
ABSTRACT

VAN SCHAIK, JOHN GERALD. Synthetic Biology Methods for Engineering Root Microbiomes.
(Under the direction of Dr. Nathan Crook).

Plant microbiomes have a large effect on their host’s overall health and contain the

potential for tackling major challenges in the agricultural sector such as pathogen/pest

resistance and survivability in harsh environmental conditions. Utilization of plant micro-

biomes is often challenging as there is a limited understanding of their functions, assembly,

and mechanisms for colonization with too few genetic tools for scientists to research into

these interactions and phenotypes. During my PhD, we developed and expanded a variety

of methods, genetic tools, and workflows for a variety of root-associated bacteria and fungi.

We culminated my PhD research by utilizing these methods, tools, and workflows to better

understand colonization of the maize root microbiome.

In chapter 1, we reviewed the literature on plant root microbiomes and their intersec-

tion with synthetic biology in the context of DBTL approaches. We cover both top-down

and bottom-up approaches of DBTL methods in the microbiome, how synthetic biology fur-

thers these research endeavors, and the challenges/future directions for DBTL approaches

in plant root microbiome research. In chapter 2, we developed genetic tools and methods

for studying a synthetic, seven-member, maize root microbial community (SynCom). The

Maize Root Microbiome Toolkit (MRMTK) contains a modular cloning toolkit for five of the

seven bacteria in SynCom with standardized, high-efficiency transformation methods for

each strain. We characterized plasmid DNA copy number and viable selection markers for

each of the transformable bacterial strains and demonstrated the utility of high-efficiency

transformation methods through the generation of gene expression sequence libraries.

Selected sequences covering a range of expression strength for each bacterial strain were

characterized and incorporated into the MRMTK. Additionally, we demonstrated the use of

the toolkit by visualizing heterologous, expression of 4 different fluorescent proteins in each

of the transformable strains. In chapter 3, we sought to expand the genetic tools of genome

editing into both root-associated bacterial and fungal strains. Specifically, we applied a

self-curing CRISPR-Cas system for genome editing of the SynCom member Enterobacter

ludwigii strain AA4 (Elu) and adapted fungal CRISPR-Cas systems to the root-associated

filamentous fungi Nigrospora osmanthi (Nos) and the ectomycorrhizal fungi Hebeloma

cylindrosporum (Hcy). We removed production of Elu’s sole siderophore, Aerobactin, but

were unable to achieve genome editing in the fungal strain Nos. Transformation of the



CRISPR-Cas system to Hcy is still in progress and is currently being done by our collabora-

tors in the Garcia Lab. In chapter 4 , we addressed the challenge of DNA transformation of

non-model organisms. Speci�cally, we applied a rapid method for methylating plasmid

DNA (IMPRINT) that enhanced transformation in Salmonella enterica LT2 (LT2) through

bypassing restriction-modi�cation (RM) systems, a bacterial defense system to remove

from foreign DNA. We expanded the IMPRINT method to utilize linear DNA as both a

template for methyltransferase production and as a target for methylation by produced

methyltransferases. Finally, we attempted to demonstrate the utility of IMPRINT-enhanced

transformation in LT2 to increase genome editing ef�ciency with RED recombineering. In

chapter 5 , we expanded our study of the effect that DNA methylation has on transforma-

tion to the non-modal bacterial strains Paenibacillus sonchi (Pson), Paenibacillus graminis

(Pgra) and Paenibacillus ottowii (Pott). We identi�ed RM systems for each of the strains

as well as their close relatives and methylated plasmid DNA for transformation in their

respective strains through IMPRINT. Methylation patterns had a signi�cant effect on Pott

transformation but did not affect transformation of strains Pson and Pgra. In chapter 6 , we

utilized the MRMTK's high-ef�ciency transformation methods to screen metagenomic DNA

for colonization-enhancing functions in the low-abundance colonizing SynCom strain Pseu-

domonas putida strain AA7 (Ppu). We screened a metagenomic library of 5.8 Giga-Basepairs

(GB) of DNA sequence over two weeks in maize seedlings and found an enrichment of an

MBL-fold metallo hydrolase enzyme that enhanced the abundance of Ppu colonization

over 3-fold. Through genomic comparison between members of the SynCom we identi-

�ed 2 potential functions of the MBL-fold metallo hydrloase to be a quorum quenching

lactonase (QQL) or a sulfate ester hydrolase. The work presented in this thesis expands

the genetic tools and methods of root-associated bacterial and fungal strains for better

characterization of microbial physiology, interactions, and root assembly / colonization for

future production of plant probiotics.
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CHAPTER

1

SYNTHETIC BIOLOGY AND

ENGINEERING PLANT ROOT

MICROBIOMES

1.1 Summary

With the world population growing, agricultural innovations are needed to create sus-

tainable production to meet the rising demand (Bruinsma (2017)). Plant microbiomes

are a potential resource for bridging this gap with well-known plant growth-promoting

(PGP) bene�ts to their hosts. Microbiomes are complex with millions of microbe-microbe

(MM), microbe-plant (MP), and microbe-microbe-plant (MMP) interactions that make

leveraging the microbiome for these PGP bene�ts dif�cult. In this chapter, we cover the

design-build-test-learn (DBTL) approaches, how they are utilized in microbiome research,

and how synthetic biology enhances these approaches. We also review some of the chal-

lenges related to the implementation of synthetic biology tools and DBTL cycles in plant

root microbiome research as well as the future directions of this �eld. We envision that
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synthetic biology and utilization of the DTBL methods will rapidly enhance understanding

of root microbiomes and improve biotechnology for sustainable agriculture.

1.2 Introduction

Design-Build-Test-Learn (DBTL) is an engineering principle that consists of 4 phases that

are recursively looped for the achievement of desired outcomes, designs and / or goals

(Opgenorth et al. (2019)) (Figure 1.1). DBTL has been classically used in the �eld of metabolic

engineering of individual microorganisms for the industrial production of biochemicals

(Nielsen and Keasling (2016); Opgenorth et al. (2019)). The DBTL cycles start with the design

phase where researchers create an initial environment, system, or microbe / microbiome

to achieve a set of goal/ objective(s). The next phase is the build phase where researchers

construct the model, system, or microbe / microbiome to test functionality and / or the

achievement of the goals / objective(s). The �nal two phases are the test and learn phases

where researchers utilize the built systems within the designed space to measure responses

and analyze the results to create knowledge that can be reincorporated into the next DBTL

cycle. DBTL cycles are designed to be iterative and bring researchers closer to a larger

goal/ objective(s) through achievement of smaller goal / objective(s). An example of DBTL

cycle achievement has been the utilization of DBTL cycles in the metabolic precursor-

rich, gram-positive bacteria Streptomycetes. Speci�cally, metabolic engineering research in

Streptomyceteshas achieved genome-scale metabolic models for multiple strains, libraries

of inducible and constitutive promoters for variable expression of biosynthetic gene clusters,

an assortment of genome editing methods, and the production of complex metabolites

used as antibiotics, antifungals, anti-cancer and immunosuppressant drugs, pesticides,

and/ or herbicides across various strains of the genus (Whitford et al. (2021)). This is all

achieved despite many of the challenges that hamper synthetic biology advancements in

Streptomycetessuch as slow growth rates, competition with endogenous metabolic product

pathways, and phenotypic diversity within strains that impact reproducibility (Whitford

et al. (2021); Zhang et al. (2016)). While DBTL cycles generally take many iterations and

months to years of work to reach their goal / objective(s), researchers can achieve their goals

at a rapid pace once enough resources and knowledge accumulate. For example, E. coli

is the most well-studied microorganism with numerous methods and tools for metabolic

engineering. When DBTL cycles were coupled with machine learning, Opgenorth et al were

able to engineer a 21% increase in 1-dodecanol production across multiple strains of E. coli
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in just 2 cycles of DBTL (Opgenorth et al. (2019)).

Plant microbiomes contain diverse groups of microorganisms (bacteria, fungi, archaea,

protists, viruses, etc.) that can be either bene�cial, neutral, and / or pathogenic towards

their plant hosts (Trivedi et al. (2020); Philippot et al. (2013)). Bene�cial organisms can

provide a wider array of plant growth-promoting (PGP) bene�ts such as biostimulation (like

auxin-mediated root growth), biofertilization (conversion of nitrogen and phosphorus into

usable forms), and biocontrol (reduction / removal of plant pathogen infection). Due to the

size and diversity of plant microbiomes, the number of different microbe-microbe (MM),

microbe-plant (MP), and microbe-microbe-plant (MMP) interactions make a complex web

that is dif�cult for researchers to study and understand how these microbiomes coloniza-

tion, assembly, interact and provide PGP bene�ts. The quote by Richard Feynman, “What

I cannot create, I do not understand” well de�nes the scienti�c �elds' drive to uncouple

these complexities for studying microbiome interactions and plant microbiomes at large.

Typically, researchers have taken a reductionist path to "creating" plant microbiomes by

simplifying the native microbiomes into smaller and more tractable communities. There

generally are two types of simpli�ed microbiomes; Natural Communities (NatComs) and

Synthetic Communities (SynComs) (Jansson et al. (2023)). NatComs are microbial commu-

nities that were all isolated from sample of the native plant microbiome ( �Caušević et al.

(2022); Niu et al. (2017); McClure et al. (2020)). SynComs are communities that were built

from individual microbial isolates that are not all native to the plant microbiome (Zhang

et al. (2022); Niu et al. (2017); McClure et al. (2022)). NatComs offer the advantage of being

developed naturally from the plant host and are more representative of the plant host's

native microbiomes. They are often more complex with larger numbers of microorganisms

which makes them more dif�cult to utilize. SynComs generally are smaller in size (2-10

microbial isolates) and are built from individual isolates that have speci�c PGP functions

(Zhang et al. (2022)). Some simpli�ed microbial communities have traits of both NatComs

and SynComs with isolates being hand-selected but all being derived from the native micro-

biomes (Niu et al. (2017); Finkel et al. (2019); McClure et al. (2022)). While there is mounting

evidence that more complex and phylogenetically diverse microbiomes provide more stable

colonization, higher resilience to perturbation, and a wider diversity of PGP bene�ts (Xun

et al. (2021); Van Elsas et al. (2012); Li et al. (2023)), simpli�ed communities can still stably

colonize their plant host, show resilience to perturbations like fungal infection and provide

other PGP bene�ts to their hosts (Niu et al. (2017); Santhanam et al. (2015); Zhang et al.

(2019)).

In this chapter, we will highlight examples of the DBTL approaches in the context of
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Figure 1.1: Overview of DBTL Cycle
The DBTL cycle stands for Design, Build, Test and Learn. Initiation begins at the design
phase where the variables and experimental space are de�ned. The build phase in the

development of systems, methods, tools, equipment, or even microbial strains to test in
the designed experimental space. The Test phase is the third phase where the resources

developed in the built phase are tested against the variables and experimental space
de�ned in the design phase. The Learn phase is the �nal stage where data from the test
phase is analyzed for improvements and incorporation into the next design phase for

another cycle of DBTL.
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microbiomes and how the incorporation of synthetic biology enhances these approaches.

We also address some of the current challenges and prospects of utilizing synthetic biology-

enhanced DBTL approaches for studying root microbiomes.

1.3 DBTL - Top-down Approaches

DBTL cycles have been viewed through 2 approaches in the context of microbiomes; a

top-down approach or a bottom-up approach (Lawson et al. (2019); Ke et al. (2021)) (Figure

1.2). Both approaches ultimately are used to de�ne MM, MP, and MMP interactions but do

so through different means. A top-down approach generally runs the DBTL cycle from a

macro-scale by manipulating variables such as abiotic / biotic stresses, physicochemical

conditions, nutrient availability, and host genotype to monitor their effects on the root

microbiome and the desired biological process / PGP trait (Jansson and Hofmockel (2018)).

While researchers may monitor metabolic pathways or cellular behaviors through any of the

-omics (genomics, transcriptomics, metabolomics, proteomics, etc.), individual microbial

members, metabolic pathways, and the mechanism for PGP traits are not a priority when

designing or building the experimental space. In other words, the “Top” in the top-down

approach represents the plant's ecosystem and requires researchers to conceptualize these

eco-system level variables or inputs to effectively test their effect on the native microbiome.

One example of this is a study done with three different maize genotypes and contrasting

phosphorus levels (Gomes et al. (2018)). The results by Gomes et al. showed signi�cant

changes in the microbiome isolated from the roots for both bacterial and fungal species

across the plant genotypes and levels of phosphorus (Gomes et al. (2018)). Lower levels

of phosphorus recruited more arbuscular mycorrhizal fungi and Burkholderia bacterial

strains while genotypic variations of the maize plant modulated multiple groups of both

bacterial and fungal strains.

After multiple cycles with ecosystem-level variables, synthetic biology tools and meth-

ods become valuable for top-down approaches. Omics datasets (genomic, proteomic,

etc.) generated from top-down approaches provide valuable insights into the potential

functions / interactions with connections to groups of microbes and the eco-system level

variables but lack mechanistic details of these predicted interactions / functions and direct

connections to speci�c microbial strains. The integration of synthetic biology tools at this

stage helps identify these details. Speci�cally, synthetic biology tools integrated into the

DBTL cycles at this stage generally perform either an introduction and / or deletion of de-
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Figure 1.2: Top-Down and Bottom Up Approaches
An illustration of the Top Down and Bottom up approaches for DBTL cycles in

microbiomes. Top Down approaches utilize macro-scale variables such as nutrient
availability, plant host genotype, and abiotic / biotic stresses to test microbial interactions
and/ or PGP traits. Bottom up approaches utilize metabolic variables to create metabolic
models of microbiome isolates to test microbial interactions and / or PGP traits. Design
squares are colored in blue, Build squares are colored in red, Test squares are colored in

orange and the Learn square is colored in purple. This �gure was generated using
BioRender.
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sired biological processes / strains in the designed space (Ke et al. (2021)). Two examples

of these tools include functional screening and bacteriophage infections. In Wang et al.,

bacteriophages were utilized to infect and remove a single, pathogenic bacterial member of

the tomato rhizosphere microbiome, Ralstonia solancearum , (Wang et al. (2019b)). Removal

of this bacterial strain resulted in a reduction of wilt disease by 80 % and a drastic shift in

the rhizosphere microbiome that increased the total diversity of the microbiome through

enrichment of bacterial strains that inhibited the growth of Ralstonia solancearum (Wang

et al. (2019b)). Functional screening and in particular functional metagenomics utilities

gain-of-function screening to determine genes responsible for observed bene�cial biologi-

cal processes or the discovery of biological processes / microbial interactions. For example,

Crook et al. introduced E. coli Nissle (EcN) cells containing 85 megabases of metagenomic

DNA along with a 13-member, human gut SynCom into mice and were able to enrich EcN

colonization through carbohydrate metabolism containing metagenomic DNA sequences

(Crook et al. (2019)). Speci�cally, they saw the enrichment of the transcriptional factor gntR

that inhibits the utilization of gluconate. They further studied the behavior of this DNA

insert and hypothesized a potential link between N-acetylglucosamine metabolism and

inactivation of gluconate metabolism.

1.4 DBTL - Bottom-up Approaches

Compared to Top-down approaches, bottom-up approaches are more widely utilized by

the scienti�c community in both metabolic engineering and root microbiome research.

Bottom-up approaches set the priority on designing experiments around single, microbial

variables. This typically utilizes metabolic pathway variables like energy resources and nu-

trient / carbon resources to better understand biological processes, species interactions, and

spatiotemporal interactions (Lawson et al. (2019)). The build-phase of these approaches

will either create or utilize metabolic models for microbial isolates and network analysis

tools (Zomorrodi and Segrè (2016); Borenstein et al. (2008); Zomorrodi and Segrè (2016)).

Since microbiomes are mostly comprised of non-model organisms, these microbes lack

many of the advantages that model organisms (like E. coli, P. putida , and S. cerevisiae)

have with inadequately annotated genomes that result in poor / incomplete construction of

metabolic models. Recently the advancements in next-generation sequencing and improve-

ments in annotation pipelines have enabled researchers to begin compiling complete or

gap-�lled metabolic models of various root microbiomes centered around co-occurrence
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with maximal biomass production (Gonçalves et al. (2023); Sun et al. (2023); Mataigne et al.

(2022)). Speci�cally, the model by Sun et al. compiled a collection of rhizosphere isolates

that formed bio�lms to test MM interactions of bio�lm-forming rhizobia. Speci�cally, they

were able to show a high degree of competition between isolates with the most dominant

SynCom members containing the highest metabolic diversity and fastest growth rates.

Another example of a bottom-up approach was used by Mataigne et al. to test diverse

metabolite production and MP / MMP interactions of bacterial isolates from Arabidopsis

roots. Mataigne et al. constructed metabolic models for 193 isolates from previously anno-

tated genomes and systematically modeled combinations of these isolates to measure the

diversity of metabolites produced under speci�c plant root exudate conditions. Interest-

ingly, they found an optimal phylogenetic distance with roughly 20 isolates for the maximal

production of diverse metabolites. The more unrelated the strains were phylogenetically

and the more microbial isolates that were added to the model past this optimal threshold

had rapidly diminishing returns. While these dynamics were interesting, the largest effect

on the diversity of metabolites produced was the speci�c root exudates which showed that

the plant host has larger control over the rhizosphere metabolome than the microbiome

itself.

Similarly to top-down approaches, synthetic biology tools and methods are very im-

pactful in bottom-up approaches after a few turns of the DBTL cycle. While modeling

microbiomes can be validated invitro or inplanta , they are limited by unknown or pre-

dicted gene functions and the inability to directly identify the genes responsible for the

biological processes and / or microbial interactions. Genome-editing techniques can not

only overcome these limitations but also enable researchers to discover novel gene func-

tions (Ke et al. (2021)). While nearly all synthetic biology studies utilize E. coli, the discovery

of origins that replicate in a broad range of hosts (Broad Host Range, BHR) has led to the ex-

pansion of these tools into non-model organisms and the development of tools for genome

editing (Ke and Yoshikuni (2020)). The most common tools for understanding root mi-

crobiomes have been transposon sequencing (TNSeq) or randomly-barcoded transposon

sequencing (RB-TNSeq) (Van Opijnen et al. (2009); Wetmore et al. (2015)). Both techniques

utilize transposase enzymes that randomly integrate into bacterial genomes to interrupt

expression. When combined with next-generation sequencing (NGS) or whole genome

sequencing, researchers can determine what genes were disrupted by the transposon inser-

tion with population dynamics of each integration when using barcodes. Speci�cally, Cole

et al. utilized RB-TNSeq to screen the entire genome of Psuedomonas simiae for genes that

are responsible for its colonization of arabidopsis roots (Cole et al. (2017)). Transposons that
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inserted into carbohydrate utilization, motility and cell wall biosynthethsis genes showed a

signi�cant reduction in P. simiae's ability to colonize Arabidopsis roots. Additionally, Villalo-

bos et al. utilized RB-TNSeq to identify speci�c MM interactions between root colonizing

fungi Trichoderma atroviride and root colonizing bacteria Klebsiella michiganesis (Kmi),

Herbaspirillum seropedicae (Hse), and Pseudomonas simiae(Psi) (Villalobos-Escobedo et al.

(2023)). For the nitrogen-�xing bacterial strains, Hse and Kmi, there was direct competition

for iron with Trichoderma exudates. Pse was uniquely affected Trichoderma exudates with

sensitivity to antimicrobial compounds similar to polymyxin B and evasion of competition

for iron with the nitrogen-�xing bacterial strains and Trichoderma .

1.5 Challenges

Challenges in the application of the DBTL cycle to root microbiomes generally occur due to

poor genetic tools and method availability. While the previously discussed broad host range

plasmids are important for DNA replication in cells, there still are other hurdles that prevent

the progression such as highly ef�cient transformation and precision genome editing.

While BHR origins of replication are enabling research and genetic tool development in

a wide variety of strains, they can be limited with low-ef�ciency transformations. A great

example of this is the toolkit developed for the bacteria Komagataeibacter that can produce

high yields of pure cellulose materials for sustainable clothing manufacturing Goosens

et al. (2021). Goosens et al. were able to achieve great strides in variable expression of

heterologous proteins with various promoters, reporters and fusion tags. They were also

able to achieve genome editing in Komagataeibacter but were limited to a single strain

due to inef�cient transformation of the other strains. While developing synthetic biology

tools for organisms is becoming easier, a lack of or very poor transformation of non-model

organisms has often limited progress. Many factors inhibit ef�cient transformation such as

endogenous defense systems like restriction modi�cation (RM) systems and thick cell walls.

Expansion of novel transformation methods has been slow with most researchers utilizing

electrotransformation and chemical transformation methods over novel methods like

sonoporation and tribos transformation (Yoshida and Sato (2009)). Sonoporation has been

extensively utilized in eukaryotic transformation and gene therapies, and has potential high-

ef�ciency transformation into bacterial cells with Song et al. reporting ef�ciencies higher

than electroporation and conjugation for E. coli, P. putida and P. �uorescens transform (Song

et al. (2007)). Development of and adaptation of methods like sonoporation to non-model
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organisms will be needed to overcome poor transformation of non-model organisms.

In addition to inef�cient DNA transformation, bottom-up approaches have their own

set of unique challenges. Speci�cally, metabolic model construction relies heavily on anno-

tated genomes. These genomes are annotated through sequence homology, either DNA or

amino acid, to databases of genes and / or proteins with known functions. These methods

not only create a bias toward known metabolic pathways in models but are not always

accurate with one study by Vayena et al. showing upwards of 148 false gene annotations

that lead to 152 inaccurate metabolic reactions in E. coli (Vayena et al. (2022)). In addition

to misannotated genes, promiscuous enzymes, and unknown metabolic reactions also

create knowledge gaps that hamper the accuracy of metabolic models (Li (2022)). While ad-

vancements in gap-�lling methods can assist in creating more accurate metabolic models,

functional discovery and de�nition of gene function are sorely needed. Misannotated genes,

unknown genes / pathways, and promiscuous proteins all together represent a challenge for

researchers utilizing bottom-up approaches for studying non-model organisms in plant

microbiomes.

1.6 Future directions

The application of the microbiome to create plant probiotics that confer PGP traits is very

promising. There are multiple avenues available for future research to expand and acceler-

ate the development of microbial products. Understanding the persistence of genetically

engineered microbes (GEMs) and creating systems to ensure biocontainment is paramount

(Ma et al. (2023); Moe-Behrens et al. (2013); Dana et al. (2012)). There is currently a wide vari-

ety of biocontainment strategies that utilize technologies such as engineered auxotrophies

or killswitches that cause the GEM to perish if it escapes from the desired environment or

causes the expression of toxins if the engineered DNA is horizontally transferred to other

microbes (Hosseini et al. (2018); Chan et al. (2016); Chang et al. (2023)). Expansion into

other non-model organisms is the next step for utilization of GEMs as these technologies

are almost exclusively designed in E. coli and S. cerevisiae. In addition to utilizing genetically

engineered strains and the development of biocontainment, we expect further expansion

of high-throughput gain-of-function and loss-of-function research to discover new genes

responsible for PGP traits like biocontrol, biofertilization, and biostimulation. This will

not only expand the potential for plant probiotic treatments but will also be utilized to

reduce the number of genes with unknown functions in microbial genomes. As transfor-
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mation methods and genetic tools expand to more non-model organisms, our ability to

connect genes to PGP traits and biological functions will improve. Together these will be

particularly useful for bottom-up methods that utilize metabolic models. With advances in

bioinformatics, NGS, and machine learning, we envision that these advances with gene

discovery through functional research will not only enable better metabolic models for

more accuracy in understanding / modeling microbiome interactions but also better enable

designing SynComs from individual isolates with speci�c biological processes / features.

We ultimately envision a combination of both top-down and bottom-up approaches

being used to better de�ne root microbiome interactions and the development of plant

probiotic strains. Plant root microbiomes represent a largely untapped potential for tackling

many challenges in agriculture. The expansion of current synthetic biology tools into a

larger and more diverse set of microbial strains will unlock our ability to better understand

microbiome physiology, microbial interactions, and mechanisms for PGP traits to de�ne

the best practices and applications of biotechnology for sustainable agriculture.
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CHAPTER

2

MAIZE ROOT MICROBIOME TOOLKIT

ENABLES HIGH-THROUGHPUT

RESEARCH OF MAIZE ROOT

MICROBIOME

This work is published in ACS Synthetic Biology.

"Engineering the Maize Root Microbiome: A Rapid MoClo Toolkit and Identi�cation

of Potential Bacterial Chassis for Studying Plant–Microbe Interactions". John van Schaik,

Zidan Li, John Cheadle, and Nathan Crook. ACS Synthetic Biology 2023 12 (10), 3030-3040.

DOI: 10.1021/ acssynbio.3c00371.

2.1 Abstract

Sustainably enhancing crop production is a global necessity to meet the escalating demand

for staple crops while sustainably managing their associated carbon / nitrogen inputs. Lever-
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aging plant-associated microbiomes are a promising avenue for addressing this demand.

However, studying these communities and engineering them for sustainable enhancement

of crop production has remained a challenge due to limited genetic tools and methods.

In this work, we detail the development of the Maize Root Microbiome ToolKit (MRMTK);

a rapid Modular Cloning (MoClo) toolkit that only takes 2.5 hours to generate desired

constructs (5400 potential plasmids) that replicate and express heterologous genes in En-

terobacter ludwigii strain AA4 (Elu), Pseudomonas putida strain AA7 (Ppu), Herbaspirillum

robiniae strain AA6 (Hro), Stenotrophomonas maltophilia strain AA1 (Sma) and Brucella

pituitosa strain AA2 (Bpi) which comprise a model maize root synthetic community (Syn-

Com). In addition to these genetic tools, we describe a highly ef�cient transformation

protocol ( 107 � 109 transformants / � g of DNA) 1 for each of these strains. Utilizing this

highly ef�cient transformation protocol, we identi�ed endogenous Expression Sequences

(ES; promoter and ribosomal binding sites) for each strain via genomic promoter trapping.

Overall, the MRMTK is a scalable and adaptable platform that expands the genetic engi-

neering toolbox while providing a standardized, high-ef�ciency transformation method

across a diverse group of root commensals. These results unlock the ability to elucidate and

engineer plant-microbe interactions promoting plant growth for each of the 5 bacterial

strains in this study.

2.2 Introduction

Microbiomes have diverse impacts on plant health, including nutrient acquisition (Trivedi

et al. (2020); Zhang et al. (2019); Finkel et al. (2020)), stress response (Trivedi et al. (2020);

Eida et al. (2018); Thorgersen et al. (2021)), and disease resistance (Trivedi et al. (2020);

Mendes et al. (2011); Zhao et al. (2022); Hjort et al. (2014)). Determining the mechanisms

behind these plant growth-promoting phenotypes has been largely due to advancements in

`omics technologies and in high-throughput phenotypic measurements. For example, 16S

amplicon sequencing has greatly expanded our understanding of which microbes associate

with plant hosts and which are correlated with growth promotion, while high through-

put assays such as nutrient pro�ling (Zhang et al. (2019); Eida et al. (2018)), functional

genomics/ metagenomics (Finkel et al. (2020); Hjort et al. (2014)), and transposon mutant

libraries (Thorgersen et al. (2021); Mendes et al. (2011); Zhao et al. (2022)) have helped

uncover the genetic bases of these properties. Many of these studies are facilitated by the

use of simpli�ed systems, such as synthetic communities or single microbes inoculated
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with their plant host (Zhang et al. (2019); Finkel et al. (2020); Eida et al. (2018); Zhao et al.

(2022)), which greatly reduces system complexity and allows individual interactions to

be studied. However, the study of plant-microbe interactions is still limited by a lack of

genetic tools and methods for most members of the plant microbiome.Martínez-García

and de Lorenzo (2017); Yan and Fong (2017)

To bridge this gap, genetic toolkits have been developed with a variety of applications

for a variety of microorganisms. We can broadly classify these toolkits into two groups:

basic expression and advanced applications toolkits. Toolkits in the basic expression group

generally provide a set of plasmids or promoter sequences that provide a range of expression

levels for the selected microorganism. Toolkits in the advanced application group are diverse

but enable researchers to perform more complex tasks than expression of recombinant

proteins such as genome editing, genome integration, creating gene circuits, directed

evolution, etc. For model organisms (e.g. E. coli (Moore et al. (2016); Tong et al. (2021); Yang

et al. (2018); Shin and Noireaux (2012); Iverson et al. (2016)), P. putida (Calero et al. (2016);

Sathesh-Prabu et al. (2021); Cook et al. (2018); Wirth et al. (2020)), Saccharomyces cerevisiae

(Lee et al. (2015); An-adirekkun et al. (2020); Malc� et al. (2022); Simakin et al. (2023)) etc.), a

plethora of toolkits in the advanced application group exist that standardize and streamline

more complex operations like the ones mentioned earlier. A subset of these are Modular

Cloning (MoClo) toolkits that utilize the golden gate cloning technique, such as the Yeast

Toolkit (YTK) (Lee et al. (2015)), EcoFlex (Moore et al. (2016)), CIDAR (Iverson et al. (2016)),

etc. MoClo toolkits provide standardized parts and ef�cient cloning strategies that make it

straightforward to combinatorically assemble parts for the expression of proteins and / or the

more advanced applications listed above. Genetic toolkits are also emerging for non-model

microorganisms (DeLorenzo et al. (2018); Xia et al. (2019); Mózsik et al. (2021); Larroude et al.

(2019); Crozet et al. (2018); Chai et al. (2021)). These are usually speci�c to a single species

and de�ne various regulatory elements (e.g. promoters, ribosomal binding sites (RBSs)

and terminators) to enable a range of expression levels and can include some advanced

applications like genome editing or gene circuit design. There have also been efforts to

create genetic toolkits / collections that are generalizable to larger groups of organisms like

gram-negative bacteria, proteobacteria and both prokaryotes and eukaryotes (Schuster

and Reisch (2021); Prior et al. (2010); Martínez-García et al. (2023)). In the context of plant-

associated microbes, the well-studied Bacillus subtilis (Fu et al. (2022); Radeck et al. (2013);

Li et al. (2022)) and Pseudomonas species (Calero et al. (2016); Sathesh-Prabu et al. (2021);

Cook et al. (2018); Wirth et al. (2020)) have genetic toolkits that allow for tuneable and

inducible expression, genome engineering and protein secretion. While genetic tools are
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being adapted and developed in more non-model, plant-associated microbes (Wang et al.

(2022); Li et al. (2021b)), single microbiome toolkits and high transformation ef�ciencies (a

prerequisite for high-throughput genetics) remain an elusive bottleneck.

To start de�ning genetic tools for plant microbiomes, we focused on the 7-member

synthetic maize root microbiome (SynCom) (Niu et al. (2017)). This SynCom was chosen

for its simplicity, its representation of the complex and diverse maize root microbiome,

and its ability to model disease resistance and community assembly. Currently, there are 6

studies (Zhao et al. (2022); Xun et al. (2021); Xiao et al. (2017); Wagner et al. (2021); Salvato

et al. (2022); Krumbach et al. (2021)) that have utilized this SynCom, indicating that it is an

emerging standard for plant microbiome research. This SynCom has enabled studies of

community stability / dynamics (Xun et al. (2021); Xiao et al. (2017)), microbe-dependent

heterosis in maize (Wagner et al. (2021)), development of protein extraction protocols

for meta-proteomics in maize (Salvato et al. (2022)), identi�cation of biocontrol strains

against nematodes (Zhao et al. (2022)), and metabolic analysis of the SynCom strains

(Krumbach et al. (2021)). Genetic tools are available for two SynCom species: Enterobacter

ludwigii strain AA4 (Elu, formerly E. cloacae) and Pseudomonas putida strain AA7 (Ppu)

where genetic tools / methods developed in E. coli have been shown to be adaptable for

Enterobacter strains (Casavant et al. (2002); Bai et al. (2023); Liu et al. (2017b)) and a

plethora of tools developed in other Pseudomonas putida strains that may be adapted to

Ppu (Calero et al. (2016); Sathesh-Prabu et al. (2021); Cook et al. (2018); Wirth et al. (2020)).

The rest of the SynCom, Stenotrophomonas maltophilia strain AA1 (Sma), Brucella pituitosa

strain AA2 (Bpi, formerly Ochrobactrum pituitosum ), Curtobacterium pusillum strain AA3

(Cpu), Chryseobacterium indologenes strain AA5 (Cin) and Herbaspirillum robiniae strain

AA6 (Hro, formerly Herbaspirillum frisingense), vary in the availability of genetic tools.

Transposon mutants have been generated in Herbaspirillum (Rothballer et al. (2008); Wagh

et al. (2016)) and Stenotrophomonas species (Meng et al. (2022); Huang et al. (2006)),

expression vectors have been constructed for Brucella species (Tian et al. (2016); Seleem

et al. (2008)) but no tools are available for Chryseobacterium and Curtobacterium species

to the author's knowledge. Furthermore, transformation methods have yet to be established

for Chryseobacterium species, but either electroporation and / or conjugation has been

used to transform species in the same genera for the rest of the SynCom (Miteva et al. (2008);

Ye et al. (2014); Cho et al. (1995); Gheibi et al. (2019); Perry and Yost (2014); Fernando et al.

(2004)).

In the work presented here, we outline a set of genetic tools and a universal, highly

ef�cient transformation method for 5 of the SynCom members (Elu, Ppu, Hro, Sma and
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Bpi) to act as a foundation for future high-throughput characterization and interrogation

of plant-microbe colonization plus interactions in the maize root microbiome. Speci�cally,

we developed a standardized MoClo plasmid toolkit for the strains Elu, Ppu, Hro, Sma and

Bpi that enables rapid cloning directly into these SynCom members in about 2.5 hours.

Additionally, we have developed a high-ef�ciency transformation method and used it as a

proof-of-concept to identify expression sequences (ESs; speci�cally promoters and RBSs)

via promoter-trapping screening, enabling tuning of protein expression in each of the

strains.

2.3 Results

2.3.1 The Maize Root Microbiome ToolKit (MRMTK) enables rapid and

customized cloning for 5 bacterial strains of the Maize SynCom

The maize root microbiome toolkit (MRMTK) is a MoClo toolkit that allows users to create

their desired product plasmids (Pplasmids) with the MRMTK cloning plasmids (C plasmids)

and transform their P plasmid into their desired organism within 2.5 hours (Figure 2.1A).

Speci�cally, the MRMTK consists of 45 C plasmids (Table S1) that follow the common PCR-

free format of MoClo toolkits (Lee et al. (2015); Hahn et al. (2020)) and that can be used to

create 5400 total P plasmids. The MRMTK C plasmids contain one of 5 different part types

(origin of replication, selection marker, terminator, expression sequence, or �uorescent

protein). All C plasmids, annotated as Clo##, contain the R6k 
 origin of replication (with

the exception of Clo1-Clo3 and Clo1'-3') and are maintained in the Invitrogen E. coli PIR1

cell line. The R6k 
 origin of replication requires the PIR gene for replication and since Elu,

Ppu, Hro, Sma and Bpi do not contain the PIR gene, plasmids containing this origin are

not maintained in these strains. This allows for the direct use of the C plasmids as starting

material for cloning without the risk of them being replicated in the desired SynCom

strain. Clo1-3 and Clo1'-3' contain the Broad Host Range origin (BHR1), a temperature

sensitive origin (SC101+RepA protein) or the ColE1 origin with the chloramphenicol (Clo1-

3) or ampicillin (Clo1'-3') selective markers. These two sets of plasmids were generated

to allow users to have a selection marker for their P plasmid that is different from the

origin-containing C plasmids used for cloning. Multiple origins also allow for the creation

of dual plasmid systems often seen in genome editing systems (Tong et al. (2021); Liu et al.

(2017b)).
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Figure 2.1: The Maize Root Microbiome Tool Kit (MRMTK)
An overview of the MRMTK cloning process, parts within the toolkit, origin compatibility,
origin copy number and antimicrobial susceptibility for each strain.
A) Cloning plasmids (C plasmids) are used as starting material with BsaI restriction enzyme
and NEBridge MasterMix to clone the product plasmid (P plasmid). P plasmids can then
be transformed into the desired SynCom strain of interest with a time of � 2.5 hours from
plasmid to plate.
B) Overview of all 45 parts included in the MRMTK and their 4 bp golden gate overhang
sequences.
C) A table showing the compatibility and copy number of the origins of the MRMTK for
each strain as well as their antimicrobial susceptibility. Green boxes indicate that the origin
is replicated in the strain and that the strain is susceptible to the antimicrobial agent. Red
boxes indicate that the origin is not replicated in the strain and that the strain will grow on
that antimicrobial agent.
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All C plasmids can be cloned into a P plasmid using golden gate cloning with the

restriction enzyme BsaI. While standard golden gate methods work with the MRMTK, we

have found that using the NEBridge Master Mix enables a plasmid-to-plate time of 2.5 hours.

If users wish to utilize parts that are not provided with the kit (Figure 2.1B), we suggest

manual PCR with the appropriate golden gate overhangs. The golden gate overhangs for

the MRMTK were selected based on the high �delity overhangs listed in Supplementary

Table S8 from Potapov et al. (2018). The selective marker compatibility, copy number, and

origin compatibility were determined for each of the 5 strains (Figure 2.1C). We found that

all origins are maintained at low copy numbers in each of the strains and that all strains are

sensitive to the antibiotic combinations of spectinomycin or tetracycline combined with

kanamycin, chloramphenicol or erythromycin, making these combinations good selective

markers for future microbiome experiments using the SynCom.

The MRMTK has several features that enable further expansion. Speci�cally, Clo2 and

Clo3 contain the SC101 and ColE1 origins, respectively, that can replicate in Elu. These

origins are present in an inducible CRISPR-Cas toolkit that has been used for genome

editing in Enterobacter cloacae FRM (Liu et al. (2017b)). While not included in this set of

vectors, the MRMTK is designed to enable implementation of these promoters and CDSs

through PCR with proper golden gate overhangs. Furthermore, incorporation of other

CRISPR tools such as the dual-plasmid, CRISPR-prime editing system developed by Tong et

al could also be incorporated through similar means (Tong et al. (2021)). Additionally, Clo4

contains the non-replicative origin R6K 
 plus an origin of transfer (oriT) sequence. While

the non-replicative origin enables the rapid cloning protocol, the oriT sequence on Clo4

enables its use for conjugation and has been employed in genomic editing methods such

as transposon-mutant libraries (Zhao et al. (2022)). These are important functionalities

for plasmid systems as deep understanding of plant-microbe interactions can come from

genetic knockouts / knock-in experiments (Arnold et al. (2017); Budiharjo et al. (2014)).

2.3.2 High-Ef�ciency Transformation enables high-throughput experi-

mentation of Maize SynCom

To enable more advanced experimentation such as genome editing and high-throughput

screening, high-ef�ciency DNA transformation is required. Transformation ef�ciency varies

drastically between microbes and based on the transformation method employed, thus

optimization of a DNA transformation protocol is typically developed separately for each

strain (Ye et al. (2014); Cho et al. (1995); Gheibi et al. (2019)). To streamline experimentation
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within the SynCom, we aimed to develop a standardized transformation protocol that works

for each strain of the SynCom to enable high-throughput experimentation. Electroporation

was chosen over other methods of DNA transformation as it has offered the highest trans-

formation ef�ciency for the majority of SynCom relatives in prior work (Ye et al. (2014);

Cho et al. (1995); Gheibi et al. (2019); Madhaiyan et al. (2013)). We �rst tested different

electroporation voltages for each strain (Figure 2.2A). The strains Bpi and Hro had clear

optimal voltages of 3.0 and 1.2 kV, respectively, with the rest of the strains having a larger

range of voltages being optimal. Speci�cally, Sma, Ppu and Elu had a range of voltages (1.0 -

1.6 kV, 1.8 - 2.4 kV and 2.6 - 3.0 kV respectively) that were signi�cantly higher than the rest

of the tested voltages (Figure 2.2A). Additional voltages tested in Ppu and Sma are shown in

Supplemental Figures S1 and S2.

We next asked whether each strain's endogenous restriction-modi�cation (RM) systems

signi�cantly impact transformation ef�ciency. Brie�y, RM systems are native defense sys-

tems that protect the host from foreign DNA (identi�ed via its methylation pattern) and

have been shown to have signi�cant effects on transformation ef�ciency (Riley and Guss

(2021); Zhang et al. (2012); Johnston et al. (2019); Lee et al. (2019)). The impact of DNA

methylation on transformation ef�ciency was tested using DNA extracted from NEB's E.

coli DH5� strain (containing the Dam and Dcm methyltransferases, EcM), E. coli 135 (an E.

coli mutant without any restriction-modi�cation systems, NoM), and the SynCom strain

of interest (StM). The impact of methylation varied across each strain, with a signi�cant

decrease in ef�ciency occurring for EcM in Sma and Ppu (Figure 2.2B). Interestingly, none

of the transformation ef�ciencies were enhanced by the endogenous methylation patterns

of each strain versus NoM, despite the existence of multiple RM systems in each strain

(Supplementary Table S4). Overall, the most ef�ciently transformable strain was Hro with

an ef�ciency >109 CFU=� g of DNA. This rivals the ef�ciency of commercially available elec-

trocompetent E. coli cells which often have transformation ef�ciencies of 109-1010 CFU/ � g

of DNA. Furthermore, Hro lacks endogenous RM systems, making it a prime candidate

for shuttling DNA libraries to other strains, especially since we found the transformation

ef�ciency of E. coli 135 to be relatively low ( <103 CFU/ � g). Taken together, these results

provide protocols to deliver DNA into the SynCom at high ef�ciency, which is a prerequisite

for utilizing advanced genetic tools such as genome editing or variant screens.
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