51).  Some beneficial microorganisms produce antibiotics that can inhibit 

the growth of pathogens for example, Pseudomonas strains produce 2,4-

Diacetylphloroglucinol (DAPG) which are toxic to plant pathogenic fungi (52–54).  

Beneficial microorganisms can induce the plant’s systemic acquired resistance (SAR), 

a mechanism that provides long-lasting protection against a wide range of pathogens. For 

example, mycorrhizal fungi have been shown to suppress SAR, which is a defense response of 

plants to pathogen infection. SAR is mediated by the salicylic acid (SA) signaling pathway, 

which results in the production of phytoalexins, pathogenesis-related (PR) proteins, and other 

defense-related compounds (55–58). The presence of the hormone salicylic acid (SA) also 

influences the composition of the root microbiome, as plants with altered SA signaling have 

been shown to have different relative abundances of specific bacterial families (enriched in 

Bacteroidetes and Actinobacteria and depleted in Betaproteobacteria) compared to wild-type 

plants. These results indicate that different bacterial strains can respond differently to SA, 

thereby affecting the microbial community structure of the root (59). 

Pseudomonas syringae has been shown to manipulate the jasmonic acid (JA) pathway 

to successfully establish itself in the plant. For example, P. syringae has been demonstrated to 

secrete effector proteins that can interfere with the JA pathway, blocking the activation of plant 

defense responses and allowing the bacterium to establish itself in the plant (60).  It is also 

important to highlight that studies have also demonstrated that Arabidopsis under pathogenic 
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attack modulate the exudates released through their roots, leading to an enrichment of 

Microbacterium, Stenotrophomonas, and a Xanthomonas sp. in the rhizosphere (61). 

Alternative mechanisms of plant disease resistance such as VOCs have been receiving 

more attention over the past years. VOCs play a significant role in plant disease resistance. 

When plants are exposed to pathogens or pests, they often produce VOCs as part of their 

defense mechanisms (62). These emitted VOCs act as signaling molecules that help 

neighboring plants detect the presence of potential threats. Some were shown to modulate plant 

growth and mediate the intricate dialogues between microorganisms and plants (63). 

 

Abiotic stress 

The rhizosphere microbiome can play a critical role in mitigating the effects of abiotic 

stress such as drought, extreme temperatures, salinity, and heavy metal toxicity that can harm 

plant growth and survival (64). Plant growth-promoting rhizobacteria (PGPR) with ACC (1-

aminocyclopropane-1-carboxylic acid) deaminase activity can help reduce the levels of 

ethylene in stressed plants, potentially improving their ability to survive and recover from 

water stress (65,66). PGPR can also help plants cope with salt stress, for example, wheat plants 

grown in saline soils showed a significant number of bacterial isolates with plant growth-

promoting traits and were also tolerant to high levels of NaCl (8%)  (67–69). The bacteria 

Burkholderia phytofirmans PsJN has been shown to enhance root growth and physiological 

activity in grapevine plants, even at temperatures as low as 4°C. It has also been shown that 

the combination of Bradyrhizobium japonicum and Serratia proteamaculans was found to 
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stimulate soybean growth, even at 15°C, where soybean nodule infection and nitrogen fixation 

are usually inhibited (51,70). 

 

Harnessing the power of a microbial consortia 

Traditionally, single microbial isolates were selected based on their ability to directly 

express functions of interest (71), such as nutrient mineralization, nitrogen fixation, or 

pathogen suppression (53). Microbial inoculations can also modulate plant responses to abiotic 

stress such as salinity. While both bacteria and fungi improve plant tolerance to salt stress, 

fungi play a role of greater importance under abiotic stress (72). Glycophytes, or salt-sensitive 

plants, depend more on fungal symbiosis to improve nutrient uptake and plant biomass, than 

halophytes under salt stress (73). Although imported microbes can have immediate impacts, 

they often fail to establish in required densities, making these effects transitory (74) and in 

some cases, inoculants are outcompeted by native soil microbes. Microbial inoculations are 

more successful in reproducing functions of interest if they are introduced as a community or 

a group of species. This is because diverse inoculants can occupy a wider resource niche, 

allowing them to compete with native microbes more effectively. For instance, plant 

inoculation with a consortium of Pseudomonas species showed that increased plant biomass 

and decreased disease frequency were correlated with an increase in the species richness of the 

inoculation (6,75). The evolutionary history of the applied inoculant also influences the 

potential success under stress conditions. Salt-stressed mangroves inoculated with endophytes 

from high-salinity environments showed enhanced tolerance, while endophytes from 

freshwater environments did not ameliorate the effects of salt stress (76). Rice inoculated with 
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fungi isolated from coastal habitats showed improved salt tolerance, while rice inoculated with 

isolates from agricultural soils conferred no tolerance (77). It is also important to highlight that 

improvement in plant phenotype conferred by microbial inoculations can be transferred across 

different plant species. For instance, tomato and cucumber plants showed improved drought 

and salt tolerance when inoculated with fungi isolated from the roots of desert plants that had 

been exposed to similar stressors (78). Halotolerant bacterial consortia isolated from Avocado 

trees improved the salt tolerance of Avocado saplings (79)  and wheat (80). In fact, researchers 

have shown it is possible to engineer an artificial synthetic community of five bacterial strains 

isolated from the rhizosphere of a desert plant to improve salt tolerance in tomatoes (81).  

The above-mentioned studies involve direct isolation and transfer of microbes to elicit 

improved plant tolerance to abiotic stress. Indirect selection of microbial consortia capable of 

inducing specific traits of interest can be carried out through host-assisted microbiome 

selection. It also allows for the selection of microbes as an interdependent network rather than 

as individual isolates allowing even greater persistence in the environment. Host-assisted 

microbiome selection is a method that involves the transfer of microbiomes with desired effects 

on a host from one generation to the next. This is done by identifying individuals that display 

the strongest desired phenotype and using their microbiomes for the next generation. This 

process helps to perpetuate beneficial microbiomes and improve the host’s fitness. Only four 

studies have used this approach, and all have been carried out in plant-soil systems. These 

approaches have led to the selective generation of microbiomes that can alter the biomass and 

flowering time in Arabidopsis thaliana (82,83), to improve drought tolerance in wheat (84) 

and improve salt tolerance in Brachypodium distachyon (85) 
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Microbial community assembly 

The rhizosphere microbial community diverges from, yet originates primarily from, the 

bulk soil. (86–88). A multitude of biotic and abiotic factors influence the rhizosphere 

microbiome, including but not limited to plant root exudates (89–91), soil type (92–96), 

environment (97), and various aspects of the plant, including species (98), genotype (99–101) 

and developmental stage (102,103). Soil type has been shown to have a major effect on the 

microbial community (104–106), while the impact of plant species, genotype, and 

developmental stage is relatively less pronounced. 

In order to respond to plant cues, rhizosphere microbes that have a higher number of 

genes that are involved in – chemotaxis, flagella assembly, biofilm formation, and transport – 

have a selective advantage (107–110). Despite the many factors that influence and shape the 

rhizosphere microbiome throughout the life cycle of a plant, there is a small fraction of the 

microbiome that remains present at high relative abundances throughout all developmental 

stages (111–114).  

Previous studies in Arabidopsis thaliana have demonstrated the core microbiome as 

early as 2012 in two different publications (115,116). Both arrived at similar results. The 

environment played a greater role in offering a reservoir of microbes for the plant genotypes 

to select from. The environment was a stronger predictor for microbiome structure compared 

to the genotype. The microbial diversity increased as you moved away from the endophytic 

compartment and toward the bulk soil. Importantly, microbes found in the bulk soil were not 

enriched in the endophytic compartment and vice-versa. The microbiome of greenhouse-grown 
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plants was similar to that of the field-grown plants specifically at different plant compartments 

– rhizosphere, woody stem, and endophytic compartment, indicating an active role of the plant 

host in creating and maintaining an environment where certain microbes have improved 

fitness. There are certain phyla enriched in each compartment and zone of the plant. The study 

found that several taxa (Acidobacteria, Verrucomicrobia, Gemmatimonadetes and 

Proteobacterial families) that were present in both the rhizosphere and the bulk soil, were 

depleted in the endophytic compartment, which was shown to be dominated by Actinobacteria, 

Proteobacteria, and Firmicutes. 

A follow-up study confirmed that variation in microbiome communities between 

different Arabidopsis varieties and sister species was largely quantitative with host 

phylogenetic distance not explaining microbiome community variation (117). Despite having 

a large divergence between different host species, the diversity of the microbes interacting with 

the plant host at the root endophytic zone was largely consistent and reproducible.  

 

Plant genetic control 

By understanding the genetic factors that influence the composition and functioning of the 

plant-associated microbiome, we can gain insights into the complex interactions between 

plants and microorganisms. This knowledge enables us to identify key genes that govern 

beneficial microbial associations. As highlighted in the previous section, most studies have 

shown a significant, but weak effect of genotype on the rhizosphere microbiome (117–119). 

Plant roots have the ability to modulate the physiology and biochemistry in the rhizosphere. 

Root exudates, released by the roots into the nearby soil (the rhizosphere), mediate microbial 
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community assembly constitute an essential part of this response (120–122). Identifying 

mechanisms and plant genes associated with the assembly of specific microbial taxa is 

essential for devising innovative plant breeding strategies that harness beneficial 

microorganisms to promote plant growth and health. Some studies have suggested the 

participation of genes associated with plant defense and cross-membrane transport of organic 

compounds, like ATP-binding cassette (ABC) transporter and secondary metabolites, in 

influencing the rhizosphere community (60).  

 

Goals of this dissertation 

The literature discussed above emphasizes the importance and practical applications 

of plant-microbe interactions in agriculture, ecology, and evolution. It is apparent that 

gaining a deep understanding of plant-microbe interactions involves studying processes 

driven by both microbe-microbe interactions as well as by plant genetic control. This 

dissertation addresses and furthers the knowledge in both these key areas of research in the 

field.  

 

Part 1 

 The second chapter of this dissertation aimed to understand the dynamics of microbe-

mediated change of host phenotype through a multi-generation artificial ecosystem selection 

design.  

Artificial ecosystem selection was carried out in Arabidopsis thaliana Ler and Cvi with 

respect to the phenotypic trait, above-ground plant biomass (selecting for two contrasting 
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phenotypes of high and low biomass) as previously described by Swenson et. al. (82). The 

selected ecosystems serve as “parents” for the next “generation of the soil”, and over multiple 

generations, the phenotypic trait should shift in the direction of selection i.e., result in either 

lower or higher biomass of the plant. The root-associated microbial communities were 

sequenced in each generation and analyzed.  

Plant traits such as drought tolerance, flowering time, plant biomass, and salt tolerance 

can all be modulated by either generational selection or inoculating the plant with microbes 

sympatric to the drought or salt environments. Mueller et. al., (85) used generation selection 

to select for microbes that could improve plant seed production by up to 205%. Soil inoculum 

obtained from drought-exposed soils improved Arabidopsis biomass under drought conditions. 

Older studies such as Swenson et al. (82) have shown similar results without necessarily 

exploring the microbiome. This study aims to identify the driving factors that determine the 

microbial community assembly and, in turn, influence plant biomass through longitudinal 

analysis of next-generation sequencing 16s rRNA metagenomic data. 

 

Part 2 

The third chapter of this study addresses the role of plant genetic control on the 

rhizosphere bacteria community by using a traditional mapping approach with near-isogenic 

lines (NILs) and Arabidopsis thalian Ler and Cvi. Several studies have attempted to 

understand the underlying genetic mechanisms giving rise to a specific rhizosphere bacterial 

community (83,123–128). There are a few studies that have indicated the involvement of genes 

related to plant defense and cross-membrane transport of organic substances such as ABC 
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transporters and secondary metabolites in shaping the rhizosphere community (60,129–132). 

However, despite over a hundred years of research in this area, the underlying plant genetic 

mechanisms in structuring the rhizosphere are still poorly understood.  

Traditional approaches used to understand the effect of plant genetics on specific 

microbes such as quantitative trait loci (QTL) mapping using recombinant inbred lines (RILs), 

near-isogenic lines (NILs), or existing mutant lines can narrow down large candidate 

chromosomal regions conferring respective traits in their respective model systems (133–135). 

This study aims to narrow down the candidate regions in Arabidopsis thaliana Ler based QTL 

region previously identified by a lab member, Stuart Morey (Boston, USA). The QTL region 

identified spans about 3.75 Mbp. at the end of chromosome 1 of Arabidopsis thaliana Ler. 

This is a large genomic region consisting of more than ~400 genes. To explore the plant genetic 

effects of NILs derived from a cross between Arabidopsis thaliana Ler and Cvi parents on the 

microbiome, I performed a highly replicated study involving 12 biological replicates and 

analyzed it using 16S rRNA metagenomic sequencing.   
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Figures Chapter 1 

 

Figure 1.1. An overview of plant-microbe interactions. The left side of the figure 
indicates some of the well-known microbial directed interactions. The right-side of the 
figure illustrates some of the well-known plant directed interactions. 
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Abstract 

The role of the microbiome in shaping the host phenotype has emerged as a critical 

area of investigation, with implications in ecology, evolution, and host health. The complex 

and dynamic interactions involving plants and their diverse rhizosphere microbial communities 

are influenced by a multitude of factors, including but not limited to soil type, environment, 

and plant genotype.  Understanding the impact of these factors on microbial community 

assembly is key to yielding host-specific and robust benefits for plants, yet remains 

challenging. Here we ran an artificial ecosystem selection experiment, over eight generations, 

in Arabidopsis thaliana Ler and Cvi to select soil microbiomes associated with higher or lower 

biomass of the host. This resulted in divergent microbial communities, shaped by a complex 

interplay between random environmental variations, plant genotypes, and biomass selection 

pressures. In the initial phases of the experiment, the genotype and the biomass selection 

treatment have modest but significant impacts. Over time, the plant genotype and biomass 

treatments gain more influence, explaining ~40% of the variation in the microbial community 

composition. Furthermore, a genotype-specific association of a plant growth-promoting 
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rhizobacterial taxon, Labraceae with Ler and Rhizobiaceae with Cvi, is observed under 

selection for high biomass. This study enhances our understanding of both microbial 

community dynamics and plant genetics and can be applied to agricultural settings to improve 

plant growth and soil restoration. 

 

Introduction 

The conventional understanding of the host phenotype involves genetics and environment 

shaping observable traits. Yet, the last two decades have underscored the microbiome's 

significance in shaping the host phenotype, driven by extensive research on its role in ecology, 

evolution, and host health. The plant microbiome represents a rich source of functional 

diversity that is not encoded within the host genome. The interactions between the plant host 

and its microbiome are dynamic and reciprocal, with the plant shaping its immediate 

environment by exuding specific metabolites, thereby promoting the growth of specific 

microbial taxa, while the microbiome in turn influences plant health and growth (1). A 

multitude of biotic and abiotic factors influence the dynamic nature of the microbiome, 

including but not limited to plant root exudates (2–4), soil type (5–9), environment (10), and 

various aspects of the plant, including species (11), genotype (4,12–15) and developmental 

stage (16,17).  

Previous studies in Arabidopsis thaliana have shown that the microbial diversity of the 

soil reduced with proximity to the endophytic compartment, and microbes found in the bulk 

soil were not enriched in the endophytic compartment and vice-versa (18–20). Furthermore, 

the microbiome of greenhouse-grown plants was similar to that of the field-grown plants, in 
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the different plant compartments – rhizosphere, woody stem, and endophytic compartment, 

indicating an active role of the plant host in creating and maintaining an environment where 

certain microbes have improved fitness (21). The soil environment was a stronger predictor of 

bulk soil and rhizosphere microbiome structure, though plant genotype had a weak influence 

in some studies (20,22,23). A follow-up study confirmed that variation in microbiome 

communities depends more on the environment than on different Arabidopsis varieties and 

sister species. Though there were some differences between different host species, the core 

microbiome interacting with the plant host at the root endophytic zone was largely consistent 

and reproducible (24).   

Unfortunately, most prior studies were conducted in a single plant growth cycle, 

precluding an analysis of the temporal stability of the plant-microbiome association. 

Observations from plant-soil feedback studies highlight that plant-microbiome interactions can 

be altered by successive growth cycles of a given plant in the same soil (25,26). Prior studies 

have employed plant-mediated selection on the soil ecosystem over multiple generations, and 

resulted in consistent effects on plant characteristics such as biomass, flowering time, and 

germination (27,28). By selecting for soils where hosts show the desired phenotype, such as 

high biomass or altered flowering time, it is possible to enrich microbes that modulate host 

traits. Additionally, studies showed the plant's response to abiotic stress, such as drought and 

salt stress, could be influenced in two ways. First, through generational selection, where plants 

with desirable stress responses were chosen over multiple generations (29–31). Second, by 

introducing beneficial microbes that were associated with plants and had previously lived in 

similar drought or salt conditions (32). Mueller et al., (29) used generational selection to create 
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microbial communities that could improve plant seed production by up to 205%. Soil inoculum 

obtained from drought-exposed soils improved wheat biomass under drought conditions (32). 

Older studies, such as Swenson et al. (28), also have shown similar results under optimal 

growing conditions without necessarily exploring the microbiome. A recent study conducted 

on the rhizosphere microbiome of wild and domesticated tomato plants over multiple 

generations demonstrated an escalating influence of host genotype on the microbiome 

community (33).  A separate study on the phyllosphere microbiome of various tomato 

genotypes indicated a declining impact of host genotype across successive generations (34).  

Despite several earlier efforts, the development of a robust and host-specific microbial 

community with long-lasting beneficial effects on the plant host remains a challenge. 

Using an artificial ecosystem selection experiment, we sought to advance our understanding 

of how plant genotype, environment, and biomass selection treatment (henceforth referred to 

as biomass treatment) impact the assembly of host microbial communities. Treatments 

selecting for the microbial communities of high and low biomass plants did affect the growth 

of plants in subsequent generations, though unknown environmental factors had substantial 

effects throughout the experiment. In the first few generations of the experiment, the genotype 

and biomass treatments played a modest role in shaping the microbial community. Over time, 

the plant genotype and biomass treatments had increasing influence, explaining ~40% of the 

difference in the microbial community composition.  Moreover, we observe an enrichment of 

known plant growth-promoting rhizobacteria (PGPR) in the high biomass treatment, indicating 

potentially beneficial host-specific interactions. 
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Material and Methods 

Multi-generation selection of soil ecosystem 

Arabidopsis thaliana Cvi and Ler accessions were cultivated using custom-made 

"rhizotubes," (Stuart Morey, Univ. of Massachusetts, Boston, unpublished). The tubes were 

equipped with a black polyethylene sleeve, which effectively blocked light penetration. This 

design also facilitated the convenient removal of the plant from the pot, granting full access 

to the root system. (Supplementary Figure S2.1).  

The potting soil used was PRO-MIX PGX, a commercial mixture comprising 80-90% 

sphagnum peat moss and small quantities of perlite. It was autoclaved twice for 40 minutes 

with a 48-hour interval between each sterilization. The potting soil was then sifted through a 

3mm sieve and combined with field soil in a 6:1 ratio respectively. The field soil obtained 

from the Center for Agricultural Research in Waltham, Massachusetts, was composed of 

44% sand, 49% silt, and 7% clay representative of agricultural and grassland ecosystems.  

The mixture was homogenized using a custom-made cement mixer and attached with 

sterile bins to avoid cross-contamination. Distilled water was gradually added to achieve a 

final ratio of 1:2 (water to soil). The soil was incubated at room temperature for two days 

following inoculation before planting the seeds. All seeds used in the experiment were 

obtained from a single parent plant. Before planting, the seeds were treated with a solution of 

50% bleach vol/vol and a drop of tween 20 for 10 minutes and rinsed ten times with sterile 

distilled water. We placed 3-4 seeds in the center of each pot and kept only one seedling per 

pot after emergence. All plants were grown at 22oC day/ 18oC night with a 12/12 hour day 
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night cycle in a controlled growth chamber. Relative humidity ranged from 35-60% and the 

light intensity 96uE. Fertilizer was not applied to plants. 

In the first generation of the experiment, 100 plants of each accession (Cvi and Ler) 

were grown separately in individual pots. The plants were arranged in a randomized block 

design to avoid batch effects. All plants were harvested 35 days after germination. The 

above-ground portion of the plant, the rhizosphere, and the bulk soil from each rhizotube 

were separated, ensuring there was no cross-contamination (see Supplementary Figure S2.1). 

The above-ground part of the plant, stem, and leaves were dried at 70oC for 4 days. All the 

plants were weighed individually on a closed weighing scale accurate to 1 mg. The root-soil 

complex (comprising the rhizosphere and the endosphere, henceforth referred to as the 

rhizosphere) was obtained by shaking the excess soil off the root and placing the root and 

remaining attached soil in a sterile 5 ml tube. Bulk soil samples were moved to a sterile 

Ziplock bag. Tubes and bags were immediately transferred to dry ice and then stored at -80oC 

for DNA analysis.  

The inoculation process for the next generation of soil involved using the bulk soil of 

the top five and bottom five plants by weight, resulting in two different biomass treatments 

for each genotype: high biomass Ler, low biomass Ler, high biomass Cvi, and low biomass 

Cvi. Starting from the second generation of the experiment, 50 plants are grown on each of 

the four soil inoculants to maintain a manageable experiment size. This process is repeated 

for eight generations. There was substantial stochastic variation in above-ground plant 

biomass and during generation 6 all plants died for unknown reasons. That experiment was 

therefore restarted using spare soil from generation 5.  Plants in uninoculated sterile potting 
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soil control were grown from generation 3 onwards to act as a reference for random 

environmental variation (REV). 

 

DNA extraction and 16S rRNA amplicon library prep 

Microbial DNA was isolated from the frozen rhizosphere samples using the Machery-

Nagel Nucleospin Soil DNA extraction kit (MACHEREY-NAGEL Inc., Allentown, PA, 

USA).  Approximately 0.1g of rhizosphere soil sample was used for DNA isolation. All 

samples were diluted to 5 ng ul-1 with PCR-grade water. 16S rRNA gene was amplified from 

the isolated DNA samples in triplicate in 96-well PCR plates. The PCR primers used were 

for the 16S rRNA V4 region, 515F (5’-GTGYCAGCMGCCGCGGTAA-3’) (ref. 35) and 

806R (5’-GGACTACNVGGGTWTCTAAT-3’) (ref. 36)  for downstream paired-end 

Illumina (Illumina, Inc., San Diego, CA, USA) barcoded sequencing (37). The PCR cycling 

conditions were as follows: 94oC for 3 min; 25 cycles of 94oC for 45 s, 50oC for 60 s, 72oC 

for 90 s, and final elongation at 72oC for 10 min. The triplicate amplified samples were 

pooled and then purified and normalized using the SequalPrep™ Normalization Plate Kit 

(Invitrogen Corporation, Carlsbad, Canada). Finally, multiplexed paired-end sequencing was 

carried out in the Illumina MiSeq platform using earth microbiome project (EMP) primers 

(38).  

 

Sequence Data Analysis & Statistics 

The paired-end sequences obtained from the Illumina MiSeq were demultiplexed with 

QIIME 2 and converted into individual sequence fastq files for each sample (37,39). The rest 
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of the sequence processing was carried out in R (Version 4.2.2) using the DADA2 package 

(Version 1.24.0) (ref. 40). The reads were processed in R using the following command in 

DADA2; `filterAndTrim(fnFs, filtFs, fnRs, filtRs, truncLen=c(145,145), minLen=50, 

maxN=0, maxEE=c(2,2), truncQ=2, rm.phix=TRUE, compress=TRUE, multithread=TRUE). 

` 

De novo OTU (Operational Taxonomic Units) picking was performed using DADA2 (37) 

which resolves amplicon sequence variants (ASVs) to single nucleotide differences. 

Chimeras were removed.  The taxonomy was assigned using a 100% cut-off for species-level 

identification with the (2022) GTDB 16S rRNA reference database (41). The phylogenetic 

tree was constructed using IQTree (42), with 1000 ultrafast bootstraps and Modelfinder to 

identify the best model. In this study, the best-fit model was SYM+R10 chosen according to 

BIC. The data comprising the OTU table, phylogenetic tree, taxonomy table, and sample 

meta-data were then parsed through R studio using the phyloseq package (43). Here, it was 

processed to remove: OTUs identified as mitochondrial or chloroplast, which had less than 

five reads across all samples, and samples that had fewer than 8000 reads. The packages 

phytools, phyloseq, microbiome, and ggplot2 were used for further data analysis.  

 

Diversity Analyses  

Alpha diversity was computed using four metrics, Observed, Shannon, Chao1, and 

Simpson diversity indices. Beta diversity was calculated using weighted and unweighted 

UniFrac, and subsequently Principle Coordinate Analysis (PCoA) plots were constructed 

using the first two axes that explain the most variance. Linear mixed effect models using, 
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lmerTest package in R were used to determine changes in alpha and beta diversity over time 

(lmer (DiveristyMetric, Genotype*Generation*Biomass Treatment, (1|Generation)), with 

generation as a fixed and random effect. Pairwise comparisons were determined with 

emmeans and adjusted p-value obtained with Tukey.  

 

Adonis 

PERMANOVA was carried out for each generation using the adonis2 test. Both 

weighted and unweighted UniFrac distance matrices were used to account for the abundance, 

presence/absence, and phylogeny of the microbiome. The following model was used 

`adonis2(distance.matrix~Biomass Treatment+Genotype, data = meta, permutations=999)`.  

 

Neutral Model  

To determine the impact of neutral processes like drift and dispersal or by 

deterministic selective forces such as plant genotype and biomass treatments on microbial 

community assembly, we carried out the analysis as described in Burns et al. (44), which fits 

the data to the neutral model for Prokaryotes from Sloan et al. (45). The following design 

was used, sncm.fit ( spp=generation(n)_Biomass Treatment, pool = generation(n), stats=T), 

where n is the nth generation and ‘Biomass Treatment’ is high or low biomass samples. 

 

Differential Abundance  

There are several challenges in estimating differentially abundant (DA) taxa in 

microbiome data, these include high variability in abundance, zero-inflated data, and the 
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compositional nature of the data. Nearing et al. (46) compared several methods across 38 

datasets and found that different methods often identified different sets of DA taxa. The DA 

taxa are estimated using ANCOMBC2 (47), a conservative and robust approach. 

ANCOMBC2 incorporates bias correction, effectively addressing sampling-specific and 

sequencing biases present in the data. This feature ensures that the analysis is not skewed by 

any systematic errors introduced during the sampling or sequencing process. It also conducts 

a sensitivity analysis for the pseudo-count addition to assess the impact of different pseudo-

count values on zero counts for each taxon.The analysis was run on Ler and Cvi samples, 

from OTU to Family taxonomic levels with (fixed effect = (Biomass Treatment + Genotype 

+ Generation), group = Biomass Treatment). 

 

Results 

 

Plant Biomass 

The ecosystem selection experiment was carried out for the trait plant biomass on two 

different accessions of Arabidopsis thaliana, Ler and Cvi for eight generations. The two 

selected treatments were high and low above-ground biomass. The absolute values for the 

mean biomass of plants (n=50) from each genotype and treatment changed substantially 

through the course of eight generations of the experiment. Despite the stochastic fluctuations 

in biomass caused by random environmental variation (REV), the high biomass selected lines 

were always the same or greater than those of the low selected biomass for both genotypes 

(Figures 2.1a and 2.1b). Due to the significant drop in biomass between generations 1 and 2, 
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a sterile potting soil uninoculated control was planted in all subsequent generations to serve 

as a reference for REV.  The uninoculated control does show that the drastic drop in biomass 

after generations 1 and 2, was not a result of the inoculated soil but other largely unknown 

factors and growing conditions.  Above-ground biomass in terms of deviations from the 

mean removes some of these REVs and gives a clearer representation of the difference in 

phenotype seen in every generation (Figures 2.2a and 2.2b). Significant differences between 

the low and high biomass treatments become apparent from generation 4 onwards. Plants of 

all treatments in generation 6 died resulting in a sharp dip, which necessitated repeating that 

generation (described in the Materials and Methods).   

 

Microbial community Composition 

After preprocessing in DADA 2, the Illumina MiSeq (SY-410-1003) generated a total 

of 1,897,732 reads, with an average of 12822 reads per sample. Singletons and chimeras 

were removed during pre-processing. The most well-represented phyla were Proteobacteria 

(36.2%), Bacteroidetes (10.3%), Planctomycetes (7.8%), and Actinobacteria (7.6%) (Figure 

2.3). The most well-represented Classes identified in the dataset were Alphaproteobacteria 

(24.7%), Gammaproteobacteria (11.4%), Bacteroidia (10.1%), and Verrucomicrobiae (6.2%) 

(Figure 2.4). The relative abundance is typical of microbiome data, heavily weighted to a few 

abundant groups with a long tail of rare taxa.  
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Alpha Diversity 

We used four metrics to assess alpha diversity (Figure 2.5). Observed (F7,160 

=333.054, P<0.001) and Chao1 (F7,160 =195.54, P<0.001) estimate species richness, and both 

showed a statistically significant decrease in OTUs (1477 to ~580) and richness across 

generations. The Shannon diversity index (F7,160 =82.23, P<0.001), which is more sensitive to 

the difference in abundance, also showed this steady decrease across generations. The 

Simpson diversity (F7,160 =14.46, P<0.001), which is more sensitive to evenness, exhibits 

fluctuations across successive generations, albeit without any distinct trend.  In addition, a 

linear mixed-effect model shows significant interactions between genotype:biomass 

treatment, genotype:generation and genotype:biomass treatment:generation,  for both 

Shannon and Simpson diversity indices (Supplementary Tables 2.7 and 2.8). No significant 

interaction terms were found for Observed and Chao1, which do not consider the abundance 

of OTUs in their calculations.   

 

Beta Diversity 

Principal coordinate analyses (PCoA) of the weighted UniFrac distances were plotted 

with the first two axes that captured the most variance in the data, from 73% in generation 1 

to greater than 90% in generation 8 (Figure 2.6). UniFrac distance considers the evolutionary 

relationships between taxa, which makes it more biologically meaningful than other distance 

metrics that do not consider the evolutionary history. Weighted UniFrac is more sensitive to 

differences in the abundance of taxa. The microbiomes associated with the treatments and 
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genotypes are very similar in generation 1, but begin to diverge by generation 2. By 

generation 3, the microbiomes of the Ler and Cvi genotypes have diverged and by generation 

5 the high and low biomass treatments appear to have further distinguished the microbial 

communities.  The divergence of the microbial community in generations 4 and 5 caused by 

the high/low biomass treatments also aligns with the onset of notable differences in the 

above-ground plant biomass within these generations.  

The complex interplay between genotype and biomass treatments was modeled using 

a PERMANOVA test with both weighted and unweighted UniFrac distances to account for 

differences in abundance and presence-absence of OTUs respectively. The resulting R2 

values for genotype and biomass treatment and residuals as a proxy for REVs were plotted 

(Figure 2.7a and 2.7b). For both weighted and unweighted UniFrac, the variance in microbial 

community explained by both genotype and biomass treatment increased significantly over 

the eight generations.  Despite observing a decrease in the variance accounted for by the 

residuals, which could potentially signify a decline in the influence of REVs, they accounted 

for ~50 percent of the variability within the microbial community in generation 8. For all 

metrics, weighted UniFrac exhibits more fluctuations compared to the unweighted UniFrac.  

Weighted UniFrac analyses found that genotype (F1,39=1.55, P<0.05) and biomass treatment 

(F1,39=1.33, P<0.001) explained 5.7% and 13.7%, respectively, of the dissimilarity between 

microbiomes in generation 1. By generation 8, genotype (F1,14=5.14, P<0.05) and biomass 

treatment (F1,14=5.48, P<0.001) explain 24% and 22%, respectively, of the dissimilarity 

between microbiomes (Supplementary Tables 2.9 to 2.10). For unweighted UniFrac, the 

influence of genotype on the microbial community increased from 3.3% in generation 1 
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(F1,39=1.33, P<0.01) to 26% in generation 8 (F1,39=5.13, P<0.001), and for biomass increased 

from 3.8% in generation 1 (F1,14=1.55 ,P<.001)  to 13% in generation 8 (F1,14=2.58, P<0.05)  

(Supplementary Tables 2.11 and 2.12).  

 

Sloan Neutral Model 

Many forces can alter microbial community structure and dynamics and in our study 

these can be divided into selective forces such as the plant genotype being colonized and the 

biomass selection process, or neutral, stochastic forces innate in any experiment and 

environment.  The Sloan neutral model was fit to the data to assess the importance of 

selective versus neutral drivers of change in the experiment. If neutral processes were the 

driving force in the microbial community assembly, the null hypothesis would be that all 

generations of the experiment would fit the model equally well.   The model fit to neutrality 

represented by the R2 value decreases from 0.795 in generation 1 to 0.58 in generation 8 

demonstrating the increasing importance of selective drivers through the course of the 

experiment (Figure 2.8).  

 

Differential Abundance  

Differentially abundant (DA) taxa that distinguished between the high and low 

biomass treatments were determined using ANCOMBC2 at multiple taxonomic levels, 

ranging from the OTU to the Class. Taxa lacking classification at the Family level were 

denoted by the subsequent identifiable taxonomic tier. The OTUs that were present in higher 

(red) and lower (blue) abundance in the high biomass treatment are identified (Figure 2.9). 
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Among the DA taxa in this study, several are known to benefit plants.  The Class Bacilli 

promote plant growth (48). The Class Gemmatimonadetes are positively associated with 

vegetation restoration, plant richness, and soil nutrients (49). Cytophagacea are 

chemoorganotrophs and important for remineralizing organic materials into micronutrients. 

They could support both mycelial growth and plant nutrition (50).  

Enterobacteriaceae, Paenibacillaceae, and JACDCH01 were all present in higher 

abundance in the high biomass treatments of both Ler and Cvi. Most Paenibacillaceae 

members predominantly inhabited soil, frequently in close association with plant roots (51). 

These rhizobacteria were known to play a significant role in enhancing plant growth and 

possessing potential applications in agriculture and  Enterobacteriaceae had been reported to 

enhance plant growth (52–54).  

Additionally, Order_NS11-12g, BJHT01, JACDCH01, and UBA6156 were more 

abundant in Cvi under high biomass conditions and less abundant in Ler under high biomass 

conditions. The majority of these were uncultivated or candidate taxa. Two alternative 

families in the Order Rhizobiales appeared differentially associated with the two plant 

genotypes: Labraceae with Ler and Rhizobiaceae with Cvi (55). These could indicate 

genotype-specific interactions with different members of the microbial community.  
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Discussion 

We applied artificial ecosystem selection for eight generations, in Arabidopsis 

thaliana Ler and Cvi to select soil microbiomes associated with higher or lower biomass of 

the host. In contrast to some previous studies (27,33), we did not fertilize plants thus 

maintaining nutrient limitation, and thereby promoting the plant's interaction with the 

microbiome (56). Over the course of eight generations, a response to the selection, most 

apparent after generations 4 and 5, was observed both in the microbiome characteristics that 

shifted gradually and in the plant biomass. Microbiome selection noticeably influenced plant 

biomass despite large phenotypic variation from one generation to the next. Stochasticity in 

growth through generations may be attributed to random environmental variations (REVs) as 

indicated by Swenson et al. (28). This was observed in the uninoculated sterile potting soil 

reference that showed similar patterns of variability as the inoculated treatments across 

generations (Figure 2.1). Ecological variability among generations even under controlled 

growth chamber conditions is a common characteristic of studies (57) and may be due to 

minute fluctuations in growth chamber conditions or batch and age of potting soil. 

We observed a gradual decline in microbial species richness during the initial 

generations of the experiment. This was evident from the observed OTU counts, as well as the 

Chao1 and Shannon diversity indices. This pattern is consistent with findings from other 

studies (32–34), highlighting the impact of selection pressures as the microbial communities 

adapted to the host plant environment. However, in our study which continued for about twice 

the number of generations of these earlier studies, we observed a stabilization of richness and 

alpha diversity in the later generations.  
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To further understand the complex interplay between the forces of directed selection 

(plant genotype and biomass treatment), we did a PCoA. Over successive generations, the 

results demonstrate a strengthening effect of plant genotypes and biomass treatment on the 

microbial community (Figure 2.6). This result was modeled using PERMANOVA , for both 

weighted and unweighted UniFrac distances. Both weighted and unweighted UniFrac show 

marked increases in the proportion of variance explained by genotype and biomass treatment, 

with unweighted UniFrac exhibiting larger increases from generation to generation (Figure 

2.7). Both metrics consider phylogenetic relatedness. Weighted UniFrac considers the absolute 

abundance of OTUs and is generally used to study changes in microbial community structure. 

Unweighted UniFrac considers only the presence/absence of OTUs and is generally used to 

study changes in microbial community composition. The results suggest that variance in 

microbiome composition as explained by genotype consistently increases, whereas variance in 

microbiome structure as explained by genotype, fluctuates more with changes in abundant 

taxa.  

Here we would like to highlight that pronounced shifts in biomass between the high/low 

biomass treatments, alpha diversity, and beta diversity all occur around generations 4 and 5 

(Figure 2.1). This marks the point at which the changes in alpha diversity stabilize (Figure 2.5) 

and the divergence between microbial communities by high/low biomass treatments in the 

PCoA plots becomes more pronounced (Figure 2.6). It is possible that over the first four to five 

generations, the starting microbial community underwent a period of restructuring before it 

stabilized and formed four distinct communities under selection by high/low biomass 

treatments and by plant genotype. We propose a complex interaction between plants and their 
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associated microbiome ensued, where differences in root exudation patterns between the two 

genotypes presumably established associations with microbes in the early generations. 

Simultaneously, during this period, the biomass treatment likely promoted host-specific 

microbe-mediated interactions that modulate plant biomass.  This restructuring of the 

microbial community is driven by both structural (abundance of OTUs) and compositional 

(presence/absence of OTUs) effects in the microbiome (Figure 2.7). Differences in the 

abundance of taxa driven by the biomass and genotype selection pressures, was a larger 

contributor to the generation to generation variation during the experiment.  

Changes in the assembly of microbial communities can arise from either selective 

pressure, like the plant genotype or biomass treatment observed in this experiment, or 

stochastic processes, like minute changes in growth chamber humidity or microenvironment. 

To gain deeper insights into the influence of selection on microbial community assembly, a 

neutral model was fit to the data (44,45). Interestingly, this revealed a progressive decline in 

fit to neutrality, indicated by decreasing R2 values and increasing AIC values (Figure 2.8). This 

suggests an increasing influence of selective forces such as biomass treatment and genotype 

over multiple generations of ecosystem selection. This was also previously observed by 

Morella et al. (34).  

Previous studies in Arabidopsis thaliana have often detected only a weak genotypic 

effect on the rhizosphere microbiome (23,24,58). However, a majority of these studies are 

focused on a single growth cycle. Insights from plant-soil feedback  research emphasize that 

the interactions between plants and their microbiomes can be modified by consecutive growth 

cycles of the same plant species in its respective soil (25,26). Recent research has presented 
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conflicting findings on the influence of host genotype (33,34,59). The different experimental 

designs, communities being assessed and the length of these experiments, alongside high 

stochastic environmental variation that is clearly associated with these microbial studies likely 

account for the conflicting findings. In our investigation, we find that during the initial stages, 

genotype and biomass treatments have modest but significant impacts. Over time, the plant 

genotype and biomass treatments have an increasing influence. Together these selective forces 

explained ~40% of the variation in the microbial community composition in these later 

generations.  

A key aim of microbiome engineering has been to develop host-specific microbial 

communities that impart lasting beneficial effects on the plant host (27,29,32,60). Here we 

show the enrichment of some common taxa in high biomass treatments but also some genotype 

specific changes.  Despite starting with the same soil, only three common families were 

enriched in the high biomass treatment samples of both the Ler and Cvi genotypes. In addition, 

well-known plant growth promoting rhizobacteria were enriched in both Ler and Cvi high 

biomass treatment samples, however possible genotype-specific interactions are involved.  In 

the Order Rhizobiales, Labraceae was enriched in Ler, while  Rhizobiaceae  was enriched in 

Cvi (55). Moreover, in high biomass conditions, Cvi had increased levels of the taxa 

Order_NS11-12g, BJHT01, JACDCH01, and UBA6156, while Ler had decreased levels of 

these. These data suggest genotype specific plant genetic control.  Multiple studies have shown 

variations in the structure of the rhizosphere microbiome, even within closely related plant 

genotypes, highlighting the importance of genotype-specific root exudates in forming 

associations with the corresponding microbiome (61–65). Further exploration must prioritize 
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highlighting the mechanisms that uphold these interactions through the utilization of 

comparative metagenome and metatranscriptome analyses. This will play a part in decoding 

chemical crosstalk, which could eventually foster interactions between plants and microbes, 

leading to an overall enhancement in plant fitness. 

The relationship between plants and microorganisms in the rhizosphere involves 

complex and diverse interactions, which influence crucial ecological and physiological 

processes. These interactions can be mutualistic, competitive, or antagonistic in nature. Many 

biotic and abiotic factors act in concert to influence the dynamic rhizosphere microbiome. 

Gaining insights into how these factors influence the assembly of microbial communities is 

crucial for obtaining targeted and long-lasting advantages for plants. Nevertheless, establishing 

a strong and host-specific microbial community that consistently provides beneficial effects 

continues to be a persistent challenge. We have shown that, despite stochastic fluctuation due 

to REVs, it is possible to select for microbial communities that impact biomass in a host-

specific manner within four generations, addressing this key challenge in microbial community 

engineering (32,60). The rhizosphere microbiome that evolves under plant-mediated selection 

offers better chances of survivability and efficacy when applied as inoculum to the plant 

(66,67). This study enhances our understanding of the temporal dynamics involved in 

microbial assembly in the rhizosphere and has implications for sustainable agriculture, 

evolution, and ecology. 
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3.1 Results of the ecosystem selection on above-ground plant biomass 

Figure 2.1. Results of the ecosystem selection on above-ground plant biomass. 
Genotypes Ler (a) and Cvi (b) of Arabidopsis thaliana are represented. Dark lines 
represent the high biomass treatment, and light lines represent the low biomass 
treatment. Each point represents the mean of n=50 microcosms. The mean biomass 
of the selection lines differed for several generations of both genotypes (t.test p-value 
* < 0.05; **<0.01;*** <0.001). 
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3.2 Deviations from the mean biomass 

Figure 2.2 Deviations from mean biomass. By plotting deviations from the mean, the 
influence of REVs on above-ground biomass is mitigated for genotypes Ler (a) and Cvi 
(b). The dark lines denote high biomass treatments, while the light lines represent low 
biomass treatments. Each data point is the average of n=50 microcosms. (t.test p-value 
* < 0.05;**<0.01; *** <0.001). 
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Figure 2.3. Taxonomic distribution - Phylum level 

 
 
3.3 Taxonomic 
distribution - Phylum level 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 2.4. Taxonomic distribution - Class level 
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Figure 2.3. Taxonomic distribution - Phylum level. Taxonomic distribution of the 
microbial community represented in terms of the relative abundance at the Phylum level.   
The plot shows eight generations (1-8) for the high and low biomass treatments of both the 
Cvi (left) and Ler (right) genotypes of Arabidopsis thaliana. The microbial community is 
dominated by Proteobacteria, Bacteroidetes, Verrucomicrobia, and Planctomycetes which 
together comprise nearly 73% of the bacterial community. 
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Figure 2.4. Taxonomic distribution - Class level. Taxonomic distribution of the 
microbial community is represented in terms of the relative abundance at the Class level. 
The plot shows eight generations (1-8) for the high and low biomass treatments of both the 
Cvi (left) and Ler (right) genotypes of Arabidopsis thaliana.  Ten samples were assayed 
for generation 1 experiments while five were done for all subsequent generations. The most 
represented classes across all samples were Alphaproteobacteria (24.7%), 
Gammaproteobacteria (11.4%), Bacteroidia (10.1%), and Verrucomicrobiae (6.2%). 
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3.4 Taxonomic distribution - Class level 

 
 

Figure 2.5. Alpha diversity. Over the course of eight generations, four Alpha diversity 
indices were computed, including Observed, Chao1 estimate, Shannon, and Simpson 
indices. Results indicate a significant decline in both Observed and Chao1 estimate species 
richness. Additionally, the Shannon index was more responsive to species richness and 
exhibited a noteworthy decrease from generation 1 to 8. In contrast, the Simpson index was 
more sensitive to evenness and demonstrated fluctuations across successive generations 
without any distinct trend. (wilcox test *<0.05, **<0.01, *** <0.001). 
 

3.5 Alpha diversity 
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Figure 2.6. Principle Coordinate Analysis 

 
 

3.6 Principle Coordinate Analysis 
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 Figure 2.6. Principle Coordinate Analysis (PCoA). PCoA using Unweighted UniFrac 
was performed for generations 1 through 8. Each point represents an individual sample 
with microbial communities defined of Cvi represented by red/orange circles and Ler by 
dark/light blue triangles. The first two coordinate axes plotted accounted highest variation 
in the data, ranging from 13% in generation 1 to approximately 52% in generation 8. While 
there was no discernible clustering in generation 1, both genetic lines and high/low 
biomass treatments exhibited greater clustering over the course of the experiment. 
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Figure 2.7. The R2 value obtained from PERMANOVA using adonis2 test. This was 
done for generations 1 through 8 for (a) weighted and (b) unweighted-UniFrac distances. 
The resulting R2 and variance explained by residuals values for the biomass treatment 
(brown), genotype (blue) and residuals (black) are plotted. Residuals are plotted as a proxy 
for random environmental variations (REVs). There is a marked increase in the influence of 
both genotype and biomass treatment on differences in the microbial community from 
generations 1 through 8. Despite observing a decrease in the variance accounted for by the 
residuals, which could potentially signify a decline in the influence of REVs, the model 
elucidates more than 50 percent of the variability within the microbial community in the 8th 
generation. These differences are more pronounced in the weighted vs unweighted UniFrac.  
Model (distance.matrix~biomass treatment +genotype).  
 

3.7 R-squared value obtained from the Adonis2 test 
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3.8 Burns neutral model 

 
 
Figure 2.9. Differential abundance at family level 
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 Figure 2.8. Burn’s neutral model. The occupancy (prevalence of OTU in 

samples) plotted against log(10) abundance is depicted using the Burns model. 
OTUs that are neutral, i.e., not selected for or against, are indicated in black. Green 
and blue-colored OTUs signify positive and negative selection, respectively. This 
plot highlights the presence of numerous microbes that undergo selection 
throughout the experiment.exhibited greater clustering over the course of the 
experiment. 
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3.9 Differential abundance at family level

 
Fi

gu
re

 2
.9

. A
NC

OM
BC

2 
re

su
lts

 ar
e i

llu
str

ate
d 

as
 lo

g 
fo

ld
 ch

an
ge

s a
t t

he
 fa

m
ily

 le
ve

l f
or

 h
ig

h 
bi

om
as

s 
vs

 lo
w 

bi
om

as
s s

am
pl

es
. E

ac
h 

ac
ce

ss
io

n 
lis

ted
 in

 th
e t

ab
le 

re
pr

es
en

ts 
a s

in
gl

e O
TU

 in
 ei

th
er

 th
e L

er
 o

r 
Cv

i m
icr

ob
ial

 co
m

m
un

ity
 id

en
tif

ied
 to

 th
e f

am
ily

 le
ve

l i
f p

os
sib

le.
  T

he
 sc

ale
 in

di
ca

tes
 lo

g 
fo

ld
 ch

an
ge

, 
re

d 
an

d 
bl

ue
 fo

r p
os

iti
ve

 an
d 

ne
ga

tiv
e f

ol
d 

ch
an

ge
 in

 th
e h

ig
h 

bi
om

as
s s

am
pl

es
 re

sp
ec

tiv
ely

. W
ell

-
kn

ow
n 

pl
an

t g
ro

wt
h-

pr
om

ot
in

g 
ba

cte
ria

, s
uc

h 
as

 P
ae

ni
ba

cil
la

ce
ae

, B
ac

ill
i, 

La
br

ac
ea

e, 
Rh

izo
bi

ac
ea

e 
an

d 
Bd

ell
ov

ib
rio

 ar
e p

re
se

nt
 in

 h
ig

he
r a

bu
nd

an
ce

. A
 v

as
t m

ajo
rit

y 
of

 th
e o

th
er

 ta
xa

 id
en

tif
ied

 ar
e 

un
cu

lti
va

ted
 an

d 
ha

ve
 li

ttl
e t

o 
no

 in
fo

rm
ati

on
 o

n 
th

em
. 

 

Figure 2.9. Differential abundance at family level. ANCOMBC2 results are 
illustrated as log fold changes at the family level for high biomass vs low biomass 
samples. Each accession listed in the table represents a single OTU in either the Ler 
or Cvi microbial community identified to the family level if possible.  The scale 
indicates log fold change, red and blue for positive and negative fold change in the 
high biomass samples respectively. Well-known plant growth-promoting bacteria, 
such as Paenibacillaceae, Bacilli, Labraceae, Rhizobiaceae and Bdellovibrio are 
present in higher abundance. A vast majority of the other taxa identified are 
uncultivated and have little to no information on them. 
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SUPPLEMENTARY FIGURES AND TABLES 2 

Supplementary Figure S2. 1 Rhizotube apparatus 

 
 

Supplementary Figure S2.1. Rhizotube apparatus. The purpose of this illustration is to 
demonstrate how the custom-made rhizotubes facilitate the collection of plant rhizosphere. 
The black insert within the tube is unwrapped to extract the rhizosphere, which is then 
separated from the bulk soil by shaking the roots. After removing the above-ground portion 
of the plant, the root-soil complex (comprising the rhizosphere and the endosphere) was 
obtained by shaking off the excess soil and then placed in a sterile 5ml tube and bulk soil 
samples were moved to a sterile Ziplock bag. Both were immediately transferred to dry ice 
and then stored at -80oC for DNA analysis.  
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Supplementary Table 2.1 Statistical comparisons of biomass for Ler samples. (t.test p-
value * < 0.05; **<0.01; *** <0.001). 
 
 
 
 
 
 

Supplementary Table 2. 1 Statistical comparisons of biomass for Ler samples 

  

 

Supplementary Table 2.2 Statistical comparisons of biomass for Cvi samples. (t.test p-
value * < 0.05; **<0.01; *** <0.001). 
 

Supplementary Table 2. 2 Statistical comparisons of biomass for Cvi samples 
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Supplementary Table 2.3. ANOVA for Observed alpha diversity index. This shows a 
significant influence of generation on alpha diversity. Lineage is genotype and Regime is 
biomass treatment.  Design (Observed ~ Generation + Lineage + Regime) Df: degrees of 
freedom; SumOfSqs : sum of squares; Mean sq: mean squares; F: F statistic; Pr(>F): p-value.  

 

Supplementary Table 2. 3 ANOVA for Observed alpha diversity index 

 

 

 
Supplementary Table 2.4. ANOVA for Chao1 alpha diversity index. This shows a 
significant influence of generation on alpha diversity. Lineage is genotype and Regime is 
biomass treatment. Design (Observed ~ Generation + Lineage + Regime ) Df: degrees of 
freedom; SumOfSqs : sum of squares; Mean sq: mean squares; F: F statistic; Pr(>F): p-value. 

 
 
Supplementary Table 2. 4 ANOVA for Chao1 alpha diversity index
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Supplementary Table 2.5. ANOVA for Shannon alpha diversity index. This shows a 
significant influence of generation on alpha diversity. Lineage is genotype and Regime 
is biomass treatment.  Design (Observed ~ Generation + Lineage + Regime) Df: degrees 
of freedom; SumOfSqs : sum of squares; Mean sq: mean squares; F: F statistic; Pr(>F): 
p-value. 

 
 
Supplementary Table 2. 5 ANOVA for Shannon alpha diversity index 

 
 
 
 

 

Supplementary Table 2.6. ANOVA for Simpson alpha diversity index. This shows a 
significant influence of generation on alpha diversity. Lineage is genotype and Regime is 
biomass treatment. Design (Observed ~ Generation + Lineage + Regime) Df: degrees of 
freedom; SumOfSqs : sum of squares; Mean sq: mean squares; F: F statistic; Pr(>F): p-
value. 

 
Supplementary Table 2. 6 ANOVA for Simpson alpha diversity index 
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Supplementary Table 2.7. Linear mixed effect model for Shannon diversity index. 
This shows a significant effect of the generation and interaction term with genotype 
(“Lineage”) and biomass treatment (“Regime”). Design lmer (DiveristyMetric, 
Genotype*Generation*Regime, (1|Generation)) Sum Sq: sum of squares; Mean sq : mean 
squares; NumDF: numerator degrees of freedom; DenDF: denominator degrees of 
freedom; F value: F statistic; Pr(>F):  p-value. 
 
Supplementary Table 2. 7 Linear mixed effect model for Shannon diversity index 
 

 
Supplementary Table 2.8. Linear mixed effect model for Simpson diversity index. 
This shows significant effect of the interaction term with genotype (“Lineage”) and 
biomass treatment (“Regime”). Design lmer (DiveristyMetric, 
Genotype*Generation*Regime, (1|Generation)) Sum Sq: sum of squares; Mean sq : mean 
squares; NumDF: numerator degrees of freedom; DenDF: denominator degrees of 
freedom; F value: F statistic; Pr(>F):  p-value. 

Supplementary Table 2. 8 Linear mixed effect model for Simpson diversity index
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Abstract 

Plant genetic control of the microbiome refers to the influence exerted by the plant's 

genetic makeup on the composition and functioning of the microbial community associated 

with its roots and aerial parts. Plants release root exudates, into the soil, shaping the 

microbial communities in the rhizosphere. In particular, the product of genes in the plant can 

interact with specific microorganisms, leading to symbiotic or antagonistic relationships. 

Plant genetic control plays a crucial role in determining the abundance and diversity of 

beneficial microorganisms, which contribute to nutrient acquisition, disease resistance, and 

stress tolerance in plants. However, despite over a hundred years of research in this area, the 

underlying plant genetic mechanisms in structuring the rhizosphere are still poorly 

understood. This study aims to narrow down the candidate regions involved in plant genetic 

control of the microbiome in Arabidopsis thaliana Ler based on a previously identified 

quantitative trait loci (QTL) region, Stuart Morey (Boston, USA). The QTL region identified 

spans of about 3.75 Mbp at the beginning of chromosome 1 of Arabidopsis thaliana Ler 

consisting of around ~995 genes. A highly replicated (12 replicates) fine-mapping approach 
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using near-isogenic lines (NILs) is employed to analyze 16S rRNA metagenomic data 

coupled with statistical analyses. The study confirms the findings from previous studies that 

have shown a significant but small effect of plant genotype on the rhizosphere microbial 

community structure. In addition, we find evidence of genotype-specific differential 

abundance of specific microbial taxa.  Finally, we narrow down the candidate region from 

~995 genes to 418 genes. This study is a step forward in deciphering the mechanisms behind 

plant genetic control of the microbiome in Arabidopsis thaliana.   
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Introduction 

Plant roots consistently release substances into the rhizosphere, a phenomenon 

referred to as exudation or rhizodeposition. This release can range from less than 10% to as 

much as 44% of the plant's net carbon assimilation (1–4). Root exudates include compounds 

such as amino acids, sugars, secondary metabolites, resins, and enzymes that may be 

transported across the cell membrane or released from root border cells (5). The plant root 

exudates differ across plant species and plant developmental stages. Evidence suggests that 

these differences may underpin plant modulation of rhizosphere bacterial communities at a 

species- or even cultivar-specific manner (4,6–12).  

Several studies have attempted to further understand the underlying genetic 

mechanisms governing the release of specific plant exudates and the resulting colonization of 

specific rhizosphere bacteria (13–19). There are a few studies that have indicated the 

involvement of genes related to plant defense and cross-membrane transport of organic 

substances such as ABC transporters and secondary metabolites in shaping the rhizosphere 

community (20–24). However, despite decades of research in this area, the underlying plant 

genetic mechanisms that structure the rhizosphere microbiome are still not very well 

understood. The traditional approaches used to identify and understand the genetic bases of 

traits including plant traits that interact with microbes, include quantitative trait loci (QTL) 

mapping using recombinant inbred lines (RILs) or near-isogenic lines (NILs) to narrow down 

large chromosomal regions in these model systems (25–27). Recent advances in sequencing 

have sparked increasing research interest in employing quantitative approaches using RILs 

for mapping the microbiome as a phenotype, encompassing both the phyllosphere and 

rhizosphere (28–31). However, the mapping of microbiome-associated QTL remains a 
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sparsely explored domain, and this is an upcoming area of research, with only one previous 

study in Arabidopsis thaliana (28,31).  

This study leverages NILs to validate and narrow down a previously identified 

microbiome-associated QTL region (Stuart Morey Boston, USA, unpublished data). NILs are 

a set of genetically similar plant lines or varieties that differ only at a specific targeted gene 

or genomic region and are commonly used to investigate the effects of a particular gene or 

genomic region on various traits while minimizing genetic background noise. The NILs used 

in this study were developed by Keurentjes et al. (32) with the parents Ler and Cvi.  These 

NILs are nearly identical to Ler but with a small region of Cvi on the top of chromosome 1 

(Figure 3.1). Chromosome 1 in Arabidopsis thaliana has been implicated in plant functions 

such as plant growth (33), development (34), disease resistance (35), and recruitment of 

beneficial rhizobacteria (36). The NILs, N1-2.1, N1-2.5, N1-2.8, and N1-3, localized on the 

top of chromosome 1 correspond to a previously identified QTL that affected the microbial 

community (Stuart Morey Boston, USA, unpublished data).  

 In this study, we conducted a highly replicated study (12 biological replicates) to 

examine plant genetic effects of NILs obtained from a cross between parents Ler and Cvi on 

the microbiome using 16S rRNA metagenomic sequencing data. The results confirm the 

findings from previous studies that have shown a significant but small effect of plant 

genotype on the microbial community structure (37,38). We find several taxa that are 

differentially associated with the NILs including Bacillus flexus, known plant growth-

promoting bacteria (39–41). We also identify some candidate genes in the plants that have 

been previously implicated to impact microbial taxa and communities in the soil including 

Bacillus spp (42).  
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Material and Methods 

Plant seeds, growth conditions, and soil 

The Arabidopsis thaliana accessions grown in this experiment were Ler, Cvi, N1-2.1, 

N1-2.5, N1-2.8 and N1-3, which are NILs with Ler with small fragments of Cvi at the end of 

Chromosome 1.  The potting soil used was PRO-MIX PGX, a commercial mixture 

comprising 80-90% sphagnum peat moss and small quantities of perlite. It was autoclaved 

twice for 40 minutes with a 48-hour interval between each sterilization. The potting soil was 

then sifted through a 3mm sieve and combined with field soil in a 3.5:1 ratio respectively. 

The field soil obtained from the Center for Agricultural Research in Waltham, 

Massachusetts, is composed of 44% sand, 49% silt, and 7% clay, representative of 

agricultural and grassland ecosystems. The mixture was homogenized using a cement mixer 

sterilized with 70%. ethanol. Distilled water was gradually added to achieve a final ratio of 

1:2 (water to soil). Before planting, all seeds were sterilized for 8 minutes in a solution of 

50% volume/volume bleach with one drop of TweenTM 20 and rinsed 8 times with sterile 

distilled water. Seeds were then cold stratified at 4oC for 2 days and planted directly onto the 

soil-mix.  Twenty-four biological replicates of each accession were planted in separate pots, 

as well as 24 replicates each of unplanted uninoculated and inoculated potting soil. The entire 

setup with planted and unplanted pots was arranged in a completely randomized design to 

minimize any batch effects. All plants were grown at 22oC day/ 18oC night with 12/12-hour 

day night cycle in a controlled growth chamber. Relative humidity ranged from 35-60 and 

the light intensity 96uE.  

Twelve replicates each were harvested 32 days (early) and 39 days (late) after 

planting. The above-ground portion of the plant, the rhizosphere, and the bulk soil were 
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separated from each other for each rhizotube ensuring there was no cross-contamination 

(Figure 3.2). The above-ground parts of the plant, stem, and leaves were dried at 70oC for 4 

days. All the plants were weighed individually on a closed weighing scale accurate to 1mg. 

The root-soil complex (comprising the rhizosphere and the endosphere, henceforth referred 

to as the rhizosphere) was obtained by shaking the excess soil off the root and placing the 

root and the remaining attached soil in a sterile 5 ml tube. Bulk soil samples were moved to a 

sterile Ziplock bag. Tubes and bags were immediately transferred to dry ice and then stored 

at -80oC for DNA analysis.  

 

DNA extraction and 16s rRNA gene library prep 

Microbial DNA is isolated from the frozen rhizosphere sample using the Machery-

Nagel Nucleospin Soil DNA extraction kit (MACHEREY-NAGEL Inc., Allentown, PA, 

USA).  Approximately 0.1g of rhizosphere soil sample was used for DNA isolation. All 

samples were diluted to 5 ng ul-1 with PCR-grade water. 16S rRNA gene was amplified from 

the isolated DNA samples in triplicate in 96-well PCR plates. The PCR primers used were 

for the 16S rRNA V4 region, 515F (5’-GTGYCAGCMGCCGCGGTAA-3’) (ref. 36) and 

806R (5’-GGACTACNVGGGTWTCTAAT-3’) (ref. 37)  for downstream paired-end 

Illumina (Illumina, Inc., San Diego, CA, USA) barcoded sequencing (45). The PCR cycling 

conditions used were as follows: 94oC for 3 min; 25 cycles of 94oC for 45 s, 50oC for 60 s, 

72oC for 90 s, and final elongation at 72oC for 10 min. The triplicate amplified samples were 

pooled and then purified and normalized using the SequalPrep™ Normalization Plate Kit 

(Invitrogen Corporation, Carlsbad, Canada). Finally, multiplexed paired-end sequencing 
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was carried out in the Illumina MiSeq platform using earth microbiome primers 

(46).  

Sequence Data Processing 

The paired-end sequences obtained from the Illumina Miseq were demultiplexed with 

QIIME 2 and converted into individual sequence fastq files for each sample (45,47). The rest 

of the sequence processing was carried out in R using the DADA2 package. The reads were 

processed in R using the following command in DADA2  

`filterAndTrim(fnFs, filtFs, fnRs, filtRs, truncLen=c(145,145), minLen=50, maxN=0, 

maxEE=c(2,2), truncQ=2, rm.phix=TRUE, compress=TRUE, multithread=TRUE)` 

De novo OTU (Operational Taxonomic Units) picking was performed using DADA2 (48). It 

has been shown to resolve amplicon sequence variants (ASVs) up to single nucleotide 

differences. Chimeras were removed.  The taxonomy was assigned using a 100% cut-off for 

species-level identification by using the most recently updated (2022) GTDB reference 

database (49). The phylogenetic tree was constructed using IQTree (50), with 1000 ultrafast 

bootstraps and Modelfinder to identify the best model, in this case, the best-fit model was 

SYM+R10 chosen according to BIC. The data comprising the OTU table, phylogenetic tree, 

taxonomy table, and sample meta-data were then parsed through R studio using the phyloseq 

package (51). 

Statistical Analyses 

Alpha diversity was computed using four metrics, Observed, Chao1, Shannon, and 

Simpson diversity indices. Beta diversity was calculated using weighted UniFrac, 

unweighted UniFrac and Bray-Curtis metrics, and Principle Coordinate Analysis plots were 

constructed using the first two axes that explain the most variance. PERMANOVA was 
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carried out for the dataset using the adonis2 test. Both weighted and unweighted UniFrac 

distance matrices were used to account for the abundance, presence/absence, and phylogeny 

of the microbiome. The following model was used to assess the effects of genotype and 

biomass on microbial community `adonis2(distance.matrix~Genotype+Biomass, data = meta, 

permutations=999)`.  

Differentially abundant taxa were estimated using the DeSeq2 package with default 

parameters in R (52). Starting from the end of Table 3.1. (NIL 1-2.1), each NIL was tested 

against the one directly above it to determine differentially abundant OTUs.  The strength of 

this method lies in the sample size, which is ideal for an experiment of this scale with 12 

replicates per treatment.  

Data mining and Gene Ontology  

The QTL region that was previously identified corresponds to the top of chromosome 

1 Arabidopsis thaliana. Based on the genome annotation available on The Arabidopsis 

Information Resource (TAIR), all genes from this region were identified (53).  The gene list 

was utilized to extract information on SNPs for each gene differentiating Ler and Cvi from 

the 1001 genomes API using custom scripts (54). The impact of a particular SNP for an 

individual gene was classified as having a "low," "moderate," or "high" impact, depending on 

the nature of the mutation. The gene ontology (GO) annotations and gene set enrichment data 

for moderate and high impact SNPs were obtained using g:Profiler.  
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Results 

Biomass and Growth Stage 

There were large differences in the biomass among the genetic lines (Figure 3.3). The 

NILs had significantly lower biomass than either of the two parents. ANOVA was carried out 

to test the influence of genotype and harvest date on biomass. The genotype was a strong 

predictor of biomass, and the harvest date was a weaker predictor of biomass (Supplementary 

Table 3.1 and Table 3.2). The growth stage (Vegetative, Budding, or Bolting) at day 32 is 

depicted across all samples (Figure 3.4). The results showed that there is a substantial 

number of plants in the vegetative stage of development for both Cvi and Ler, whereas a 

majority of NILs have proceeded into the reproductive phase, displaying signs of either 

budding or bolting. 

 

Microbial community Composition 

After pre-processing in DADA 2, the Illumina Miseq (SY-410-1003) generated a total 

of 3,453,277 reads, with an average of 13,231 reads per sample. Singletons and chimeras 

were removed during pre-processing. The phyla that were most represented were 

Proteobacteria (41.2%), Bacteroidetes (15.5%), Acidobacteria (7.5%), and Verrucomicrobia 

(7.4%) (Figure 3.5). Among the Classes identified in the dataset, the most represented were 

Alphaproteobacteria (21.4%), Saprospirae (10.1%), Deltaproteobacteria (7.5%), and 

Gammaproteobacteria (6.4%) (Figure 3.6). The relative abundance in the dataset is typical of 

the microbiome and heavily weighted to a few abundant groups with a long tail of rare taxa. 
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At these taxonomic scales, there were no major difference among the microbial communities 

associated with the six genotypes of this study.  

 

Alpha Diversity 

Four metrics for alpha diversity were used to characterize the microbial communities 

(Figure 3.7).  Observed and Chao1 which represent the total number of species in the dataset 

revealed similar levels of species richness among the four NILs and Ler but a significantly 

lower level for Cvi.  Some of these differences in richness between Cvi and N1-2.5 and N1-

2.8 are lost in the Shannon analysis which weighs abundant taxa more heavily 

(Supplementary Tables 3.3 and 3.4).  In contrast, the Simpson index which is more sensitive 

to evenness revealed the community associated with Ler to be significantly lower than the 

others and N1-2.5 and N1-2.8 have the highest values (Supplementary Tables 3.5).   

 

Beta Diversity 

Principle Coordinate Analysis (PCoA) using weighted and unweighted UniFrac were 

plotted to gauge whether microbial communities are influenced by the genotype of the host 

plant (Figure 3.8). Weighted UniFrac considers the relative abundances of shared species 

between samples. Unweighted UniFrac accounts for changes in the presence or absence of 

species between samples. The first two coordinate axes accounted for the highest variation in 

the data, ranging from 11.4% for unweighted UniFrac and 36% for weighted UniFrac. As 

expected, microbial communities of Cvi were differentiated from those of Ler and its NILs 

and this was most evident in the unweighted UniFrac plot. However, the variance accounted 

for by the first two axes in both plots is low.  
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  PERMANOVA was done using adonis2 test for the data using both weighted and 

unweighted UniFrac distances to estimate the effect of genotype and biomass on the 

microbial community (Supplementary Table 3.2 and 3.3). For both weighted and unweighted 

UniFrac analyses, there were small, but significant impacts of both genotype and biomass on 

the microbial communities.  To further analyze the variance explained in the microbial 

community associated with the plant genotypes, a pairwise PERMANOVA was conducted 

using pairwiseAdonis package in R (Figure 3.9). The weighted and unweighted UniFrac 

revealed similar patterns, with more pronounced effects in the weighted UniFrac, which 

considers absolute abundance. As expected, prominent differences were detected between the 

microbial community of Cvi and those of Ler and its NILs. Greater disparities existed 

between the NILs and Cvi in contrast to the distinctions between Cvi and Ler, suggesting a 

possible intricate genetic interplay involving the genes in the upper region of chromosome 1 

from Cvi in the context of the Ler background.  Comparatively, the dissimilarities among the 

NILs were of lesser magnitude, and no noteworthy distinctions emerged between the 

microbiomes of N1-2.5 and N1-2.8. Furthermore, the weighted UniFrac revealed the 

microbiome of Ler to be more similar to the N1-2.1 microbiome than the N1-2.5, N1-2.8 and 

N1-3 microbiomes.  

 

 

Differential Abundance and Candidate Regions  

The NILs were compared to determine differentially abundant (DA) OTUs to narrow 

down the region of interest on chromosome 1 (Figure 3.10). The comparison between NIL 1-

2.5 Vs NIL 1-2.1 and NIL 1-3 Vs 1-2.8 yielded 15 and 36 DA OTUs respectively. A heat 
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map of these results is plotted in Figure 3.11 and Figure 3.12. Taxa from the families 

Chitinophagaceae, Sphingobacteriaceae, Pseudomonadaceae, and Bdellovibrio were present 

in higher abundance in the N1-2.5 compared to N1-2.1 samples and, Sphingobacteriales , 

Chthoniobacterales, and Burkholderiales were present in higher abundance in N1-3 

compared to N1-2.8. Bacillus flexus, Alkanibacter difficillis and a bacteria from Family 

Erythrobacteraceae exhibited greater abundance in the Cvi and Ler parents when contrasted 

with the NILs N1-2.5, N1-2.8, and N1-3 (Figure 3.13). However, no significant DA was 

found for N-1.2.1. This suggests that the interaction of the Cvi region between N1-2.1 and 

N1-2.5 with the Ler background plays a role in the differential abundance of these taxa. This 

section is highlighted in orange as a potential candidate region (Figure 3.13). Results of 

differentially abundant taxa can be found in supplementary materials (Supplementary Table 

3.4).  

The genomic regions spanning N1-2.1 to N1-2.5 and N1-2.8 to N1-3 exhibit the 

highest number of DA taxa. These sections are the prime contenders for containing genes 

linked to the modulation of the rhizosphere microbiome.  The SNPs differentiating Cvi and 

Ler genes were determined for these regions, and subsequent gene enrichment analyses 

focused on SNPs with moderate and high impacts. Among these, 90 genes exhibited 

moderate-impact SNPs, while 6 genes displayed high-impact SNPs within the N1-2.1 to N1-

2.5 region. This region housed the genes EDR1 and RTM1, previously recognized for their 

involvement in Arabidopsis thaliana pathogen resistance (55), which displayed moderate and 

high-impact SNPs, respectively, between Cvi and Ler. Additionally, a high-impact SNP in 

AAO4 (AT1G04850), a gene linked to benzaldehyde dehydrogenase activity, was previously 

found to be associated with Bacillus aryabhattai (42).  The region between N1-2.8 to N1-3 
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had 137 genes with moderate-impact SNPs and 18 with high-impact SNPs. GO annotation 

data indicated that this region contains genes associated with, but not limited to, secondary 

metabolite production, transmembrane transport, and the regulation of defense response. 

Comprehensive data on SNPs and GO annotations can be found in supplementary data. 

Discussion 

The recruitment of microbes in the rhizosphere is a complex process and 

understanding the mechanism of plant genetic control of the microbiome is a prime area of 

investigation (38,56–59). In this study, we examined the effects of plant genotype on the 

microbiome and reduced the size of down a previously identified QTL region. The top of 

chromosome 1 has been previously found to be associated with plant growth and 

development (33,34,60).   The RILs of the Ler x Cvi cross have been shown to exhibit 

transgressive segregation, where the phenotypic range of a trait in the offspring, extends 

beyond the range observed in the parental lines. This phenomenon can occur due to the 

combination of favorable alleles from both parents. Earlier research indicated that the upper 

region of chromosome 1 in Cvi was associated with early flowering time (61–64). The CRY2 

(AT1G04400) gene found in the N1-2.1 region has been demonstrated to promote flowering 

through a single amino acid substitution in the Cvi allele, resulting in accelerated 

developmental cycling and early flowering (65).  The process of early flowering can result in 

reduced biomass due to the redistribution of resources and energy from vegetative growth to 

reproductive growth (66,67), as evident from the significant biomass and developmental 

stage disparities between the NILs and parental lines (Figure 3.3 and Figure 3.4). 

Previous studies show conflicting evidence on genotype-specific mediated 

microbiome assembly, with some findings suggesting a weak effect and some suggesting a 
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stronger effect (68–71). In this study, we find, there are significant influences of the plant 

genotype on species richness (Observed, Chao1 and Shannon statistics).  Specifically, the 

microbial communities of Cvi are substantially less rich than those from Ler and the NILs 

derived from Ler.   Interestingly, while the richness of the NILs and Ler are all similar, the 

evenness patterns revealed with the Simpson statistic are not as clear, possibly indicating that 

the rearranged genomes of the NILs are altering the abundance of microbes and disrupting 

the typical host-microbe interactions of the parental lines (Figure 3.7).  The Beta Diversity as 

revealed in the PCoA plots (Figure 3.8) does show that the Cvi and Ler associated microbial 

communities are different, and that the NILs which are genetically similar to Ler, have 

similar though more diverse communities than those of Ler.  Further analyses testing the 

influence of genotype on the microbiome, using PERMANOVA (Figure 3.9), showed that 

genotype has a significant but small influence on the microbial community structure 

supporting the landmark paper on the core microbiome of Arabidopsis thaliana as well as 

subsequent studies (38,70). The outcomes, derived from both weighted and unweighted 

UniFrac exhibit consistent trends, albeit with more prominent effects evident in the context 

of the weighted UniFrac. This may suggest that changes in the abundance of specific taxa are 

being influenced by variations in root exudation patterns, microbe-microbe interactions, or 

other subtle changes in the microenvironment. Additionally, the results from pairwise 

PERMANOVA underscore the importance of the host genetics in the establishment of 

rhizosphere microbial communities.  The prominent differences between the microbial 

communities of Cvi when contrasted to those of Ler and the NILs, supports this contention.  

The distinctions among communities associated with the NILs were less pronounced as 
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expected.  The genetically similar Ler and N1-2.1 lines generated very similar microbial 

communities as did the N1-2.5 and N1-2.8 lines.   

Further analyses of the genotype’s influence on the microbiome, were done with 

differential abundance testing using DeSeq2. The results identified 15 DA OTUs when 

comparing the microbiomes of N1-2.1 and N 1-2.5 and 36 DA OTUs with the N1-2.8 and 

N1-3 comparison (Figure 3.11 and 3.12). Taxa belonging to the Chitinophagaceae, 

Sphingobacteriaceae, Pseudomonadaceae, and Bdellovibrio families exhibited increased 

abundance in N1-2.5 compared to N1-2.1 microbiomes. Similarly, Sphingobacteriales, 

Chthoniobacterales, and Burkholderiales were more abundant in N1-3 when compared to N1-

2.8.  

Subsequent to the characterizing of DA taxa, we identified SNPs in the genes of these 

regions that differ for the parental Cvi and Ler lines. Further, we focused on SNPs that would 

have significant impacts on gene products. Within the N1-2.1 to N1-2.5 region, we identified 

moderate and high-impact SNPs in genes such as EDR1 and RTM1, which have been 

previously recognized for their role in Arabidopsis thaliana pathogen resistance (55). 

Another high-impact SNP identified, AAO4 (AT1G04850), encodes a protein linked to 

benzaldehyde dehydrogenase activity and associated with Bacillus aryabhattai (42). 

Additionally, the region spanning N1-2.8 to N1-3 harbored genes associated with diverse 

functions including secondary metabolite production, transmembrane transport, and defense 

response regulation, which are important in the modulation of microbial communities 

(72,73).  A noteworthy finding from the DA analyses is that Ler and Cvi exhibited 

transgressive segregation, with the recombinant NILs having significantly lower abundance 

of some microbes, including Bacillus flexus, Akanibacter difficillis, and an OTU from the 
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Family Erythrobacteraceae, then either of the parental lines (Figure 3.13). This could 

potentially be attributed to the interaction of alleles from genes of Cvi in the  N1-2.5 region, 

such as AAO4, with the Ler background.  

Although there is a low degree of species-level resolution of 16S rRNA data using the 

V4 region, it is important to note that these are significant results, as this was a very well-

replicated study and does indicate that there is host-specific genotypic control of different 

microbial taxa in Arabidopsis thaliana. In conclusion, this study gives us more insight into 

the specific genetic effects of NILs at the top of chromosome 1, on plant-microbe 

interactions and reinforces the application of conventional mapping methods in narrowing 

down the potential regions responsible for plant-microbe interactions. Further studies to 

understand the mechanisms of plant genetic control on the microbiome, entail fine mapping 

coupled with plant gene expression and complete metagenomic sequencing.  

 

 

Author Contributions 

N.S. Conceptualization, methodology, data collection, data analysis and visualization, 

writing-original draft, writing-reviewing and editing. S.M. conceptualization and 

methodology. J.R. data collection. M.J.R data collection. R.K. resources, funding, writing-

reviewing and editing. 



 
 

83 

TABLES 

 
 

 

Table 4-1 Genomic markers and number of genes for NILs on chromosome 1 

Table 3.1 Genomic markers and number of genes for NILs on chromosome 1. The 
genomic markers and the number of gene sequences for NILs in chromosome 1. 
 
 
 
 

Genetic Line Markers on Genetic 

Map 

Corresponding 

position in base pairs 

Number of known 

genes 

NIL 1-3 0-15.1 cM 0 – 3,400,000 bp 995 

NIL 1-2.8 0-10.9 cM 0 – 2,500,000 bp 747 

NIL 1-2.5 0-7.8 cM 0 – 1,800,000 bp 525 

NIL 1-2.1 0- 3.9 cM 0 – 1,200,000 bp 355 
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Figure 3.1.  Cvi, Ler and Near isogenic lines on chromosome 1. Near isogenic lines on 
chromosome 1 that were obtained from the cross between Ler (blue) and Cvi (red).  
 
 

4.1 Cvi, Ler and Near isogenic lines on chromosome 1 
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4.2 Rhizotube apparatus 

 
 

 
 

 
Figure 3.2. Rhizotube apparatus. The purpose of this illustration is to 

demonstrate how the custom-made rhizotubes facilitate the collection of plant 

rhizosphere. The black insert within the tube is unwrapped to extract the 

rhizosphere, which is then separated from the bulk soil by shaking the roots. After 

removing the above-ground portion of the plant, the root-soil complex (comprising 

the rhizosphere and the endosphere) was obtained by shaking off the excess soil and 

then placed in a sterile 5ml tube and bulk soil samples were moved to a sterile 

Ziplock bag. Both were immediately transferred to dry ice and then stored at -80oC 

for DNA analysis, Stuart Morey (Boston, USA). 
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4.3 Above ground biomass of Cvi, Ler and NILs 

 
 

 
  

 
Figure 3.3. Above ground biomass of Cvi, Ler and NILs. Above-ground 
biomass plotted for all samples and colored by genotype and results from Tukey 
test shown in table on the right for all pairwise comparisons. The biomass of the 
NILs is in general much lower than that of the parents. (ANOVA (Biomass ~ 
Genotype + Harvest Date; pairwise significance using Tukey test). 
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4.4 Growth stage at day 32 for Cvi, Ler and NILs 

  

 
Figure 3.4.  Growth stage at day 32 for Cvi, Ler and NILs.  The growth stage 
(Vegetative, Budding or Bolting) on day 32 is depicted for all samples and 
differentiated by genotype using colors. The plot illustrates that both Cvi and Ler 
exhibit a substantial number of plants in the vegetative stage of development, 
while a majority of the NILs have entered the reproductive stage, either through 
budding or bolting. 
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Figure 3.5. Taxonomic distribution at Phylum level. Taxonomic distribution of the 
microbial community represented in terms of the relative abundance at the Phylum level. 
The microbial community is dominated by Proteobacteria, Bacteroidetes, Acidobacteria , 
Verrucomicrobia, and Actinobacteria which together comprise nearly 78% of the 
bacterial community. There do not appear to be large differences at the Phylum level 
between different genotypes. 
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4.6 Taxonomic distribution at Class level 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure 3.6. Taxonomic distribution at Class level. Taxonomic distribution of the 
microbial community represented in terms of the relative abundance at the Class level. 
The microbial community is dominated by Alphaproteobacteria, Saprospirae, 
Deltaproteobacteria, Gammaproteobacteria, and Betaproteobacteria which together 
comprise above 50% of the Classes. There do not appear to be large differences at the 
Class level between different genotypes. 
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4.7 Alpha diversity of Cvi, Ler and NILs 

 
 
 

 

 

Figure 3.7.  Alpha diversity of Cvi, Ler and NILs. Four Alpha diversity indices were 
plotted, Observed, Chao1, Shannon, and Simpson indices and associated adjusted p-
values of pairwise comparisons are shown in the table on the right. The Shannon index, 
which was more responsive to species richness, shows a significant difference between 
the Ler and Cvi genotypes. Additionally, Shannon diversity of Cvi , N1-2.5, N1-2.8 and 
N1-3 were more similar than Cvi Vs N1-2.1.  (Wilcox test *<0.05, **<0.01, *** 
<0.001). 



 91 

4.8 Principle coordinate analysis for weighted and unweighted unifrac 

  

 

  

Figure 3.8. Principle Coordinate Analysis (PCoA) using weighted and unweighted 
UniFrac. Each point represents the microbial community. The colors represent the 
different genotypes and the shape represents whether it is in the late or early harvest 
group. The first two coordinate axes plotted accounted highest variation in the data, 
ranging from 10% for unweighted UniFrac and 35.4% for weighted UniFrac.  
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Figure 3.9. R2 values obtained from pairwise PERMANOVA. This was done 
between group 1 and group 2 were obtained using the adonis2 test for both unweighted 
(left) and weighted UniFrac (right) distances. The magnitude of R-squared values was 
proportional to the differences in the microbial community explained by a particular 
comparison. The results reveal larger differences between Cvi Vs NILs compared to 
Ler Vs NILs. The differences among the NILs were smaller in magnitude, with no 
significant differences between N1-2.5 and N1-2.8. (p-value <0.001 (green bars) ; ns : 
not significant) 

4.9 R-squared value obtained from Pairwise PERMANOVA 

Unweighted Unifrac Distance         Weighted Unifrac
Group1 Group2 R-Squared Value Group1 Group2 R-Squared Value

Cvi Ler 0.053 Cvi Ler 0.099

Cvi N1_2.1 0.091 Cvi N1_2.1 0.192

Cvi N1_2.5 0.070 Cvi N1_2.5 0.258

Cvi N1_2.8 0.068 Cvi N1_2.8 0.253

Cvi N1_3 0.095 Cvi N1_3 0.232

Ler N1_2.1 0.036 Ler N1_2.1 0.054

Ler N1_2.5 0.036 Ler N1_2.5 0.135

Ler N1_2.8 0.034 Ler N1_2.8 0.134

Ler N1_3 0.043 Ler N1_3 0.100

N1_2.1 N1_2.5 0.033 N1_2.1 N1_2.5 0.066

N1_2.1 N1_2.8 0.035 N1_2.1 N1_2.8 0.074

N1_2.1 N1_3 0.028 N1_2.1 N1_3 0.033

N1_2.5 N1_2.8 0.021 (ns) N1_2.5 N1_2.8 0.019 (ns)

N1_2.5 N1_3 0.031 N1_2.5 N1_3 0.045

N1_2.8 N1_3 0.035 N1_2.8 N1_3 0.061
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4.10 Differentially abundant OTUs on chromosome 1 

 

 

Figure 3.10. Differentially abundant OTUs on chromosome 1. These were 
determined using DeSeq2. Comparison between genotypes is represented in the left 
column. The number of differentially abundant OTUs, and the number of genes 
corresponding to a given comparison made are represented on right two columns. 
There are 15 and 36 differentially abundant OTUs between the NIL 1-2.5 Vs NIL 
1-2.1 and NIL 1-3 Vs 1-2.8 respectively. Bonferroni correction for multiple tests.  
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4.11 
Heatmap of differentially abundant OTUs between N1-2.1 and N1-2.5 

 
 
 
 
 
 

 

 
Figure 3.11. Heatmap for differentially abundant OTUs between the N1_2.1 and N1_2.5. The data are 
clustered by Genotype N1_2.1 in pink and N1_2.5 in blue. The chromosome number is highlighted in 
green.  Taxa from the families Chitinophagaceae, Sphingobacteriaceae, Pseudomonadaceae, and 
Bdellovibrio are present in higher abundance in the N1_2.5 samples.  
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Figure 3.11. Heatmap for differentially abundant OTUs between the 
N1_2.1 and N1_2.5. The data are clustered by Genotype N1_2.1 in pink and 
N1_2.5 in blue. The chromosome number is highlighted in green.  Taxa 
from the families Chitinophagaceae, Sphingobacteriaceae, 
Pseudomonadaceae, and Bdellovibrio are present in higher abundance in the 
N1_2.5 samples. 
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4.12 Heatmap of differentially abundant OTUs between N1-2.8 and N1-3 

 

 

 
Figure 3.12. Heatmap for differentially abundant OTUs between the N1_2.8 and N1_3 The data 
are clustered by Genotype N1_2.1 in pink and N1_2.5 in blue. The chromosome number is 
highlighted in green.  Sphingobacteriales , Chthoniobacterales, and Burkholderiales are present in 
higher abundance in N1_3 
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Figure 3.12. Heatmap for differentially abundant OTUs between the 
N1_2.8 and N1_3. The data are clustered by Genotype N1_2.1 in pink and 
N1_2.5 in blue. The chromosome number is highlighted in green.  
Sphingobacteriales , Chthoniobacterales, and Burkholderiales are present in 
higher abundance in N1_3 
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Figure 3.13. Transgressive segregation of microbes between NILs and parents. 
Differential abundance expressed as log2 fold changes of three microbial taxa between 
each NIL and Ler or Cvi genotypes are shown above. The red bars indicate the magnitude 
of log2 fold changes for a given comparison. The taxa Bacillus flexus, 
Erythrobacteraceae, and Alkanibacter difficillis were found in higher abundance in the 
Cvi and Ler parents compared to the NILs N1-2.5, N1-2.8, and N1-3, but no significant 
difference was observed for N-1.2.1. This suggests that the interaction of the Cvi region 
between N1-2.1 and N1-2.5 with the Ler background plays a role in the differential 
abundance of these taxa.  This region is highlighted in orange as a potential the 
"Candidate Region". 

4.13 Transgressive segregation of microbes between NILs and parents 
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SUPPLEMENTARY MATERIAL 

 
 

Supplementary Table 3.1. Statistical comparisons of biomass for NILs, Cvi, and 
Ler. (tukey method) 

Supplementary Table S3. 1 Statistical comparison of biomass of NILs, Cvi and Ler 

 
 
 
 
 

 

Supplementary Table 3.2. Summary of ANOVA for biomass. ANOVA shows 
there is a significant influence of genotype on biomass and a weaker but, significant 
influence of harvest date. (Dfn: degrees of freedom numerator; Dfd : degrees of 
freedom denominator ; F: F statistic; p – pvalue ; * p<0.05) 

Supplementary Table S3. 2 Summary of ANOVA for biomass 
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Supplementary Table 3.3. Statistical comparisons of Observed number of 
OTUs. This was done between NILs, Cvi, and Ler samples. (Wilcoxon test. p-value 
* < 0.05; **<0.01;*** <0.001; ****<0.0001). 

Supplementary Table S3. 3 Statistical comparison for observed number of OTUs
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Supplementary Table 3.4. Statistical comparisons of Chao1 index. This was done 
between NILs, Cvi, and Ler samples. (Wilcoxon test. p-value * < 0.05; **<0.01;*** 
<0.001; ****<0.0001). 

Supplementary Table S3. 4 Statistical comparisons for Chao1 index 
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Supplementary Table 3.5. Statistical comparisons of Shannon index. This was 
done between NILs, Cvi, and Ler samples. (Wilcoxon test. p-value * < 0.05; 
**<0.01;*** <0.001; ****<0.0001). 

Supplementary Table S3. 5 Statistical comparisons for Shannon index 
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Supplementary Table 3.6. Statistical comparisons of Simpson index. This was 
done between NILs, Cvi, and Ler samples. (Wilcoxon test. p-value * < 0.05; 
**<0.01;*** <0.001; ****<0.0001). 

Supplementary Table S3. 6 Statistical comparisons for Simpson index 
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Supplementary Table 3.7 PERMANOVA for unweighted unifrac distances. 
PERMANOVA done with adonis2 with unweighted UniFrac distances. Design 
adonis2(weighted UniFrac ~Genotype+Biomass+Harvest Date, data = meta, 
permutations=999).  

Supplementary Table S3. 7 PERMANOVA for unweighted unifrac distances 

 

 
Supplementary Table 3.8 PERMANOVA for weighted unifrac distances. 
PERMANOVA done with adonis2 with weighted UniFrac distances. Design 
adonis2(unweighted UniFrac ~Genotype+Biomass+Harvest Date, data = meta, 
permutations=999).  

Supplementary Table S3. 8 PERMANOVA for weighted unifrac distances
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Supplementary Table 3.9. Comprehensive results from differential abundance 
analyses between NILs. Results from differential abundance analyses conducting in 
DeSeq2. The baseMean is the average number of reads for a specific OTU, the 
log2FoldChange – the log (base 2) fold change, The Denominator is compared to the 
Numerator in all comparisons.   

Supplementary Table S3. 9 Comprehensive results from differential abundance analyses between NILs 
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5. CHAPTER 4 CONCLUSIONS 

CONCLUSIONS 

 
In wrapping up this thesis, all three chapters took us into the intricate world of plant-

microbe interactions within Arabidopsis thaliana. Chapter 1 set the stage, painting a 

comprehensive picture of these interactions, and highlighting their significance in the broader 

context. Plant-microbe interactions took place in two main arenas: the rhizosphere (root 

zone) and the phyllosphere (leaf surface). These interactions could be both positive and 

negative, emerging from the interplay between plants and microbes. Plant pathogens could 

lead to devastating diseases such as late blight in potatoes and tomatoes, banana Panama 

disease, and Dutch elm disease, resulting in reduced crop yields and economic setbacks. 

Lately, there had been a focused effort in research aimed at utilizing the advantageous 

elements of plant-microbiome interactions. 

Strategies for harnessing beneficial plant-microbial relationships have far-reaching 

implications for improving agricultural yields and ecosystem health. For instance, certain 

microbes acted as plant bodyguards, fending off harmful pathogens. Nitrogen-fixing bacteria 

were like nature's nitrogen factories, converting atmospheric nitrogen into a plant-usable 

form, while other microbes aided in nutrient uptake and stress tolerance. Aiding in 

phosphorous and iron absorption, as well as drought and salt resistance, these microbial allies 

enhanced plant resilience. 

The review highlighted two exciting research endeavors. Firstly, it delved into a 

noteworthy study using artificial ecosystem selection, where plant traits were modified over 

generations through microbial interactions. By examining the shifting microbial communities 
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and their impact on plant biomass, researchers gained insights into the intricate web of 

microbe-mediated plant traits. Secondly, the study explored plant genetic influence on the 

rhizosphere bacteria community using traditional genetic mapping techniques, striving to 

pinpoint the genetic regions responsible for shaping these microbial communities. 

Chapter 2 centered around examining how the plant host's selection influences 

microbial responses. To investigate this, I employed the system of Arabidopsis thaliana Cvi 

and Ler. I delved into the intricate relationship between plants and their rhizosphere 

microbial communities, aiming to understand how factors such as plant genotype, 

environment, and biomass treatment (high or low biomass selection pressures) influence the 

assembly of these communities. I conducted an artificial ecosystem selection experiment 

over eight generations using Arabidopsis thaliana plants. My main objective was to select 

soil microbiomes associated with either higher or lower plant biomass. The findings shed 

light on the interplay between genetics, environmental factors, and microbial communities, 

providing insights that could be applied to enhance plant growth and soil restoration in 

agricultural settings. 

In my artificial ecosystem selection experiment, I closely monitored the shifts in plant 

biomass and the dynamics of microbial communities across multiple generations. Despite 

inherent variability stemming from random environmental variations (REV), I successfully 

achieved the goal, selecting for either higher or lower plant biomass. Particularly intriguing 

was the observation of a gradual amplification in the impact of both plant genotype and 

biomass treatment on the composition of microbial communities over the course of the 

experiment. This escalating influence gained prominence, eventually accounting for 

approximately 40% of the total observed variation. 
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My analysis of alpha and beta diversity uncovered fascinating trends. At the outset of 

the experiment, we observed a decline in microbial species richness, which later gave way to 

stabilization in the number of species. This intriguing shift in the pattern highlighted the 

intricate interplay within microbial communities subjected to prolonged selection pressure 

over multiple generations. To thoroughly understand these dynamics, I utilized sophisticated 

statistical methods, including Principal Coordinate Analysis (PCoA). This approach visually 

depicted the evolving structure of microbial communities across generations, providing 

valuable insights into their complex responses. Furthermore, I utilized a neutral model in my 

study to evaluate the influence of random processes in comparison to deterministic selective 

forces on microbial community assembly. As the experiment progressed through generations, 

I observed a diminishing fit of the neutral model, indicating a growing impact of selective 

forces on the microbiome.  

When examining specific microbial taxa, I observed a notable increase in plant 

growth-promoting rhizobacteria (PGPR) within the high biomass treatment, accompanied by 

potential genotype-specific interactions. This finding suggests the feasibility of cultivating 

microbial communities that promote plant growth in a relatively short time through artificial 

ecosystem selection growth cycles. To emphasize the significance of this Chapter, my study 

deepens our comprehension of the intricate interplay among plant genetics, environment, and 

rhizosphere microbial communities. Through the multi-generational ecosystem selection 

experiment, I unveiled the evolving dynamics of microbial community assembly and its 

influence on plant biomass. These findings hold implications for enhancing agricultural 

practices and promoting plant health through the strategic utilization of specific microbial 

communities. 
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As opposed to microbe-mediated plant-microbe interactions, in Chapter 3, I focused 

on understanding the influence of the plant genetic component on the microbial community. 

Plant genetic regulation of the microbiome pertains to how the genetic traits of a plant impact 

the structure and behavior of the microbial population linked to both its root system and 

aboveground portions. Through the secretion of root exudates, plants shape the composition 

of microbial communities in the rhizosphere. Notably, plant genes produce products that can 

engage in interactions with distinct microorganisms, resulting in either cooperative or 

antagonistic associations. The role of plant genetic control is pivotal in shaping the presence 

and variety of advantageous microorganisms that enhance processes such as nutrient uptake, 

defense against diseases, and the ability to withstand stress in plants.  

In the quest to unravel the impact of plant genetics on specific microbes, traditional 

methods have involved techniques like quantitative trait loci (QTL) mapping through the use 

of recombinant inbred lines (RILs) or near-isogenic lines (NILs). These strategies have 

proven effective in pinpointing smaller chromosomal regions in a variety of plant model 

systems. Nevertheless, a notable gap existed in applying these techniques to study entire 

microbial communities. 

NILs, a collection of closely related plant lines or varieties that diverged only at a 

precise targeted gene or genomic region, offered a powerful tool for investigating the effects 

of specific genetic elements on various traits, while minimizing the influence of genetic 

background noise. The NILs we employed in our study were originally created by Keurentjes 

and colleagues, using the parental strains Ler and Cvi. These NILs carried a limited portion 

of Cvi genetic material on the upper section of chromosome 1, while maintaining a genomic 
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background primarily resembling Ler. Consequently, all the NILs we utilized shared a closer 

genetic resemblance to Ler than to Cvi. 

My research aimed to narrow down quantitative trait loci (QTL) on chromosome 1 of 

Arabidopsis thaliana Cvi and Ler. This study was built upon a previous lab member’s (Stuart 

Morey) finding, which suggested that this region had a role to play in manipulating the 

microbial community associated with the rhizosphere of Arabidopsis thaliana. The outcomes 

of my research validated the conclusions drawn in prior investigations, underscoring the 

modest yet noteworthy influence of plant genotype on the structure of the microbial 

community. Notably, I identified distinct microbial taxa that exhibited varying associations 

with the NILs. 

In summary, my study provided deeper insights into the precise genetic impacts of 

NILs situated at the upper portion of chromosome 1 on plant-microbe interactions. 

Additionally, it underscored the effectiveness of traditional mapping techniques for 

pinpointing the potential regions accountable for plant-microbe interactions. Further research 

endeavors aimed at understanding the mechanisms underlying plant genetic control over the 

microbiome would involve intricate mapping, complemented by a comprehensive analysis of 

plant gene expression and metagenomic sequencing. 

This thesis addresses both plant-mediated as well as microbe-mediated interactions. 

Looking ahead, I foresee that advancements in computational and experimental 

methodologies will surmount certain methodological and technological obstacles. The 

utilization of a multi-omics approach is increasing to comprehend the complexity of plant-

microbe interactions at the genomic, proteomic, and metabolomic levels. There is an 

increasing interest in the functional understanding of the microbiome and the development of 
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synthetic microbial communities.  Studies focusing on responses of multi-generation 

selection on microbial community assembly will enhance the potential use case of 

incorporating engineered microbial communities into large-scale field settings for improved 

and sustainable plant production. 
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