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Abstract

Bacteria reside in externally accessible niches on and in multicellular organisms, often forming
mutualistic relationships with their host. Recent studies have linked the composition of these
microbial communities with alterations in the host’s health, behavior, and development, yet the
causative mediators of host-microbiota interactions remain poorly understood. Advances in
understanding and engineering these interactions require the development of genetic tools to probe
the molecular interactions driving the structure and function of microbial communities as well as
their interactions with their host. This review discusses the current challenges to rendering
culturable, non-model members of microbial communities genetically tractable--including
overcoming barriers to DNA delivery, achieving predictable gene expression, and applying
CRISPR-hased tools--and details recent efforts to create generalized pipelines that simplify and
expedite the tool-development process. We use the bacteria present in the human gastrointestinal
tract as representative microbiota to illustrate some of the recent achievements and future
opportunities for genetic tool development.
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Introduction

Humans, animals, insects, and plants are host to diverse communities of microorganisms that
impact their phenotype in direct and indirect ways. Known contributions range from
metabolic activities that supplement the host’s nutritional and energetic requirements to
providing key cues during development and even protection from invasive pathogens. These
functions are determined by the individual microbial constituents, as well as their
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interactions with each other, their host, and the environment. Given the ubiquity of
microbiota and their expanding role in biotechnology, agriculture, medicine, and the
environment, there is a pressing need to understand the molecular mechanisms underlying
these interactions and how to engineer constituent microbes to alter their composition,
function, and influence on the host phenotype.

Our understanding of host-associated microbial communities has largely been shaped by
extensive characterization studies using ‘omics technologies. For instance, metagenomic
sequencing has revealed the taxonomy and genetic makeup of microbial communities in
different environments, transcriptomics and proteomics have revealed the expression levels
of constituent genes, and metabolomics have revealed the chemical environment created by
these communities [1]. Despite these advances, ‘omics techniques provide observations
about communities and generally generate--rather than test--mechanistic hypotheses
underlying community dynamics and functions.

Elucidating the mechanistic underpinnings of each community and member instead comes
from targeted genetic manipulation and testing. Before these experiments can occur, each
bacterium must be rendered genetically tractable by determining how to culture it outside of
its native environment, efficiently introduce and stably maintain synthetic DNA, and
manipulate the genetic sequences and regulatory architecture (Figure 1). Each step has
proven challenging, where the vast majority of host-associated species possess few if any
tools. Despite these challenges, there have been recent advances in accelerating the process
of genetic tool development. This review discusses these advances and the opportunities
going forward using bacterial members of the human gut microbiota as case studies. As
described below, we focus on these bacteria because they are critical to human health yet
overwhelmingly lack genetic tools, although the techniques we describe are generally
applicable to all non-model microbes.

The largely untamed human gut microbiota

The human gastrointestinal tract is home to a diverse collection of bacteria representing
roughly 1,000 species from at least four phyla [2,3]. Rather than being passive hitchhikers,
these communities play dynamic and significant roles in shaping human development and
health. For instance, dysbiosis of the gut has been linked to health conditions ranging from
inflammatory bowel diseases and obesity to heart disease and Parkinson’s disease [3-5]. The
causative nature of these links and their underlying mechanisms remain to be fully
understood.

The development and application of genetic tools could provide these insights through
experimental investigation of the many bacteria within the human gut microbiome. While
most of these constituents remain to be cultured, the Human Microbiome Project funded
through the National Institutes of Health [6] led to the isolation and sequencing of dozens of
individual bacterial strains from human fecal samples that are now available through
commercial stock centers. Of the strains that naturally reside in the human gut, only a
handful belonging to the genera Bacteroides, Bifidobacteria, Escherichia, and Lactobacillus
have sufficiently developed tools to be considered established or emerging “model” strains.
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To our knowledge, the remaining genera do not possess even a single genetically tractable
member found in the human gut. As one example, Clostridia comprises one of the most
abundant classes in human fecal samples and possess many sequenced, culturable members
(e.g. Faecalibacterium prausnitzii) [2], yet no single member native to the human gut has
been reported to be transformed let alone genetically manipulated. While the gut
microbiome is arguably the most intensely studied host-associated microbial community, its
diversity, complexity, and genetic-intractability have largely restricted the scope of research
to correlational studies. Below we highlight approaches to introduce DNA, predictably
express genes, and perform genome editing in culturable, but otherwise genetically
intractable, bacteria. Determining methods for culturing non-model microbes is a critical
aspect of genetic tool development. While these methods are not explicitly discussed in this
review, we recommend recent publications on this subject [7-9].

and maintaining exogenous DNA

Once a bacterium can be cultured in isolation, the next critical capability is introducing and
stably maintaining foreign DNA within the cell for expressing heterologous genes/pathways
or serving as templates for recombination. This capability requires transporting DNA into
the cytoplasm, bypassing the bacterium’s defense systems, and stably replicating the DNA.
Several methods have been established for DNA transfer, including transiently disrupting the
cell wall (electroporation, chemical transformation), injecting the DNA across the cell wall
into the periplasm or cytoplasm (conjugation, transduction), or inducing uptake machinery
already present in the cell (natural competence) (Figure 2A) [10,11]. Identifying the optimal
conditions to make recipients conducive to DNA uptake can be difficult and often requires
trial-and-error. However, this process can be accelerated using high-throughput
methodologies [12]. Once introduced, if not degraded by the bacterial defense systems, the
DNA can be stably propagated episomally by inclusion of a compatible origin-of-replication
and a selectable marker. Alternatively, the DNA could be integrated into the genome through
recombination. While these components may be species-specific, broad-host plasmids and
transposases/recombinases have been identified and have been used extensively across
bacterial taxa [13]. The middle step--bypassing the host’s defense systems--is recognized as
the most challenging, and is discussed in more detail below.

Bacteria possess a collection of innate and acquired defense systems that protect them from
invasive genetic material. Well-known systems include restriction-modification, CRISPR-
Cas, abortive infection, prokaryotic Argonaute, and the recently discovered BREX [14-17]
(Figure 2B). Of these, restriction-modification systems are the most prevalent, appearing in
approximately 95% of all sequenced bacterial genomes [18], and commonly are considered
the greatest barrier to DNA transfer. Restriction-modification systems comprise DNA
methyltransferases that methylate specific short sequences in the host DNA and restriction
enzymes that cleave DNA sequences lacking the native methylation signature. If the DNA
prepared for transfer encodes numerous restriction sites and its methylation pattern deviates
from the bacterium, then the DNA would be targeted for immediate degradation.
Furthermore, these systems can be poorly conserved among related species, resulting in
restriction barriers that vary even between related strains [19].
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Traditional strategies to overcome these defense systems involved modifying the
methylation pattern using different intermediate hosts with varying methylation patterns or
incubating the plasmid with a commercially available DNA methyltransferase. These
strategies were shown to increase the transformation efficiencies in the human gut-
associated Lactobacillus plantarum [20], although they are typically limited to the few types
of methylation performed in £. coli or the available methyltransferases. More laborious
strategies have involved deleting putative restriction-enzyme genes in the bacterium or
isolating a plasmid from closely-related transformable species.

Arguably the most systematic approach to-date was first reported by Zhang and coworkers
[21]. Their approach involved expressing a subset of the host bacterium’s Type Il
methyltransferase genes in a plasmid-propagating strain of £. coli devoid of any native
restriction-modification systems (Figure 2C). The authors focused on Type Il
methyltransferases because they can function without additional proteins and are predicted
in REBASE (http://rebase.neb.com/rebase/rebase.html), an online curated genomic database
of restriction-modification systems maintained by New England Biolabs [18,21]. The
approach radically boosted the transformation efficiency across a few bacterial species with
some improvements as high as 10%-fold.

The methodology introduced by Zhang et al. offers a promising strategy to rapidly achieve
efficient DNA transformation in commensal bacteria [21], although there are opportunities
to further improve this strategy. For instance, PacBio SMRT sequencing analysis could be
applied to rapidly map the methylation pattern of the host bacterium under standard
culturing conditions and predict which methyltransferase genes contribute to the observed
methylation pattern. O’Callaghan et a/. recently applied this approach to Bifidobacterium
longum subs. fongum NCIMB 8809 [22]. SMRT sequencing analysis of the strain’s
methylome implicated three methyltransferases. Using DNA from E. coli overexpressing
one of the methyltransferases boosted the transformation efficiency by 100-fold over
unmodified plasmid, and within 10-fold of that of DNA isolated from the native B. longum
strain. Methylome analysis has been conducted on other human gut strains, providing
information necessary to begin bypassing restriction-modification systems in those bacteria
[19,23,24]. Going forward, methyltransferases identified and characterized through these
analyses could be catalogued and made available, allowing others to quickly recreate
identified patterns, and transform hitherto non-transformable bacteria.

Achieving tunable and predictable gene expression

Transformation delivers genes that can be expressed to probe regulatory activities,
interrogate functions of proteins and RNA, perturb endogenous gene expression or cellular
metabolism, or introduce synthetic pathways for strain engineering. Overexpression is often
sufficient for preliminary studies to elucidate gene functions. However, a range of expression
levels may be desired, such as those required to match endogenous levels of gene products,
express cytotoxic proteins, or optimize flux through metabolic pathways. Predictable gene
expression requires identification or design of appropriate transcription and translation
components; however, past work developing an extensive tool set for the model organism £.
colihas yet to be fully adapted to other members of the microbiota.
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Gene expression can be driven from a constitutive or inducible promoter. Inducible
promoters rely on one or two-component signal transduction pathways that activate or
repress transcription in response to environmental signals. These systems can be co-opted
from the host bacterium, such as inducible systems that respond to the complex
carbohydrates mannan, chondroitin sulfate, arabinogalactan, and rhamnose in Bacteroides
thetaiotamicron [25,26]. These systems are convenient because the sensory proteins are
already present, although the regulatory pathway can interface with other aspects of cellular
metabolism and physiology and can result in undesirable pleiotropic effects [27].
Alternatively, heterologous inducible systems have been imported or modified from other
organisms to function in the intended microbial host with some success, such as the nisin
and spplP/IP-673 induction systems in Lactobacilli, the anhydrotetracycline-responsive
repressor TetR, the isopropyl B-D-1-thiogalactopyranoside (IPTG)-responsive repressor
Lacl, and ligand responsive riboswitches [28]. These inducible systems may be preferred
because they operate orthogonally from the host’s metabolism and physiology, although
factors such as compatibility and toxicity should be considered during implementation.

Constitutive promoters are convenient because they do not require additional accessory
factors, although identified promoters might not exhibit the required expression strength.
This challenge has previously been addressed by generating a diverse library of mutated
promoter sequences and measuring each variant’s expression strength, yielding a library of
derivative promoters covering an expansive range of transcriptional activities. For instance,
Rud et al. randomized non-consensus regions within a native promoter, resulting in a library
exhibiting up to 104-fold range of expression strengths in L. plantarum [29]. Similarly,
alterations to the ribosomal binding site (RBS) can achieve ranges of translation, where
promoter and RBS libraries have been created for B. thetaiotamicron (Figure 3A) [25].

While promoter and RBS libraries allow for tunable gene regulation, the exact target gene
expression levels can vary depending on the downstream gene or untranslated regions. One
promising solution is the use of /n sifico biophysical models to predict expression strengths
based on sequence information (Figure 3B). The Salis lab has developed an online suite of
software (https://salislab.net/software/) to predict protein expression levels based on the
energetics of MRNA folding, ribosome-mRNA binding, and translational initiation as well
as the impact of standby sites and translational coupling [30-33]. Aside from predicting
translation strengths, these algorithms can design small libraries of RBS sequences covering
a broad expression range to reduce the number of variants to be screened for pathway
optimization. More complex synthetic gene regulation systems have been demonstrated in £.
coli, but the lack of genetic tools has prevented these types of systems from being
implemented into less characterized microbes. A separate solution is preventing interactions
with the 5” untranslated region by cleaving upstream of the RBS using a highly active
ribozyme or a hairpin selectively cleaved by the CRISPR-associated protein Csy4 [34,35].
Overall, these solutions could be adopted to help ensure predictable protein expression
across bacterial species.

A common caveat of designing gene expression systems based on a host’s existing
transcriptional machinery is that they tend to be host-dependent. Kushwaha and coworkers
reported a novel host-independent and orthogonal alternative in which expression of the T7
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bacteriophage RNAP is kick-started by a weak consensus promoter and then used to drive its
own expression and the expression of other genes (Figure 3C) [36]. This system was
implemented in £E. coli, Bacillus subtilis, and Pseudomonas putida, suggesting broad
applicability across bacteria.

Applying CRISPR-based gene editing and regulation

Aside from expressing heterologous genes, DNA can be introduced into a cell to create
defined edits to the bacterium’s genome. This capability often represents the pinnacle of
genetic tool development and marks the transition from a non-model to a model bacterium.
Traditional genome editing has relied on introduction of double-crossover events using a
selectable marker. Given the low frequency of this event in most bacteria, bacteriophage-
based recombinases have been introduced to enhance the frequency of homologous
recombination [37]. These same recombinases also could promote recombination of single-
stranded oligonucleotides. With the development of recursive editing strategies [10,38,39],
recombineering could achieve efficient multiplexed genome editing without direct selection
of the genomic mutations. Despite these advances, recombineering has only been
demonstrated in a few organisms besides £. co/i[40,41]. Instead, the most prevalent means
of achieving genome editing have involved CRISPR-Cas systems, prokaryotic immune
systems that use short guide RNAs to direct the system’s Cas nucleases to bind and cleave
complementary DNA and/or RNA. While these systems are incredibly diverse [42,43],
almost all associated CRISPR technologies however have been based on the Type Il effector
protein Cas9 and an engineered single-guide RNA (sgRNA).

DNA cleavage by Cas9 is not sufficient to drive genome editing. In eukaryotic cells, a
double strand break drives DNA repair through non-homologous end joining or homology-
directed repair. However, in bacteria, evidence suggested that Cas nuclease-mediated
genome cleavage cannot be readily repaired, resulting in a lethal double-stranded break that
kills the bacterium [44,45] (Figure 4A). To perform genome editing, the DNA sequence is
modified through recombination and the unmodified DNA is subsequently targeted for
cleavage by Cas9 [45]. Cleavage therefore acts as a counter-selection to eliminate unedited
cells. Recent work by Cui and Bikard challenged this paradigm by reporting that double-
stranded breaks by Cas9 in the £. coliare rarely lethal [46]. Cells survived repeated cleavage
by Cas9 through RecA-mediated homologous recombination, presumably by using an intact
genomic copy as the template (Figure 4A). They further showed that a plasmid with point
mutations flanked by homology arms resulted in efficient genome editing, potentially
explaining why plasmid-encoded recombination templates are more effective than oligo-
mediated recombination for Cas9-based editing [47,48]. The efficiency of Cas9-based
editing with plasmid-encoded recombination templates allowed Garst and coworkers to
perform high-throughput genome editing in £. co/ithrough a methodology termed CREATE
(CRISPR-enabled trackable genome engineering) [49] (Figure 4B). As part of the method,
the recombination template introduced the desired modification along with a silent mutation
to the required protospacer-adjacent motif (PAM). The editing efficiency was sufficiently
high to allow the generation and screening of large mutant libraries. Further advances could
include eliminating the recombinases or relying on endogenous CRISPR-Cas systems
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present in many commensal bacteria to further limit the number of required components
[50,51].

While many advances have been made in Cas9-mediated genome engineering in £. coli,
successful genome editing remains to be reported beyond only a few other bacteria [52],
including limited examples of bacteria native to the human gut [44,53]. Part of the challenge
is the need for efficient DNA delivery and recombineering that can be difficult to achieve in
non-model bacteria. Given that Cas9 is often used to delete or disrupt genes, researchers
have been pursuing an alternative: using CRISPR-Cas systems modified for programmable
gene repression (Figure 4C). Targeting a catalytically dead Cas9 (dCas9) to the promoter or
coding region of a gene blocks transcription initiation or elongation, a process termed
CRISPR interference (CRISPRI) [54,55]. Among gut bacteria, dCas9-mediated gene
repression has been implemented in B. thetaiotamicronto yield up to 45-fold
downregulation of a reporter gene [25]. Other types of Cas proteins have also been
harnessed for gene repression [56-59], offering a more diverse toolbox for CRISPR-
mediated repression and opens the opportunity to co-opt endogenous CRISPR-Cas systems
for programmable gene repression.

One attractive feature of dCas9-mediated repression is how readily it can be scaled for high-
throughput genetic screens (Figure 4D). This feat was first demonstrated by Peters and
coworkers in B. subtilis using dCas9-based repression [60]. They created a genome-wide
library to screen for essential genes. This same strategy could be implemented in other
culturable, transformable bacteria to perform genome-wide functional screens. While other
procedures such as Tn-Seq are also commonly used for similar screens [61], they cannot
directly identify essential genes. In addition, these approaches depend on random integration
events and therefore require much larger libraries to approach full genome coverage. In
contrast, CRISPR-based repression can be designed to have only a few CRISPR RNAs
targeting a given gene, and the RNA sequences can be readily sequenced to determine the
target locus. Genetic screens based on CRISPR-based repression therefore offer one of the
most promising approaches to quickly interrogate genetic functions in diverse bacteria.

Conclusions and outlook

Our ability to progress a newly cultured host-associated bacterium to a genetically tractable
host has greatly improved with advances in enhancing DNA delivery, predictable expression
of genes and operons, and the use of CRISPR technologies for genome editing and gene
regulation. Despite these advances, tool development remains an ad hoc process that plays
out differently for each bacterial strain. Future efforts could focus on assembling a
generalized tool-development pipeline that spans the identification of optimal growth
conditions and efficient DNA delivery to characterizing genetic components that provide
predictable gene expression and Cas9-based genomic screens and exploits information
gleaned from ‘omics datasets. With further developments, a long-term outcome could be the
rapid generation of genetic tools regardless of the specific bacterial host. This outcome
would allow researchers and engineers to select the most application appropriate strain for
research and strain engineering, rather than the ones that are currently more amenable to
genetic tool development. This capability in turn could have a profound impact on our

Curr Opin Microbiol. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Waller et al.

Page 8

ability to understand the mechanisms underlying the dynamics and function of various host-
associated microbial communities and how to engineer their members to probe and shape
the community and the host.
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Highlights
. Bacterial members of various microbiota are culturable but lack genetic tools

. Means to boost DNA delivery by mimicking the host’s DNA methylation
pattern

. Predictable gene expression by designing or screening promoter, RBS
libraries

. Diverse CRISPR technologies for gene editing, repression, high-throughput
screens

. Progress toward a pipeline for expediting genetic tool development
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Figure 1.
The process of developing genetic tools for a non-model bacterium. The steps include

determining culturing conditions under laboratory conditions, developing methods for
delivering and stably maintaining DNA in the cell, achieving tunable and predictable gene
expression, and applying tools for genetic manipulation.
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Overcoming barriers to DNA delivery. (A) Methods of delivering DNA into the cytoplasm.
(B) Bacterial defense systems that could impede DNA delivery. (C) A systematic approach

to bypass restriction-modification systems.
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Figure 3.

Strategies for tuning and predicting gene expression. (A) Process of generating promoter
and/or RBS libraries covering a wide range of gene expression levels. (B) Use of in silico
biophysical models to predict translational strength and guide the design of RBS libraries.
(C) A host-independent, orthogonal gene expression system based on coordinated
transcription by the T7 RNA polymerase.

Curr Opin Microbiol. Author manuscript; available in PMC 2018 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Waller et al. Page 16

A B Genomic DNA

Genomic DNA l' Cas9 $9

—— ——
| — ] — z Cas9
Recombination S = '

template \ s

sl ' Lambda-RED
recombinases

Repair Selection
Recombination o

template

= 3 ¢
—‘_ B Desired mutation
PAM mutation
l Homology-directed
—_— ,
—C— repair

Lethal DSB

il

D

Growth
condition
O
Y Tan

dcas9
dCas9 c —/
I ’ = Depleted - repressed gene promotes growth
—

—t ] _— Genome-scale Bl No change - repressed gene not involved in growth

sgRNA library
’_J _— Enriched - repressed gene impairs growth
— — |

Figure 4.
Applying CRISPR-based tools for genome editing and gene regulation. (A) Cas9 genome

editing occurs through repair of the Cas9-mediated double-stranded break or through Killing
caused by an irreparable double-stranded break. (B) The CREATE method of high-
throughput genome editing. (C) dCas9-mediated gene repression is achieved by introducing
two point mutations to catalytically deactivate Cas9 (dCas9) and using it to block
transcriptional initiation or elongation. (D) High-throughput genetic screen with dCas9-
mediated gene repression.
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