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ABSTRACT
Microbes are ubiquitously associated with plants and play a crucial role in plant health and fitness. Due to the important roles the microbiome plays, it is important to understand how the microbiomes assemble and establish themselves in various plant niches. Of the various plant niches, rhizosphere serves as a reservoir of beneficial microbes and the beneficial microbes are recruited by the plant. The plant-microbe interactions and inter-species microbial interactions that facilitate these associations between the plant and microbes are not fully known. However, studying the plant-microbe interactions in nature is challenging due to complexity and technical limitations. Reductionist approaches using constructed microbial communities and laboratory-controlled experiments have proven to be valuable in advancing our knowledge about plant-microbe interactions.  High-throughput omics technologies provide invaluable information in studying these complex and dynamic plant microbiomes. Metaproteomics can identify and quantify thousands of proteins and provide insights into microbiome composition and functions of individual microbial members of the microbiome. By using metaproteomics, inter-microbial interactions and adaptation strategies of the microbes to compete and survive in its environment can be studied. Metabolomics helps in studying the chemicals released by plant and microbes that serve as nutrients and/or chemical signals to establish interactions with each other. In this dissertation, liquid-chromatography coupled mass spectrometry based metaproteomic and metabolomic approaches have been implemented to advance our understanding of interactions between the Populus sp. and its rhizosphere microbiome. The research presented here describes (1) application of metaproteomics in understanding inter-species interactions in a constructed microbial community and assembly of stable microbiomes, (2) methodological advancements to achieve spatially resolved metaproteomics along plant root axis, (3) study of microbial functions and responses to plant root chemicals using metaproteomics, (4) application of LC-MS based untargeted metabolomics to characterize root exudate profiles of Populus sp. In summary, this dissertation has contributed significantly to understanding the interactions between Populus sp. and its associated rhizosphere microbiome, development of novel methods with new capabilities and experimental platforms that can be easily applied to other plant-microbe studies.
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[bookmark: _Toc177728105]Chapter 1
[bookmark: _Toc177728106]Introduction to understanding plant-microbe interactions using liquid chromatography coupled mass spectrometry-based metaproteomics and metabolomics
[bookmark: _Toc177728107]Plant-microbe interactions
A plethora of microbial communities are hosted by plants and interact with them continuously in nature. These interactions include symbiotic associations that are mutually beneficial to both microbe and plant host, commensal associations in which only one species benefits while the other one neither benefits nor is harmed and pathogenic associations that are harmful to plant hosts 1. The beneficial interactions between plants and microbes are known to improve plant growth and survival by conferring multiple advantages to their plant host such as increasing nutritional acquisition 2, overcoming abiotic stresses 3 and activating defense pathways against pathogens 4. The plant fitness is a consequence of associations between plant and microbes that form a complex, multi-organism system, which collectively forms a plant holobiont 5. In the recent years, there is increased focus on studying the plant holobiont to unravel the interdependencies between the plant and their microbiome 6, as the knowledge gained from these studies has the potential to drive innovations in plant productivity for sustainable agriculture 7, 8. The growing recognition of plant holobiont concept raises several important questions to be answered such as what are the driving factors of microbiome assembly, the processes involved in plants differentiating between symbiotic and pathogenic microbes, effects of abiotic stressors on plant-microbe interactions and effects of microbe-microbe interactions on plant-microbe interactions 5, 9 and consequently requires application of advanced omics technologies to address them. The structure and composition of the plant holobiont undergoes changes due to inherent dynamic interactions with the biotic and abiotic factors of the environment 10, during which the plant and microbes work together to adapt to the changing environmental conditions. Studying the underlying genetic, molecular, and metabolic relationships between plants and associated microbes across various environmental conditions would provide better understanding of the plant holobiont. This knowledge is crucial for enhancing plant health and fitness by developing strategies for improved and sustainable agricultural practices. 
[bookmark: _Toc177728108]Importance of studying Populus spp. and its associated microbiome 
Populus spp. is an economically important, leading candidate for bioenergy production 11, 12. It is a woody perennial organism and has become a model organism in plant biology due to its broad distribution across North America, fast growth, vegetative propagation potential and the relative ease with which it can be manipulated for experiments 12-14. Populus trichocarpa was the first tree species that was genome sequenced 14. Populus roots and its rhizosphere serves as a hub for diverse interactions between the plant host, bacteria and fungi, which makes it an excellent model system to study the plant-microbe interactions 15. Additionally, a culture collection of 3,211 unique bacterial isolates is available for investigating the interactions between Populus and its associated bacterial strains 16. The fundamental understanding of interactions between Populus and its associated microbiome will provide valuable information for improving the plant health and growth which will be helpful for bioenergy production, carbon cycling and sequestration. 
[bookmark: _Toc177728109]Rhizosphere microbiome
Microbes are ubiquitously present on almost every part of the plant both belowground and aboveground. The microbes assemble into diverse communities because of dynamic and complex associations with plant and environment 17. These microbial communities can be categorized into epiphytes that are found on plant surface, endophytes that are present inside plant tissues, phyllospheric microbes that grow on leaf surfaces and rhizospheric microbes that are found in soil surrounding the roots 7. Each of these serve as unique niches for interacting with plant host. Among these, rhizosphere microbiome is considered to significantly impact the plant health 18, 19 as it enhances the nutrient uptake and offer protection against pathogens 20. Therefore, it is essential to understand the various processes and associations between plant roots and microbes in the rhizosphere (Figure 1.1). 
Plants release 5–21% of its photosynthetically fixed carbon into surrounding soil through its roots in the form of root exudates, sloughed cells or mucilage 21. The root exudates consist of primary and secondary metabolites including sugars, organic acids, amino acids, and phenolics 22. The root exudates are known to play a crucial role in rhizosphere microbiome assembly and composition 23.  Plant selectively recruits microbes from soil to their rhizosphere by releasing root exudates 24. The root exudates consist of metabolites that play a role in attracting beneficial microbes by providing nutrients to them and/or acting as signaling molecules for establishing interactions while others may play a role in deterring or eliminating pathogens 25. The rhizosphere microbes confer several advantages to plant host such as improved nutrient availability by nutrient chelation and transporting them to plants, growth promotion by producing phytohormones, secrete antibiotics to protect plants from pathogens 26. The rhizosphere bacteria help in mineralizing and breaking down organic forms of major nutrients such as phosphorus, nitrogen and potassium in soil and converting them into inorganic forms which the plant can uptake and utilize 27, 28.  The bacteria in rhizosphere can stimulate plant root growth by producing indole acetic acid, a plant hormone that is involved in plant growth 29, 30. The beneficial microbes in the rhizosphere employ various mechanisms to protect the plant from adverse effects of pathogens by competition for space at the root surface and for essential nutrients. Some microbes produce secondary metabolites to inhibit the growth or kill pathogens and thereby protecting the plant 31. In addition to plant-microbe interactions, complex intraspecies and interspecies microbial interactions also occur in the rhizosphere. These interactions could be cooperative by nutrient cross-feeding or competitive interactions for essential resources such as nutrients or space 32. The plant associated microbial communities do not represent random assembly of microbial members but are governed by complex interactions among the microbes, the plant host and the environmental conditions 17, 33. However, the underlying mechanisms of rhizosphere microbiome assembly are not well understood.  Studying the complex processes involved in the rhizosphere microbiome assembly are crucial as they will provide insights for improving plant health and productivity.
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[bookmark: _Toc177728910]Figure 1.1: Interactions in the rhizosphere. Plant-microbe interactions: Plant roots secrete root exudates and phytochemicals that interact with microbial populations to form niches. Some metabolites released by plant roots play a role in attracting beneficial microbes (indicated by green arrow), while others repel or eliminate pathogens (indicated by red arrow). Microbe-plant interactions: Beneficial microbes promote plant growth via various mechanisms including nutrient chelation and transporting them to plants, phytohormone production, secrete antibiotics to protect plants from pathogens. Microbe-microbe interactions: Cooperative interactions by nutrient cross-feeding or competitive interactions for resources such as nutrients or space. (Figure generated using Biorender.com).
[bookmark: _Toc177728110]Bridging the holistic and reductionist approaches to study plant associated microbiome
To study plant-microbe interactions, researchers adopt either holistic approaches that embrace the natural complexity of these systems or reductionist approaches that allow more control of experimental factors in study and focus on specific interactions 34.  Both these experimental approaches are on opposite ends of the complexity-control spectrum (Figure 1.2). Use of both the reduced and high complex systems is crucial in obtaining a complete understanding of these complex plant-microbe interactions 35. Using the reductionist approaches, low levels of genotypic and functional diversity are studied under controlled environmental conditions, which enables reproducible investigations of plant-microbe interactions 36. Engineered habitats such as EcoFabs are used in reductionist approaches to control the complexity while enabling omics measurements 37. The simplicity and control in reductionist approaches enables interpretability and understanding of the plant-microbe interactions, however, this strategy is not suitable for studying the importance of higher-order ecological processes on plant holobiont. In contrast, the holistic approaches are used to study plant-microbe interactions across complex natural environments and capture the ecological interactions between genotype, environment and functional variables and their relative influence on the plant holobiont 38, 39. But the increase in complexity in holistic approaches presents a challenge for all omics techniques due to sparse data generated and methodological limitations. Additionally, it would be extremely challenging to dissect specific interactions and study them at the mechanistic molecular level. It is now very well known that plant-microbe interactions and microbial communities are highly dependent on entire ecosystem 40. Experimental designs that can act as a bridge in between the holistic and reductionist approaches are essential in addressing some of the limitations in using only either one of these approaches in advancing our understanding of processes that govern the plant microbial communities 34. 
A potential approach to address the limitations of studies on highly complex natural communities and also those studies examining interactions between a monoculture and a plant host is to utilize constructed microbial communities. The constructed microbial communities or synthetic microbial communities (SynComs) are microbial consortia that are designed to represent the natural microbiome composition and functions at some scale, while reducing the complexity of natural microbiome and still preserving some of the important interactions between microbes and their hosts 41. This approach has garnered significant attention in recent years in microbiome research 39. SynCom construction requires careful design, selection criteria, available culture collections of microorganisms that can effectively represent and resemble the natural microbiome. The experimental approaches using SynComs with less complexity can be used to understand specific interactions and gradually build the complexity of the system by adding more microbes, plant host, environmental variables etc. for a comprehensive understanding of  microbial dynamics and their functionality in rhizosphere 39.
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[bookmark: _Toc177728912]Figure 1.2: Experimental approaches to study plant-microbe interactions. Holistic approaches are inherently complex and offers less control on environmental variables. In contrast, reductionist approaches simplify the system and offer control to manipulate experimental conditions to determine the effects of specific components of plant-microbe systems. (Figure generated using Biorender.com).
[bookmark: _Toc177728111]Omics technologies to study plant-associated microbiomes 
Advancements in high throughput sequencing platforms and various omics technologies including genomics, transcriptomics, proteomics, and metabolomics have greatly improved our understanding of the complex plant-microbe systems. Each omics technology can answer different questions related to plant holobiont (Figure 1.3). Metagenomics helps in identifying which microbial species are present in the plant environment and reveals the functional potential of microbes by measuring the DNA from microbiomes. Metatrancriptomics measures microbial RNA transcripts and is valuable in understanding which microbial genes are actively expressed. Metaproteomics provides functional information by measuring proteins produced in the microbial community. Metabolomics further provides insights into chemical signals between plant and microbes by measuring metabolites produced by plant and microbes. Each omics technology has its own advantages and limitations to study these systems42. Integrated multi-omics studies can provides a more comprehensive understanding of plant holobiont but are challenging because the processes of gene expression, translation and metabolite production operate on distinct timescales from each other. Additionally, metabolism is greatly influenced by the environmental factors, which makes it difficult to isolate the effects of environment factors from genetic outcomes 43.
Over the past several years, our understanding of the structure and diversity of the plant endosphere, phyllosphere and rhizosphere microbiomes has expanded due to 16S ribosomal RNA (rRNA) sequencing44, 45. Similarly, DNA barcoding of Internal Transcribed Spacer (ITS) region of the nuclear DNA has been instrumental for our understanding of fungal diversity46. The core microbiome members that engage with plants consistently are identified using the high-throughput sequencing methods using marker genes (e.g., 16S rRNA, ITS)47, 48 ,but these methods lack the functional information. Therefore, it is important to follow up or integrate the taxonomic approaches with approaches that can provide functional information such as metagenomics, metatranscriptomics, metaproteomics, and metabolomics as there is increasing evidence of functional redundancy in microbiomes that have different species49. It is predicted that integrating metagenomics with other downstream meta-omic approaches is essential for understanding the interactions between plants and microbes that shape the core microbiome taxa and their functions [image: Graphical user interface
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[bookmark: _Toc177728913]Figure 1.3: Omics approaches for studying plant associated microbiomes. Metagenomics to study which microbial species are present and metabolic potential, metatranscriptomics to determine gene expression, metaproteomics to understand function and metabolomics to study metabolites produced in the plant- microbe system. (Figure generated using Biorender.com).
[bookmark: _Toc177728112]Characterizing plant microbiome functions using metaproteomics
Metaproteomic analysis characterizes the entire suite of proteins expressed in a microbial community at a given timepoint, providing information on composition and functions in microbiomes 52. The mass spectrometry based metaproteomics is a powerful tool in characterizing microbial proteins and has become a critical component of microbiome research in various environments, as it enables the study of multiple interactions that occur simultaneously in an ecosystem53. In recent years, several studies have applied metaproteomics to advance our understanding of microbial functions in plant such as maize54, rice55, 56. To perform metaproteomic experiments, several important things involved in the workflow need to be taken into consideration, including biomass availability, choice of sample preparation protocols and LC-MS/MS approaches to study each individual system57. The biological diversity (i.e., the number of species present and their relative abundances) of the microbial communities being analyzed directly affects the proteome coverage of the population. In a typical experimental run, thousands of proteins can be identified and often the proteome coverage is biased towards proteins that are highly abundant in the dominant species of the populations. This makes measuring the low abundant proteins more challenging. The fewer low abundant proteins or proteins from less dominant species that are playing prominent functional roles in biological processes are overshadowed by highly expressed proteins. The dynamic range and proteome coverage for large-scale metaproteomics can be increased by using multidimensional protein identification technology (MudPIT), a multidimensional chromatography technique to separate complex protein samples prior to analyzing samples on mass spectrometry58. Another important consideration for metaproteomic experiments is the sample biomass. Typically, several micrograms of protein will be required for adequate analysis by mass spectrometry. The protein extraction from the limited biomass of plant-associated microbiota for metaproteomics is one of the challenging steps due to the high ratio of plant to microbial proteins in the sample, which makes microbial protein detection difficult and therefore requires method optimizations59 and new method developments. Further, availability of reference metagenomic and/or metatranscriptomic databases are required for metaproteomic analysis; these serve as reference protein databases to match peptide spectra obtained from mass spectrometry analysis57. 
[bookmark: _Toc177728113]Metabolomics to study the metabolites produced by plant and microbes in plant holobiont
Metabolites are the direct effectors driving the fundamental processes of recognition and communication between the plant and microbes. They are exchanged across symbiotic, commensal, parasitic and pathogenic interactions between the organisms. From the genome predictions, it is known that the plants, and their associated microbes have the ability to produce thousands of molecules that interact with and influence their ecosystems 60. Mass spectrometry-based metabolomics is one of the key technologies that is used currently to characterize these diverse chemical inventories produced by plant and microbes 61. During the past few years, the insights gained from the metabolomics studies have been crucial in understanding the influence of plant metabolites in shaping their microbial communities and the effects of microbially derived metabolites on plant hosts and their ecosystems 25, 61, 62. In plant-microbe studies, metabolomics is often applied to characterize the plant root exudate profiles and their impact on the microbes present in the surrounding environment 63, 64. Additionally, the effects of associated microbes on host metabolism are also studied using metabolomic approach. While in situ analysis of metabolites provides the most relevant data for understanding the plant-microbe interactions, this can be very challenging due to several factors. The environmental factors such as soil properties are highly variable, and it would be difficult to replicate the experiments. Additionally, the metabolomic results from in situ analysis can be confounded by consumption and/or breakdown of metabolites by other organisms in soil and presence of other biomaterials in the surrounding environment 65. Consequently, most metabolomic studies employ reductionistic approach. Studies focused on understanding the effect of rhizosphere on microbiome composition and function were mostly conducted in sterile or semi-sterile environments including soil or artificial systems such as hydroponic systems 66-68. Our understanding of root exudate compositions of Arabidopsis 69-71 , rice 72, 73 and maize 74 and their impact associated microbiomes 75, 76 has increased due to the significant technological developments in mass spectrometry. There are only a fewer number of metabolomics studies conducted in field 77, 78 or greenhouse soil environments 79, 80. Recent experimental advances are promising for addressing challenges related to metabolomic analysis in non-sterile soil matrices 81. 
[bookmark: _Toc177728114]Overview of dissertation
It is well-established that the microbiomes have a significant influence on the plant health. However, the limited understanding of specific mechanisms driving the dynamics of plant-associated microbial communities represents a critical knowledge gap. This dissertation seeks to advance our understanding of plant-microbe interfaces of Populus sp. and its rhizosphere microbiome by employing liquid chromatography coupled mass spectrometry-based metaproteomics and metabolomics to gain insights into factors driving microbiome assembly and the functions of microbiome. Synthetic microbial communities are invaluable in plant-microbiome research as they bridge the gap between the single microbe-plant and whole community-plant experimental approaches. This dissertation employed a constructed microbial community that taxonomically and functionally resembles a natural Populus bacterial community for fundamental understanding of microbiome assembly under various experimental conditions and additional layers of complexity such as plant host were introduced, to address more intricate questions regarding the spatial and temporal dynamics in microbiome composition along the plant root axis, their functional responses to plant root chemical environment. Root exudates, a key player influencing microbiome assembly were also studied in this dissertation. 
This dissertation is divided into seven chapters including this introduction chapter. Chapter 2 describes the experimental methods used in chapters 3-6 including proteomic and metabolomic sample preparations, chromatography, mass spectrometry acquisition and downstream processing methods.
Chapter 3 focuses on gaining fundamental understanding of microbiome assembly using metaproteomic measurements of constructed microbial communities grown under different conditions. First, we explored the inter-microbial interactions and adaptation strategies employed by bacterial microbes in a ten-member constructed community grown in complex and minimal nutrient media conditions. The results from this study provides insights into the functions and metabolic activities of microbes that enabled them to persist in the stable microbial community observed. To further investigate whether the initial inoculum ratios of the bacterial strains have influence on which strain becomes abundant in the community, the three bacterial strains that persisted in the stable community were selected and a simplified three-member community was constructed using different initial inoculum ratios. By performing proteomic analysis on community samples collected at various timepoints, we uncovered the temporal functional dynamics of the individual bacterial strains in these simplified communities.
While the first research chapter focus only on the microbiome composition due to microbe-microbe interactions, Chapter 4 focus on microbiome assembly in presence of plant host. In this chapter, a novel peptide extraction method for metaproteomic characterization using plant-agar systems is described. Additionally, spatial sampling of root-associated microbiomes along the plant root axis to study microbial composition and function is demonstrated. Distinct microbiome compositions were observed surrounding distinct root regions, these observations led us to further investigate the spatial dynamics in root exudates, that are known to shape microbial community composition. 
Chapter 5 focused on understanding the microbial responses and community composition in response to plant root chemical environment. In this chapter, the application of a novel filter-based experimental set up on plant roots was demonstrated to specifically isolate and study the microbial responses to chemicals released by the plant roots. In this study, proteomic analysis of both monocultures and mixed community grown in presence of plant was conducted to investigate plant-specific responses. The study provided insights into functional behaviors of bacterial strains in response to plant root chemical environment that facilitated their growth and survival in rhizosphere.
Chapter 6 describes the comprehensive spatio-temporal analysis of Populus sp. root and exudate metabolite profiles by applying LC-MS/MS based untargeted metabolomics approach. In this study, plant-agar system that facilitated spatial sampling of root exudates surrounding distinct root regions was used and a biphasic extraction method was employed to capture the diversity of root exudates. This chapter provides an in-depth analysis of differences in root and exudate metabolite profiles due to the influence of genotype and nutrient conditions. 
Chapter 7 summarizes the contributions of research described in this dissertation in advancing our understanding of plant-microbe interfaces of Populus sp. and its rhizosphere microbes and future perspectives
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Liquid-chromatography coupled mass spectrometry-based proteomics involves several important steps including sample preparation, measurements, data processing and analysis. Each of these steps must be optimized based on the research question. In this dissertation, shot-gun bottom up proteomics approach was employed. 
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[bookmark: _Toc177728155]Introduction
Plants are continually interacting with microbes, some of which benefit the host while others thrive at the host's expense 1. Microbes can be found across several regions of the plant, including the phyllosphere (above the ground), endosphere (inside plant tissues both above- and belowground), and rhizosphere (belowground region surrounding the roots) 5. There are many interacting factors that ultimately shape the composition of the associated microbiomes, with the relative success of microbial establishment and persistence largely dependent on how well an individual competes for host-mediated resources. Across the plant root system, the deposition of a complex mixture of secondary metabolites, amino acids, secreted enzymes, and cell lysates has been shown to play a role in shaping microbial communities 82-84 yet how microbiomes emerge and function along the plant root axis remains poorly understood.
In general, complex plant–microbe systems can be studied using either a holistic or reductionist approach. Characterizing biological systems with a holistic approach generates a more realistic assessment but with less control over the many biotic and abiotic factors influencing experimental observations. Reductionist approaches, on the other hand, offer more control but observed outcomes may be less applicable to our understanding of natural systems because nature's many complexities are not fully considered. As such, research efforts working to bridge the holistic-reductionist divide are crucial to advancing our understanding of these complex biological systems 34, 85. By first building a detailed understanding of relatively simple biological systems, high predictive power can eventually be achieved through combining different abiotic or biotic factors to recapitulate natural environments. As more complex systems are studied, certain principles governing plant–microbe interactions are expected to become more or less relevant, and these realizations will begin to uncover higher-order interactions influenced by experimental designs.
In the absence of plant hosts, experimental manipulations of nutrient availability on microbial community assemblage and compositional trajectory are often performed via serial dilution 86-88. The outcome of these experimental manipulations can uncover how different compositions of microbes may coexist or competitively exclude one another based on resource availability 87, 89. Understanding the fundamental implications of resource competition on microbial community assembly and functions along a plant root is important but is currently limited by methodological challenges.
Plant root-associated microbiomes are most effectively characterized by extraction methods that aim to maximize depth and coverage of the microbial biomass without disrupting the plant host tissue to minimize measurement interference 55. Of course, studies aiming to interrogate endophytic microbes within plant tissue becomes significantly more difficult due to competing plant biomass and, therefore, require more elaborate extraction procedures not described here 90. Current methods to extract and subsequently characterize root-associated microbes are most often achieved via physical removal of microbial cells from the surface of the root via washing with or without sonication procedures 91. It should be expected that the success of these approaches will be influenced by the overall amount of microbial biomass available for characterization; therefore, overall root size and microbial growth and activity are important factors that must be considered.
It is now well known that different plant species select for distinct microbiome communities along their root systems through differences in rhizodeposition of resources 92. The dynamic nature of root growth and development leads to a continuous temporal and spatial change in the amount and composition of rhizodeposits and, in turn, dynamic changes in the local microbiome compositions and functional activity 93. For example, at root tips, plants may slough off cells and secrete mucilage whereas, further up the root, exudates are passively released via root hair cells 94-96. Currently, extraction methodologies that facilitate spatiotemporal characterization of root-associated microbiomes are yet to be realized.
Plant agar-plate culture systems are widely used 97 and would offer an appropriate platform for laboratory-controlled manipulation of root-associated microbiome assemblage to understand the influence of nutrient availability along the root axis. The semisolid agar matrix facilitates microbial movement and allows microbes to form communities based on the variable chemical environments surrounding the root. However, a method to spatially extract and characterize root-associated microbiomes at a molecular level using this agar-based platform has yet to be developed. Here, we describe and ground-truth a method by which microbiomes can be extracted from an agar matrix. In particular, we focus on an extraction method designed for mass spectrometry-based metaproteomics because it provides accurate estimates of both microbial relative abundances and functional activity 98, 99. We utilized a synthetic community (SynCom) consisting of 10 taxonomically diverse bacterial strains to characterize the spontaneous assembly and function of a Populus trichocarpa root-associated microbiome. The method described herein is easy to implement and facilitates spatially resolved metaproteomics of microbial communities along the plant root axis. More broadly, this method can be used to characterize a myriad of biological systems employing agar-based culture systems.
[bookmark: _Toc177728156]Materials and methods
[bookmark: _Toc177728157]Preparation of plants, bacterial cultures, and a SynCom
Populus trichocarpa (genotype B819) shoot tips were cut from greenhouse-grown plants and sterilized for 4 h by rotating in a 50-ml solution of 1× Murashige-Skoog (MS) basal media with vitamins and glycine (Caisson) and 5% plant-preservative mixture (PPM) (Plant Cell Technology). Once sterilized, the shoot tips were rinsed in sterile H2O and rooted in a growth chamber (16-h daylength, 15.6 μmol full-spectrum LED) in 1× MS basal medium with vitamins and glycine (Caisson), 0.05% morpholineethanesulfonic acid hydrate (Sigma-Aldrich), 3% sucrose, 0.1% PPM (Plant Cell Technology), 0.5% activated charcoal (Sigma-Aldrich), and 0.18% Gelzan (Plant Media) to establish stock plants. After rooting and growing to an adequate size, axenic shoot tips were subcultured from stock plants and placed into new enclosed containers of the tissue culture media described above and grown for 3 weeks in the same growth chamber until rooted.
A previously described microbial SynCom consisting of 10 bacterial strains previously isolated from P. deltoides root systems were used 87, 88. Bacterial strains used in this SynCom were Bacillus sp. BC15, Caulobacter sp. AP07, Duganella sp. CF402, Pantoea sp. strain YR343, Paraburkholderia sp. strain BT03, Pseudomonas sp. strain GM17, Rhizobium sp. strain CF142, Sphingobium sp. strain AP49, Streptomyces sp. strain YR139, and Variovorax sp. strain CF313 16, 100-107. Overnight cultures of all 10 bacterial strains were grown in R2A liquid media (Teknova) 108 at 28°C and 250 rpm. For the SynCom, the 10 bacterial cultures were normalized to an optical density at 600 nm of 2.40 and equal volumes of the 10 cultures were combined to generate the bacterial inoculum used in these studies.
[bookmark: _Toc177728158]Plant-agar culture growth conditions
Rooted P. trichocarpa plants were removed from initial growth media (which leaves the plant roots mostly clean with no debris) and roots were submerged in 25 ml of 1/4× Hoagland's media (Hoagland modified basal salt mixture; PhytoTech Labs) supplemented with 0.1% sucrose, 0.3% agarose, and the SynCom community at a concentration of approximately 107 cells/ml in a sterile Petri dish. Each plant-agar culture was incubated for 24 h (n = 3) or 48 h (n = 3) in a sterile plastic container to maintain humidity at 28°C in growth chambers with 16-h days alongside agar control plates (n = 3 for 24 and 48 h) that were similarly produced but lacked plant hosts (Figure 4.1A).
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[bookmark: _Toc177728914]Figure 4.1: Experimental design to achieve spatially resolved plant root-associated microbes using an agar system. (A) A synthetic community (SynCom) containing 10 bacterial strains in equal numbers inoculated in 1/4× Hoagland's media + 0.1% sucrose + 0.3% agarose; control agar plates containing SynCom without a plant; plant (Populus trichocarpa B819) in agar containing SynCom; agar plugs excised from control agar plates containing SynCom without plant at 0, 24, and 48 h (n = 3); and agar plugs excised from root base, root tip, and distant regions for each plant in agar containing SynCom at 24 and 48 h (n = 3). (B) In-solution cell lysis, enzymatic protein digestion, and peptide extraction using Sera-Mag beads.




[bookmark: _Toc177728159]Extracting microbiomes directly associated with the plant root system for metaproteomics
To characterize microbiomes directly associated with the root surface, plant roots (biological triplicates) were excised with a sterile scalpel and transferred to Eppendorf tubes and washed in 300 µl of sodium dodecyl sulfate (SDS) lysis buffer (4% SDS [Sigma-Aldrich] in 100 mM Tris, pH 8.0) by vortexing gently to liberate microbial cells bound to roots. The roots were removed, and crude lysate suspensions were sonicated (30% amplitude, 10-s pulse with 10-s rest, 2-min total pulse time) (Branson digital sonifier) and boiled at 90°C for 10 min to complete microbial lysis. The cell lysates were centrifuged at 21,000 × g for 10 min at room temperature to remove any cell debris. Samples were reduced by adjusting to 10 mM dithiothreitol (Sigma Life Science) by incubating at 90°C for 10 min, followed by alkylation with iodoacetamide (Sigma Life Science) added to a final concentration of 30 mM and incubation for 15 min in darkness. Proteins were then extracted from the precleared lysates by protein aggregation capture 109. Briefly, Sera-Mag beads (5 µl at 50 µg/µl) (GE Healthcare Life Sciences) were washed with liquid chromatography-mass spectrometry (LC-MS)-grade acetonitrile (ACN) (EMD Millipore Corp.) on a magnetic rack. Tubes were removed from the magnetic rack, and lysate was added and then adjusted to 70 % ACN to induce protein aggregation onto beads. Samples were allowed to settle for 10 min, gently resuspended, and allowed to settle for another 10 min. The samples were placed on a magnetic rack and the supernatant was removed, followed by washing with 1 ml of ACN and 1 ml of 70 % ethanol (EMD Millipore Corp.) while on a magnetic rack. The samples were removed from the magnetic rack and 50 µl of Tris buffer was added. Proteins bound to beads were processed with two sequential aliquots of sequencing-grade trypsin (Thermo-Scientific) for an overnight and 3-h enzymatic digest using a 1:75 (wt/wt) protein/trypsin ratio at 37°C with constant agitation (1,000 rpm). The samples were then adjusted to 0.1 % formic acid (FA) (Fisher Chemical), vortexed, and allowed to sit for 10 min. The samples were placed on a magnetic rack and supernatants containing the peptides were added to prewet Vivaspin 10 kDa MWCO filters (Sartorius) and centrifuged at 12,000 × g for 15 min at room temperature. Tryptic peptide flowthroughs were collected, and peptide concentrations were measured using the Nanodrop One spectrophotometer (Thermo-Scientific) and transferred to the autosampler vials for LC tandem MS (MS/MS) measurement.
Note that the root wash extraction described above was performed on a sample collected 48 h post inoculation (n = 3) with the 10-member SynCom and this measurement was paired with a “whole root plug” extract that is described below. These paired samples facilitated a metaproteomics comparison between microbiomes adhered to the root (i.e., root wash) versus those in close proximity (i.e., agar plug) (discussed above).
[bookmark: _Toc177728160]Extracting microbiomes from agar for metaproteomics
Microbial cell populations in agar were selectively excised using a sterilized scalpel to assess microbiome changes in composition and function across time and in response to the plant root system. To characterize how the SynCom microbiome changes across time in the absence of a plant root system, agar plugs were obtained from culture plates that lacked a plant root system at 0 h (control plug 0 h), 24 h (control plug 24 h), and 48 h (control plug 48 h) in biological triplicate. Note, because the amount of microbial cells surrounding a plant root system are expected to change for different plant hosts and starting inocula, the size (i.e., volume) of the agar plug should be evaluated per biological system. In this study, agar plugs equivalent to 0.5 ml were sufficient for each sample and, thus, used throughout this study. The agar plugs obtained at 0 h were excised immediately after the media turned into a semisolid state in order to assess whether extractions from agar alter microbiome measurements when compared with those obtained from the starting SynCom inoculum. The SynCom liquid control stock sample was prepared in biological triplicate by washing pelleted cells with phosphate-buffered saline to remove media and resuspending cells in 100 mM ammonium bicarbonate.
For plant-agar cultures, agar plugs were excised to obtain four spatial measurements: whole root, root tip, root base, and a region distant from the plant root system (approximately 3 to 4 cm distant from root, near the edges of the Petri dish). Whole-root agar plug samples were collected at 48 h and the other locations were collected at 24 and 48 h in biological triplicate. To ensure sufficient material for subsequent extractions, multiple agar plugs were pooled together; for example, agar plugs from all root tips for each plant were pooled. Prior to additional sample processing, all agar plugs (0.5 ml) were liquified by heating for 10 min at 90°C in a heat block.
Samples were processed by adding an equal volume of lysis buffer (4% sodium deoxycholate [SDC] in 100 mM ammonium bicarbonate) (Sigma-Aldrich) to bring the final concentration to 2% SDC and kept warm to avoid solidification of agar. Note, SDC was selected as the detergent because, unlike SDS, it permits trypsin activity and is easily removed (Masuda et al. 2008). The samples were sonicated (30% amplitude, 10-s pulse with 10-s rest, 2-min total pulse time) (Branson digital sonifier), then incubated at 90°C for 10 min. The cell lysates were centrifuged at 21,000 × g for 10 min at room temperature to remove any cell debris and proteins were quantified with a Nanodrop One spectrophotometer (Thermo-Scientific). Samples were reduced and alkylated as described in the section above. Samples were heated again briefly to reliquify the agar and allowed to cool down; then, proteins were processed with two sequential aliquots of sequencing-grade trypsin for an overnight and 3-h enzymatic digest using a 1:75 (wt/wt) protein/trypsin ratio at 37°C with constant shaking (1,000 rpm). Each sample was acidified with 1% FA, vortexed, and centrifuged at maximum speed for 10 min at room temperature to precipitate and remove SDC. Samples were transferred to new Eppendorf tubes where Sera-Mag beads (GE Healthcare Life Sciences) were used to aggregate and remove the agar from the samples. For each sample, Sera-Mag beads (approximately 5 µl at 50 µg/µl, previously washed and resuspended in equal volume of ACN) were added and final volumes were adjusted to 70% LC-MS-grade acetonitrile (EMD Millipore Corp.). Twice, samples were vortexed gently and allowed to rest for 10 min to allow for aggregation of the agar matrix onto the magnetic beads. Eppendorf tubes were then transferred to a magnetic rack where the supernatant solution containing peptides was removed and subsequently transferred to new tubes (Figure 4.1B). Importantly, care was taken to not aspirate Sera-Mag beads. To remove residual SDC, hydrated ethyl acetate was added to each sample at a 1:1 (vol/vol) ratio, vortexed, and centrifuged for 10 min at maximum speed. The lower aqueous layer containing the peptides was collected and cleaned again with ethyl acetate. The final lower aqueous layer containing peptides was transferred into new Eppendorf tubes, then vacuum-dried to completion using a SpeedVac Concentrator (Thermo-Fischer Scientific). The peptides were resolubilized in 0.1% trifluoroacetic acid and cleaned on a Pierce peptide desalting spin column (Thermo Scientific) per the manufacturer's instructions. Concentrated peptides were resuspended in a 25-μl aqueous solution (0.1% FA) and subsequently quantified using a Nanodrop One spectrophotometer (Thermo Scientific). Peptides were transferred to auto-sampler vials for LC-MS/MS measurements.
[bookmark: _Toc177728161]Protein identification and quantification
All peptides were analyzed using two-dimensional LC on an Ultimate 3000 RSLCnano system (Thermo-Fisher Scientific) coupled with a Q Exactive Plus mass spectrometer (Thermo-Fisher Scientific). For each sample, a 2-μg inject of digested peptide mixture was flowed across an in-house-built strong cation exchange (SCX) Luna trap column (5 µm by 150 µm by 50 mm) (Phenomenex) followed by a nanoEase symmetry reversed-phase (RP) C18 trap column (5 µm by 300 µm by 50 mm) (Waters) and an aqueous solvent (5% ACN and 0.1% FA), then washed for 10 min. The loaded peptide mixtures were separated and analyzed across three successive SCX fractions of increasing concentrations of ammonium acetate (35 mM, 50 mM, and 1 M), each followed by a 100-min linear organic gradient (250 nl/min flow rate) from 5% aqueous solvent (5% ACN and 0.1% FA) to 30% organic solvent (80% ACN and 0.1% FA) to separate peptides across an in-house-pulled nanospray emitter (75 µm by 350 mm) packed with C18 Kinetex RP C18 resin (1.7 µm) (Phenomenex). All MS data were acquired with Thermo Xcalibur (version 4.2.47) using the top N method, where N could be up to 10. Target values for the full-scan MS spectra were 3 × 106 charges in the 300 to 1,500 m/z range with a maximum injection time of 25 ms. Transient times corresponding to a resolution of 70,000 at m/z 200 were chosen. A 1.6 m/z isolation window and fragmentation of precursor ions was performed by higher-energy C-trap dissociation with a normalized collision energy of 27 eV. MS/MS scans were performed at a resolution of 17,500 at m/z 200 with an ion target value of 1 × 105 and a 50-ms maximum injection time. Dynamic exclusion was set to 20 s to avoid repeated sequencing of peptides. All MS raw data files were analyzed using the Proteome Discoverer software (version 2.5) (Thermo-Fisher Scientific) 110. Each MS raw data file was processed by the SEQUEST HT database search algorithm 111 and confidence in peptide-to-spectrum (PSM) matching was evaluated by Percolator 112. Peptide and PSMs were considered identified at q < 0.01 and proteins were required to have at least one unique peptide sequence. Protein relative abundance values were calculated by summing together peptide extracted ion chromatograms. Organism relative abundances were calculated by dividing their summed protein abundances from the sum total of all quantified protein abundances 87, 98.
[bookmark: _Toc177728162]Statistical analysis
Proteins with at least one unique peptide were exported from Proteome Discoverer. Log2-transformation of protein abundances was performed followed by local regression (LOESS) normalization and mean-centering across the entire dataset using InfernoRDN software (v1.1.7793) 113. To identify the differences in the proteome expression of the bacteria between different sample groups, PERMANOVA was performed across the control, distant from root, root tip, and root base samples at 24- and 48-h time points using the vegan package (v.2.5-7) in R 114. Protein abundances subset for each bacterial strain of the SynCom were extracted from the normalized dataset and further mean-centered using InfernoRDN. To improve the robustness of downstream analysis, the analysis was limited to proteins that were identified in at least two of three replicates of at least one sample group. The abundance values for proteins with missing values were imputed with random values drawn from the normal distribution (width 0.3, downshift 2.8) using Perseus software (v.1.6.12.0) 115. To identify the proteins that are differentially expressed across the measured proteomes, ANOVA was performed (permutation-based false discovery rate [FDR] < 0.05; number of randomizations = 250) across experimental conditions. Proteins that passed the significance threshold of P value ≤ 0.05 were characterized as significantly differentially abundant. One-way hierarchical clustering of standardized Z-scores using Euclidean distances for rows was performed for significantly changing proteins. For the clusters obtained, GO enrichment tests were performed using a Fischer's exact test using the OmicsBox software tool (v.1.4.11) (https://www.biobam.com/omicsbox). Biological process and molecular function GO terms that had an FDR-controlled P value < 0.05 were considered enriched.
[bookmark: _Toc177728163]Results and discussion
[bookmark: _Toc177728164]A novel approach to extract and characterize root-associated microbiomes using metaproteomics
Currently, extraction methods employing washing are used for metaproteomic characterization of root-associated microbiomes 56, 116. Here, we evaluated the performance of a detergent-based wash solution (i.e., root wash) and compared it with the novel peptide extraction method from agar (i.e., agar extraction) (discussed below). For both methods, high-resolution mass spectrometry-based metaproteomics was employed to characterize the microbiome directly associated with a 3-week-old P. trichocarpa root surface 48 h post inoculation with a 10-member SynCom.
We found large differences in the number of total proteins identified and the plant root protein contamination between the two methods. For the root wash method, we identified 5,776 proteins, and approximately 37% (Figure 4.2A and 4.2B) of these were from Populus roots. Although metaproteomics has been applied in several root-related studies 56, 117, 118, to our knowledge, there are no previous measurements that could be used to appropriately benchmark these results. Moreover, comparing these results to other studies is not trivial given that microbiome complexity (composition and function) is context specific. Nevertheless, qualitatively, these measurements achieved a similar depth in the number of organisms and proteins identified when compared with a measurement performed on a cell pellet obtained from the inoculum used for SynCom inoculation (Figure 4.3A). In general, this comparison suggests that the amount of biomass available for metaproteomic measurements in this plant–microbe root system was not a limitation.
The ability to selectively extract and characterize microbiomes from the agar surrounding the whole plant root system is expected to improve the depth and context of metaproteomic measurements for three major reasons: (i) avoiding an extraction directly from the root surface is expected to reduce the number of identified plant proteins; (ii) the amount of microbial biomass is not limited by root surface area; and (iii) spatial sampling provides locational context which, if varied across the root or nutritional gradients, enables the sampling of potential niche members or functional signatures that would otherwise be missed. Therefore, we compared the results from the root wash (whole root wash, 48 h) to an experimentally paired agar plug excised from the surrounding root (whole root plug, 48 h). Indeed, the overall metaproteomics depth achieved by this novel extraction method far surpassed the washing method alone (approximately 53% gain in protein IDs). In total, the extract and measurement from the collected whole root agar plug resulted in a higher number of proteins identified (8,853 proteins) with a notably lower percentage of plant proteins (3.3%) observed (Figure 4.2A and 4.2B). Additionally, approximately 90% of the proteins identified by the root wash method overlapped with the associated whole root agar plug.
Although the overall depth of the metaproteome coverage improved, the microbiome composition is expected to be spatially influenced by the plant root system. Therefore, we used metaproteomics to estimate relative microbial biomass amounts 98 (Figure 4.2C; Supplementary Table S1) and performed an analysis of variance (ANOVA) test to assess the similarity of composition and relative abundance of organisms between the microbiome directly associated with the plant root system (root wash) and the microbiome in agar immediately surrounding the root (agar extraction). For this particular comparison, the overall microbiome composition was statistically unchanged (P = 1). Individually, however, a relatively low-abundance member (Rhizobium sp. strain CF142) did slightly vary in abundance between the two extractions (Table 4.1). The observed change in the abundance of this particular microbe could be indicative of a biological deviation from the averaged microbial population directly interacting with the root surface; however, an alternative explanation is that the increased metaproteomics depth resulting from reduced plant root protein “contamination” improved the accuracy of the estimated average composition of root-associated microbes. Furthermore, the agar-plug extraction method increased measurement reproducibility, as demonstrated by derived organism ratios across replicates (Figure 4.2C). Regardless, the estimated microbial compositions are nearly indistinguishable between the two approaches but, more importantly, the success of the agar-plug extraction method provides exciting new opportunities to achieve spatially resolved metaproteomics along the plant root axis.
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[bookmark: _Toc177728915]Figure 4.2: Proteins extracted from root-associated microbiomes using different extraction methods for plant-agar samples at 48 h. (A) Average number of proteins identified (n = 3). Error bars represent standard error of mean. (B) Percentage of proteins identified for synthetic community (SynCom) and Populus trichocarpa. (C) Relative organism abundances for the bacterial strains using their summed protein abundances.
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[bookmark: _Toc177728916]Figure 4.3: Global proteomics metrics using novel agar extraction method. (A) The average number of proteins identified from control liquid stock 0-h. (B) The average number of proteins identified from control plugs at 0-h, 24-h and 48-h (n=3). (C) The average number of proteins identified from root tip, root base and distant from root plugs at 24-h and 48-h (n=3). Error bars represent standard error of mean.

	Organism
	logFC
	adj.P.Val

	Rhizobium sp. CF142
	0.04034625
	0.03962449

	Bacillus sp. BC15
	0.00138612
	0.0621787

	Pantoea sp. YR343
	-0.096815
	0.30685596

	Pseudomonas sp. GM17
	0.09726219
	0.30990795

	Caulobacter sp. AP07
	0.020101
	0.30990795

	Paraburkholderia sp. BT03
	-0.0321095
	0.31604486

	Duganella sp. CF402
	-0.0319169
	0.33093848

	Streptomyces mirabilis YR139
	0.00043477
	0.33093848

	Sphingobium sp. AP49
	0.00167475
	0.88251789

	Variovorax sp. CF313
	-0.0003637
	0.94010831



[bookmark: _Toc177728726]Table 4.1: LIMMA results using the relative abundances of the individual taxa comparing the agar sample to the root wash. Positive log fold change indicates increase in agar relative to root. A Benjamini-Hocherberg correction for multiple tests was applied.




[bookmark: _Toc177728165]Spatially resolved metaproteomics along the plant root axis
Spatiotemporal patterns of microbiome assembly, organization, and function are expected to exist along the plant root axis 93, 119 yet it remains unknown how, why, when, and where particular microbes successfully compete for plant-derived nutrients. Therefore, the ability to obtain high-quality metaproteomic datasets from agar motivated us to characterize the temporal and spatial assembly of the SynCom community along the P. trichocarpa plant root system.
Prior to studying the assembly and function of the SynCom along the plant root axis, we employed the newly developed extraction method to assess community composition changes between 0-, 24-, and 48-h time points in the absence of the plant (control) when allowed to grow in a modified growth media (discussed below). To support early microbial growth and motility, the Hoagland's growth media commonly used for growing plants was supplemented with 0.1% sucrose and 0.3% agarose (Figure 4.1A). On average, the number of identified proteins increased across the time points (Figure 4.3B), and this is likely a result of increases in available biomass as well as changes in the metaproteome expression profiles. Importantly, the estimated starting SynCom composition was statistically unchanged when extracted from the inoculum or using the newly developed agar extraction method (P = 1) (Figure 4.4). Based on a permutational multivariate analysis of variance (PERMANOVA) (P = 0.004), the overall community composition changed significantly in control across the 48-h period (Figure 4.5). Individually, nine members exhibited a significant change in their relative abundance between the time points (Table 4.2). In this particular environment (i.e., media sans P. trichocarpa), Pantoea sp. strain YR343 increased in relative abundance to become a dominant member of the SynCom at the 24-h time point. However, this was no longer apparent at the 48-h time point, whereby Caulobacter sp. strain AP07 and Rhizobium sp. strain CF142 became the two most dominant members.
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[bookmark: _Toc177728917]Figure 4.4: Assessment of microbial relative population sizes based on their summed protein abundances. Relative population sizes of microbes in control liquid stock 0-h and control plug 0-h, n=3.
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[bookmark: _Toc177728918]Figure 4.5: Assessment of microbial relative population sizes based on their summed protein abundances. Averaged organism relative abundances (n = 3) are illustrated for identified microbes in control plugs at 0, 24, and 48 h and three discrete locations surrounding the plant root system (root tip and base and a region distant from the root) at 24- and 48-h time points.







	Organism
	DF
	p-value

	Rhizobium sp. CF142
	2
	0.000865

	Bacillus sp. BC15
	2
	0.07

	Pantoea sp. YR343
	2
	0.00129

	Pseudomonas sp. GM17
	2
	4.91E-08

	Caulobacter sp. AP07
	2
	3.33E-05

	Paraburkholderia sp. BT03
	2
	9.22E-07

	Duganella sp. CF402
	2
	2.44E-08

	Streptomyces mirabilis YR139
	2
	0.0017

	Sphingobium sp. AP49
	2
	4.32E-06

	Variovorax sp. CF313
	2
	4.67E-06











[bookmark: _Toc177728727]Table 4.2: ANOVA results for each member in the 10-member SynCom based on the relative abundances over time.






The same starting SynCom solution was then applied to a 3-week-old P. trichocarpa root system and allowed to grow for 48 h. To assess the influence of the plant root system on SynCom assembly, agar plugs were excised to obtain three spatial measurements: root tip, root base, and a region distant from the plant root system. Each discrete location was characterized at 24- and 48-h time points (Supplementary Table S1). Similar to the no-plant SynCom measurements, the average number of identified proteins generally increased from the 24- to 48-h time point and proteins identified per sample group ranged from 2,500 to 3,500 across the sample groups (Figure 4.3C). Overall, biological reproducibility between agar was high (average Pearson correlation coefficients of approximately 0.89).
To assess the effect of plant, spatial location, and time on the SynCom, PERMANOVA was performed on Euclidean distances using the metaproteomics data collected. Overall, the plant root system had the greatest influence on the measured microbiomes (50%), followed by the interaction between plant and time (24%), and time (14%) (Figure 4.6A; Table 4.3). Intriguingly, there was a notable difference between microbiome compositions in the control agar plug at the 48-h time point and the region distant from the root at the 48-h time point. Both sample groups were expected to have similarly assembled communities at the 48-h time point because the influence of plant nutrients was absent or presumably lacking. Given the observed differences in microbiome composition, this result suggests that the plant root's zone of influence reaches significantly outward to the edges (approximately 3 to 4 cm from nearest root) of the plant-agar culture plates. Here, the root-associated microbiome composition largely favored the abundance of Pantoea sp. strain YR343, with its relative abundances increasing in the SynCom along the root system and the greatest abundance being observed at the root base. Additionally, four individual members of the SynCom had relative abundances that were significantly changing across the plant root axis (Table 4.4). For example, Rhizobium sp. strain CF142 became the second most dominant member at the root tip at the 48-h time point (Figure 4.5).
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[bookmark: _Toc177728919]Figure 4.6: Association with plant shows higher variation in proteome expression of synthetic community. (A) Nonmetric multidimensional scaling (NMDS) plot based on Euclidean distances of 10-member proteomics data showed higher variation is observed in relation to association with the plant (permutational multivariate analysis of variance [PERMANOVA], R2 = 50.2%) followed by the interaction between the relation to plant and time (24%) and then time (13.9%). (B) NMDS plot based on Euclidean distances of Pantoea sp. strain YR343 proteomics data showed that higher variation is observed in relation to association with plant (PERMANOVA, R2 = 65.7%) followed by the interaction between the relation to plant and time (17.1%) and then time (8.4%).







A. 
	 ADONIS 10-member SynCom results 

	Variable 
	 
	Df 
	R2 
	P 

	Spatial location  
	 
	3 
	0.502 
	0.001 

	Time 
	 
	1 
	0.139 
	0.001 

	Spatial location: Time 
	 
	3 
	0.24 
	0.001 



B. 
	 ADONIS Pantoea sp. YR343 results 

	Variable 
	 
	Df 
	R2 
	P 

	Spatial location  
	 
	3 
	0.657 
	0.001 

	Time 
	 
	1 
	0.084 
	0.001 

	Spatial location: Time 
	 
	3 
	0.171 
	0.001 



[bookmark: _Toc177728920]Table 4.3: PERMANOVA results of Euclidean distances of proteins. (A) From all 10-member SynCom and (B) Pantoea sp. YR343 using the spatial location along the plant and time of sampling.
	Organism
	DF
	p-value

	Rhizobium sp. CF142
	2
	0.139

	Bacillus sp. BC15
	2
	0.0517

	Pantoea sp. YR343
	2
	0.0699

	Pseudomonas sp. GM17
	2
	8.72E-04

	Caulobacter sp. AP07
	2
	0.0513

	Paraburkholderia sp. BT03
	2
	2.09E-01

	Duganella sp. CF402
	2
	1.85E-01

	Streptomyces mirabilis YR139
	2
	0.027

	Sphingobium sp. AP49
	2
	1.45E-02

	Variovorax sp. CF313
	2
	1.50E-03



[bookmark: _Toc177728728]Table 4.4: ANOVA results for each member in the 10-member SynCom based on the relative abundances at the 48h time across spatial locations.






[bookmark: _Toc177728166]Detecting functional changes in microbial activity along the plant root axis
Beyond estimating microbiome compositions, metaproteomics can improve our understanding of how a distinct subset of SynCom members was able to grow and thrive along the plant root system in this particular environment 54, 120. To this end, we interrogated the proteome data of Pantoea sp. strain YR343, the most dominant plant-root-associated microbe, to assess its functional profile across the 24- and 48-h time points with and without the plant root system. Altogether, this analysis included 1,803 proteins representing approximately 37% of the encoded Pantoea sp. strain YR343 reference proteome. Importantly, this amount of proteome coverage is similar to what was achieved in prior proteomic studies of this individual bacteria 121, 122.
Factors influencing microbiome composition were similar to those affecting proteome expression of Pantoea sp. strain YR343. PERMANOVA results indicate that the plant root system has a major influence (66%) on proteome expression, followed by the interaction of plant and time (17%) and time (8%) (Figure 4.6B; Table 4.3). To identify the differentially abundant proteins in Pantoea spp. across the measured proteomes, an ANOVA test was performed; 1,720 proteins were determined to have a significant difference in relative protein abundance across the sample groups (P value ≤ 0.05). One-way hierarchical clustering was performed providing a comprehensive picture of protein regulation across the experimental conditions (Figure 4.7). In total, four major clusters were observed. The cluster with the most membership (cluster 3; 566 proteins) consists of proteins with increased relative abundance in all plant root extractions when compared with the control samples at the 24- and 48-h time points. In other words, cluster 3 represents proteins upregulated in relative abundance in the presence of the 3-week-old P. trichocarpa root system. A gene ontology (GO) enrichment analysis on the proteins in cluster 3 revealed 36 overrepresented GO terms for biological processes and molecular functions (Supplementary Table S6). These GO terms included but were not limited to ion binding, cell motility, transport, response to stress, membrane organization, generation of precursor metabolites, and energy. At a high functional level, these molecular processes explain how Pantoea sp. strain YR343 responds to the plant root chemical environment where it competes for available resources through overexpression of several motility-related proteins such as methyl-accepting chemotaxis proteins, response regulator proteins with CheY-like receiver domains, chemotaxis signal transduction proteins, and reprogramming its growth and metabolic activities.
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[bookmark: _Toc177728921]Figure 4.7: Hierarchical clustering results for Pantoea sp. strain YR343. One-way hierarchical clustering (rows = Euclidean distances) of Z-scores of log2-transformed protein abundances for significantly regulated proteins (multiple-sample test analysis of variance was performed in Perseus software, permutation-based false discovery rate < 0.05; number of randomizations = 250) across experimental conditions for Pantoea sp. strain YR343 revealed four major clusters of proteins.
[bookmark: _Toc177728167]Conclusions
Functional genomic measurements for plant-root-associated microbiomes are often challenged by the performance of available extraction methods 123. In nature, plant root systems are surrounded by complex soil chemistries and physical properties that will vary by biome (e.g., tropical, temperate, or grassland) 124, 125. In order to effectively extract the limited amount of available microbiome DNA, mRNA, or proteins, extraction protocols are often tailormade to the characteristics of the environmental matrix 126, 127. For example, soils sustaining plants in natural forests or agricultural crops with higher humic acid amounts can be problematic for protein extraction methods 128, 129. When successful, these holistic approaches provide necessary information for improving our understanding of plant–microbe interactions occurring in natural ecosystems by considering the interdependencies of environment, function, and genotype 54, 130. Unfortunately, the complexity of these systems is often too high to answer questions related to how microbiome communities and functions are altered by plant root rhizodeposition at certain points in space or time.
In order to address knowledge gaps precluded by too much complexity, experimental representation of biological systems is instead refined to key parameters and their interplay. For plant-microbe interactions, these reductionist approaches are performed using a variety of artificial components 131, 132 or engineered laboratory systems and permit us to answer important questions currently unobtainable in natural ecosystems 37, 133. For example, the widely used plant-agar system offers a well-controlled platform, with low-to-medium complexity, that would permit us to answer several important questions. How do microbiome communities assemble in the presence of a plant root system? How does composition and function change along the plant root system at certain points in time and space? Does assembly and maintenance of root-associated microbiomes observed with a specific plant genotype remain the same for other host genotypes? Unfortunately, a method to assess spatiotemporal plant–microbe interactions along the root system in plant-agar systems at a molecular level is yet to be realized.
In order to address this technical limitation, we developed a novel peptide extraction method for high-resolution metaproteome characterization of plant-agar systems. After inoculating a 3-week-old Populus plant root system with a 10-member SynCom and allowing growth for a 48-h period, we compared the performance (number of proteins identified) and resulting estimates of organism relative abundances between a root wash method and the newly developed agar extraction method. When comparing the two methods, we observed statistically unchanged estimates of microbiome composition and deeper metaproteome measurements (approximately 53% gain in protein identifications) for the agar extraction method, supporting the utility of the agar extraction method for whole-root characterization of microbiomes. More importantly, we demonstrated that this method affords new capabilities in sampling the spatial composition and function of root-associated microbiomes along the plant root axis.
For this particular plant–microbe biological system, substantial changes in composition and function were observed from the root base to the root tip, and even at a region distant from the plant root system. These findings have significant implications in our understanding of how microbiomes respond to plant rhizodeposition and how nutrient availability can affect the nature of microbiome assembly in different niche environments, particularly those associated with Populus spp. In fact, this study was designed to complement a previous work that used the same 10-member SynCom but assessed microbiome assembly in a liquid culture environment with rich or minimal media 87. The high-level observation that the same 10-member SynCom forms different assemblies across varying methodological frameworks is quite intriguing because we can now work to identify rules of assembly, and understanding these rules will give us greater insight into predicting how microbiomes assemble in different environments. More broadly, we anticipate that this novel extraction approach will benefit other soft-agar plate studies that study nutrient exchange among microbes 134.
Quite surprisingly, we recognized that the 10-member SynCom community assembled in this study is nearly identical in composition to that observed in a previously studied clay soil matrix that was measured using 16S ribosomal RNA gene amplicon sequencing 16. The major difference between the two experiments is that it took 21 or 2 days to form nearly identical communities in potted soil or plant-agar, respectively. We posit that environmental matrix properties such as hydration levels, which affect the diffusion of plant rhizodeposits and microbial mobility, resulted in these temporal differences. Although we anticipate that community assembly will become more distinct between the plant-agar system and more natural soils, the relatedness with clay soil matrix addresses concerns about the plant-agar system being too artificial.














[bookmark: _Toc177728168]Chapter 5
[bookmark: _Toc177728169]Unraveling bacterial adaptation strategies in the microbiome shaped by the chemical environment of the plant rhizosphere
Text and figures were adapted from the following published journal article:
Appidi. Manasa, Bible. Amber, Abraham. Paul, Jawdy. Sara, Hettich. Robert & Morrell-Falvey. Jennifer. (2024). Unraveling bacterial adaptation strategies in the microbiome shaped by the chemical environment of the plant rhizosphere. Phytobiomes Journal. 10.1094/PBIOMES-08-24-0081-R.
Manasa R. Appidi’s contributions include proteomic sample preparation, data collection and data analysis, writing and revisions of the manuscript.
Note: All the supplemental material including supplementary figures and tables mentioned in text are available at https://doi.org/10.1094/PBIOMES-08-24-0081-R and their numbering reflects that of the online material.
[bookmark: _Toc177728170]Introduction
The rhizosphere represents a dynamic and complex environment where chemical and physical factors play crucial roles in shaping microbial communities 135, 136. Plant roots release a variety of compounds, such as root exudates, which serve as a rich nutrient pool for microbial populations and signals for plant-microbe interactions 137, 138. These exudates, comprised of sugars, organic acids, amino acids, and other compounds, create a unique chemical milieu that attracts and sustains a diverse array of microorganisms 96, 138, 139. Simultaneously, the physical structure of the rhizosphere, influenced by root morphology and soil composition, further contributes to the niche-specific conditions 140, 141. The intricate interplay of chemical and physical parameters in the rhizosphere dictates the composition and functioning of associated microbial communities, impacting plant health and nutrient cycling 142. Bacteria that are beneficial to the plant are collectively referred to as plant growth-promoting rhizobacteria (or PGPR), and they influence plant growth and health by exerting a range of functions such as phosphate solubilization, nitrogen fixation, enhancing water availability, suppression of pathogenic activity, and synthesis of phytohormones 143-145. The intricate interactions between plants and PGPR within the rhizosphere underscore the complexity of functional dynamics in this critical zone and emphasize the pivotal role these bacteria play in fostering and modulating plant health. Beyond their direct interactions with the plant host, plant-associated bacteria interact with other soil organisms, competing for space and resources in the complex soil ecosystem 146. Comparative genomic analyses of diverse bacteria have uncovered specific genes that are enriched in plant-associated bacteria compared to their non-plant-associated counterparts, particularly in genes related to carbohydrate metabolism 105. Similarly, meta-transcriptomic investigations of microbial communities in the rhizosphere have unveiled specific pathways and gene products crucial for survival in this dynamic environment 147, 148. Furthermore, the characterization of mutants in genetically tractable organisms has identified additional bacterial gene products contributing to plant association 149, 150. Despite significant strides in unraveling the drivers of plant association, there remain considerable knowledge gaps regarding how environmental conditions in the rhizosphere, along with interactions among diverse organisms, shape the composition and functionality of the plant microbiome. To this end, metaproteomics can provide important complementary information about the detailed metabolic activities of microbial communities, thereby helping to expand our understanding of these dynamics and provide insights into the complex interplay between plant-associated bacteria and the surrounding environment.
To gain a deeper understanding into the chemical and physical cues that drive plant-microbe interactions, researchers often employ synthetic microbial communities consisting of defined mixtures of microorganisms 39, 151, 152. These model systems help delineate the functions of specific microbial taxa in plant-microbe interactions, not only on an individual basis, but also within the larger context of the microbial community. Key mechanisms underlying the establishment of symbiotic relationships, nutrient cycling, and the overall resilience of plant-associated microbial ecosystems can be uncovered by manipulating synthetic communities in controlled experiments. This approach provides valuable insights into the fundamental principles governing plant-microbe interactions. In our previous studies, a metaproteomic analysis of a synthetic microbial community consisting of ten bacterial strains isolated from Populus deltoides roots grown under varying nutrient conditions revealed a number of functions and adaptation strategies employed by the most abundant bacterial species in the community in response to interspecies interactions and nutrient competition in a simplified liquid media 87, 88. The bacterial strains in the ten-member constructed community were selected to be representative of the diversity found within the natural poplar microbiome 87, 88, 153. In the current study, we aimed to better understand how these ten bacterial species alter their proteome in the presence of a plant host which influences microbial behavior through chemical cues and physical interactions.  Historically, these types of studies present a unique set of challenges, including limited bacterial biomass, inherent difficulty in separating bacteria from plant root tissue, and extraction of plant proteins that may influence measurements of the bacterial proteome 154. Recent strides in methodologies, particularly those employing a plant in an agar system, have facilitated the extraction of microbial proteomes from the agar surrounding plant roots and provided insights into the spatial dynamics of microbial recruitment and community composition 155. Despite these advances, there is a need for novel approaches that can effectively surmount the existing challenges associated with studying microbial functions that are most likely influenced by the chemical environment of the plant. 
In this study, we employ a unique approach for analyzing bacterial responses to the plant rhizosphere chemical environment by applying bacteria to a filter that is in contact with the plant roots.  The use of a filter allows for chemical exchange between the bacteria and the plant roots but prevents physical interactions between them, thereby facilitating efficient bacterial collection for proteomics analyses. While this reductionistic approach was designed as a practical solution to studying how bacteria respond to the chemical environment of a plant, we acknowledge the constraints associated with this experimental design, namely that the bacteria are not in direct contact with the plant root, which precludes measurement of contact-dependent responses and that the quantity and composition of the applied bacterial samples may not reflect the spatial and temporal organization of the natural community. For these reasons, we take care to qualify our results in the framework of our experimental approach and avoid over-reach about the more complicated in vivo system.  Using this approach, we investigated the proteome profiles of ten bacterial strains originally isolated from the Populus rhizosphere. Our experimental design involved assessing the bacterial proteomes when grown individually and in a synthetic community in both the presence and absence of a plant. Our findings demonstrate discernible differences in the behavior of individual bacterial strains in response to the chemical environment of a plant host and within a plant-associated bacterial community. This study contributes to our understanding of the dynamic interplay between bacteria and their surroundings and provides valuable insights into bacterial functional adaptations in response to the plant host and other species within the microbial community. 
[bookmark: _Toc177728171]Materials and methods
[bookmark: _Toc177728172]Preparation of plants, bacterial cultures, and growth conditions
Sterile cuttings of Populus trichocarpa genotype BESC819 plants were generated from shoot tips of greenhouse-grown plants and grown in Murashige-Skoog (MS) media for three weeks for rooting in plant growth chambers as described previously 150.  Bacterial strains used in this study are listed in Table 5.1. All strains were grown in 100 mL liquid R2A media (Teknova) with shaking at 28°C.  Most strains were grown overnight, but slower growing strains, including Rhizobium sp. CF142 and Streptomyces sp. YR139, were grown for two days.  The Pantoea sp. YR343 transposon mutant MCP2190::Tn5 was described previously 149.
[bookmark: _Toc177728173]Expression of plant-responsive promoters on Populus roots using filter-based system
Pantoea sp. YR343 (pPROBE-DGC2884) was grown overnight in R2A media with shaking at 28°C 149.  Cells were collected by centrifugation at 5,000 rpm for 5 minutes (Eppendorf 5424 microcentrifuge), then washed and resuspended in PBS at a final optical density of 2.11 (at 600 nm).  Next, we placed 3-week old rooted Populus cuttings on the surface of agar plates consisting of 0.25 X Hoagland’s modified basal salt mixture (PhytoTech Labs) with 0.1% sucrose and 1.5% agar.  A sterilized 0.45 µm nylon filter (Millipore) was placed along the length of the plant root or on top of the media as a control.   Washed cells were then spotted as 5 µL drops on the sterilized filter strips and incubated in a plant growth chamber at 24°C with a 12-hour light and 12-hour dark photoperiod.  After 24 hours, cells were scraped from filters and imaged for expression of GFP (green fluorescent protein) using a Zeiss LSM710 confocal microscope equipped with a 63X objective. 
	Bacterial strain
	Phylogeny

	Streptomyces mirabilis YR139
	Actinobacteria

	Bacillus sp. BC15
	Firmicutes

	Caulobacter sp. AP07
	α-Proteobacteria

	Rhizobium sp. CF142
	α-Proteobacteria

	Sphingobium sp. AP49
	α-Proteobacteria

	Duganella sp. CF402
	β-Proteobacteria

	Paraburkholderia sp. BT03
	β-Proteobacteria

	Variovorax sp. CF313
	β-Proteobacteria

	Pantoea sp. YR343
	γ-Proteobacteria

	Pseudomonas sp. GM17
	γ-Proteobacteria

	Engineered Strains
	Reference

	YR343 (pPROBE-DGC2884)
	149

	MCP2190::Tn5 mutant (mCherry)
	149

	Pantoea sp. YR343:GFP
	150


[bookmark: _Toc177728729]Table 5.1: Bacterial strains utilized in this study
[bookmark: _Toc177728174]Bacterial inoculation on Populus roots using a filter-based system
We used 0.25 X Hoagland’s modified basal salt mixture (PhytoTech Labs) with 0.1% sucrose and 1.5% agar in standard 100 mm diameter petri dishes for studying bacterial responses to plant root chemicals.  Fresh cultures of bacterial cells were collected by centrifugation at 5,000 rpm for 5 minutes in a F13-14x50cy rotor.  Cells were washed in sterile PBS, then adjusted to a volume of 10 mL at an optical density at 600 nm (OD600) of 6.0.  Next, we added individual plants to petri dishes filled with the plant media. On top of each plant root, we added a sterilized 0.45 µm nylon filter (Millipore) and took care to ensure the membrane contacted roots only, not stems or leaves. We then added 1 mL of cell culture to the filter.  For control experiments that had no plants, we placed a sterilized 0.45 µm nylon filter on the plant media directly and then added 1 mL of cell culture.  For the 10-member community, all ten strains were mixed in equal ratios and inoculated onto nylon filters both in the presence and absence (control) of a plant root as described above for individual strain inoculation. In order to avoid damaging the plants, lids were removed from the petri dishes for the duration of the experiment and replaced with a sterilized 8-ounce PhytoCon clear plastic container (PhytoTech labs) to maintain adequate humidity and a sterile environment.  All containers were placed into a reach-in plant chamber and incubated at 24°C with a 12-hour light and 12-hour dark photoperiod for 48 hours prior to harvesting the bacteria.  Bacterial cells were harvested for proteomics by rinsing filters with PBS and collecting cell pellets in microcentrifuge tubes.  Cell densities were measured to allow for standardization during data analysis.
[bookmark: _Toc177728175]Cellular protein extraction for proteomic analyses
Cell pellets were resuspended in 300 µL of lysis buffer (4% sodium dodecyl sulfate (SDS) in 100 mM Tris, pH 8.0) by vortexing. Samples were heated at 90°C in a heat-block for 10 minutes followed by sonication for 2 mins (30% amplitude, 10-s pulse with10-s rest, 2-min total pulse time) (Branson digital soniﬁer) and heated for additional 10 minutes at 90°C. Samples were centrifuged at maximum speed for 10 minutes to remove the cell debris and the cell lysates were collected into a fresh tube. Proteins were quantified using a Nanodrop One spectrophotometer (Thermo Scientific). Samples were reduced with 10mM dithiothreitol (DTT) and incubated at 90°C for 10 minutes. Samples were then alkylated by incubating with 30 mM iodoacetamide (IAA) for 15 minutes in the dark to prevent the reformation of disulfide bonds. Proteins were agglutinated on Sera-Mag beads using Protein Agglutination Capture method as described previously 109. Proteins were digested with two separate and sequential aliquots of sequencing grade trypsin (Promega) at 1:75 (wt/wt) protein:trypsin ratio. Proteins were first digested overnight, followed by 3 hours. The digestions were done at 37°C at constant shaking. The samples were acidified with formic acid to 0.5% formic acid concentration and vortexed.  Vivaspin 500 columns (10 kDa MW cutoff filter) were equilibrated with 500µL of 100mM tris, pH 8.0 and centrifuged at 12,000 x g for 15 minutes. Tryptic peptides were added to the equilibrated Vivaspin columns and centrifuged at 12,000 x g for 15 minutes and the flow-through was collected. Care was taken to not aspirate Sera-Mag beads. Peptides were quantified using a Nanodrop One spectrophotometer (Thermo Scientific) and transferred to the auto-sampler vials for LC-MS/MS measurement.
[bookmark: _Toc177728176]Protein identification and quantification
All peptides were analyzed using two-dimensional (2D) liquid chromatography (LC) on an Ultimate 3000 RSLCnano system (Thermo Fisher Scientific, USA) coupled with a Q Exactive Plus mass spectrometer (Thermo Fisher Scientific, USA). For each sample, a 2 μg inject of digested peptide mixture was flowed across an in-house built strong cation exchange (SCX) Luna trap column (5µm, 150µm X 50mm; Phenomenex, USA) followed by a nanoEase symmetry reversed phase (RP) C18 trap column (5µm, 300µm X 50mm; Waters, USA) an aqueous solvent (5% ACN, 0.1% FA) and then wash for 10 min. The loaded peptide mixtures were separated and analyzed across three successive SCX fractions of increasing concentrations of ammonium acetate (35mM, 50mM, and 1M), each followed by a 100-minute linear organic gradient (250 nL/min flow rate) from 5% aqueous solvent (5% ACN, 0.1% FA) to 30% organic solvent (80% ACN, 0.1% FA) to separate peptides across an in-house pulled nanospray emitter (75 µm X 350 mm) packed with C18 Kinetex RP C18 resin (1.7 µm; Phenomenex, USA). All MS data were acquired with Thermo Xcalibur (version 4.2.47) using the top N method where N could be up to 10. Target values for the full scan MS spectra were 3 x 106 charges in the 300 – 1,500 m/z range with a maximum injection time of 25 ms. Transient times corresponding to a resolution of 70,000 at m/z 200 were chosen. A 1.6 m/z isolation window and fragmentation of precursor ions was performed by higher-energy C-trap dissociation (HCD) with a normalized collision energy of 27 eV. MS/MS scans were performed at a resolution of 17,500 at m/z 200 with an ion target value of 1 x 105 and a 50 ms maximum injection time. Dynamic exclusion was set to 20 s to avoid repeated sequencing of peptides. All MS raw data files were analyzed using the Proteome Discoverer software (version 2.5, Thermo Fisher Scientific, USA) 110. Each MS raw data file was processed by the SEQUEST HT database search algorithm 111and confidence in peptide-to-spectrum (PSM) matching was evaluated by Percolator 112. Peptide and PSMs were considered identified at q < 0.01 and proteins were required to have at least one unique peptide sequence. Protein relative abundance values were calculated by summing together peptide extracted ion chromatograms. Organism relative abundances were calculated by dividing their summed protein abundances from the sum total of all quantified protein abundances 98.
[bookmark: _Toc177728177]Statistical analysis
Proteins with at least one unique peptide were exported from Proteome Discoverer. Log2-transformation of protein abundances was performed followed by LOESS normalization and mean-centering across the entire dataset using InfernoRDN software v1.1.7793 113. For the community samples, protein abundances subset for each bacterial species were extracted from the normalized dataset and further mean-centered using InfernoRDN. To improve the robustness of downstream analysis, the analysis was limited to proteins that were identified in at least two out of three replicates of at least one sample group. The abundance values for proteins with missing values were imputed with random values drawn from the normal distribution (width 0.3, downshift 2.8) using Perseus software v.1.6.12.0 115. To identify the proteins that are differentially abundant in the presence of a plant compared to the control for each bacterial species, a student’s t-test was performed and proteins that pass the significance threshold of p-value ≤ 0.05 and absolute Log2-fold change greater than 1 are characterized as significantly differentially abundant.
[bookmark: _Toc177728178]Root colonization assays
Colonization experiments were performed as described previously 150.  Briefly, wild type Pantoea sp. YR343 and the MCP2190::Tn5 mutant (affecting PMI39_02190) were grown overnight in R2A media as described above.  We treated 3-week-old P. trichocarpa BESC819 plants that were transplanted into a clay soil supplemented with Hoagland’s nutrient solution with approximately 107 cells per plant.  Plants and bacteria were grown for three weeks as described above, then harvested for analysis of colony forming units and imaging of root colonization.  To facilitate imaging, we used a GFP-labeled wild type strain and a mCherry-labeled MCP2190::Tn5 strain that was generated previously 149.  Imaging was performed using a Zeiss LSM710 confocal microscope.
[bookmark: _Toc177728179]Results
[bookmark: _Toc177728180]A filter-based system enables the study of bacterial responses to the plant root chemical environment without physical contact with the plant
The ability to examine how plant root association influences bacterial physiology has been hampered by the difficulty of separating root-associated bacterial biomass from plant material to allow for robust proteomic analyses.  As a compromise, we reasoned that bacterial responses to the plant host could be examined using a filter-based system that allows chemical exchange between the plant root and bacterial inoculum but maintains physical separation to facilitate bacterial sample collection (Figure 5.1).  Control experiments were performed by growing bacteria on a filter in the absence of a plant (Figure 5.1A) and compared to bacteria on a filter placed over a plant root (Figure 5.1B, 5.1C).  For these experiments, we utilized nylon filters with a 0.45 µm pore size due to the convenience of sterilization, overall durability, and common use in metabolomics studies (for example, 156), suggesting minimal negative effects on chemical communication between the plants and bacteria.  To test this experimental design, we utilized a previously characterized plant-responsive reporter strain of Pantoea sp. YR343 in which GFP expression is driven by the promoter of a gene encoding a diguanylate cyclase (PMI39_02884) that is active in the presence of a plant host 149.  A nylon filter was placed on the roots of P. trichacarpa BESC819 on an agar plate containing 0.25 X Hoagland’s media supplemented with 0.1% sucrose and the Pantoea sp. YR343 reporter strain was applied to the filter and allowed to incubate for 24 hours.  A control filter with the reporter strain was placed on a separate agar plate to examine the response in the absence of the plant.  Comparison of GFP fluorescence levels from the Pantoea sp. YR343 reporter strain showed significantly higher fluorescence in the presence of the plant root compared to the control filter indicating that the promoter of gene PMI39_02884 can be activated under these experimental conditions (Figure 5.1D, 5.1E). This result is consistent with the assumption that bacteria can respond to the chemical environment of the plant through the filter. 

[image: Graphical user interface

Description automatically generated with medium confidence]
[bookmark: _Toc177728922]Figure 5.1: Overview of experimental design and proof-of-concept. The experimental design consisted of agar plates with nylon filters that were inoculated with bacteria and placed on agar plates as (A) a control or (B) on the roots of an axenic Populus trichocarpa BESC819 plant. (C) plant root after removal of the filter with bacteria. (D, E) GFP expression in Pantoea sp. YR343 (pPROBE-DGC2884) cells grown on filters in the (D) absence or (E) presence of a plant root.  GFP expression is controlled by a plant responsive promoter that responds to chemical signals detected through the filter. 





[bookmark: _Toc177728181]Quantification of bacterial proteomes revealed varying responses to the presence of a plant by individual isolates 
Based on the results above, we proceeded to investigate the impact of the plant-associated chemical environment on the responses of ten bacterial species previously isolated from Populus deltoides roots 87, 88. Each bacterial species was grown individually and inoculated onto nylon filters both in the presence and absence (control) of a plant root. Following incubation for 48 hours, the bacterial cells were collected from filters for proteomic analyses. In this global proteomic measurement, taxon-specific proteins were identified across the ten bacterial strains grown individually, with comparable measurement depths between strains grown in the absence or presence of plant roots (Figure 5.2, Supplemental Table 1). 
To identify the responses of these bacterial strains to the plant root environment, a differential proteomic analysis was performed for each strain. To assess changes in the abundances of individual proteins in the presence of plant compared to controls for each strain, a student’s t-test was performed and proteins with significant differences (p-value < 0.05, and absolute log2 FC >1) in protein abundances were identified (Supplemental Table 2). In response to the plant root chemical environment, these bacterial strains displayed varying degrees of changes in their proteome regulation (Figure 5.3). For example, a large percentage of the Bacillus sp. BC15 proteome underwent significant changes (~54%); a similar trend was observed in Duganella sp. CF402 (~50%). However, the directionality of change is opposite in these two strains, with 87% of the differentially abundant proteins showing an increase in abundance in Bacillus sp. BC15, whereas 85% of the differentially abundant proteins showed a decrease in abundance in Duganella sp. CF402 when grown in the presence of a plant. In Pantoea sp. YR343, although only 33% of its measured proteins displayed significant changes in the presence of a plant compared to the control, more proteins (56%) showed an increased abundance, similar to Bacillus sp. BC15.  All other bacterial strains displayed a similar trend as Duganella sp. CF402, where the majority of the significantly changing proteins exhibited decreases in abundance in the presence of a plant. The shifts in protein abundances across these bacterial strains highlight strain specific patterns in [image: Chart, bar chart
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[bookmark: _Toc177728923]Figure 5.2: Average number of proteins identified (n=3) in proteomic analysis of ten bacterial strains grown individually in the absence or presence of the plant. Error bars represent standard deviation of mean. 
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[bookmark: _Toc177728924]Figure 5.3: Stacked bar charts showing the number of differentially abundant proteins for ten bacterial strains grown individually in the presence of a plant compared to when grown in the absence of a plant.



[bookmark: _Toc177728182]The plant-associated chemical environment impacts the microbiome population structure
We then investigated the impact of the plant-associated chemical environment on proteomic changes of these ten bacterial strains when grown together in a mixed community. Based on previous studies of the 10-member community in plant root colonization 153, we prepared a mixture of all ten strains in equal ratios that was then inoculated onto nylon filters both in the presence and absence (control) of a plant root. After 48 hours of incubation, the bacterial cells were collected from filters for metaproteomic analyses. Taxon-specific proteins were identified for the community samples from control experiments and when grown in the presence of plant roots (Figure 5.4A, 5.4B and Supplemental Table 3). The depth of the measurements decreased somewhat for each strain compared to when grown individually yet remained comparable between the presence or absence of plants. Due to variations in measurement depths for each strain when grown individually and in a community setting, we deemed it was more informative to compare functional categories rather than protein inventories to discern plant-driven and community-driven responses in these bacterial strains. 
First, to identify the impact of Populus root chemical environment on the microbiome population structure after 48 hours, the relative abundances of each bacterial strain in the community were assessed and compared between control and with plant samples using summed protein abundances (i.e., summed total relative protein abundance per organism divided by the summed total protein abundance of community) (Figure 5.5). To assess how the plant affects the microbial community, PERMANOVA was performed using the metaproteomics data. Overall, the change in the relative protein abundances for the community was not statistically significant (p=0.1). However, the individual organism's relative abundances changed between the control and in the presence of the plant. Five members (Bacillus sp. BC15, Pantoea sp. YR343, Paraburkholderia sp. BT03, Pseudomonas sp. GM17, and Variovorax sp. CF313) of the 10-member community showed statistically significant increases in their relative abundances when grown with the plant compared to the control. Three species (Caulobacter sp. AP07, Duganella sp. CF402 and Sphingobium sp. AP49) showed statistically significant decreases in their relative organism abundance, while changes in relative abundances of Rhizobium sp. CF142 and Streptomyces sp. YR139 were not statistically significant (Supplemental Table 4). 
[image: Chart, bar chart

Description automatically generated]
[bookmark: _Toc177728925]Figure 5.4: Overview of number of proteins identified in metaproteomics results for ten bacterial strains grown in a mixed community in the absence or presence of a plant. (A) Average number of proteins identified for the 10-member community grown in the absence or presence of a plant (n=3). Error bars represent standard deviation of mean. (B) Average number of proteins identified for each bacterial strain in the 10-member community grown in the absence or presence of a plant. 
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[bookmark: _Toc177728926]Figure 5.5: Relative population sizes of ten bacterial strains in the mixed community grown in the absence or presence of a plant assessed using summed protein abundances. 





Individual proteome information of each bacterial strain was extracted from the metaproteomics data, and a differential analysis was performed between control samples and those grown in the presence of a plant for each strain to identify individual strain responses to the plant root environment when present in a mixed community. Proteins with significant differences (p-value < 0.05, and absolute log2 FC >1) in abundances were identified for each strain in the community (Supplemental Table 5). Varying degrees of proteomic changes were observed across the ten strains in the mixed community in response to the plant root environment (Figure 5.6). Interestingly, Bacillus sp. BC15 again exhibited significant changes in abundance in a large portion of its proteome (~88%) in response to the presence of a plant root, of which 86% showed increase in abundance. Similarly, ~57% of the proteins in Pantoea sp. YR343 showed significant changes in abundance, with ~84% of them increasing in abundance. In all other bacterial strains, the majority of the significantly changing proteins exhibited decreases in abundance in the presence of a plant. 
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[bookmark: _Toc177728927]Figure 5.6: Stacked bar charts showing the number of differentially abundant proteins for ten bacterial strains grown in a mixed community in the presence of a plant compared to when grown in the absence of a plant.






[bookmark: _Toc177728183]Bacteria shift metabolic function at a taxon-specific level in response to the plant root chemical environment 
To gain insights into the metabolic potential of the microbiome in the presence of a plant, we began by first assessing the overall functional changes for each of the ten bacterial strains grown individually in the presence of a plant compared to a control (no plant) condition (Figure 5.7).  We classified the differentially abundant proteins into specific functional categories using the Clusters of Orthologous Group (COG), employing eggnog v5.0 in eggnog-mapper v2 (http://eggnog-mapper.embl.de/) 157, 158. Proteins that have several COG categories assigned were counted for each COG category. The analysis was extended beyond the isolated conditions to explore how these metabolic processes change within the context of a constructed community (Figure 5.8). Notably, a substantial majority of the differentially abundant proteins identified in all bacterial strains were associated with COG categories related to metabolic processes, specifically C (energy production and conversion), E (amino acid transport and metabolism), F (nucleotide transport and metabolism), G (carbohydrate transport and metabolism), H (coenzyme transport and metabolism), I (lipid transport and metabolism), and P (inorganic ion transport and metabolism). In all isolates, we observed both increases and decreases in the abundances of proteins found in these COG categories, suggesting that the strains were undergoing dynamic metabolic remodeling in response to the chemical environment of the plant. Amino acid transport and metabolism was the most common set of proteins that showed increased abundance within the metabolism category for each of the microbes when grown with the plant.  We also found that in the category related to inorganic ion transport and metabolism, Pantoea sp. YR343 and Caulobacter sp. AP07 showed the largest abundance increase in these proteins.  Sphingobium sp. AP49, on the other hand, was one of the few isolates to show a significant increase in the abundance of proteins related to lipid metabolism.
While observing changes in metabolism of individuals in the presence of a plant revealed common responses to the chemical environment surrounding the plant, introduction of a microbial community yielded insights into the metabolic flexibility of microbes in an environment where other bacteria may be competing for similar resources.  In this study, we found that Bacillus sp. BC15 was seemingly unaffected by the addition of the other microbial isolates and exhibited an increased abundance across several categories of metabolic proteins.  Pantoea sp. YR343 also continued to display increased abundance across several metabolic categories, with a notable increase in proteins related to nucleotide metabolism. Surprisingly, Sphingobium sp. AP49 showed a dramatic decrease in the overall number of metabolism-related proteins that showed increased abundance in the presence of a plant.  Lastly, we also noticed increased abundance in proteins involved in carbohydrate metabolism and transport, particularly for Paraburkholderia sp. BT03, Pseudomonas sp. GM17, Streptomyces sp. YR139, and Variovorax sp. CF313, in the presence of the community compared to when grown individually with the plant.
Because our assessment of COG categories indicated shifts in microbial metabolism in the presence of a plant, we specifically investigated the responses of ATP-binding cassette (ABC) transporter proteins, one of the largest superfamilies of transporters within the ten bacterial strains. The quantitative analysis shown in Figure 5.9 revealed noteworthy changes in the transporter protein abundances across the ten bacterial strains. The largest number of ABC transporter proteins were identified in the proteomics data from Rhizobium sp. CF142 and Variovorax sp. CF313 in both the individual isolate and community experiments. When grown individually, all of the isolates showed a larger fraction of ABC transporter proteins that were significantly less abundant in the presence of the plant compared to the fraction that was significantly more abundant, with the exceptions of Bacillus sp. BC15 and Pantoea sp. YR343. Although fewer ABC transporters were identified in the community dataset overall, the trends seen in the individual isolate data were repeated for the majority of isolates, with the exceptions of Paraburkholdaria sp. BT03 and Pseudomonas sp. GM17, which showed slightly higher or equal fractions of ABC transporters that were significantly more abundant in the presence of the plant compared to the fraction that was significantly less abundant (Figure 5.9).
Whether inoculated individually or as part of a mixed community, Bacillus and Pantoea exhibited a significant increase in the abundance of proteins across a large percentage of their proteomes when grown in the presence of plant. This augmented proteome expression is paralleled by an increase in the relative population sizes of these strains within the community in the presence of a plant compared to the control. Notably, among the ten bacterial strains in the community, Pantoea sp. YR343 increased in its relative population size to become the third most abundant member in the community at 48 hours in the presence of a plant.  In contrast, Pantoea sp. YR343 was among the least abundant members in the absence of the plant (Figure 5.5). These findings strongly suggest that the proteomic responses, characterized by an increase in protein abundance, contribute to the success of Bacillus and Pantoea in the community in the presence of a plant. Note that even though Pantoea's favorable response to the presence of the plant is known, the details of the molecular mechanism driving this beneficial association are not known. To delve deeper into the underlying mechanisms and functions driving this shift in relative abundance, we further investigated the proteins that increased in abundance in response to presence of a plant for both Bacillus and Pantoea.
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Description automatically generated]Figure 5.7: Functional analysis of bacterial strains grown individually in the absence or presence of a plant using Clusters of Orthologous Groups (COGs). Stacked bar charts show percentages of differentially abundant proteins in response to the presence of a plant. COG categories A : RNA processing and modification,  B : Chromatin structure and dynamics,  J : Translation, ribosomal structure and biogenesis,   K : Transcription, L : Replication, recombination and repair, C : Energy production and conversion, E : Amino acid transport and metabolism, F : Nucleotide transport and metabolism,  G : Carbohydrate transport and metabolism, H : Coenzyme transport and metabolism, I : Lipid transport and metabolism, P : Inorganic ion transport and metabolism, Q : Secondary metabolites biosynthesis, transport and catabolism, D : Cell cycle control, cell division, chromosome partitioning, M : Cell wall/membrane/envelope biogenesis, N : Cell motility, O : Post-translational modification, protein turnover, chaperones, T : Signal transduction mechanisms, U : Intracellular trafficking, secretion, and vesicular transport, V : Defense mechanisms, W : Extracellular structures, Z : Cytoskeleton, S : Function unknown, N/A : Not Assigned.













[image: ]
[bookmark: _Toc177728929]Figure 5.8: Functional analysis of bacterial strains grown in a mixed community in the absence or presence of a plant using Clusters of Orthologous Groups (COGs). Stacked bar charts show percentages of differentially abundant proteins in response to the presence of a plant. COG categories A : RNA processing and modification,  B : Chromatin structure and dynamics,  J : Translation, ribosomal structure and biogenesis,   K : Transcription, L : Replication, recombination and repair, C : Energy production and conversion, E : Amino acid transport and metabolism, F : Nucleotide transport and metabolism,  G : Carbohydrate transport and metabolism, H : Coenzyme transport and metabolism, I : Lipid transport and metabolism, P : Inorganic ion transport and metabolism, Q : Secondary metabolites biosynthesis, transport and catabolism, D : Cell cycle control, cell division, chromosome partitioning, M : Cell wall/membrane/envelope biogenesis, N : Cell motility, O : Post-translational modification, protein turnover, chaperones, T : Signal transduction mechanisms, U : Intracellular trafficking, secretion, and vesicular transport, V : Defense mechanisms, W : Extracellular structures, Z : Cytoskeleton, S : Function unknown, N/A : Not Assigned.












[bookmark: _Toc177728930][image: ]Figure 5.9: Stacked bar charts illustrate the distribution of identified ABC transporters in ten bacterial strains. Each bar represents the total number of ABC transporters identified for a bacterial strain in this study, with segments further divided to depict the counts of ABC transporters that increased in abundance, decreased in abundance, or showed no significant change in abundance in the presence of a plant.  

[bookmark: _Toc177728184]Bacillus sp. BC15 becomes metabolically active in the presence of a plant	
The findings from the differential proteomic analysis for Bacillus sp. BC15 grown in the absence or the presence of a plant (as isolates or as individuals within a community), highlighted the dynamic changes in its proteome as a response to plant root. To understand the role of the proteins that increased in abundance in the presence of a plant, a gene ontology (GO) enrichment analysis was performed, utilizing a right-sided hypergeometric test and applying a Benjamini-Hochberg correction to pathways with a p-value less than or equal to 0.05. The focus was specifically on the biological process category, and the analysis was conducted using ClueGO v2.5.6, a Cytoscape plug-in application 159 (Figure 5.10). The GO enrichment analysis on proteins that increased in abundance when Bacillus sp. BC15 was grown individually revealed several GO terms as significant; these include but are not limited to organonitrogen compound metabolic process, carbohydrate metabolic process, sulfur compound metabolic process, lipid metabolic process, cellular nitrogen compound metabolic process (Figure 5.10A and Supplemental Table 6). Together, these functions suggest a response of Bacillus sp. to the presence of plant roots involving specific metabolic adaptations, consistent with the COG analyses (Figure 5.7).
The GO enrichment analysis for Bacillus sp. BC15 grown in the community also showed similar results where several GO terms associated with the proteins that increased in abundance in the presence of the plant were found to be significant, these predominantly are involved in several metabolic processes, cellular component biogenesis, generation of precursor metabolites and energy (Figure 5.10B and Supplemental Table 6). This overlap of significant GO terms highlights similar functional responses by Bacillus to the influence of a plant root, whether grown individually or in community.
Protein level analysis revealed an increase in abundance of proteins associated with active metabolism in Bacillus in the presence of a plant. Additionally, several proteins involved in various sporulation stages and small, acid-soluble spore proteins were identified in the dataset, some of which are differentially abundant when grown with the plant, suggesting a subset of the population is sporulated (Supplemental Table 7). However, the functional analysis of Bacillus proteins that increased in abundance in the presence of a plant whether grown individually or in community suggests that these proteins are primarily involved in metabolism and cellular processes. This suggests that the Bacillus population becomes metabolically active in response to chemical cues [image: Chart, bubble chart

Description automatically generated]produced by the plant.  

[bookmark: _Toc177728931]Figure 5.10: Functional changes in Bacillus sp. BC15 as a response to the chemical environment of the plant root. Gene ontology (GO) networks representing the significant results from GO enrichment analysis of biological process category (right-sided hypergeometric test, p-value <=0.05, Benjamini-Hochberg correction) of proteins that increased in abundance in the presence of a plant. GO enrichment analysis was performed using ClueGo application in Cytoscape (minimum number of genes/GO term = 3, % genes for group merge for GO term grouping = 50) when grown (A) individually or (B) in a mixed community.
[bookmark: _Toc177728185]Pantoea sp. YR343 shows increased abundance of proteins related to chemotaxis, motility, nutrient transport, and metabolism in response to the plant root chemical environment
To better understand the functions of proteins that showed increased abundance in Pantoea sp. YR343 in the presence of the plant, we performed a gene ontology (GO) enrichment analysis as described above. When Pantoea was grown individually in the presence of the plant, significant GO terms were found in signal transduction and cell motility (Supplemental Table 8). When Pantoea sp. YR343 was grown in a community in the presence of a plant, this analysis revealed significant GO terms associated with translation, organonitrogen compound metabolic process, cellular component assembly, cellular amino acid metabolic process, generation of precursor metabolites and energy, and membrane organization (Supplemental Table 8).  
We next compared the differentially abundant proteins of Pantoea sp. YR343 grown individually or in a community to determine whether we could identify a common response to growth in the presence of a plant.  Somewhat surprisingly, only a small number of proteins were found in both datasets, with the majority increasing in abundance (Figure 5.11A and Supplemental Table 9).  The functions of these common proteins include cell motility, nutrient transport, and metabolism as common responses to the presence of a plant. Among the proteins that increased in abundance in the presence of plants were several methyl-accepting chemotaxis proteins, a response regulator with a CheY-like receiver domain and flagellar machinery proteins (flagellin, flagellar motor switch protein FliM, flagellar M-ring protein) that are crucial for chemotactic responses and motility of bacteria (Figure 5.11B). The methyl-accepting chemotaxis proteins detect the environmental signals and initiate a chemotactic response in bacteria.  This signal is transduced through the chemotaxis machinery and affects the flagellar motor complex allowing the bacteria to move towards favorable conditions such as root exudates. In addition, several transporter proteins essential for uptake of essential nutrients increased in abundance when Pantoea sp. YR343 was grown in the presence of a plant, including ABC-type transport system (sugar, ribose, amino acid, thiamine, iron), phosphotransferase system (PTS) proteins involved in uptake of sugars (glucose, Mannose/Fructose/Sorbose family), maltose operon periplasmic protein MalM involved in maltose uptake, and ammonium transporters involved in uptake of ammonium,(Figure 5.11C). Increased abundance of these transport proteins suggests that these resources may be more readily available in the presence of plant roots or it may reflect metabolic strategies employed by Pantoea sp. YR343 that allow these cells to thrive and compete within the chemical environment surrounding the plant root. Several proteins involved in carbohydrate metabolic processes (phosphofructokinase, a key regulatory enzyme in glycolysis), amino acid biosynthesis (histidine biosynthesis bifunctional protein HisB, involved in biosynthesis of histidine, an essential amino acid) and amino acid metabolism (methionine synthase II, involved in metabolism of methionine, an essential amino acid) also increased in abundance in the presence of a plant. The increase in abundance of proteins involved in transport of nutrients as well as metabolic processes suggest a coordinated regulation of proteins in Pantoea in response to of the chemical environment surrounding the plant root. 
Finally, we examined the loss of function phenotype of one of the common proteins, a methyl-accepting chemotaxis protein (MCP). Pantoea sp. YR343 has 21 predicted methyl-accepting chemotaxis proteins based on a pfam search of proteins possessing a pfam00015 “MCP signal” domain, of which 10 MCPs showed an increase in abundance in the presence of the plant.  During previous studies, we isolated a transposon mutant affecting one of these MCPs, encoded by PMI39_02190 149.  Using fluorescently labeled wild type and mutant strains, we assessed colonization of P. trichocarpa BESC819 and found that the MCP mutant strain was significantly impaired in root colonization compared to the wild-type strain based on plating and imaging assays (Figure 5.11D, 5.11E). These data suggests that the increased abundance of this protein in the presence of the plant is functionally significant and plays a role in efficient root colonization. 
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Description automatically generated]Figure 5.11: Proteomic analysis of Pantoea sp. YR343 in response to the chemical environment of a plant root. (A) Overlap of differentially abundant proteins (based on Student’s t-test performed between proteins identified in Pantoea sp. YR343 grown in the absence or presence of a plant) between individual (left) and mixed community (right) conditions. Each node represents a unique protein accession, and the color indicates whether the relative protein abundance increased (red), decreased (blue), or increased in one condition but decreased in another (yellow) in presence of plant compared to absence of plant. Figure generated using DiVenn 2.0 160. (B) Heatmap illustrating the relative protein abundances of chemotaxis and motility related proteins of Pantoea sp. YR343 when grown individually and in mixed community. (C) Heatmap illustrating the relative protein abundances of transporter proteins of Pantoea sp. YR343 when grown individually and in mixed community.  (D) Bar chart showing a transposon insertion in gene (PMI39_02190) encoding a chemoreceptor (Protein ID J3C3Z1) shows reduced colonization compared to the wild type strain based on colony counts (E) Confocal images of Populus roots colonized by wild-type Pantoea sp. YR343 cells expressing GFP (left) compared to the MCP mutant expressing mCherry (right).  
[bookmark: _Toc177728186]Discussion
The significance of the plant root chemical environment in shaping microbiome assembly is well-established 24, 161, 162. In this study, we employed an in-depth proteomics approach to understand the functional adaptations of microbes in response to plant chemical signals. Historically, proteomics analysis of microbes associated with plants has proven difficult because microbial proteins are often swamped by those of the plant, thus requiring novel approaches to study each component separately.  Here, we employed a simple nylon filter-based system in which bacteria were inoculated on a filter that was placed on plant roots, allowing chemical communication between the plant and bacteria but not physical contact. While this system can be used to examine responses to plant root exudates, it excludes responses driven by soil factors or physical interactions with the plant root.  We validated this approach by using a plant-responsive reporter strain of Pantoea sp. YR343 which showed increased GFP fluorescence due to promoter activation in the presence of a plant root compared to control conditions indicating that the cells were able to respond to the chemical environment of the plant through the filter 149.  
To study responses of individual bacterial strains, an aliquot of culture (as described in methods) was inoculated on filters either with or without a plant. To study community responses, we started with equal ratios of ten bacterial strains to minimize the bias due to unequal starting ratios. This approach of using equal initial ratios allows each species to have an equal opportunity for interactions both with the plant root, as well as other microbes, and ensures the proteomic changes are attributable to experimental conditions i.e, plant root chemical signals rather than initial ratios. In both the microbial isolates as well as the microbial community samples, the proteome measurement depths for individual strains grown in the absence or presence of the plants were comparable. Not surprisingly, the measurement depths for individual strains grown in the community were lower compared to the proteomic measurements of individually grown bacteria.  The proteome coverage observed for the metaproteomic studies, however, are similar to other metaproteomic studies using constructed microbial communities 98. 
The proteome profiles of individual bacterial strains in a constructed community are influenced by many factors, including interspecies interactions and competition for nutrients and space which ultimately impact the biomass and measurement depth of each strain in the community sample. To discern whether the changes observed in the proteomes of bacterial strains grown in the absence or the presence of plant are driven by biological effects rather than measurement-depth, we employed a rank-based sorting of proteins based on abundances, which revealed that the decreases in protein abundances within specific functional categories are not a systemic change, supporting the conclusion that the observed proteomic changes are biological.
Within the functional categories, we observed that in most of the bacterial strains the majority of significantly changing proteins decreased in abundance in the presence of the plant compared to the control.  Because we only collected one timepoint in this study, however, it is unclear whether this result represents a step in the transition from growth in R2A liquid medium to the plant environment or is indicative of sustained growth in the presence of the plant. It is also possible that the quantity of bacteria applied to the filter was higher than would be sustained by plant exudates in the native rhizosphere, leading to nutrient limitation over time.  To distinguish between these possibilities, it would be informative to collect multiple samples over a longer time period to determine how the cells adapt to the plant environment. 
Metaproteomic analyses revealed population size shifts in the community in the presence of a plant and the bacterial species that displayed positive responses to the plant environment were pinpointed. The observed relative abundance changes of bacterial strains suggest a dynamic response to the chemical milieu of the rhizosphere (Figure 5.5). Notable increases in organism relative abundances exhibited by Bacillus sp. BC15 and Pantoea sp. YR343 when grown with a plant underscores the intricate interplay between bacterial community structure and the plant root environment.  However, it is essential to acknowledge that generalizing these responses might oversimplify the complex dynamics at play. Therefore, gaining a nuanced understanding of the adaptive strategies employed by individual species becomes crucial for understanding the molecular mechanisms governing these responses. 
Within this study, we observed that most of the differentially abundant proteins identified were in metabolism-associated COG categories and displayed both increases and decreases in abundance with respect to the presence of a plant. In the community, all the identified ABC transporters in Bacillus and about 60% in Pantoea increased in abundance in response to the presence of the plant.  These observed changes in transporter protein abundances and relative organism abundances in these strains strongly suggested a strategic reprogramming of nutrient acquisition strategies in the presence of a plant and underscored the significance of not only the sheer quantity but also the dynamic regulation of transporter proteins in bacterial adaptations to the plant milieu. Upregulated nutrient transporters imply an active pursuit of essential resources, potentially indicating symbiotic relationships or competitive interactions within the microbial community. Integrating these transporter results with the increase in abundance of metabolism related proteins, we observe a coordinated interplay between nutrient uptake and metabolic pathways in Bacillus and Pantoea. While Bacillus sp. BC15 and Pantoea sp. YR343 both exhibit the highest levels of metabolism-related protein upregulation, there are interesting adaptations within the remaining members of the community when competing with Bacillus and Pantoea.  For example, Paraburkholderia sp. BT03 and Pseudomonas sp. GM17 show a notable increase in the number and categories of metabolism-related genes that are upregulated in the presence of a community on a plant.  We also observed an increase in abundance for proteins that fall into the category of nucleotide metabolism in most of the strains when grown in a community on the plant, with the exception of Sphingobium sp. AP49, Caulobacter sp. AP07, and Duganella sp. CF402.   
Our proteomic data also indicated the presence of proteins involved in sporulation in Bacillus sp. BC15. Bacillus sp. are known to survive harsh environmental conditions by forming endospores that remain quiescent with minimal metabolic activity. Under favorable conditions, there is a morphogenic transition from dormant spores that then germinate into a metabolically active vegetative cell 163, 164. Previous studies have shown that Bacillus sp. BC15 forms spores in R2A media, however, the dynamics of spore formation in this growth condition are not well understood 87.  While inoculating Bacillus sp. BC15 in the form of spores in this study was not intentional, our data indicate that Bacillus undergoes germination into vegetative cells from dormant spores and becomes metabolically active in the presence of the plant suggesting that there are plant-specific cues capable of signaling germination. 
Chemotactic bacteria have been shown to have a competitive advantage for plant colonization 165.  Consistent with this, we observed that proteins related to chemotaxis were highly represented among the upregulated proteins on the plant both with and without the community.  Using a transposon mutant that was identified in a previous study of Pantoea sp. YR343 149, we were able to show that loss of function of one of the methyl-accepting chemotaxis proteins (encoded by PMI39_02190) that is more abundant in the presence of the plant resulted in reduced plant colonization compared to the wildtype strain. It will be of particular interest to determine to which plant-related compounds the bacteria are responding and how bacterial colonization patterns correspond to the distribution of those compounds. Combined with the data about metabolism and transport, these data suggest that under these conditions, Pantoea sp. YR343 is well-adapted to survival in the presence of a plant.  This result is consistent with previous studies using a plant agar-based system in which Pantoea sp. YR343 displayed a significant increase in its relative abundance in the presence of a plant 155. The identified functions of Pantoea as a response to plant chemical environment cover a spectrum of activities that collectively enable it to sense, respond, and adapt to the dynamic conditions presented by the plant root environment. These adaptations are crucial for establishing beneficial interactions, nutrient acquisition, and survival in the rhizosphere. Further studies focusing on these specific protein functions and their roles in interaction with Populus roots will provide more detailed insights into the molecular mechanisms underlying Pantoea’s adaptation to the Populus root environment.  
Our comparative proteomic and metaproteomic analysis have provided unique and detailed insights into the responses of various bacterial species to the plant root environment, demonstrating how these species respond and adapt on both an individual level, as well as the community level, in order to effectively navigate nutrient availability and competition in the rhizosphere. 
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