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SUMMARY

Randomly barcoded transposon mutant libraries are powerful tools for studying gene function and organiza-
tion, assessing gene essentiality and pathways, discovering potential therapeutic targets, and understanding
the physiology of gut bacteria and their interactions with the host. However, construction of high-quality
libraries with uniform representation can be challenging. In this review, we survey various strategies for bar-
coded library construction, including transposition systems, methods of transposon delivery, optimal library
size, and transconjugant selection schemes. We discuss the advantages and limitations of each approach, as
well as factors to consider when selecting a strategy. In addition, we highlight experimental and computa-
tional advances in arraying condensed libraries from mutant pools. We focus on examples of successful li-
brary construction in gut bacteria and their application to gene function studies and drug discovery. Given
the need for understanding gene function and organization in gut bacteria, we provide a comprehensive
guide for researchers to construct randomly barcoded transposon mutant libraries.

INTRODUCTION

With the recent explosion of interest in microbiomes from various
hosts and across the planet, it is becoming increasingly clear
that the relatively few currently established model organisms
do a poor job representing major functional segments of the
vast microbial diversity on our planet. The human gut micro-
biome is a salient example, in which the microbial metagenome
represents hundreds of millions of unique genes, but only 60%
have annotated functions' and only a small fraction have been
experimentally verified in a handful of model organisms. Interest
in particular bacteria has typically been driven by association
with a host phenotype or disease state, and the causality of
such connections is usually tested via either colonization into
complex microbiotas that lack the focal species (top-down ap-
proaches) or using assembled synthetic communities (bottom-
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up approaches).”® However, we lack fundamental understand-
ing of the physiology of most bacterial species, particularly
insight into how their genetic information contributes to specific
bacterial phenotypes.”” Genome-scale mutant libraries in which
genes are deleted or perturbed (e.g., by transposon mutagen-
esis, targeted deletions, or CRISPRi) have proven a powerful
tool for systematic and unbiased discovery of genotype-pheno-
type relationships. Such libraries have been constructed in
several microbial species,®* often with a focus on pathogens
or established model organisms, and have contributed substan-
tially to the efficient identification of gene function and organiza-
tion into networks.' "

Using the forward genetics approach of measuring gene
fitness of loss-of-function or gain-of function mutant libraries
across various conditions,?>*® genetic associations can be un-
covered based on shared phenotypes, and genes can be
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annotated and mapped to genetic modules or pathways. One
way to screen libraries is as pools in which phenotypes of all mu-
tants under a common environmental perturbation are interro-
gated simultaneously. Pooled libraries enable high-throughput
identification of the genes important for growth in many condi-
tions, which has many utilities, including highlighting potential
inhibitory targets for antibiotics. However, it is challenging or
impossible to use pooled screens to measure phenotypes unre-
lated to fitness (e.g., biofilm formation) or fitness-related pheno-
types related to extracellular action, such as molecule/toxin
secretion or product degradation, since these are masked by
other mutants in the pool. Similarly, determining which mutants
are important in the context of a host disease state is difficult
in a pooled format if the underlying mechanism is not directly
tied to growth. While microencapsulation methods such as
droplet transposon sequencing (dTn-Seq)®”*® can be applied
to pooled libraries to discover genes involved in such growth-in-
dependent phenotypes,>® arrayed libraries enable the study of
each mutant in isolation as well as direct evaluation of candidate
mutants-12,13,18,20—22,24

Transposon-insertion mutant libraries have risen in popularity
since the development of methods for high-throughput fitness
quantification empowered by massively parallel sequencing,
including transposon insertion sequencing (Tn-Seq), insertion
sequencing (INSeq), transposon directed insertion sequencing
(TraDIS), and high-throughput insertion tracking by deep
sequencing (HITS)."®*%? In these methods, a genome-scale
library of mutants with disruptions in non-essential genes is con-
structed by introducing a transposon that integrates randomly
into the genome. Sequencing the pooled library after exposure
to a perturbation enables quantification of the relative abun-
dance of each mutant, which is a proxy for fitness in the tested
condition. Several transposon systems, such as Tn5 and
Himar1/Mariner, can integrate at high frequency relatively uni-
formly across the genome®® and thus can be used to create
dense libraries with a high fraction of mutants that carry the
transposon inserted in the central region of a gene to maximize
gene disruption. In this review, we will focus on the application
of transposons for gene disruption, but it is important to note
that many variations based on transposon mutagenesis, such
as gene overexpression, have been developed to address other
questions (reviewed in Cain et al.”®).

Inspired by barcode analysis by sequencing (Bar-Seq>*), the
introduction of random barcodes into transposons that are
linked to the genomic integration site through an initial round of
insertion sequencing has dramatically increased the throughput
and decreased the cost of experiments.®® This strategy, termed
randomly barcoded Tn-Seq (RB-Tn-Seq), transforms all screens
from the costly (in time and money) protocols developed earlier
for Tn-Seq into a single-step PCR to amplify the unique trans-
poson barcode. Other than the effort required initially to intro-
duce barcodes with high diversity, there are no obvious draw-
backs to the use of barcoded libraries; hence, in this review we
will focus on transposon insertion mutants that are barcoded.””
Many of these improved genome-scale genetics methodologies
have accelerated the discovery of microbial gene functions'
and the study of non-model organisms. Several bacteria from
diverse phyla present in the human gut have already been tar-
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geted with this approach, including Bacteroides species,'®*¢°

Lactobacillus casei,"° Enterococcus faecalis,*' Clostridium spe-
cies,***® and Akkermansia muciniphila,** providing insights into
their physiology and genetic architecture. These advances have
uncovered just the tip of the iceberg, and to start unraveling bac-
terial gene function in the human gut and other microbiomes ne-
cessitates targeting many more non-model organisms using
similar approaches.

In this review, we focus on the generation of genome-scale
randomly barcoded mutant libraries via transposon mutagenesis
for diverse bacterial species with a focus on members of the hu-
man gut microbiome. We discuss methodologies for vector
design and transformation, as well as technical challenges and
pitfalls often encountered in the generation of saturated, pooled
transposon mutant libraries. We present strategies for efficient
arraying of pooled libraries and identification of the location of
mutants within the arrayed library and argue for improved plan-
ning for library distribution. Finally, we present a roadmap for pri-
oritization of non-model bacterial species from the human gut
microbiome as candidates for future library generation. Our
goal is to provide a general guide and outlook that motivates
and enables the efficient construction of mutant libraries in rele-
vant gut commensals. In the accompanying review by Voogdt
et al. in this issue of Cell Reports,*® we focus on applications
of such mutant libraries to gene function discovery in gut bacte-
ria via large-scale genotype-phenotype mapping.

DESIGN OF APOOLED TRANSPOSON MUTANT LIBRARY

Many factors have an impact on the overall utility of a pooled
transposon mutant library, including target library size, transpo-
sition system, transposon design, and potential issues with
library diversity. The topics discussed below provide a general
foundation for library design, but species-specific modifications
and considerations may be important for successful library con-
struction in certain bacterial species.

Target library size

A library for RB-Tn-Seq should ideally contain at least ~10 mu-
tants in the central region (20%-80%) of each gene (where inser-
tion of the transposon is most likely to disrupt gene function) so
that insertions in the same gene can be compared for consis-
tency to verify that phenotypes are in fact due to inactivation of
the gene. Due to insertion biases, some genes will end up repre-
sented by more than 10 mutants. The minimum target library size
can be estimated using the Newman-Shepp generalization of the
coupon counting problem,*® such that a library with at least 10
mutants in the central 20%-80% of each gene of a typical bac-
terial species with an ~5-Mb genome and ~5,000 genes
requires a library of at least ~268,000 mutants. This estimate in-
creases further if a significant fraction of the genome is intergenic
or non-coding and may also require correcting due to uneven
gene size distribution and insertion bias. Constructing dense
libraries with hundreds of thousands of mutants increases the
odds of disrupting small (<50 residues) proteins and non-coding
RNAs, which can play important physiological roles.*” Taking
these factors into account, ideal libraries may require up to
500,000 mutants. The ability of forward genetics to discover
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gene functions and map genetic networks generally improves as
more conditions are tested® and with the density of the mutant
library, motivating larger library sizes. However, accurate map-
ping of insertions and barcode matching becomes challenging
in hyper-diverse libraries, and the potential for bottlenecks in-
creases, as discussed in detail below. In addition, for down-
stream screens involving barcode sequencing, the distribution
of a fixed number of reads across all barcodes could lead to
an undesirably low number of reads per barcode in hyper-
diverse libraries.

Transposition systems

Achieving tens of insertions in each gene is assisted by using a
transposition system that functions independent of host factors
and has minimal specific sequence requirements for insertion.
Two of the most popular systems for transposon mutagenesis
in bacteria include the Tn5*® and mariner/Tc1*® transposase
families, neither of which requires host factors to function.
Whereas Tn5 has little sequence insertion bias, mariner/Tc1
transposases, such as the commonly used Himar1, insert prefer-
entially at TA dinucleotide sites. Even with little sequence inser-
tion bias, transposons typically insert near the chromosomal
origin of replication with higher frequency than in other regions
of the genome, simply due to the greater amount of origin-prox-
imal DNA, a phenomenon that is exacerbated in conditions in
which bacteria grow rapidly and undergo multi-fork replication.*°
The baseline expectation, therefore, is an approximately log-
linear decrease in insertion density away from the origin.”° Tn5
and mariner transposons have been used successfully for trans-
poson mutagenesis in a wide range of bacteria, including (among
others) Proteobacteria (Pseudomonadota),'®'*?%?? Bacteroi-
detes (Bacteroidota),""'°*® Clostridia,***°" Lactobacillus,*® and
Treponema® species. Thus, it is likely that these transposases
will have broad utility for library construction in gut commensals.

Transposon design

In addition to the transposase, other elements such as the pro-
moter (driving the transposase and the selection marker), the ri-
bosomal binding site (RBS), and the selection marker (typically a
gene that confers resistance to an antibiotic) require careful
design and optimization to maximize efficiency and minimize
biases in the library. The magic pools methodology is a combina-
torial strategy for constructing a catalog of thousands of uniquely
assembled transposon delivery vectors from a collection of parts
(transposases, promoters, RBSs, selection markers)®® (Figure 1).
This method streamlines the process of identifying vectors that
have the optimal combination of parts by simultaneously testing
the efficacy of all possible vectors in the catalog to generate mu-
tants in a new species of interest. To achieve high expression of
the selection marker, sets of strong promoters and RBSs are
selected from conserved genes and from the literature, including
phage-derived sequences.®">° The candidates for each of the
four parts (transposase, promoter, RBS, and selection marker)
along with a barcode that uniquely identifies each combination
of these four elements are assembled into a catalog of vectors
(the magic pool), and long-read sequencing (e.g., Nanopore or
PacBio) is used to map barcodes to vectors. The strain of interest
is mutagenized with the magic pool, and transposon insertion
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sequencing is used to identify which combination of parts was
most prevalent and least biased and hence most successful at
mutant generation (Figure 1). It is important to generate enough
mutants for the insertion sequencing analysis to determine
whether the most successful part combination introduces any
gene or strand insertion biases. Ultimately, a single vector is
then assembled with the optimal combination of parts for con-
struction of the final mutant library of interest that minimizes
biases.

While the magic pool approach can in principle be applied to
any species, several factors can have an impact on efficiency
and hence should be considered in the design of a magic
pool. If the delivery vector contains sequences that are known
targets for degradation by the restriction modification systems
of the recipient, these vector sequences should be altered.
Magic pool tests to date have shown that, while transposase
promoters of different strengths all successfully produce mu-
tants (as the transposase needs only to function transiently),
the promoters and RBSs that drive the selection marker are
critical.®® If the promoter driving the selection marker is too
weak, then mutants with transposon insertions in the same
transcriptional orientation as the mutated gene will predomi-
nate, because mutant selection will be aided (at least in part)
by the native promoter. In addition, weak promoters will lead
to biases in genes that are strongly expressed in the condition
in which the library is constructed, since expression of the se-
lection marker will be driven mainly by the promoter of the
strongly expressed gene. On the other hand, if the promoter
is too strong, insertion of the transposon may cause artificial
overexpression of downstream genes or silencing of antisense
genes (although insertions in only one strand can represent a
specific phenotype®®). This scenario can be prevented by
including a terminator sequence in the transposon, thereby
isolating expression of the selection marker. However, such ter-
minators will introduce polar effects for operons, which will be
particularly apparent in cases in operons containing essential
genes.®>>” With or without a transcriptional terminator, the
transposon may have an impact on natural gene expression;
thus, phenotypes found using transposon libraries should be
verified with complementary methods such as clean deletions.

In addition to promoter and RBS optimization, codon optimi-
zation of the selection marker for the target organism may
improve expression.”® For understudied organisms, resistance
markers from evolutionarily distant species may function subop-
timally or not all. In these cases, (meta)genomic data can be
mined to identify potential selection markers beyond the most
commonly used antibiotic resistance genes that are likely to
function in the organism of interest.>®

In addition to enhanced identification of a construct that is
optimal for a given species, magic pool design can also poten-
tiate broad utility for related organisms by including more general
parts. Certain constructs that exhibited high efficiency in Bacter-
oides thetaiotaomicron can also be effective with other Bacter-
oides species.®”®" One strategy for realizing this generalizability
is to employ promoters with a broad host range among the
higher-level taxon (e.g., family) of interest. Selection of these pro-
moters could be facilitated by in silico identification of promoters
of essential genes (which are more likely to be constitutive) and
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Step 1: Five-part modular transposon vector
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Figure 1. Magic pool-based vector design pipeline

“Magic pools” refers to a systematic strategy for constructing libraries of transposon delivery vectors from a collection of parts (promoters, antibiotic resistance
genes; step 1) that can be tested for efficacy in parallel to identify the optimal vector for a given bacterial strain. A single Golden Gate reaction with all parts

produces thousands of transposon vectors, each with a unique barcode (step 2).

This library of thousands of transposon vectors is sequenced using long-read

sequencing to map each barcode to its complete vector design (i.e., its component parts) (step 3). The magic pool is introduced into an E. coli conjugation donor
strain and used to conjugate with a recipient, and the transconjugants are selected with appropriate selective media (step 4). DNA is purified from the trans-
conjugants and transposon sequencing (Tn-Seq) is used to identify the vector designs most effective at generating transposon mutants without insertion biases
(step 5). Single vectors with effective performance are designed based on the Tn-Seq data (step 6), and the final library is prepared by conjugating recipients with

an E. coli donor carrying this single vector (step 7).

RNA-sequencing (RNA-seq) experiments to identify strong pro-
moters from highly expressed genes.®”

Potential issues with library diversity

It is important to measure the diversity of the library (barcodes
and insertion sites), as it is a primary quality feature and helps
to estimate the impact of bottlenecking during experiments.”
Colony-forming unit (CFU) counts should be used only as a
rough estimate of library diversity, since CFU counts can be
misleading if the species typically exhibits a range of colony
sizes during surface growth, such that the true diversity of mu-
tants is larger than what is apparent from large colonies alone.
To assess diversity and undesirable multiple integration events,
the transposon insertion site and associated barcodes should
be determined by either Sanger sequencing of a reasonable
number of single colonies or lllumina sequencing of a small
pool of a known number of colonies. Moreover, one way to
rapidly assess barcode diversity is to sequence only the barc-
odes of the pooled library (by single-step PCR,'"*® Bar-Seq),
which reports on the unique number of barcodes found and
the relative abundance of each barcode. Thus, Bar-Seq also re-
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ports on potential barcode biases in the library. Ultimately,
deep sequencing of promising libraries via RB-Tn-Seq should
be performed to characterize the number of unique barcodes
and insertion locations as well as biases and barcode-gene
linkages.

While a large number of mutants is typically desirable, if the
library is too diverse (i.e., most genes are represented by >>10
barcodes), then population bottlenecking can become an issue.
In addition, a very diverse library can contain multiple mutants
that map to the same barcode if the conjugation donor library
is insufficiently diverse, which should be avoided, because these
reused barcodes cannot be uniquely assigned to one gene. If the
number of cells representing each barcoded mutant in the inoc-
ulum of a given experiment is small, stochastic fluctuations in
mutant abundance will prevent accurate comparison of barcode
relative abundance in each condition with the reference.®*®° The
scale at which bottlenecks become important will depend on the
nature of the experiment. For instance, a library that has appro-
priate diversity for monoculture experiments may be too diverse
for culturing in combination with other species given the same
culture volume that reduces the number of input cells from the
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library and is low enough to result in a bottleneck. Bottleneck is-
sues can be overcome by lowering the diversity of the library,
which can be achieved by constructing the library in many pools
of which a subset are combined to achieve the desired diversity
or by repooling an arrayed subset of the initial pooled library, also
referred to as condensing. Condensing into pooled subsets of
mutants can also be a powerful approach to focus on specific
functions such as carbohydrate metabolism in a pooled context.

METHODOLOGIES FOR CONSTRUCTION OF A POOLED
TRANSPOSON MUTANT LIBRARY

The choice of method for introducing DNA is usually constrained
by the organism being targeted. Phage transduction, transfor-
mation by natural competence (direct uptake), and conjugation
(transfer from a donor organism) are naturally occurring mecha-
nisms of horizontal gene transfer (HGT) among bacteria,
including most phyla in the human gut microbiome.®®%” The
two most common approaches for constructing transposon
mutant libraries are conjugation and electroporation; each re-
quires optimization of method-specific parameters for DNA de-
livery, which we discuss below.

Introduction of DNA into the target organism

Generation of a library with hundreds of thousands of mutants re-
quires that the target organism can be transformed with suffi-
ciently high efficiency. Yet, transformation of the vast majority
of gut commensals has not been systematically investigated.
In addition, target organisms may express defensive restriction
modification systems that can pose major limitations to the suc-
cessful introduction of foreign DNA. Understanding the DNA
methylation patterns in target organisms and utilizing this infor-
mation to construct correctly methylated transposon vectors
may be a viable strategy to target more gut bacterial species
for library construction.®®®° There are multiple ways to introduce
DNA into bacteria; the two most common are conjugation and
electroporation (Figure 2).

Conjugation-based transposon introduction

Conjugation is often used to introduce a transposon vector into
the target species. In conjugation-mediated mutagenesis, the
transposon vector is transferred from a donor cell into the cyto-
plasm of the target cell. Once in the target cell, the transposase is
expressed from the specific target cell promoter and excises the
transposon from the vector for insertion in the genome.

Conjugation: Beneficial features of the donor strain

Several features of the donor strain should be considered when
using conjugation for transposon introduction. The donor (typi-
cally Escherichia coli) should have high transformation efficiency
to achieve high barcode diversity in the plasmid pool. Typically,
electroporation-based transformation of the donor strain with
the barcoded transposon plasmid library (selecting for pools of
transformants, not single colonies) results in high efficiency. De-
pending on the transposon vector design, the donor may need
specific genes for plasmid maintenance. The v origin of replica-
tion of the R6K replicon is useful in transposon vector design
since replication occurs only in the donor strain, which carries
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the pir gene from lambda phage.’® Most target species do not
carry the pir gene, preventing the transposon vector from repli-
cating in the recipient cell.

Along with genes for plasmid maintenance, the donor strain
should also carry genes required for transfer of the transposon
vector to recipient cells. A widely used system for conjugation-
based DNA transfer is derived from the broad-host-range
plasmid RP4.”""? Genes in the tral and tra2 regions of the
RP4 plasmid encode conjugation machinery that is expressed
by the donor cell and does not require specific features on the
surface of the recipient for mating pair formation and transfer
of DNA. As such, the RP4 conjugation system has an extremely
broad range spanning gram-negative and gram-positive bacte-
ria,”®> archaea,”* and even eukaryotes.”® Thus, unsuccessful
conjugal transfer from an RP4-based system may indicate fac-
tors in the recipient that antagonize or kill the donor strain, sup-
press transfer genes through quorum-sensing mediators,’® or
encode defense systems such as CRISPR-Cas or restriction
modification enzymes against foreign incoming DNA.”” Deletion
of such systems in target species can improve conjugation effi-
ciency, but this action requires other genetic tools to be available
in the target species, which is often not the case. It is also
possible that conjugation failure could be remedied using a
donor other than E. coli.”®"®

Conjugation: Counter-selection of the donor strain

After conjugation, the donor strain must be removed from the
donor-recipient mixture. One strategy for counter-selection is
to grow the mixture on a medium that contains an antibiotic to
which the recipient strain is resistant, but the donor strain is sen-
sitive. Alternatively, use of a donor strain that is auxotrophic for
the cell-wall component diaminopimelic acid (DAP) through
deletion of the dapA gene allows for counter-selection by
omitting DAP from the culture medium post-conjugation.®°
Combining these two approaches is the best counter-selection
method in practice. The E. coli strains often used as conjugation
donors, including E. coli S17-1(xpir), SM10(pir),2" Mu-phage-
free donor (MFDpir),%? and p2155,%° all have the pir gene and
RP4 transfer genes, and the latter two are DAP auxotrophs.

Conjugation: Features of the recipient strain

Prior to evaluating conjugation efficiency and quality, the sensi-
tivity of the target organism to the applied selection (antibiotic
and oxygen, if conjugation is performed aerobically) should be
characterized. Whether the target organism is an efficient recip-
ient of conjugal transfer must be established empirically, since
strains of the same species can exhibit remarkably different
conjugation efficiencies.®* Studies with E. coli and Bacillus sub-
tilis as recipients have shown that these species do not have
particular genes strictly necessary for conjugation permissibility
or resistance, although a small number of genes that enable
modifications to the cell wall can affect conjugation -effi-
ciency®>®%; thus, it may be possible to select for mutants with
higher efficiency.

It has been proposed that conjugation with gram-positive
target organisms and/or in strictly anaerobic conditions may
be highly inefficient.®” However, within the largely anaerobic
mouse gut, the E. coli S17-1 strain can conjugate transposon
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Figure 2. Transformation and construction of a transposon mutant library
Conjugation and electroporation are the most efficient ways to introduce a transposon vector into the target organism. Either method will require optimization of

method-specific parameters for each target organism. Following optimization, a
plates and grown to colony size. Colonies are collected en masse and cryostocke:
insertion sequencing (Tn-Seq), which produces short reads that capture the tra

large number of transformants or transconjugants are plated on selective agar
d in many single-use vials. One representative vial is processed for transposon
nsposon-barcode-genome junction. A barcode-genome insertion site map is

created for future Bar-Seq experiments. In addition, mapping of insertions across the genome reports on library density and uniformity, and on essential (Ess)
genes that cannot tolerate insertions. Bar-Seq experiments should be performed from the same batch of cryovials as the ones that were sequenced. Bar-Seq
experiments on the mutant library across various conditions report on the conditional fitness (log of the ratio of final to initial relative abundance [RA]) for all genes
represented in the library. Barcodes from mutants with insertions in the same gene tend to have similar phenotypes within a given condition, increasing the

statistical robustness of fitness analysis.

vectors with a phylogenetically diverse range of recipient organ-
isms, including gram-positive species.®® Moreover, the E. coli
B2155 strain can conjugate in vitro with strict anaerobes that
cannot be exposed to any oxygen to preserve viability.®° Alterna-
tive conjugation donors such as B. subtilis can also be used to
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conjugate with gut anaerobes.’® In addition, the mobile
CRISPRi method'® uses B. subtilis as a donor to deliver a
CRISPRI vector to Firmicutes. The factors that influence conju-
gation efficiency under aerobic and anaerobic conditions remain
unclear; deeper understanding could promote the engineering of
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donor strains that can transfer transposon vectors and other ge-
netic cargo into phylogenetically diverse and highly oxygen-sen-
sitive gut bacterial species. Furthermore, optimization of the
growth medium and growth phase (log versus stationary) for
the donor and recipient should be considered for each donor-
recipient pair.

Electroporation-based transposon introduction
Electroporation involves the application of an electric field to
create a transmembrane potential that overcomes the hydro-
phobicity of the lipid bilayer membrane and creates multiple
transient pores for passage of exogenous material such as nu-
cleic acids or proteins. Electroporation can be used to transform
a target organism for transposon mutagenesis by introducing
either a transposon vector (DNA only) that is transcribed upon
entry®" or in vitro-assembled transposomes, which are com-
plexes of a transposon and a transposase, the latter of which in-
tegrates the transposon into the chromosome upon entry.*®

While electroporation has proven a powerful tool for the intro-
duction of foreign DNA in certain organisms, most efforts to
improve its efficiency have focused on model organisms such
as E. coli. However, even different strains of E. coli exhibit effi-
ciencies that can vary by more than six orders of magnitude.®
Thus, it is likely that each organism will require individualized
optimization focusing on details such as buffer composition,
electrical-field strength, pulse shape/length, and growth condi-
tions,®® at least in part due to differences in how these variables
affect the structure of the cell envelope. Using growth media in
which cell growth is inhibited has been proposed to increase ef-
ficiency, potentially through weakening the cell envelope,®
although the generality of this phenomenon has yet to be deter-
mined. An often-ignored variable is growth history, including the
duration and phase of growth prior to electroporation, which may
reduce the integrity of the cell envelope, like growth-inhibiting
media. Moreover, heat shock prior to electroporation can in-
crease electroporation efficiency,”® potentially by swelling cells
and/or changing membrane fluidity.

FUTURE PROSPECTS FOR TRANSFORMATION
METHODOLOGIES

While powerful, the current approaches for conjugation and
electroporation face some limits on their general applicability.
Below, we discuss a starting point for promising new strategies
to enhance the utility of these approaches.

Conjugation

Although the RP4 conjugal system has proven extremely effec-
tive in transposon mutagenesis for a wide phylogenetic range
of species, and thus should be the first candidate system for
generating mutant libraries, characterization and engineering of
other conjugal systems may be necessary to target an even
wider range of species. Like conjugative plasmids, integrative
conjugative elements (ICEs) and conjugative transposons
encode genes for their own transmission through conjugation
but, unlike plasmids, need to integrate into the host genome
for stable acquisition (similar to prophages). In a recent seminal
study, the widespread ICE Bs1 of B. subtilis was engineered

¢ CellP’ress

OPEN ACCESS

and reintroduced into a B. subtilis donor strain that can transfer
custom DNA with high efficiency into many gram-positive bacte-
ria, including human gut commensals.”® Recently, hybrid ele-
ments that combine features of two ICEs have been shown to in-
crease conjugation efficiency and host range to a level higher
than that of either individual ICE.®® This finding suggests that
construction of other hybrid elements could enable targeting of
species in which efficiency is otherwise too low for library
construction. Further investigation into the transmission and
regulation of other mobile genetic elements will undoubtedly
yield similarly powerful tools for the mutagenesis of species
across the human gut microbiome.

Electroporation

Currently, developing a new electroporation protocol for a non-
model organism typically involves blind exploration of parameter
space, although hopefully it will become possible in the future to
systematically adapt protocols from other organisms once a
larger knowledge base has been established. Fortunately, new
tools are being developed to expand the space of electroporation
parameters that can be explored. Many commercial electropora-
tors cannot adjust variables such as pulse time; hence, the time
constant that dictates the duration of pore formation is based
solely on the conductivity of the sample/cell type. However,
some commercial devices can change capacitance to enable
increasing the pulse time without using high field strength (which
reduces viability).®” Moreover, microfluidic devices can facilitate
rapid screening of a large number of electroporation conditions®®
and high-volume transformation of hundreds of milliliters per min-
ute.®” Yet, even though systematic exploration of the parameter
space is possible, it remains time consuming to produce compe-
tent cells; strategies for washing cells without centrifugation have
thus far been limited to small volumes.®® With improved compe-
tent cell preparation and inexpensive transposase enzyme, it may
be possible to capitalize on high-volume devices® to generate a
library even when the efficiency of transformation is low.

CONSTRUCTION OF A GENOME-SCALE POOLED
LIBRARY

A suitably efficient transformation protocol for the target organ-
ism is necessary but not sufficient for the creation of a
genome-scale mutant library. Ensuring that the library is unbi-
ased, high quality, and suitable for long-term use requires atten-
tion to at least the following aspects (Figure 2).

Library outgrowth

After transformation, the library should be grown under selective
pressure on a medium that can support the growth of most mu-
tants. Hundreds of genes can be essential for growth in a partic-
ular medium'"?%; thus, selection of the medium for library
outgrowth introduces an intrinsic bias in terms of which genes
will have viable insertions. A rich medium that supports high
biomass yield is most likely to limit such biases, for instance,
to avoid selecting against pathways for a specific carbon
source.'? Nonetheless, a few hundred genes are typically uni-
versally essential and required for the cell to survive in all condi-
tions.'°" This set of core genes is usually devoid of insertions in
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the library, although rare insertions in core essential genes can
be found in the first or last part of the open reading frame
(ORF), deleting non-essential parts of the protein. In general,
transposon mutagenesis has been a very powerful tool for prob-
ing gene essentiality and even the essentiality of protein domains
for sufficiently saturated libraries.'%?

After mutagenesis, the library is typically expanded via growth
on selective agar plates and/or in liquid. Cells are then collected
from the agar and grown in liquid to cryopreserve the library.
Alternatively, the library can be outgrown only in liquid. Care
should be taken to limit library outgrowth to avoid redistribution
of mutant abundances and extinction of mutants with severe
fitness defects. When grown on agar, the library has to be plated
ontens or even hundreds of plates and grown until small colonies
appear. Library expansion and thus the number of generations
can be better controlled in liquid medium by tracking the optical
density of the culture. It is often argued that liquid outgrowth
carries the risk of selective expansion of mutants with higher
fitness, although colony growth on a plate also introduces inev-
itable biases due to competition between neighboring colonies
for nutrients.'%® After expansion of the library under selection, it
is important to minimize further outgrowth by saving hundreds of
single-use aliquots. For instance, by minimizing outgrowth, more
insertions in genes that result in sick mutants can be maintained
in the library and their phenotypes later measured reproducibly
when the library is profiled across conditions.

Library sequencing

DNA from one of the single-use library aliquots should be pre-
pared for insertion sequencing (Figure 2) using a method such
as Tn-Seq,** TraDIS,®' or semi-random PCR.'°* The trans-
poson-inserted genome amplicons can then be sequenced on
high-content, short-read Illlumina platforms. Ideally, every inser-
tion in the pool will be represented by multiple high-quality reads,
but the required sequencing depth for a transposon mutant
library is difficult to estimate prior to sequencing, since it is
mainly influenced by library diversity. For libraries constructed
with a mariner transposon, the maximal library diversity can be
estimated, since transposons insert predominantly (>95%) at
TA dinucleotide sites.'® For example, for an organism with
300,000 genomic TA sites in non-essential genes, the expecta-
tion is up to 600,000 insertions (since transposons can enter a
TA site on the sense and the antisense strand). For such a library,
the target sequencing depth as computed using the Newman-
Shepp generalization is >25 million reads per experiment;
note that the required number of reads is often underestimated,
leading to inadequate sequencing depth for some mutants.
Following sequencing, the genomic sequence of each read
must be mapped and linked to the barcode sequence of the
same read to establish the barcode-genome references from
which future Bar-Seq experiments are quantified using the
unique barcodes (Figure 2). In the accompanying review,*® we
discuss data analysis pipelines in more detail.

CONSTRUCTION OF AN ARRAYED LIBRARY

A high-diversity and high-quality pooled library also forms the ba-
sis for creation of an ordered, non-redundant mutant collection.
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Such an arrayed library is an invaluable tool for mechanistic
studies, providing ready access to non-essential gene mutants
and enabling screening for diverse phenotypes unrelated to
fitness. First, a progenitor collection is generated by arraying mu-
tants isolated from the pooled library. This progenitor collection is
sequenced to determine which mutants have been captured and
their location in the collection. Next, a subset of mutants with
desired features is rearrayed from the progenitor collection into
an ordered, non-redundant library (Figure 3). Several important
factors, including features of the pooled library, the magnitude of
certain biases, and arraying methodologies, should be carefully
considered during the planning stages of library arraying.

Properties of the pooled library that affect arraying:
Density
The pooled library should be as dense as possible so that mu-
tants in every non-essential gene can in principle be obtained.
Density is particularly important for isolating mutants in short
ORFs encoding small proteins,”” which are naturally expected
to have below-average numbers of insertions in the pool. In addi-
tion, the pooled library should ideally have an even distribution
and abundance (estimated by read counts) of mutants in each
gene, since the isolation strategy is likely to be largely unbiased.
Minimizing the propagation of the pooled library limits such
biases and preserves mutants with severe fitness defects (nearly
essential). Note that the concept of essentiality need not apply
only to units of whole genes: for a very dense pooled library,
gaps in insertion frequency can identify regions of ORFs (protein
domains) that are essential.'®®

During arraying, there is inevitable inefficiency due to the
repeated isolation of some mutants by chance. Based on
sequencing of the pooled library, the number of unique genes
that will be captured by a given number of isolated mutants
can be predicted with reasonable accuracy, taking into account
any nonuniformity in the distribution of mutants across genes in
the pooled library.'® Desirable features such as having the trans-
poson in the same reading direction as the gene (to avoid polar
effects),>**” insertion in the central 60% of the gene, and having
a unique barcode require isolation of a larger number of mutants
to cover a given fraction of the genes (Figure 3). For a typical
genome with ~5,000 genes, the number of mutants that should
be isolated is likely to range from 20,000 to 60,000 (influenced by
library quality and desired saturation level as well as resources
available); beyond this point feasibility becomes questionable.
A pilot run with ~20% of the desired number is useful for uncov-
ering biases, such as the number of wells without growth or wells
with more than one strain (if isolation is performed with a cell
sorter), early in the process and adjusting the target.'®

Properties of the pooled library that affect arraying:
Multiple integrations

In any pooled library, some fraction of mutants will contain multi-
pleintegrations that occur during conjugation when the donor cell
passes multiple copies of the vector to the same recipient cell or
when one recipient cell forms mating pairs with more than one
donor."® The presence of multiple-integration strains is of little
consequence when estimating gene fitness using pooled li-
braries as long as multiple-integration mutants are vastly
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Figure 3. Construction of an arrayed mutant library

After creating and sequencing a pooled mutant library, the first step in constructing an arrayed library involves making a projection of the number of genes likely to
be represented by a given number of mutants isolated (step 1). Aiming for specific insertion features will typically lower the predicted number of covered genes,
since mutants that satisfy those requirements will be rarer. The projection defines the desired size of the progenitor collection of isolated mutants given a target
number of covered genes. Starting from the pooled library, either colonies are picked or single cells are sorted into multi-well plates to isolate mutants (step 2).
Specific mutants such as phoE are tracked as examples throughout the figure. After generating the progenitor collection, combinatorial pooling (in this case 4D) is
used to make sequencing feasible (step 3). Every well is collected across four dimensions (column, row, plate column, and plate row). The mutants collected in
each pool are sequenced using Bar-Seq, and computational deconvolution of pool compositions results in a map of mutant locations. Mutants can be ranked
based on desirable features for generation of the final arrayed library. Desirable mutants from the progenitor collection are rearrayed into a smaller, non-redundant
collection, and a final mutant map is generated (step 4). The condensed library should be sequenced again (after combinatorial pooling) to confirm correct
placement of mutants. Arrayed libraries are a powerful tool for studying non-fitness-based phenotypes, such as cell morphology. Rapid dissemination and
sharing with other labs facilitate gene function discovery (step 5).
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Table 1. Comparison of mutant arraying methods

Single-cell sorting

Robotic colony picking

Pros fast, ~1 s/cell

gating parameters allow for isolation of mutants with
specific morphologies
minimal library pre-growth is required
no consumables like Petri dishes or agar medium are
required for pre-growth
very sick mutants can be sorted as single cells
Cons non-viable cells may be sorted, leading to empty wells
substantial time may be required for outgrowth from
a single cell
cell sorter must be suitable for bacteria, which may
be biosafety level 2 or higher
cells with morphological defects such as filamentation
or aggregation may not be sorted using standard
gating parameters

fast (~1 s/colony)

settings may allow for picking aberrant colony
shape, size, color, or height

only viable mutants that form colonies are picked

precise dilution is necessary to achieve optimal

colony spreading

plating for colonies requires many agar plates,

and colony development may require long incubation times
machines with needles require frequent, time-consuming
cleaning and calibration

outnumbered by single-integration mutants of the same gene,
and hence genetic interactions for the multiple random insertions
in a given strain are extremely rare. However, the isolation of mul-
tiple-integration mutants during arraying is essentially wasted
effort and means that one has to increase the number of mutants
isolated to pick single-integration mutants, which ensures that
phenotypes probed are due to disruption of only a single gene.
The propensity of multiple integrations can be estimated by
sequencing the transposon insertion and its barcode in a defined
number of isolated mutants. For example, if insertion sequencing
of a selection of 200 isolated mutants results in high-confidence
identification of 200 unique barcodes and 240 unique genome
insertion sites, then areasonable estimate is that multiple integra-
tions occurred ~20% of the time during library construction and
such mutants are abundant in the pooled library."®

Properties of the pooled library that affect arraying:
Unavoidable biases

If there is substantial bias in the pooled library (e.g., in mutant
abundance or multiple integrations) and the source of that bias
can be identified, it may be preferable to redesign library con-
struction and regenerate a library for the sole purpose of arraying
rather than tolerating the inevitable inefficiencies due to the bias.
Note that certain biases such as gene size and the absence of TA
sites in a gene, which will preclude insertion of mariner transpo-
sons,'°® are unavoidable and should be incorporated into the
predicted outcome of library arraying.'® Moreover, it is important
to recognize the diminishing returns of isolating more mutants:
the steepness of the saturation curve (Figure 3) indicates that it
is practically infeasible to isolate a mutant for every non-essential
gene, so the balance between time/resources and saturation
must be considered.

METHODS OF ARRAYING

Arraying can be accomplished manually by plating the library on
a solid medium and transferring individual colonies into multi-
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well plates in an arrayed format.'®* However, manual arraying
is time consuming and can become increasingly error prone,
especially for a large progenitor collection. The two most com-
mon robotic methods for arraying mutants into multi-well plates
are flow cytometry-based single-cell sorting and robotic colony
picking (Figure 3). Both methods are relatively fast, with specific
pros and cons (Table 1). Most standard anaerobic chambers are
not well suited to house either a flow cytometer or colony-picking
robot. Fortunately, protection of strict anaerobes from oxygen
exposure can be achieved by pre-reducing the culture medium,
limiting time outside the chamber, and supplementing the me-
dium with oxygen scavengers such as glutathione or cysteine. '’
In the future, the development of small-footprint microfluidics
approaches for bacterial isolation'%®%° may facilitate arraying
of extremely oxygen-sensitive strains inside an anaerobic
chamber.

POOLING AND DECONVOLUTION

Pooling methods

Once mutants from the pooled library have been arrayed to form
the progenitor collection, some form of combinatorial pooling is
necessary to make sequencing of the library feasible. Methods
of combinatorial pooling include n-bit binary string assign-
ment,'® DNA-Sudoku,''° and Cartesian 2D, 3D, or 4D pooling'**
(Table 2). Pooling into more dimensions lowers the number of
pools that must be prepared and sequenced but increases
pool complexity. More complex pools are at greater risk of
acquiring artifactual biases during library preparation (e.g., by
PCR), which will amplify errors and lead to more ambiguous
location calls. Furthermore, complex pools result in greater am-
biguity when trying to find a mutant that occurs in more than one
location. Conversely, creating more pools with lower complexity
can increase accuracy but results in more laborious sample
preparation. For barcoded libraries, Bar-Seq>° can be used to
identify mutant locations instead of the more laborious insertion
sequencing.'® This strategy reduces sequencing preparation
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Table 2. Comparison of Cartesian pooling strategies

Number of pools

Cartesian axis What to pool for 16 384-well plates
2D every plate separately, 400 (384 well pools,
each well from every 16 plate pools)
plate
3D every plate separately, 56 (16 row pools, 24

rows, and columns column pools,

16 plate pools)

48 (16 row pools, 24
column pools, 4 plate
rows, 4 plate columns)

4D rows and columns of
4 x 4 plate grid, rows
and columns of every
plate

time but requires the pooled library to have a high fraction of
uniquely barcoded mutants for successful deconvolution.

Deconvolution

After the combinatorial pools are sequenced, deconvolution algo-
rithms are used to predict the location of each mutant in the pro-
genitor collection. There is currently no standard software for li-
brary deconvolution, although most authors have shared
custom scripts for deconvolving their particular library.'%*%"
The deconvolution process is based on the distribution of mutants
within each pool. A mutant that is isolated only once and pooled in
a 4D pooling scheme should be present in exactly four pools, re-
sulting in an unambiguous predicted location. If a mutant isolated
once appears in more than four pools, e.g., due to contamination
during library preparation, PCR errors, or index hopping, its loca-
tion will be ambiguous, although such cases can often be reme-
died by filtering pools to retain only high-quality reads above a
threshold that depends on sequencing depth.

Any mutant isolated more than once will necessarily be pre-
sent in more than four pools (a mutant isolated twice will typically
be present in eight pools), and the number of possible locations
consistent with these pools increases combinatorially with the
number of isolations. This ambiguity in location calling de-
creases the power of the progenitor collection. When using bi-
nary pooling patterns with pre-defined allocations,'® ambiguous
locations can be partially resolved by calculating the Hamming
distance between an observed mutant placement pattern and
all pre-defined location patterns. The location with the smallest
Hamming distance can then be selected as being the most likely
location that contains that particular mutant'®''° or, when using
Cartesian pooling schemes, by identifying the most likely loca-
tion through fitting onto a distribution constructed from the
pool counts of unambiguous mutants.'%* Working with multiple
batches of pools aids deconvolution because a mutant isolated
in one batch will be deconvolved independent of its occurrence
in other batches, and smaller batches will be more effective at
identifying high-abundance mutants, while larger batches will
identify low-abundance mutants.

The pooling method can be tested in silico by randomly select-
ing mutants according to their abundance in the pooled library
(which is affected by library outgrowth just before arraying), pool-
ing, and deconvolving a simulated sequencing dataset. The ac-
curacy of deconvolution, and thus the number of mutants that
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can be confidently retrieved from the progenitor collection, is
influenced by the abundance distribution of mutants in the
pooled library, the level of cross-contamination during arraying
and preparation for sequencing, pool complexity and evenness
(ideally each pool contains a roughly similar number of mu-
tants/genotypes), and sequencing depth. After the deconvolu-
tion algorithm predicts the location of each mutant in the progen-
itor collection, desired mutants can be rearrayed to create a
condensed, non-redundant mutant library. As quality control,
this condensed library should then be combinatorially pooled
and sequenced (and possibly modified by partial rearraying) to
create a final, high-confidence mutant collection ready for
experimentation.

COSTS OF LIBRARY GENERATION AND DISTRIBUTION

With all these factors in mind, we estimate that the cost of
generating a condensed library with ~6,000 mutants originating
from a progenitor collection of ~50,000 mutants is ~$10,000 or
less in consumables and sequencing. While such costs will not
be prohibitive in many cases given the substantial expected
impact of a high-quality arrayed mutant library, they are suffi-
ciently high that libraries should be shared among the scientific
community. To facilitate sharing and to maintain library quality
long term, copies would ideally be available at well-known
corporate or institutional culture collections (such as ATCC,
DMSZ, or AddGene). In addition, the sharing of mutant pools
alongside arrayed libraries will facilitate the use of RB-Tn-
Seq. Such third parties can actively promote library distribution,
which may also motivate academic laboratories to generate
further libraries with the confidence that storage and distribu-
tion will be facilitated by this infrastructure. The cost to pur-
chase a library would need to cover storage space, electricity
for cold storage, quality control, and shipping; the E. coli Keio
knockout collection serves as a template of affordability.'?
Detailed records of library construction and sharing of
sequencing data and deconvolution code to underscore quality
control will promote interest in and usage of libraries, although
it will remain the end user’s responsibility to confirm mutants of
interest.

TARGET ORGANISMS FOR FUTURE LIBRARY
CONSTRUCTION

What we do not know about the functional capacity of gut com-
mensals is vast compared with our currently limited knowledge
(Figure 4). Thus, the lineup of organisms potentially worthy of
the effort of transposon mutant library construction is long (and
frankly, somewhat overwhelming). Ultimately, the prospects for
biological discovery should be the primary driver. Many host-
microbe interactions with postulated health significance could
potentially be addressed straightforwardly through screening of
amutantlibrary, such as the mechanism through which Fusobac-
terium nucleatum is linked to colorectal cancer.'"" Certain spe-
cies have already been developed to some degree into model
organisms. For a variety of reasons, B. thetaiotaomicron is a
model for polysaccharide metabolism,"'>""® which motivated
the construction of a barcoded transposon library whose
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Figure 4. Candidates among the gut microbiome for library generation

Phylogenetic relationship of species from the most prevalent phyla in the human intestinal microbiota.’'® Among this substantial diversity, transposon mutant
libraries have been generated in the asterisked species indicated in bold and labeled with a reference number in parentheses. Genome names from Cheng
etal.,'"® Maieretal.,"'® and Zimmerman et al.''” were aggregated, and the NCBI Taxonomy Name/ID Status Report tool was used to standardize their names and
remove duplicates, resulting in a superset of 141 genomes. Representatives for these genomes were downloaded from NCBI using the datasets tool. GTDB-tk' '®
classify-wf was used to find the maximum-likelihood placement of each genome in the full GTDB-Tk reference tree. The reference tree was then pruned to the 141
genomes using custom code. The final tree was visualized using iToL. All code used to generate the tree can be found at https://github.com/sunitj/
paper_transposonLibrary. Branch lengths represent the number of expected substitutions per site.

functional genetic screening led to the discovery of new polysac-
charide-related metabolic functions.*® Metabolic comparisons
across the Bacteroidetes phylum revealed a wide range of
polysaccharide utilization capabilities.”'* It remains unknown
the extent to which polysaccharide utilization locus (PUL) func-
tionalities are conserved across species and strains, motivating
the future construction of libraries in a wide range of
B. thetaiotaomicron relatives in the Bacteroides genus.
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Previous work characterizing the gene-phenotype landscape
of 32 bacteria (primarily Proteobacteria species)'' demonstrated
that comparisons across related species can highlight
conserved functions of certain genes, improving homology-
based identification of gene function while also revealing new
phenotypes. Related members of the gut microbiota are high-in-
terest targets for forward-genetic screening. For instance, Bilo-
phila wadsworthia from the Desulfovibrionaceae family plays
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an important role in bile acid processing in the small intes-
tine."'®"2° B, wadsworthia is likely highly distinct from Proteo-
bacteria species; indeed, although previously classified as a
Deltaproteobacteria member, B. wadsworthia was recently re-
classified into the phylum Thermodesulfobacteriota.

Moving beyond commonly studied taxa, evolutionary distance
may be a useful guide for discovering new genetic capabilities.
Barcoded transposon mutant libraries currently exist for represen-
tative Proteobacteria, Bacteroidetes, and Actinobacteria, leaving
Firmicutes and Verrucomicrobia as outstanding missing phyla.
Among the Firmicutes, the Clostridia have diverse representation
in the gut microbiota.'?"'? A TraDIS study defined gene essenti-
ality for the pathogen Clostridiodes (formerly Clostridium) diffi-
cile,*? demonstrating that barcoded library construction in
this genus is feasible. Clostridium commensals are responsible
for the production of many molecules in the gut, and genetic
tools have been developed for Clostridium sporogenes.'?®
C. sporogenes competes with C. difficile for vital nutrients'* and
interacts with other species such as Lactococcus lactis,"'® sug-
gesting that C. sporogenes would serve as an attractive represen-
tative of the Clostridiaceae family, and perhaps the Firmicutes
phylum at large. A. muciniphila, the model representative of the
Verrucomicrobia phylum, has the ability to produce an extensive
repertoire of mucin-degrading enzymes'?® and has been associ-
ated with both health and disease states'®; non-barcoded trans-
poson libraries have already been constructed in an Akkermansia
species.** Taken together, we hope we are on the cusp of an ex-
plosion of functional information.

For some target organisms, genetic tools may be more readily
available in a closely related species. A classic example is the
development of a genome-wide knockout library of Mycobacte-
rium smegmatis to model Mycobacterium tuberculosis."?” How-
ever, for many families in the gut microbiome, there is no widely
established model organism. This ambiguity could be beneficial:
one could simply screen to identify the species in a given taxon
with the highest transformation efficiency.'?® Given the exten-
sive HGT among gut commensals, there is likely to be a wide
range of transformability across strains, due for instance to the
type of vector being used, variation in surface features that af-
fects DNA entry, and/or the ability of the transposase to insert
into the genome. In some cases, existing knowledge about
strains of a target genus/species that are easier to transform
should motivate their prioritization. For example, Bifidobacte-
rium breve UCC2003 has been developed as a genetic model
for the Bifidobacteriaceae family (Actinobacteria phylum)'°
due to its ease of transformation relative to other Bifidobacterium
species. Moreover, it may be important to create libraries in mul-
tiple strains; for example, there are multiple clades of
A. muciniphila with distinct growth behaviors, and some humans
are inhabited concurrently by members of multiple clades.'*®
Ultimately, a strong motivator in the choice of target species or
strains will be the potential for novel metabolic or disease-related
phenotypes.

CONCLUDING REMARKS

Over the past decade, dozens of transposon and knockout
libraries have been constructed, covering members of diverse
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bacterial phyla.'>'®'¥2? These libraries have had enormous
impact, revealing phenotypes, pathways, and functions impor-
tant for bacterial physiology. However, there is still much work
to be done, with many health-relevant gut commensals and
entire phyla not represented. Efforts to develop genetic systems
tend to focus on organisms that are easy to work with and fast
growing, but it is also important to characterize fastidious and
slow-growing species, which are able to coexist with and influ-
ence fast-growing species in the gut.”*° It is still unclear to
what extent interstrain (genomic) variation affects the phenotypic
landscape of a species and, hence, how many strains of a single
species must be characterized before phenotypic knowledge
approaches saturation.'®’

Several factors could accelerate the pace of transposon
mutant library construction. Mutagenesis will be facilitated by
synergy with synthetic biology to design better vectors.'®>*
Moreover, as sequencing becomes less expensive and more
efficient, the time required for library analysis will decrease,
enabling rapid feedback during optimization of construction
strategies; reducing the time from vector design to finalized
library to under a week would represent a dramatic, yet achiev-
able, advance. It may be efficient to split library construction ef-
forts among multiple research groups: for instance, groups could
specialize in optimizing electroporation/conjugation efficiency in
many organisms, designing highly effective vectors, and arraying
libraries. Such a collaborative structure with centralized data
management, shared methodologies, and standardized growth
conditions could also be a model for other systems biology
efforts.

While widespread interest and health relevance motivate
focus on gut commensal function, there are many sources of po-
tential species that have yet to be targeted. Most gut isolates
have been obtained from stool, yet the small intestine is an envi-
ronment highly distinct from the colon and microbes enriched in
the small intestines have distinct functions compared with those
enriched in stool.'° Recently developed devices for collecting
microbes and metabolites from the small intestine can provide
both isolates and information about the environment.'?° Clearly,
barcoded transposons can also be used to study the functional
genetics of other microbiomes. Many of the tools and strategies
developed for constructing pooled and arrayed libraries in gut
commensals can likely be applied to soil and marine commu-
nities, as well as other human and animal communities, like the
skin, oral, and vaginal microbiomes, and even other kingdoms
such as the Archaea. However, there may be environment-
specific considerations for library construction, for instance,
related to the appropriate growth medium or atmospheric gas
composition.

Although we have only scratched the surface of gene-pheno-
type mapping in gut commensals, the immediate future is bright.
One of our goals for this review is to provide a knowledge base
that enables other researchers to participate in this exciting
endeavor. A reasonable expectation for the coming decade is
the construction of a pooled library for at least one representative
of each phylum present in the gut and, ideally, one representative
of every major family. Arraying of these pooled libraries will pro-
vide the mutant strains necessary to test a wide range of mech-
anistic hypotheses, which should help to recruit new researchers
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and approaches to study these organisms. We hope that it will
be possible to translate protocols between closely related spe-
cies, although even strains of the same species can exhibit dif-
ferences in properties such as envelope structure'®*'*® or
CRISPR-Cas systems'®*'%® that may substantially affect trans-
formation efficiency. In any event, an expanded array of efforts
will establish optimal strategies for library construction as
well as parameters for which variability can be tolerated to in-
crease throughput. In much the same way that AlphaFold has
transformed many researchers into aspiring structural biolo-
gists, °® we envision that barcoded transposon mutant libraries
will facilitate the emergence of the inner geneticist in most
microbiologists.
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