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Abstract

The critical role of the intestinal microbiota in human health and disease is well
recognized. Nevertheless, there are still large gaps in our understanding of the
functions and mechanisms encoded in the genomes of most members of the gut
microbiota. Genome-scale libraries of transposon mutants are a powerful tool to help
us address this gap. Recent advances in barcoded transposon mutagenesis have
dramatically lowered the cost of mutant fitness determination in hundreds of in vitro
and in vivo experimental conditions. In an accompanying review, we discuss recent
advances and caveats for the construction of pooled and arrayed barcoded
transposon mutant libraries in human gut commensals. In this review, we discuss
how these libraries can be applied across a wide range of applications, the technical
aspects involved, and expectations for such screens.
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Introduction

The human intestinal tract harbors an enormous diversity of microbial genes, many of
whose functions remain completely unexplored’’. Harnessing the full potential of the
gut microbiome to improve health and counter disease will heavily depend on better
understanding the function of (de-orphanizing) these microbial genes and how they
link to other genes in the cellular network®®. Exploration of the vast space of microbial
genes demands the application of high-throughput systems biology approaches to a
wide variety of organisms. For organisms that are genetically tractable, random
transposon mutagenesis offers a robust and relatively inexpensive approach to
uncovering genotype-phenotype relationships at genomic scale'®'6. Transposon
mutant libraries have proven powerful tools for rapidly screening genetic perturbations
for phenotypes under various environmental conditions''-'7, and thus often form the
basis for mechanistic discovery of gene functions. Up to this point, such libraries have
typically been constructed in model organisms and pathogens'®'41822 put the
expansion and maturation of the underlying genetic tools to phylogenetically diverse
microbes enables their broader application to gut microbes.

Transposon mutagenesis is typically used to create dense libraries with insertions in
most (if not all) non-essential genes in the target organism. In a pooled format, these
mutant libraries are coupled with sequencing methods to quantify the relative fitness
of each mutant in the pool across a set of environments'®11.17.23_ Such pooled libraries
can also be used to construct non-redundant arrayed libraries'%2425 which requires
considerable effort but provides an invaluable tool for easily accessing mutant strains.
Such access facilitates validation of results from pooled screens and further molecular
investigation of the underlying mechanism. It also enables studying single-cell and/or
fitness-independent phenotypes, such as cell morphology, biofilm formation,
extracellular metabolism, adhesion, metabolite secretion, and many others?627. In
random barcode transposon-site sequencing (RB-TnSeq'?), each transposon carries
a random DNA barcode linked to its genomic insertion position. Once the barcode-
insertion linkages are mapped via sequencing of the initial library, mutant fitness can
be estimated simply from relative barcode abundance as determined by sequencing
of the barcodes (Bar-Seq)'. As a result, barcoding greatly reduces the time, effort,
and cost of pooled library sequencing'?>. Moreover, the location of barcoded
transposon mutants in an arrayed library can be determined more easily and with
greater accuracy through barcode amplification?8.

Pooled or arrayed mutant libraries enable rapid genome-scale in vitro screening
across a wide variety of conditions, providing phenotype profiles for each gene in a
strategy known as “forward genetics”'".1214.29.30 Such profiles can link genes to
phenotypes, and grouping genes with similar phenotypic profiles reveals gene-gene
links and higher order genetic networks. Since in vitro screening of mutant libraries is
reasonably scalable, a large number of conditions can be tested to broadly probe the
phenotypic landscape. For example, two decades of work with the Escherichia coli
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KEIO collection'®, an arrayed library of deletion mutants that covers the non-essential
genome, has provided the first phenotypes for hundreds of genes?®3'-3% and served
as a basis for dissecting gene function. Similar success has been achieved in the
budding yeast Saccharomyces cerevisiae’. Yet, even for well-studied model
organisms such as E. coli and Bacillus subtilis, a substantial fraction of genes (>25%)
have no clear functions or phenotypes®¢-3’, suggesting the need to expand the space
of screening conditions and explore more unorthodox perturbations.

Ultimately, the goal of genotype-phenotype mapping is to understand the role of each
gene in the natural habitat and context in which the organism lives. Transposon mutant
libraries of pathogens have been used to identify key genes important for virulence in
animal infection models®-4°, Other in vivo studies have identified genes in gut
commensals involved in animal host colonization and nutrient utilization, within a
community of other microbiome members or when colonizing germ-free mice
alone’®1423 However, the inherent complexity of the gut ecosystem, involving a large
number of species and interspecies interactions as well as contributions of host factors
(e.g., diet, immune status, spatial localization within the gut), means that more
conditions must be studied to reveal the phenotypes and functions of genes in gut
commensals. Further in vitro and in vivo experimentation, with transposon mutant
libraries that represent a broader range of gut commensals, will be needed to
understand key representative gene functionalities in the gut environment.

In an accompanying review*!, we discuss important considerations and strategies for
constructing and arraying barcoded transposon mutant libraries, as well as
prioritization of organisms for future library construction. In this review, we discuss the
design and structuring of in vitro and in vivo functional genetic experiments with pooled
and arrayed barcoded transposon mutant libraries. We propose testing conditions that
will broaden and maximize the power of chemical genomics. We then focus on the
translation from in vitro data to in vivo phenotypes in popular model animal hosts.
Finally, we discuss how to facilitate global knowledge dissemination of phenotypic
screening data, to accelerate gene function discovery in the gut microbiome.
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Technical aspects of in vitro screening of mutant libraries

In vitro screening of mutant libraries is reasonably high throughput and cost effective,
hence screens typically involve measurements of phenotypes across hundreds of
conditions'"1429, These fithess measurements can directly link the phenotype of a
given gene disruption to a condition (e.g., a glycan transporter mutant does not grow
in media with only that glycan as a carbon source), and indirectly link genes that share
the same phenotypes across conditions (a strong indication of genes operating as part
of the same functional unit). While screening libraries in vitro (Figure 1) is almost
always faster and cheaper than in vivo screens, enabling the exploration of more
diverse conditions, the relevance and translatability of phenotypes observed in vitro to
in vivo systems should be considered.

Libraries can be screened in two modes. Positive selection employs conditions such
as phage predation, toxins, and chemicals that have large negative impact on the wild-
type strain*?, enabling outgrowth of a small number of mutants with higher fitness in
these conditions (e.g., resistance). Negative selection employs conditions such as
growth on carbon and nitrogen sources, pH, osmolarity, and sublethal concentrations
of toxins and antibiotics that deplete a small subset of mutants due to their lower fitness
compared to the large fraction of unaffected mutants. Positive-selection screens
require fewer reads than negative-selection screens (depending on the condition,
sequencing depth can be at least four times lower), as the pool of remaining mutants
is less complex and thus easier to sequence. Yet, in positive-selection screens only
the strongest phenotypes are selected and identified. Negative selection requires deep
sequencing to accurately quantify mutant abundance and thus is more costly, but the
higher resolution reveals mutants with more subtle fithess defects.

Growth medium

The selection of (species-specific) growth media can strongly influence phenotypes.
For example, screening of a Bacteroides thetaiotaomicron mutant library revealed
genes whose disruption provides a fithess advantage during treatment with the
antibiotic vancomycin when grown in the complex, undefined Brain Heart Infusion
(BHI) medium but not in a minimal, defined medium'. Although many of the known
microbial phyla do not have a single cultured representative*3, most members of the
gut microbiota can be cultured in complex, undefined media such as GMM, Mega
medium, BHI, and GAM*. These media can be used as a robust base for screening
a library against numerous conditions (e.g., drugs, pH, osmolarity), but their complexity
is prohibitive for screening metabolism-related functions. The use of rich, undefined
media can also obscure phenotypes due to transcriptional feedback on physiological
systems such as carbon catabolite repression3545.

If the target organism can be grown in a defined medium such as Varel Bryant minimal
media designed for Bacteroides species*® or other recipes (see e.g., refs. 4447) that
support robust growth, then medium compositional changes can be used to identify
pathways relevant to carbon/nitrogen utilization, breakdown of complex substrates,
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and biosynthesis of amino acids, nucleotides, vitamins, and co-factors. Typically,
phenotypes are stronger under nutrient-limited conditions such as minimal media,
especially for metabolism, import, and core physiology*®. It may be preferential to
screen mutant libraries of distantly related organisms in the same medium to shed
light on their potential functions in a community. While it may be difficult to establish a
“one-size-fits-all” medium applicable across phyla, recent efforts have identified a few
minimal media that can be used to culture most gut commensals*+.

Inoculum size and culture volume

The experimental setup for library screening can influence the robustness and
resolution limit of fithess measurements. It is critical to inoculate cultures with a
sufficiently large population to avoid bottlenecks and sampling artifacts that may bias
library growth; for a library with 10° mutants, the inoculum should ideally be about 107
cells (which corresponds to a standard cuvette optical density of ~0.01 for bacteria
with similar size as E. coli). For the same starting number of cells, larger culture
volumes support more generations of growth than smaller volumes, making subtle
fitness defects more apparent, but running the risk that mutants with moderate or
stronger fitness effects will decrease in abundance below the limit of detection. For
example, the fraction M of any mutant in the total pool P of mutants at a given time ¢
is M(t)/(M(t)+P(t)) = 2/9/(2/9+29), where f is the fitness of the mutant relative to that of
the pool of mutants (which will typically respond like wild type and thus have a relative
fitness of 1) and g is the number of generations. Over the course of 7 generations
(128-fold expansion of the inoculum), the fraction of a mutant with a growth rate 10%
lower than the rest of the pool (relative fitness = 0.9), would be 38% of that of an
unaffected mutant, while over 10 generations (1024-fold expansion) the mutant
fraction would decrease to 33%. In contrast, a mutant with a 50% growth defect
(relative fitness = 0.5) will decrease to 8% compared to an unaffected mutant after 7
generations and to 3% after 10 generations, and thus would be much harder to detect.

Ultimately, the choice of inoculum size and growth format/volume (e.g., 96-well versus
24-well plate) for screening will depend on the diversity of the library and on the
conditions tested, and should be balanced against other limitations such as scaling
factors (e.g., larger culture volumes require more compound, which increases costs).
As a general guideline, typical in vitro screening for growth of a library on specific
nutrients or in the presence of chemicals can be performed in deep 96-well plates with
2 mL of media for about 6-8 generations (64- to 256-fold expansion)'".12.14,

Timing of library experiments and DNA extraction

Differences in the growth lag time among mutants may skew library dynamics and the
final results. These effects can be minimized by growing the library under standard
conditions (e.g., the condition under which the library was generated) to early log
phase before exposing the library to screening conditions. A sample of the library
should be collected before exposure to the screening conditions to enable comparison
of mutant abundances after exposure. For convenience, libraries are typically grown
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to saturation (stationary phase) in the presence of the perturbation before cells are
collected for DNA extraction. However, large fitness differences during stationary
phase or survival differences may obscure subtle fithess effects during log phase
specific to the perturbation of interest, which may be the primary focus. To avoid such
cases, it may be preferable to first determine the growth rate of the wild-type strain in
the conditions of interest and based on this information, to grow the library for a fixed
number of generations below saturation and harvest DNA before stationary phase is
reached (although such a practice would substantially increase the effort of screening).
Knowing the growth rate in each condition can also be used to cluster conditions with
similar growth rates on the same assay plate for better timing and more straightforward
handling. After growth of the library for the desired amount of time, cells are pelleted
and DNA extraction can be simplified by the use of commercial kits designed for
microbial communities in multi-well plates. However, these kits are expensive (several
dollars per well), in part justified by their ability to evenly lyse a broad phylogenetic
range of species*®. For screening a single strain, simpler commercial kits or custom
methods exploiting liquid handling robotics can lower the costs.

Sequencing depth and cost

The appropriate number of reads per condition will depend on the number of barcoded
strains in the library (diversity) as well as the fraction of unique barcodes. If sequencing
results in too few reads, estimates of the relative abundance of mutants will be noisy
and hence unreliable. Conversely, very high read counts are unnecessary and the
sequencing depth could instead be spread over more conditions. Rough estimates of
the appropriate sequencing depth can be calculated using a naive power analysis, as
was recently described for CRISPRi-based sequencing of guide RNAs®0, yet to
determine the optimal sequencing depth that balances these considerations, intrinsic
biases in the distribution of mutants across genes should be taken into account, as
these biases may necessitate increased sequencing depth to accurately measure the
fitness of less abundant barcodes. Moreover, fluctuations in depth per condition for a
given sequencing flow cell are an inevitable bias that either requires resequencing of
the conditions that had below average reads by chance or a reduction in the number
of conditions per flow cell.

As a rough estimate, an Illumina NextSeq500 Mid-Output flow cell generates ~120
million reads, which is typically sufficient for ~40 samples screening a library of
300,000 mutants representing ~5,000 ORFs. Such a library will on average have ~36
insertions in the central 20-80% of each ORF (ignoring intergenic insertions). With 3
million reads per sample mapping to unique barcodes, each insertion would be
represented by ~10 reads on average. Ten reads are not sufficient to analyze fitness
for each mutant individually, hence reads mapping to insertions in the same gene must
be summed to accurately quantify gene-level fithess. In this case, with ~360 reads per
gene on average, the effects of a 40% growth defect (relative fitness = 0.6)
accumulated over 7 generations will lower the abundance of this gene to ~5% and its
cumulative read count to ~18. Such estimations can be useful for designing sample
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multiplexing with the required sequencing depth, but it should be noted that library-
specific biases (that must be determined empirically) can considerably skew the actual
numbers. With increased reads per sample (greater sequencing depth or fewer
samples multiplexed), it may not be necessary to sum counts of all mutants on a per-
gene basis and instead quantify fitness on a mutant-by-mutant basis. Such a strategy
could provide more statistical power since each mutant is treated independently and
thus aberrant mutants (e.g., that acquired a secondary mutation driving the phenotype
rather than the transposon insertion) can be identified and removed from calculation
of the median fithess across mutants in a gene).

Starting with libraries with more controlled population size (e.g. re-pooled, non-
redundant arrayed libraries) can increase dramatically the throughput. The total cost
of screening consists of plastic ware, media, chemicals/nutrients for testing, DNA
extraction, library preparation, and sequencing, which all scale linearly with the
number of technical replicates. Of these factors, plastic ware and media are relatively
inexpensive when screens are performed in a 96-well format. As sequencing costs
continue to decrease, a large fraction of the expense will typically be represented by
certain conditions (e.g., antineoplastic drugs or host-relevant molecules, such as
mucin) and library preparation. Thus, users should increasingly avoid economizing on
sequencing and instead aim for more reads per sample than necessary as compared
to maximizing multiplexing of samples.

In vitro screening conditions relevant to gut bacterial physiology

Intestinal bacteria are exposed to a wide variety of conditions and stresses in vivo,
some of which can be mimicked in vitro. While the relevance of some conditions is
more specific to certain target organisms, it is likely worthwhile to screen a broad range
of common conditions/perturbations to maximize the chances of discovering
phenotypes for genes of unknown function.

Nutrients and metabolism

To identify genes involved in catabolic or anabolic pathways, the library should be
grown in a defined medium in which molecules of interest are left out or added in
excess. Basic molecules to screen include amino acids, nucleotides, short chain fatty
acids, and trace elements like metals (which cannot be synthesized) and vitamins. For
some organisms, certain nutrient classes are natural candidates for screening; for
example, many Bacteroides species forage on host mucus or degrade complex
carbohydrates*’, thus screening Bacteroides libraries on a diverse panel of glycans
can identify genes involved in their complex carbohydrate catabolic capacities.
Identifying microbiome genes involved in prebiotic carbohydrate utilization has strong
relevance to health%'-53, Carbohydrates of interest include human and animal milk
oligosaccharides, complex polysaccharides from diverse plant sources such as inulin
from chicory®* and glucosinolates from broccoli®®, and beta-glucans from fungal cell
walls®®.
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Environmental/abiotic factors

The gastrointestinal tract poses a range of physical challenges that force microbes to
adapt. Variation in pH along the intestines motivates screening of growth at starting
pH ranging from 4-10%"-%8  with and without a buffer to counteract the ability of some
organisms to modify the environmental pH%%%, Sensitivity of growth to high osmolarity
may explain the effects of osmotic diarrhea on the gut microbiota®’, motivating library
screening across concentrations of non-metabolizable osmolytes; while salt has often
been used as an osmolyte, its indirect electrostatic effects are not optimal®? and thus
sugar alcohols such as sorbitol may be more appropriate®3. The gut lumen can exhibit
variable viscosity, for instance due to mucus release, which may impact microbial
growth, localization, and transit®. The effects of viscosity on growth in vitro can be
studied by adding various concentrations of polyethylene glycol or glycerol. Finally, an
obvious environmental feature of the gut lumen is anoxia; screening libraries in various
oxygen concentrations may reveal genes involved in oxygen sensitivity'4.

Host factors

Intestinal bacteria interact intimately with the host, and identifying phenotypes related
to host-derived signals can provide insight into host-microbe relationships. Bacteria
can acquire nutrients from the host, for example by foraging on mucus. Mucus is a
complex mixture of glycosylated proteins that are secreted by goblet cells and can be
tethered to the epithelial membrane®®. Porcine gastric mucus is often used for in vitro
microbiota studies as it is relatively inexpensive, although it should be noted that
mucus composition and properties vary along the gastrointestinal tract and gastric
mucus may be a poor model of mucus from the small or large intestine®®. Enterocytes
shed from intestinal villi may also provide a highly complex source of nutrients to
intestinal microbes®” that can be mimicked in vitro. Host immune factors such as
antimicrobial peptides'?, bile salts®®, immunoglobulins (in particular secretory IgA)®®,
and hormones play a key role in shaping the microbiota, and the genes that allow gut
bacteria to sense and cope with these factors largely remain to be elucidated.

Other microbiota members

Bacteria in the gut are exposed to many other microbial species, with some of which
they interact directly; these interactions may be particularly important in the presence
of species whose niche overlaps highly with the target organism’°. Screening a library
for phenotypes at various levels of complexity of the surrounding microbial community,
including phages, protists, and fungi as well as other bacterial species, can elucidate
the genetic basis for key questions such as microbiome stability, colonization, and use
of and defense against antagonisms. To probe these questions, a library can be grown
in either co-culture or in the spent supernatant of other microbes to identify phenotypes
involved in cross-feeding or sensitivity to released molecules. One disadvantage of
screening libraries in a pooled format is that mutants in cell-autonomous phenotypes
(e.g., secretion of an autocrine signal) can be complemented by other mutants or
strains in the pool and thus their fitness will not be compromised. As with host-derived
nutrients, microbe-derived nutrients are usually complex mixtures that may result in



343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386

multiple phenotypes, making interpretation challenging. One way to address this issue
can be through fractionation of such complex mixtures coupled to metabolomics data
to enable linking phenotypes to specific metabolites. Even in the absence of clearly
interpretable phenotypes, the ability to quantify fithess across many conditions
provides the power to link genes together. The impacts of a natural gut microbiota can
be studied by co-culturing libraries with highly diverse synthetic'®”! or stool-derived
communities’?, which have been shown to recapitulate many aspects of the gut
microbiota in vivo. Such assays have the potential to reveal phenotypes involved in
direct cell-cell interactions or ones that emerge from a given community context. The
increased complexity of community assays requires consideration of several potential
issues: other species may create a severe bottleneck for the focal library species,
decreasing its growth rate and yield. In this case, the initial inoculum of the focal
species and the assay time would need to be adjusted.

Xenobiotics

Gut bacteria are exposed to diverse xenobiotics (compounds foreign to the body)
ingested by the host or released in bile. Such compounds can impact microbial fitness
and community composition, and may drive the evolution of resistance
mechanisms’374. Xenobiotics relevant for the gut microbiome include antibiotics,
human-targeting drugs, food additives, toxins, and excipients (support substances that
serve as the vehicle for a drug). Screening of libraries can enable associations
between xenobiotics and other conditions based on a common phenotypic profile
across mutants. Many companies now sell standard or custom-arrayed compound
libraries that can be used for library screening. Prescreening of these compounds on
the wild-type strain is important, as the target organism will not be affected by some
(potentially most) compounds, and those compounds are less interesting for further
screening. A target concentration for screening is the ICsp, the concentration at which
wild-type growth is reduced by 50%, which enables the identification of both more
sensitive and more resistant mutants. Alternatively, the library can be grown across a
range of compound concentrations to determine the concentration at which library
growth is partially hampered and hence is appropriate for fithess measurements,
avoiding the time required for prescreening, at the cost of re-arraying the appropriate
samples for sequencing preparation. To obtain a more targeted selection of
xenobiotics for screening, recent studies on the impact of medication on the
microbiota’® can be mined to identify compounds that affect the abundance of the
target organism.

Applications of arrayed libraries

In pooled form, mutant libraries can be used to mostly screen for conditions that affect
fitness, in which change in relative abundance measures the impact of the condition
on each mutant’s genotype. While such screens have generated powerful insights into
bacterial physiology, certain conditions and behaviors are difficult if not impossible to
probe in a pooled library format due to trans-complementation of cell-autonomous
deleterious phenotypes by other mutants in the pool. Such conditions and behaviors
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include: cross-feeding, in which degradation of nutrients and/or the release of waste
products by conspecific or heterospecific cells alleviates genetic defects; degradation
of drugs (including antibiotics), which lowers the effective concentration and hence
modifies the interpretation of mutant sensitivity; and secretion of toxins, enzymes,
vesicles, or signaling molecules that end up as community property. Droplet TnSeq
(dTnSeq’>76), which uses microfluidics-based encapsulation of single cells, has been
developed to expand measurable phenotypes beyond fithess using pooled libraries.
Moreover, arrayed libraries enable the study of non-growth-related phenotypes and/or
single-cell phenotypes such as changes in cell morphology, biofilm formation, and the
intracellular and extracellular metabolome and proteome. These and other key
aspects of bacterial physiology can justify the effort required to array the pool into a
non-redundant collection of mutants.

In the accompanying review, we discuss recent advances that have dramatically
lowered the barriers to arrayed library construction. With an arrayed library, single-cell
readouts, such as shape defects?”77:78 or protein stability and abundance’®, or non-
growth-related phenotypes, such as biofilm formation® or survival in stationary
phase®!, have been probed. In addition, an arrayed library can be used to create
smaller sub-libraries that focus on mutants related to a specific process, such as
metabolism or stress responses. Moreover, due to their lower complexity and/or more
balanced coverage of the genome, sub-libraries enable higher throughput and avoid
population size bottlenecks, and hence allow for testing of more conditions.
Importantly, for many bacterial species (particularly gut commensals), genetic tools
are still lacking. Transposon vectors do not require maintenance in the cell (and thus
knowledge about maintenance systems is not necessary) so for many organisms
transposon vectors are currently the only accessible starting tools for genetic
manipulation®283, Thus, arrayed transposon mutant libraries in otherwise genetically
intractable microbes provide a highly valuable resource for mechanistic investigation
of genotype-phenotype relationships.

Screening of a standard panel of conditions may elucidate strain/species-specific
versus conserved genotype-phenotype relations. Yet, even for just the classes of
perturbations and conditions mentioned above, the chemical space is enormous and
trade-offs between relevance, coverage, and feasibility/costs will be necessary.
Moreover, our list is by no means exhaustive for probing gene functions in gut bacteria
using mutant libraries. Depending on the target organism, specific screening
conditions relevant to microbe-specific lifestyles should be considered.

Expected results from in vitro screening

In vitro screening of pooled or arrayed libraries will typically enable identification of
phenotypes for many (although not all) genes. General expected behaviors would be
lower relative abundance for required/beneficial genes and higher relative abundance
for detrimental/toxic genes under the probed condition. For example, when only one
of several transporter mutants has a fithess defect in minimal media with glucose as
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the carbon source, that transporter can be linked to primary glucose metabolism.
However, interpretation of phenotypes may be more difficult if there is redundancy
involving two transporters; in this case, more complex conditions may be required to
dissect function. For an antibiotic, the exporter or efflux pump transposon mutant
would show lower relative abundance due to increased cellular drug concentration'
and the transposon mutant of the porin used for drug uptake would show higher
relative abundance due to decreased cellular drug concentration.Error! Bookmark
not defined.

A major benefit of high-throughput library screening is the ability to reveal mutants in
different genes that exhibit the same behavior across conditions''. Results from in vitro
screening may lead to reannotation of certain genes'*. Even genes without any known
function can be implicated in a genetic network due to their association with other
genes of known function with similar fitness in the same conditions (“co-fitness”). The
strength of the gene co-fitness metric depends on both the number and orthogonality
of conditions tested. Care should be taken to avoid undue bias in the distribution of
conditions (e.g., due to screening a large number of antibiotics with the same target),
as such bias can emphasize certain conditions in phenotypic correlations and thus
discount signal from other conditions. A metric that systematically clusters and
normalizes results from diverse conditions to enable high confidence correlation
estimates would substantially improve detection of gene-gene linkages.

Screening libraries for phenotypes from a “gene-centric’ viewpoint can be an
overwhelming endeavor since it is unclear whether useful estimates of practical
screening scale (i.e. the number of conditions) can be derived from features such as
behavior (e.g., growth capacity across different media), genome size (gene count),
genetic network complexity, or predicted enzymatic capacity. Yet, automated
microbiology platforms powered by artificial intelligence show promise for easing this
challenge®*. Alternatively, library screening can also be approached from a “condition-
centric” perspective, in which specific conditions of interest are probed for any mutant
phenotypes. This design inherently constrains the number of conditions, making library
screening more feasible, at the cost of ignoring the unknown unknowns. Ideally, at
some point a consistent framework for future in vitro screening will emerge (be it gene-
centric or condition-centric) following the analysis of screening many phylogenetically
diverse organisms. Ultimately, for gut microbes a major consideration is how to
position in vitro screening results to aid interpretation of in vivo experiments.

In vivo screening of mutant libraries

Although in vitro experiments with barcoded transposon mutant libraries can be carried
out at a throughput, relatively low cost, and scale that are typically inaccessible using
in vivo models, when studying gut bacteria it can be difficult to sufficiently model the
intestinal environment in vitro. Thus, in vivo experimentation is a critical complement
to fully understand the physiological role of bacterial genes, including nutrient
acquisition through diet and competition, direct agonism/antagonism with other
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organisms and phages, and the impact of the host (e.g., inflammation) and xenobiotics
on bacterial fithess (Figure 2). Hosts that can be made germ-free enable library
screening in a wide range of controlled colonization conditions, in particular to ensure
that the library can colonize at high density and not be outcompeted by other species.

Pre-colonization

For a typical in vivo experiment, the library is grown to saturation prior to colonization
of the host animal'®. Care should be taken not to grow the library for too long after
saturation, since the degree of starvation can affect in vivo fitness®. Alternatively, to
prevent loss of mutants with severe fitness defects, the library can be grown for a
limited number of generations into early logarithmic phase and then be immediately
introduced into the host. It is generally advisable to colonize with as large a population
as possible to prevent bottlenecks, and at least to ensure that the inoculum is
substantially larger than the diversity of the library. The inoculum should be sequenced
for use as the reference to which animal (fecal) samples are compared. Less complex
and more balanced libraries are less prone to bottleneck effects.

Mono-colonization

Mono-colonization of germ-free animals with a mutant library enables analysis of
bacterial phenotypes driven by the host environment rather than confounding
interspecies interactions with residential microbiota members. The host diet is a major
environmental factor that can influence bacterial fitness'#2386 and dietary variations
are relevant for host health and straightforward to implement. In addition, different host
genotypes can be used to interrogate host-microbe genetic interactions®”. For
example, colonization of Rag7-- or Myd88'- mice can highlight bacterial genes that are
influenced by the host adaptive or innate immune system, respectively'®. Other models
such as TGRS (bile acid receptor) knockout mice may provide the ability to probe the
host-microbe-metabolism axis. Animal models for colorectal cancer, inflammation
(induced by chemicals such as DSS®), diarrhea®!, and viral infections can provide
insight into bacterial genes specifically required for survival in a diseased host.

Colonization with other microbes

While mono-colonization provides a focused view on specific host-microbe
interactions, other microbiota members play an intrinsic role in the life cycle of the
library organism in vivo by influencing its fitness'®23, Germ-free animals form powerful
model systems that enable careful design of the host-microbial ecosystem in which to
probe the target organism. For example, germ-free animals can be colonized with a
synthetic community of microbes that either lacks or has an excess of members of the
same species/genus/family to investigate the impact of competition or support on the
target organism phenotypes'®.

Use of well characterized, standard synthetic communities that contain a breadth of
functionalities can expedite comparisons across labs. One prime example of such a
community is the oligo mouse microbiota (OMM12), a widely used 12-member
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community of mouse gut commensals®®. More recently, synthetic communities of
human gut species have been used to stably colonize mice, and a highly diverse (>100
member) community of human gut commensals was shown to reproducibly colonize
germ-freemice’’. Yet, whether such rich communities pose bottlenecks for testing
colonization of pooled libraries remains to be tested; prior examples of pathogen
colonization in mice®® suggest that bottlenecking may be an issue. Of note, as most
synthetic communities are composed of strains that share no evolutionary history (i.e.,
not isolated from the same host in which the strains co-evolved) phenotypes of the
target organism related to important interspecies interactions may be missed. As an
interesting possibility, strains that have co-evolved can be introduced in germ-free
hosts as a stool-derived in vitro community’?, a synthetic community of isolates from
a single individual, or a human fecal sample (“humanized”). In these cases, one would
construct a library in a strain from a particular individual, and then test the fitness of
this library in a host animal that is colonized with the community or fecal sample, also
called a bacterial xenograft. It is probably best to first colonize the host with the
community without the target organism (if possible) to allow the host and the
community to adapt and stabilize, and afterwards introduce the library organism.

Novel behaviors may emerge as community complexity is increased, including nutrient
competition, beneficial cross-feeding, and non-nutrient competition-based interactions
(e.g., for spatial niches and direct antagonisms). When such interactions have
previously been identified, transposon mutant library screens can identify the genetic
basis of the interaction as long as the interaction of interest can be separated from
other interactions.

Ultimately, it is unclear how much the phenotypic landscape will be affected by the
presence of other commensals. If resource competition is the major driver of
community composition®!, then the phenotypic impact of the community may be subtle
(e.g., altering the relative strength of a phenotype). However, nutrient competition
could also lead to metabolic reprogramming such that a gene for processing a certain
carbon source becomes dispensable in the community context. Thus, investigating the
library organism in hosts colonized with different communities can provide the
opportunity to uncover emergent and general principles behind adaptation,
colonization, and colonization resistance.

From a technical standpoint, the abundance of the library organism (which is
influenced by competition and cooperation with the other community members and
host factors such as immune system pressure) will influence barcode diversity and
thus the capacity to quantify gene fithess. Some species, such as those in the
Bacteroides genus, are typically at high enough abundance to avoid these issues
(especially in the absence of competition with closely related species), but in other
cases choosing a community and/or host environment that increases the abundance
of the library organism (e.g., MAC-deficient diets promote Akkermansia muciniphila®?)
may be necessary to retain enough barcode diversity. An arrayed library may provide
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a remedy for bottlenecking via the construction of a re-pooled library with lower
diversity and thus higher numbers of each mutant for a given population size.
However, re-pooling has the trade-off of fewer mutants in each gene, and with the
limitation of very few mutants per gene it may be difficult to discern when de novo
mutations are the driver of a high-fitness strain rather than the transposon insertion.
One way to counter this issue is to sequence more replicates of the same library
across all conditions, which enables more consistent determination of mutant
behavior.

Potential animal hosts for in vivo experimentation

In vivo experimentation with mutant libraries can be performed in a variety of model
and non-model host organisms, each with pros and cons. The choice of host organism
may depend on biologically relevant considerations such as the aspect(s) of bacterial
physiology of interest and the colonization capacity of the host, as well as practical
factors such as availability, cost, and ethical considerations.

Mice

Due to powerful genetics, relatively easy husbandry (including germ-free), and
extensive development of disease models, mice have served as the predominant host
for in vivo experimentation with transposon mutant libraries of human gut
bacteria'®142355 |n addition to the contexts of disease and diet switches, the
knowledgebase regarding inbred laboratory mice also forms an excellent baseline to
study host-microbe co-evolution using outbred mouse lines, wild mice, or other
species in the Mus genus. Mice have a microbiome that is largely distinct from
humans®® and many mouse gut microbes are commercially available, including the
OMM12 synthetic community. This convenience, in combination with the ability to
humanize germ-free mice through colonization with human stool samples’?, enables
detailed studies about host-microbiome interactions with transposon mutant libraries
that can identify the conserved and unique factors influencing human gut commensal
fithess during host colonization.

Other animal hosts

While other mammals such as germ-free miniature pigs are better suited as models
for humans compared with mice in terms of natural diet, diurnal activity, and disease
translatability, the costs of raising and maintaining germ-free pigs are considerably
higher than for rodent model animals®. By contrast, gnotobiotic chickens provide
certain benefits: they are easy to work with (egg shell sterilization prevents
colonization of the chick) and inexpensive, and chickens have a relatively similar gut
microbiota composition to mice®, although their physiology is markedly different (e.g.,
the body temperature of birds is substantially higher than mammals). It is unknown to
what extent bacterial fitness landscapes vary across hosts, although comparisons
between colonization of germ-free mice and chicks with a Bifidobacterium breve
transposon mutant library revealed surprisingly similar phenotypic landscapes given
similar diets%; in such cases, outlier phenotypes provide insight into host-related
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differences. To study host colonization and microbial evolution, several other animals
across the vertebrate subphylum could provide complementary insights. Screening
libraries in a model fish (e.g., zebrafish®’), amphibian, or reptilian in addition to a bird
and mammal might enable charting the impact of 500 million years of host divergence
on bacterial adaptation. Of course, such investigations would only be possible for
target bacteria that are able to colonize many hosts and adapt to widely varying host
diets. E. coli is the best-studied intestinal bacterium and has a very wide host range®,
hence it may be appropriate for linking bacterial genes to host evolutionary divergence.
Besides mice, zebrafish form a powerful model system due to their extensive genetics,
ease in obtaining large population sizes, and the option to generate germ-free fish.

From the standpoint of experimental ease, population numbers, and host genetics, the
nematode Caenorhabditis elegans and the fruit fly Drosophila melanogaster presents
intriguing models for studying basic principles of host-microbe interactions®:'%. C.
elegans can be used in combination with bacterial transposon mutant libraries to
rapidly identify virulence factors and genes involved in host responses to
therapeutics''-1%3 and for Drosophila, recent studies have also developed the capacity
for in situ time-lapse imaging of the fly gut with single-cell resolution'®*. However, it is
not clear whether human gut commensals can properly colonize C. elegans or
Drosophila, as the physiology of these animals is very different from that of mammals
in aspects such as body temperature, intestinal oxygen levels, diet, and more.
Moreover, since the number of bacterial cells in the nematode and fly gut is much
lower than in larger animals (~10° cells in the Drosophila gut'®®), bottleneck effects
must be circumvented by using lower diversity libraries; when the library contains very
few mutants representing each gene, it may be difficult to distinguish whether a fitness
advantage is due to a particular transposon insertion or due to a de novo mutation that
arose in that mutant without comparing fitness results across a large number of hosts
(replicates).

Insights that can be obtained from in vivo colonization

The in vivo environment represents many environmental parameters such as chemical
diversity and physical features that are not captured (and may be inaccessible) by
typical in vitro experiments. As a result, in vivo colonization has the potential to reveal
phenotypes for genes that would otherwise not exhibit any phenotypes in vitro,
highlighting genes that may have evolved specifically for life in a host. For example,
during mono-colonization of germ-free mice with B. breve, dozens of genes related to
carbohydrate metabolism exhibited phenotypes in vivo but not in the hundreds of in
vitro conditions screened; genes predicted to be responsible for nutrient uptake also
exhibited specific phenotypes only in vivo%.

Changes in the host environment can also affect fithess dramatically. Diet is a major
determinant of the fitness of most gut commensals®, and hence represents a natural
knob for tuning the host-microbe interface. Exploring a broad spectrum of diets (e.g.,
polysaccharide replete versus deficient, high fat/sugar, fasting, caloric restriction, time-
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restricted eating) enables the generation of broad hypotheses about commensal
metabolism, while careful tuning of diet (e.g., a particular polysaccharide such as
inulin'%) enables testing of mechanistic hypotheses. In this context, it could be
interesting to quantify the fithess of each mutant in vitro after growth on ground-up
mouse chow'?” as a way to uncouple diet and host-diet interactions. Experiments with
barcoded but otherwise genotypically identical lineages demonstrated that little to no
contamination occurs between cages of gnotobiotic mice in the same isolator'®. Co-
housing mice colonized with the same library and fed a cage-specific diet in the same
isolator simplifies the process of exploring a broad range of diets. Moreover, the high
rates of transmission in mono-colonized mice within a cage'® suggest that using >3
mice per cage may have diminishing returns. Single housing maintains each animal
as a distinct, independent biological unit, although it remains unclear whether the
microbial phenotypic landscape is affected by host behavioral changes that may
emerge upon isolating a social animal. Like diet, xenobiotics such as excipients and
drugs can have large effects on the microbiota in terms of both composition'%® and the
fitness of individual strains’. Exposing mice colonized with a transposon mutant
library to water-soluble drugs dissolved in drinking water is a straightforward way to
determine the bacterial fitness determinants during treatment in hosts, and has the
potential to reveal how host metabolism of the drug ends up protecting or sensitizing
bacteria.

Links between knowledge obtained from in vitro and in vivo screens

An ultimate goal of gut commensal mutant library screening is to utilize information
from in vitro fithess assays with carefully controlled conditions to shed light on the role
of genes in the in vivo environment''®"", In general, nutrients, phage predation,
survival in communities, and pressure from invasive (pathogenic) bacteria may be
most robustly screened in high-throughput in vitro and the results are expected to be
largely translatable to an in vivo setting. Certain conditions such as an antibiotic
challenge translate straightforwardly in experimental design between the in vitro and
in vivo contexts''?, but the interpretation of in vivo fitness data will be more complex
given the likely off-target impacts on community composition, which may then
indirectly select for certain mutants in the library organism (especially since the impact
of drugs can be very different across microbiotas'?).

Other conditions such as the influence of host immune responses and host
behavior/physiology will be much harder to mimic in vitro. Probing these types of
complex perturbations comes with a trade-off between throughput and translatability.
For example, methods using immortalized (intestinal) cell lines to represent host
factors can be easily scaled but such cells often poorly recapitulate healthy host
functions. A more appropriate model would be intestinal organoids, which can closely
mimic human physiology, but the costs to upscale organoid production and organoid
heterogeneity may be prohibitive for testing highly diverse mutant libraries''3. Other
(larger) in vitro systems such as the Simulator of Human Intestinal Microbial
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Ecosystem (SHIME)'"* may better capture host environmental parameters and are
likely better suited for use with complex libraries.

A less complex application that may be well suited for translation from in vitro to in vivo
is the high-throughput screening of mutant libraries with specific perturbations to
discover “biosensor” mutants. For instance, mutants of oxidative stress pathways
identified in vitro may be used in vivo to indicate where/if in the host such stress occurs.
Similarly, certain mutants may be used to sense early stages of pathogen invasion or
dysbiosis. In the case of B. thetaiotaomicron, comparison of in vitro screens to in vivo
fitness measurements revealed that diet affects ammonium levels''®1¢ and hence the
utilization of ammonium-dependent alternative pathways', indicating that mutants in
such pathways can indeed act as biosensors for host diet-mediated environmental
changes. Host colonization may also provide the ability to distinguish genes/pathways
that appear redundant in vitro.

Centralized collection of a broad data set of phenotypes from many diverse in vitro
conditions (e.g., antibiotics, carbon sources, environmental perturbations, in the
presence of other microbes) would enable comparisons across organisms, and
hopefully the same will be true for in vivo fithess measurements (e.g., libraries in hosts
with different diets, microbiotas, host genotypes). It remains to be seen whether
genetic architecture and regulation will lead to general principles or species-specific
solutions. For example, comparisons across libraries could shed light on the impact of
host diet; in B. thetaiotaomicron, but not B. breve, lysine biosynthesis was critical for
colonization on a standard diet®. These different requirements could be due to amino
acids becoming limiting for B. thetaiotaomicron due to their higher abundance relative
to B. breve. In that case, if another factor limits B. thetaiotaomicron abundance (for
instance, the presence of other microbiota members), amino acid synthesis pathways
could become non-essential even without any changes in amino acid concentrations
within the gut. As a corollary, it is important to note (both in vitro and in vivo) that
phenotypes may be concentration dependent. Such scenarios underscore the
potential for the abundance of the library organism to impact mutant fitness®®.

The above points constitute a non-comprehensive set of links between in vitro and in
vivo knowledge. Many outstanding questions related to in vivo experimentation
remain. For example, should a “gold standard” set of in vivo conditions be established
(e.g., diet, disease, xenobiotics) to screen and compare mutant libraries of diverse
species? To what extent (and for what conditions) can in vitro screening,
supplemented by field paradigms and literature, be used to formulate hypotheses
about the in vivo function(s) of genes in commensal bacteria? And at what stage
should efforts be made to delve deeper into phenotypes identified from in vivo
experiments? Gaining a better understanding of the potential and limitations of in vitro
data to inform in vivo experimentation will improve the design of future in vivo
experiments with bacterial mutant libraries.
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Considerations for the design of in vivo experiments

It is important to note that during the course of any colonization experiment, selection
will take place on the entire genome, not just specific transposon mutants. Several
studies have demonstrated rapid selection of de novo mutations when germ-free mice
are colonized with a single species®:1%8. Within approximately one week (or even less)
of colonization with barcoded transposon libraries of Bacteroides species, single
mutants start to take over'*'"7, signifying a large fitness increase due to a de novo
mutation rather than the transposon insertion itself (since none of the other insertion
mutants in that gene expand significantly). Thus, there is only a short interval over
which the fitness of the transposon library should be measured. The cumulative bias
in a pooled library due to de novo mutations may be exacerbated for hyper-mutators
such as mutants in genes involved in DNA damage repair. Such genes may show
larger variation in mutant fitness level due to the larger number of advantageous or
disadvantageous de novo mutations.

To extend the time scale of the experiment while avoiding the impact of de novo
mutations on in vivo screening, it may be useful to first allow the target organism to
genetically adapt to the host and then isolate an evolved clone from which the
barcoded insertion library is constructed. The adapted population is likely to be
heterogeneous and multiple host-adapted colonies should be sequenced to determine
the mutational diversity. Transposon libraries may then be constructed in several of
these adapted backgrounds; methods for accelerating pooled library construction (see
our accompanying review) could facilitate this process and allow for faster exploration
of genetic interactions. However, it is important to note that de novo mutations with
fithess benefits will likely continue to accumulate in these adapted-background
libraries as well, and further adaptation will occur upon community or dietary changes.

Indirect effects and/or selection may also lead to changes in the relative abundance
of the library organism, which could alter all phenotypes. One potential general issue
during colonization is bottlenecks associated with host physiology (e.g., the acidic
environment of the stomach) that stochastically affect the initial pool, thereby making
fithess quantification challenging or impossible. In such cases, it may be necessary to
inject a library directly into the gut. Bottlenecks will likely not be apparent from
quantification of CFUs in stool since rapid growth in mice can restore the population
to maximal levels within a single day'%. During mono-colonization of mice, bottlenecks
are not an issue for B. thetaiotaomicron'* and B. breve®; in the latter case, most (if
not all) barcodes colonize across mice even though Bifidobacterium species are
sensitive to oxygen and cold (conditions they experience prior to inoculation and
during migration between host individuals).

Analysis and sharing of fithess data

In most cases, pooled library experiments will generate large amounts of sequencing
data, particularly since transposon barcoding enables screening of hundreds of
conditions at reasonable cost (tens of dollars per condition). To analyze these data,
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barcodes are typically quantified based on the number of assigned reads, grouped by
gene (or other genomic feature) to average fitness variation across insertions, and the
difference in cumulative barcode counts between the test and control conditions is
used to infer the fitness effect of each gene in each condition' 2. Variability in
phenotypic profiles across mutants in the same gene and calculation of the confidence
in fitness estimates must be considered. Through this analysis, genes or groups of
genes with fitness deviations under a particular set of conditions can be identified,
enabling mapping of genetic networks and prioritization of interesting cases for follow-
up mechanistic studies.

To maximally capitalize on these rich datasets, they must be made available to the
scientific community at large. Adopting similar guidelines as the MIAME (Minimum
Information About a Microarray Experiment)''® and MINSEQE (Minimum Information
About a Next-generation Sequencing Experiment)''® for transposon library analysis,
alongside a community-wide standardized pipeline to process raw data (e.g., how to
handle barcode read quality, mismatches, alignment tolerance, etc.) will streamline
communication and increase reproducibility, thereby enabling examination from
diverse user perspectives and to empowering gene-specific investigations. Raw data
can be deposited in online repositories’2°
(https://journals.plos.org/ploscompbiol/s/recommended-repositories) that allow
experienced users to use the data in custom manners, and processed data (e.g.,
calculated fitness values) can be made available through software or web-based
platforms. Web-based platforms have the advantage of accommodating a wider
network of researchers and thus increasing data distribution and application, as well
as ease of updating. Usage of such tools can be stimulated by ensuring that data is
easily browsable through a user-friendly interface supported by examples and tutorials
and that the search input accepts cross-platform, stable feature identifiers (such as
commonly used gene locus tags). The Fitness Browser (https://fit.genomics.lbl.gov/)"!
focuses on a single data type (gene-level fitness scores from pooled library screens)
to enable fast comparison of gene fitness across diverse conditions and species, rapid
incorporation of new datasets, and relatively straightforward maintenance. Users can
browse fithess data by organism, gene, sequence, or condition, and the data base
currently contains pre-computed fithess values from barcode sequencing of tens of
thousands of in vitro and in vivo experiments involving dozens of bacterial mutant
libraries. Moreover, linking to tools such as PaperBLAST, which mines the text of
published papers for information about homologs, readily connects fitness data to
other phenotypes'?!.

Toward a general genotype-phenotype platform for bacteria

With the construction of more libraries in diverse bacteria and their distribution among
research groups, the resulting genome-wide phenotypic measurements using pooled
or arrayed libraries will likely encompass data of a wide range of types beyond
sequencing including microscopy images, mass spectra, colony features (size,
morphology, color), and more. Ideally, data from these experiments will be centrally
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deposited and made accessible online, and other phenotype browsers may be worth
developing using the Fitness Browser as a working model. The development of
multiple phenotype browsers by different labs would ensure maximum flexibility and
innovation with regards to data storage, analysis, and visualization. If such browsers
provide the option to use standardized feature identifiers as queries, users can easily
switch among phenotype browsers and platforms such as Uniprot and BLAST
(preferentially through built-in linkages) with their feature of interest to assemble
genotype-phenotype data and generate hypotheses. As researchers move on to new
projects, there is always concern about the maintenance of modular browsers. A
simple way to avoid issues with browser disappearance is to enable re-creation of the
site by others from backups stored in a data repository (as is continually implemented
for the Fitness Browser).

Interconnected phenotype browsers linked by standardized feature nomenclature
would provide synergism that may help fund their maintenance. Once a sufficiently
large and diverse collection of data is accumulated for an organism of interest (which
should be facilitated by strategies that increase the number of labs performing
experiments on mutant libraries), it may be reasonable to construct an organism-
specific database similar to EcoCyc'?? in which multiple types of phenotypic data are
integrated and linked to genomic data. The development of additional phenotype
browsers and/or species/genus-specific integrated genotype-phenotype databases
focused on non-model organisms would be an exciting step forward in modern
microbiology and promote the discovery of bacterial functions through systems
biology. With this goal in mind, the scientific community focused on transposon
libraries could learn from other large-scale, multi-omics data collection initiatives such
as the Human Cell Atlas’?® to collect, organize, share, and integrate data. To pave the
way for these future advances, the research community should prioritize publication
of raw data and the development of accessible, easy-to-use analytical pipelines to
empower reproducibility and the development of novel analytical methods, reporting
of technically correct but “negative” data to prevent unnecessary replication, and
standardization of the implementation and frequent updating of genomic annotations
to maintain correct inter-database communication.
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Concluding remarks

Recent methodological advances such as RB-TnSeq have empowered mapping of
phenotypic landscapes at massive scale, providing deeper insight into certain aspects
of bacterial physiology. However, our comprehension of the host environment in which
gut commensals coexist and evolve is still limited. Insight into host factors that impact
microbiota physiology provides an opportunity to design conditions for in vitro
screening that elucidate molecular mechanisms. For example, in the gut, host diet
strongly affects gut microbiota composition and behavior, and the choice of medium
can strongly affect in vitro phenotypes'#. Future efforts that calibrate laboratory media
to more closely mimic the nutrient environment in the mouse or human gut'?4125,
perhaps guided by comparisons between community composition in vitro and in vivo™
or analyses of gut metabolomes'?®, could provide a sensible starting point for RB-
TnSeq in vitro screens.

Simulation of other key aspects of the host environment can also be improved. Porcine
gastric mucin is commercially available and hence is usually used as a proxy for
intestinal mucus, but the structure of mucus varies throughout the gastrointestinal
tract'?” and hence methods to produce mucins more relevant to the small and large
intestines could enhance our ability to mimic both the nutrient and the spatial/adhesive
roles of mucus in the gut. We also lack precise measurements of host environmental
parameters such as pH, salinity, viscosity, oxygen, and temperature (e.g., during fever
and exercise'?®), which can vary (perhaps in correlated manners) across the gut'?.
Screening of transposon mutant libraries in animal hosts may be the most direct route
toward inferring the most relevant variables in vivo. Environmental variables most
strongly correlated with changes in community composition in the gut also provide
clear focal points for in vitro screening.

Another technical consideration is the stage of growth at which the pooled library is
collected for in vitro fitness measurements. It is probably most expedient to continue
collecting cultures in stationary phase, to avoid the undesired noise from differences
in lag time across a plate or across experiments due to small environmental
fluctuations. However, it is not clear which of log-phase growth, stationary phase, or
deep starvation is the most relevant fitness determinant in a given condition, or
whether compensatory effects mask fitness changes in a given mutant'. E. coli cells
can adapt to long-term starvation'3', and the phenotype of certain V. cholerae mutants
in a rabbit infection model depends on whether cells are in log or stationary phase at
the time of inoculation®. Finally, an outstanding question is the desired properties of
the background community for screening in the presence of interspecies interactions,
both in vitro and in vivo. Whether the community should be diverse, contain closely
related species, and be composed of mouse versus human commensals may be
question dependent; hopefully studies of a few focal species will help to establish
general guidelines and principles, such as the extent to which a background
community changes the phenotypic landscape of the focal species.
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Ultimately, achieving mechanistic understanding of gut microbiota function will require
major leaps forward. Through many years of effort, functions or phenotypes have been
uncovered for >75% of the genes in E. coli, establishing it as a preeminent model
organism. By contrast, for virtually all gut commensals, only a minor fraction of their
genes has known functions, and the low abundance of E. coli in healthy gut
microbiotas'®? suggests that it is a poor model for many gut functions. Efforts to build
phenotypic landscapes of similar breadth in even a few representatives of the major
gut phyla would likely represent a transformative advance given the probable synergy
due to overlap in genetic content among closely related gut species. To achieve this
goal, it will be desirable for as many screening conditions as possible to provide
phenotypic information, which can be accomplished by acquiring more knowledge of
the gut environment or through unbiased screening of a broad range of conditions
such as media, toxins , human drugs’3, or even non-Western chemicals such as herbal
remedies. Fortunately, transposon barcoding facilitates high-throughput screening,
and the increasingly low cost of sequencing means that it should be routine to screen
thousands of conditions for each species. With robotics and rapid sequencing
turnaround, it may even be feasible to construct a closed-loop system in which new
conditions are selected and evaluated based on automated analysis of existing data®.
We look forward to a near future in which data sets of hundreds of thousands of
species/condition combinations can be systematically compared using user-friendly
computational tools available to the global research community.
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Figures

Figure 1: In vitro library screening process and output.

Barcoded transposon mutant libraries can be screened in high throughput using a vial
of the pooled library diluted to an appropriate starting OD (dependent on the testing
conditions and library diversity). The library is introduced in multi-well plates to various
conditions such as diverse drugs. The library should be grown in the conditions for a
limited number of generations, after which DNA is extracted from the pellet. A single
PCR is performed (Bar-Seq) to amplify the barcode in each transposon and barcode
amplicons are sequenced en masse and quantified. The barcodes are then linked to
genes through the library-specific gene-barcode map, and barcode abundances can
be used to quantify mutant fitness, to calculate co-fitness, and to reconstruct gene
networks.

Figure 2: Trade-offs and synergies between experimental platforms. Standard in
vitro systems, particularly multi-well plates, provide the scalability for high-throughput
screening of hundreds or thousands of conditions. The translatability of in vitro
screening results may be unclear but can be established with other systems with
higher complexity at the cost of lower scalability. Ultimately, in vitro screening results
(lower left) can provide synergistic information to interpret in vivo experiments; for
example, if the phenotypes of two semi-redundant enzymes differ between low and
high ammonium conditions in vitro, their phenotypes in vivo suggest that the host
environment is low in ammonium’. Blue and yellow indicate genes with low or high
fitness, respectively, in a given condition.
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