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SUMMARY
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 low-
ered 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 li-
braries can be used across a wide range of applications, the technical aspects involved, and expectations
for such screens.
INTRODUCTION

The human intestinal tract harbors an enormous diversity of mi-

crobial genes, and the functions of many of these genes remain

completely unexplored.1–7 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.8,9 Exploration of the vast space of microbial

genes demands the application of high-throughput systems

biology approaches to a wide variety of organisms. For organ-

isms that are genetically tractable, random transposon

mutagenesis offers a robust and relatively inexpensive approach

to uncovering genotype-phenotype relationships at genomic

scale.10–16 Transposon mutant libraries have proven to be

powerful tools for rapidly screening genetic perturbations for

phenotypes under various environmental conditions11,17 and

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,10,14,18–22 but the expansion
This is an open access article under the CC BY-N
and maturation of the underlying genetic tools to phylogeneti-

cally diverse microbes enables their broader application to gut

microbes.

Transposon mutagenesis is typically used to create dense li-

braries 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 environ-

ments.10,11,17,23 Pooled libraries can also be used to construct

non-redundant arrayed libraries,10,24,25 which requires consider-

able 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, adhe-

sion, metabolite secretion, and many others.26,27 In random bar-

code transposon-site sequencing (RB-Tn-Seq12), each trans-

poson carries a random DNA barcode linked to its genomic

insertion position. When the barcode-insertion linkages are
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mapped via sequencing of the initial library, mutant fitness can

be estimated simply from relative barcode abundance, as deter-

mined by sequencing of the barcodes (Bar-Seq).12 As a result,

barcoding greatly reduces the time, effort, and cost of pooled

library sequencing.12 Moreover, the location of barcoded

transposon mutants in an arrayed library can be determined

more easily and with greater accuracy through barcode

amplification.28

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 ‘‘for-

ward genetics.’’11,12,14,29,30 Such profiles can link genes to phe-

notypes, and grouping genes with similar phenotypic profiles re-

veals gene-gene links and higher-order genetic networks.

Because in vitro screening of mutant libraries is reasonably scal-

able, a large number of conditions can be tested to broadly

probe the phenotypic landscape. For example, two decades of

work with the Escherichia coli Keio collection,18 an arrayed li-

brary of deletion mutants that covers the non-essential genome,

has provided the first phenotypes for hundreds of genes29,31–35

and served as a basis for dissecting gene function. Similar suc-

cess has been achieved in the budding yeast Saccharomyces

cerevisiae.7 However, 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,36,37 sug-

gesting the need to expand the space of screening conditions

and explore more unorthodox perturbations.

Ultimately, the goal of genotype-phenotype mapping is to un-

derstand the role of each gene in the natural habitat and context

in which the organism lives. Transposonmutant libraries of path-

ogens have been used to identify key genes important for viru-

lence in animal infection models.38–40 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.10,14,23 However, the inherent complexity of the gut

ecosystem, involving a large number of species and interspecies

interactions aswell as contributions of host factors (e.g., diet, im-

mune status, spatial localization within the gut), means that more

conditions must be studied to reveal the phenotypes and func-

tions 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 under-

stand key representative gene functionalities in the gut

environment.

In an accompanying review41 in this issue of Cell Reports, we

discuss important considerations and strategies for constructing

and arraying barcoded transposonmutant libraries aswell as pri-

oritization of organisms for future library construction. In this re-

view, we discuss the design and structuring of in vitro and in vivo

functional genetic experiments with pooled and arrayed bar-

coded transposon mutant libraries. We propose testing condi-

tions that will broaden and maximize the power of chemical ge-

nomics. 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 condi-

tions.11,14,29 These fitness measurements can directly link the

phenotype of a given gene disruption to a condition (e.g., a

glycan transporter mutant does not grow in medium with only

that glycan as a carbon source), and indirectly link genes that

share the same phenotypes across conditions (a strong indica-

tion 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 pheno-

types 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 chem-

icals that have a large negative impact on the wild-type strain,42

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 ofmutants due to their

lower fitness compared with the large fraction of unaffected mu-

tants. Positive-selection screens require fewer reads than nega-

tive-selection screens (depending on the condition, sequencing

depth can be at least four times lower) because the pool of re-

maining mutants is less complex and thus easier to sequence.

However, in positive-selection screens, only the strongest phe-

notypes are selected and identified. Negative selection requires

deep sequencing to accurately quantify mutant abundance and

hence is more costly, but the higher resolution reveals mutants

with more subtle fitness defects.

Growth medium
The selection of (species-specific) growth media can strongly in-

fluence phenotypes. For example, screening of a Bacteroides

thetaiotaomicron mutant library revealed genes whose disrup-

tion provides a fitness advantage during treatment with the anti-

biotic vancomycin when grown in the complex, undefined brain

heart infusion (BHI) medium but not in a minimal, defined me-

dium.14 Although many of the known microbial phyla do not

have a single cultured representative,43 most members of the

gut microbiota can be cultured in complex, undefined media

such as Gut Microbiota Medium (GMM), Mega medium, BHI,

and Gifu Anaerobic Medium (GAM).44 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 car-

bon catabolite repression.35,45

If the target organism can be grown in a defined medium, such

asVarel-Bryantminimalmediadesigned forBacteroides species46

or other recipes (see, e.g., Tramontano et al.44 and Pudlo et al.47)

that support robust growth, then medium compositional changes

can be used to identify pathways relevant to carbon/nitrogen



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 inmultiwell 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 abundance can be used to quantify mutant fitness, calculate co-fitness, and reconstruct gene networks that may cluster by different

gene ontology (GO) groups.
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utilization, breakdown of complex substrates, and biosynthesis of

amino acids, nucleotides, vitamins, andco-factors. Typically, phe-

notypes are stronger under nutrient-limited conditions such as

minimal media, especially for metabolism, import, and core phys-

iology.48 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 defined media that can be

used to culture most gut commensals.44

Inoculum size and culture volume
The experimental setup for library screening can influence the

robustness and resolution limit of fitness 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 105mutants, the inoculum should ideally

be about 107 cells (which corresponds to a standard cuvette op-

tical density of �0.01 for bacteria with a similar size as E. coli).

For the same starting number of cells, larger culture volumes

support more generations of growth than smaller volumes, mak-

ing 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 frac-

tionM of any mutant in the total pool P of mutants at a given time

t is M(t)/(M(t)+P(t)) = 2fg/(2fg+2g), where f is the fitness of the
mutant relative to that of the pool of mutants (which will typically

respond like the wild type and thus have a relative fitness of 1),

and g is the number of generations. Over the course of 7 gener-

ations (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 62% of that of an unaffected

mutant, while over 10 generations (1,024-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 with 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/vol-

ume (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 medium for about 6–8 generations (64- to 256-fold

expansion).11,12,14

Timing of library experiments and DNA extraction
Differences in the growth lag time among mutants may skew li-

brary dynamics and the final results. These effects can be
Cell Reports 43, January 23, 2024 3



Review
ll

OPEN ACCESS
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 abun-

dance after exposure. For convenience, libraries are typically

grown to saturation (stationary phase) in the presence of the

perturbation before cells are collected for DNA extraction. How-

ever, large fitness differences during stationary phase or survival

differences may obscure subtle fitness 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 deter-

mine 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 con-

ditions with similar growth rates on the same assay plate for bet-

ter timing and more straightforward handling. After growth of the

library for the desired amount of time, cells are pelleted, andDNA

extraction can be simplified by the use of commercial kits de-

signed for microbial communities in multiwell plates. However,

these kits are expensive (several dollars per well), in part justified

by their ability to evenly lyse a broad phylogenetic range of spe-

cies.49 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 appro-

priate sequencing depth can be calculated using a naive power

analysis, as described recently for CRISPRi-based sequencing

of guide RNAs,50 but to determine the optimal sequencing depth

that balances these considerations, intrinsic biases in the distri-

bution of mutants across genes should be taken into account

because these biases may necessitate increased sequencing

depth to accurately measure the fitness of less abundant barco-

des. Moreover, fluctuations in depth per condition for a given

sequencing flow cell are an inevitable bias that either requires re-

sequencing of the conditions that had a below-average read

count 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 represent-

ing �5,000 open reading frames (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 suffi-

cient to analyze fitness for eachmutant individually; hence, reads
4 Cell Reports 43, January 23, 2024
mapping to insertions in the same gene must be summed to

accurately quantify gene-level fitness. 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 sam-

ple multiplexing with the required sequencing depth, but it

should be noted that library-specific biases (which 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 quan-

tify fitness on a mutant-by-mutant basis. Such a strategy could

provide more statistical power because each mutant is treated

independently, and thus aberrant mutants (e.g., that acquired a

secondary mutation driving the phenotype rather than the trans-

poson insertion) can be identified and removed from calculation

of the median fitness across mutants in a gene).

Starting with libraries with a more controlled population size

(e.g., re-pooled, non-redundant arrayed libraries) can dramati-

cally increase the throughput. The total cost of screening con-

sists of plasticware, media, chemicals/nutrients for testing,

DNA extraction, library preparation, and sequencing, which all

scale linearly with the number of technical replicates. Of these

factors, plasticware 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 expensewill typically

be represented by certain conditions (e.g., antineoplastic drugs

or host-relevant molecules, such as mucin) and library prepara-

tion. Thus, users should increasingly avoid economizing on

sequencing and instead aim for more reads per sample than

necessary compared with 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 ofwhich can bemimicked in vitro. While the

relevance of some conditions is more specific to certain target or-

ganisms, it is likelyworthwhile 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 Bacter-

oides species forage on host mucus or degrade complex carbo-

hydrates;47 thus screening Bacteroides libraries on a diverse

panel of glycans can identify genes involved in their complex car-

bohydrate catabolic capacities. Identifying microbiome genes

involved in prebiotic carbohydrate utilization has strong rele-

vance to health.51–53 Carbohydrates of interest include human

and animal milk oligosaccharides; complex polysaccharides
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fromdiverse plant sources, such as inulin from chicory54 and glu-

cosinolates from broccoli;55 and beta-glucans from fungal cell

walls.56

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 a starting pH ranging from 4–

1057,58 with and without a buffer to counteract the ability of

some organisms to modify the environmental pH.59,60 Sensitivity

of growth to high osmolarity may explain the effects of osmotic

diarrhea on the gut microbiota,61 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,62 and thus sugar alcohols such as sorbi-

tol may be more appropriate.63 The gut lumen can exhibit vari-

able viscosity (for instance, due to mucus release), which may

impact microbial growth, localization, and transit.64 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.14

Host factors
Intestinal bacteria interact intimately with the host, and identi-

fying phenotypes related to host-derived signals can provide

insight into host-microbe relationships. Bacteria can acquire nu-

trients 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.65

Porcine gastric mucus is often used for in vitro microbiota

studies because 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.66 Enterocytes

shed from intestinal villi may also provide a highly complex

source of nutrients to intestinal microbes67 that can bemimicked

in vitro. Host immune factors such as antimicrobial peptides,10

bile salts,68 immunoglobulins (in particular secretory immuno-

globulin A [IgA]),69 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,

and with some of these they interact directly. These interactions

may be particularly important in the presence of species whose

niche overlaps highly with the target organism.70 Screening a

library for phenotypes at various levels of complexity of the sur-

rounding 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, coloniza-

tion, and use of and defense against antagonism. 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 in

the pool, and thus their fitness will not be compromised. As

with host-derived nutrients, microbe-derived nutrients are usu-

ally complex mixtures that may result in 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 pheno-

types, the ability to quantify fitness across many conditions pro-

vides the power to link genes together. The impacts of a natural

gut microbiota can be studied by co-culturing libraries with high-

ly diverse synthetic10,71 or stool-derived communities,72 which

have been shown to recapitulate many aspects of the gut micro-

biota in vivo. Such assays have the potential to reveal pheno-

types 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 is-

sues, including that other species may create a severe bottle-

neck 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 mecha-

nisms.73,74 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 pheno-

typic profile across mutants. Many companies now sell standard

or custom-arrayed compound libraries that can be used for li-

brary screening. Prescreening of these compounds on the

wild-type strain is important because 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 inhibitory concentration

50% (IC50), 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 fitness measurements,

avoiding the time required for prescreening at the cost of re-ar-

raying the appropriate samples for sequencing preparation. To

obtain a more targeted selection of xenobiotics for screening,

recent studies of the impact of medication on the microbiota73

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 abun-

dance measures the impact of the condition on each mutant’s
Cell Reports 43, January 23, 2024 5
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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 transcomplementation of cell-autonomous deleterious

phenotypes by other mutants in the pool. Such conditions and

behaviors include cross-feeding, in which degradation of nutri-

ents and/or the release of waste products by conspecific or het-

erospecific 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 Tn-Seq (dTn-

Seq75,76), which uses microfluidics-based encapsulation of sin-

gle cells, has been developed to expand measurable pheno-

types beyond fitness 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 extra-

cellular metabolome and proteome. These and other key as-

pects of bacterial physiology can justify the effort required to

array the pool into a non-redundant collection of mutants.

In the accompanying review,41 we discuss recent advances

that have dramatically lowered the barriers to arrayed library

construction. With an arrayed library, single-cell readouts, such

as shape defects27,77,78 or protein stability and abundance,79

or non-growth-related phenotypes, such as biofilm formation80

or survival in stationary phase,81 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 meta-

bolism 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 testing of more conditions.

Importantly, for many bacterial species (particularly gut com-

mensals), genetic tools are still lacking. Transposon vectors do

not require maintenance in the cell (thus knowledge about main-

tenance systems is not necessary), so for many organisms,

transposon vectors are currently the only accessible starting

tools for genetic manipulation.82,83 Therefore, arrayed trans-

poson mutant libraries in otherwise genetically intractable mi-

crobes provide a highly valuable resource for mechanistic inves-

tigation of genotype-phenotype relationships.

Screening of a standard panel of conditions may elucidate

strain/species-specific versus conserved genotype-phenotype

relations. However, even for just the classes of perturbations

and conditions mentioned above, the chemical space is enor-

mous, and trade-offs between relevance, coverage, and feasi-

bility/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
6 Cell Reports 43, January 23, 2024
abundance for required/beneficial genes and higher relative

abundance for detrimental/toxic genes under the probed condi-

tion. For example, when only one of several transporter mutants

has a fitness defect in minimal medium with glucose as the car-

bon source, that transporter can be linked to primary glucose

metabolism. However, interpretation of phenotypes may be

more difficult when there is redundancy involving two trans-

porters; in that 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,14 and the transposon

mutant of the porin used for drug uptake would show higher rela-

tive abundance due to decreased cellular drug concentration.

Amajor benefit of high-throughput library screening is the abil-

ity to reveal mutants in different genes that exhibit the same

behavior across conditions.11 Results from in vitro screening

may lead to reannotation of certain genes.14 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)

because such bias can emphasize certain conditions in pheno-

typic correlations and thus discount signal from other conditions.

A metric that systematically clusters and normalizes results from

diverse conditions to enable high-confidence correlation esti-

mates would substantially improve detection of gene-gene

linkages.

Screening libraries for phenotypes from a ‘‘gene-centric’’

viewpoint can be an overwhelming endeavor because it is un-

clear 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 pre-

dicted enzymatic capacity. However, automated microbiology

platforms powered by artificial intelligence show promise for

easing this challenge.84 Alternatively, library screening can also

be approached from a ‘‘condition-centric’’ perspective, in which

specific conditions of interest are probed for any mutant pheno-

types. This design inherently constrains the number of condi-

tions, making library screening more feasible at the cost of

ignoring the 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 mi-

crobes, 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 experi-

mentation is a critical complement to fully understand the



Figure 2. Trade-offs and synergies between experimental platforms

Standard in vitro systems, particularly multiwell 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 (bottom left) can provide synergistic information to interpret in vivo experiments; for example, in the case in which the

phenotypes of two semi-redundant enzymes differ between low and high ammonium conditions in vitro, their phenotypes in vivo suggest that the host envi-

ronment is low in ammonium.14 Blue and yellow indicate genes with low or high fitness, respectively, in a given condition.
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physiological role of bacterial genes, including nutrient acquisi-

tion through diet and competition, direct agonism/antagonism

with other organisms and phages, and the impact of the host

(e.g., inflammation) and xenobiotics on bacterial fitness (Fig-

ure 2). Hosts that can bemade germ free enable library screening

in awide 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.14 Care should be taken

not to grow the library for too long after saturation because the

degree of starvation can affect in vivo fitness.85 Alternatively, to

prevent loss of mutants with severe fitness defects, the library

can be grown for a limited number of generations into early log-

arithmic phase and then immediately introduced into the host. It

is generally advisable to colonize with as large a population as

possible to prevent bottlenecks and at least ensure that the inoc-

ulum is substantially larger than the diversity of the library. The

inoculum should be sequenced for use as the reference with

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 amutant library en-

ables analysis of bacterial phenotypes driven by the host envi-

ronment rather than confounding interspecies interactions with

residential microbiotamembers. The host diet is amajor environ-

mental factor that can influence bacterial fitness,14,23,86 and die-
tary variations are relevant for host health and straightforward to

implement. In addition, different host genotypes can be used to

interrogate host-microbe genetic interactions.87 For example,

colonization ofRag1�/� orMyd88�/�mice can highlight bacterial

genes that are influenced by the host adaptive or innate immune

system, respectively.10 Other models, such as TGR5 (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 dextran sul-

fate sodium [DSS]88), diarrhea,61 and viral infection 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.10,23 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 compe-

tition or support on the target organism phenotypes.10

Use of well-characterized, standard synthetic communities

that contain a breadth of functionalities can expedite compari-

sons across labs. One prime example of such a community

is the oligo mouse microbiota (OMM12), a widely used

12-member community of mouse gut commensals.89 More

recently, synthetic communities of human gut species have
Cell Reports 43, January 23, 2024 7
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been used to stably colonize mice, and a highly diverse commu-

nity of human gut commensals (>100members) has been shown

to reproducibly colonize germ-free mice.71 However, whether

such rich communities are bottlenecks for testing colonization

of pooled libraries remains to be tested; prior examples of path-

ogen colonization in mice90 suggest that bottlenecking may be

an issue. Of note, because 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 interspe-

cies 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,72 a synthetic com-

munity of isolates from a single individual, or a human fecal sam-

ple (‘‘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 introduce the library organism

afterward.

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 interac-

tions have been identified previously, 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 composi-

tion,91 then the phenotypic impact of the community may be

subtle (e.g., altering the relative strength of a phenotype). How-

ever, nutrient competition could also lead to metabolic reprog-

ramming so that a gene for processing a certain carbon source

becomes dispensable in the community context. Thus, investi-

gating the library organism in hosts colonized with different com-

munities can provide an opportunity to uncover emergent and

general principles behind adaptation, colonization, and coloniza-

tion resistance.

From a technical standpoint, the abundance of the library or-

ganism (which is influenced by competition and cooperation

with the other communitymembers and host factors, such as im-

mune system pressure) will influence barcode diversity and thus

the capacity to quantify gene fitness. 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., microbiota acces-

sible carbohydrates [MAC]-deficient diets promote Akkermansia

muciniphila92) may be necessary to retain enough barcode diver-

sity. An arrayed library may provide 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
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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 sequencemore rep-

licates 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 organismmay depend on bio-

logically relevant considerations, such as the aspect(s) of bacte-

rial 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 experimen-

tation with transposon mutant libraries of human gut bacte-

ria.10,14,23,55 In addition to the context of disease and diet

switches, the knowledge base regarding inbred laboratory

mice also forms an excellent baseline to study host-microbe

co-evolution using outbred mouse lines, wild mice, or other spe-

cies in the Mus genus. Mice have a microbiome that is largely

distinct from that of humans,93 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,71 enables detailed studies about host-micro-

biome interactions with transposon mutant libraries that can

identify the conserved and unique factors influencing human

gut commensal fitness during host colonization.

Other animal hosts
While other mammals, such as germ-freeminiature pigs, are bet-

ter 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.94 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 gut microbiota composition

relatively similar to that of mice,95 although their physiology is

markedly different (e.g., the body temperature of birds is sub-

stantially higher than that of mammals). It is unknown to what

extent bacterial fitness landscapes vary across hosts, although

comparisons between colonization of germ-freemice and chicks

with a Bifidobacterium breve transposon mutant library revealed

surprisingly similar phenotypic landscapes given similar diets;96

in such cases, outlier phenotypes provide insight into host-

related differences. To study host colonization and microbial

evolution, several other animals across the vertebrate subphy-

lum could provide complementary insights. Screening libraries

in a model fish (e.g., zebrafish97), amphibian, or reptilian in
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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 colonizemany hosts and adapt to widely

varying host diets. E. coli is the best-studied intestinal bacterium

and has a very wide host range;98 hence, it may be appropriate

for linking bacterial genes to host evolutionary divergence. Be-

sides mice, zebrafish are a powerful model system due to their

extensive genetics, ease of 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 ele-

gans and the fruit fly Drosophila melanogaster are intriguing

models for studying basic principles of host-microbe interac-

tions.99,100 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,101–103

and for Drosophila, recent studies have also developed the ca-

pacity for in situ time-lapse imaging of the fly gut with single-

cell resolution.104 However, it is not clear whether human gut

commensals can properly colonize C. elegans or Drosophila

because 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, because the number of

bacterial cells in the nematode and fly gut is much lower than in

larger animals (�106 cells in the Drosophila gut105), 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 advan-

tage 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 param-

eters, such as chemical diversity and physical features, that are

not captured (and may be inaccessible) by typical in vitro exper-

iments. As a result, in vivo colonization has the potential to reveal

phenotypes for genes that would otherwise not exhibit any phe-

notypes in vitro, highlighting genes that may have evolved spe-

cifically for life in a host. For example, during mono-colonization

of germ-free mice with B. breve, dozens of genes related to car-

bohydrate 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 phe-

notypes only in vivo.96

Changes in the host environment can also dramatically affect

fitness. Diet is a major determinant of the fitness of most gut

commensals86 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-restricted eating) enables the

generation of broad hypotheses about commensal metabolism,

while careful tuning of diet (e.g., a particular polysaccharide such

as inulin106) enables testing of mechanistic hypotheses. In this

context, it could be interesting to quantify the fitness of each
mutant in vitro after growth on ground-up mouse chow107 as a

way to uncouple diet and host-diet interactions. Experiments

with barcoded but otherwise genotypically identical lineages

have demonstrated that little to no contamination occurs

between cages of gnotobiotic mice in the same isolator.108

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 cage108 suggest

that using more than 3 mice per cage may have diminishing re-

turns. Single housing maintains each animal as a distinct, inde-

pendent biological unit, although it remains unclear whether

the microbial phenotypic landscape is affected by host behav-

ioral 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 the composition109

and fitness of individual strains.73 Exposing mice colonized

with a transposon mutant library to water-soluble drugs dis-

solved 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 fitness assays with carefully

controlled conditions to shed light on the role of genes in the in vivo

environment.110,111 In general, nutrients, phage predation, survival

in communities, and pressure from invasive (pathogenic) bacteria

may bemost 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,110 but the interpretation of in vivo fitness data

will be more complex given the likely off-target impacts on com-

munity composition, which may then indirectly select for certain

mutants in the library organism (especially because the impact

of drugs can be very different across microbiotas112).

Other conditions, such as the influence of host immune re-

sponses 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 hu-

man physiology, but the costs to upscale organoid production

and organoid heterogeneity may be prohibitive for testing highly

diverse mutant libraries.113 Other (larger) in vitro systems, such

as the Simulator of Human Intestinal Microbial Ecosystem

(SHIME)114 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 transla-

tion 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
Cell Reports 43, January 23, 2024 9
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pathways identified in vitro may be used in vivo to indicate

where/whether such stress occurs in the host. 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 with in vivo fitness measurements revealed that

diet affects ammonium levels115,116 and hence the utilization of

ammonium-dependent alternative pathways,14 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 dataset of phenotypes from

many diverse in vitro conditions (e.g., antibiotics, carbon sour-

ces, environmental perturbations, in the presence of other mi-

crobes) would enable comparisons across organisms, and

hopefully the same will be true for in vivo fitness measurements

(e.g., libraries in hosts with different diets, microbiotas, host ge-

notypes). It remains to be seen whether genetic architecture and

regulation will lead to general principles or species-specific solu-

tions. For example, comparisons across libraries could shed

light on the impact of host diet; in B. thetaiotaomicron, but not

B. breve, lysine biosynthesis is critical for colonization on a stan-

dard diet.96 These different requirements could be due to amino

acids becoming limiting for B. thetaiotaomicron due to their

higher abundance relative toB. breve. In that case, if another fac-

tor limits B. thetaiotaomicron abundance (for instance, the pres-

ence of other microbiota members), amino acid synthesis path-

ways 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.96

The above points constitute a non-comprehensive set of links

between in vitro and in vivo knowledge. Many outstanding ques-

tions 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 condi-

tions) 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 identi-

fied 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 experi-

ments with bacterial mutant libraries.

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 demon-

strated rapid selection of de novo mutations when germ-free

mice are colonized with a single species.86,108 Within approxi-

mately 1 week (or even less) of colonization with barcoded trans-

poson libraries of Bacteroides species, single mutants start to
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take over,14,117 signifying a large fitness increase due to a

de novo mutation rather than the transposon insertion itself

(because none of the other insertionmutants in that gene expand

significantly). Thus, there is only a short interval over which the

fitness of the transposon library should bemeasured. The cumu-

lative bias in a pooled library due to de novo mutations may be

exacerbated for hypermutators, 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 ad-

vantageous or disadvantageous de novo mutations.

To extend the timescale of the experiment while avoiding the

impact of de novomutations on in vivo screening, it may be use-

ful 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, andmultiple host-adapted colonies should

be sequenced to determine themutational diversity. Transposon

libraries may then be constructed in several of these adapted

backgrounds; methods for accelerating pooled library construc-

tion (see our accompanying review41) could facilitate this pro-

cess and allow faster exploration of genetic interactions. Howev-

er, it is important to note that de novo mutations with fitness

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, therebymaking fitness quantification challenging or impos-

sible. In such cases, it may be necessary to inject a library

directly into the gut. Bottlenecks will likely not be apparent

from quantification of colony-forming units (CFUs) in stool

because rapid growth in mice can restore the population to

maximal levels within a single day.108 During mono-colonization

of mice, bottlenecks are not an issue for B. thetaiotaomicron14

and B. breve;96 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 FITNESS DATA

In most cases, pooled library experiments will generate large

amounts of sequencing data, particularly because transposon

barcoding enables screening of hundreds of conditions at

reasonable cost (tens of dollars per condition). To analyze these

data, 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 con-

ditions is used to infer the fitness effect of each gene in each con-

dition.11,12 Variability in phenotypic profiles acrossmutants 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
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can be identified, enabling mapping of genetic networks and pri-

oritization 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 MIAME (minimum information about a

microarray experiment)118 and MINSEQE (minimum information

about a next-generation sequencing experiment)119 for trans-

poson library analysis, alongside a community-wide standard-

ized 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 empowering gene-specific investigations. Raw data can

be deposited in online repositories120 (https://journals.plos.org/

ploscompbiol/s/recommended-repositories) that allow experi-

enced 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 plat-

forms have the advantage of accommodating a wider network

of researchers and thus increasing data distribution and applica-

tion as well as ease of updating. Usage of such tools can be stim-

ulated by ensuring that data are easily browsable through a user-

friendly interface supported by examples and tutorials and that

the search input accepts cross-platform, stable feature identi-

fiers (such as commonly used gene locus tags). The Fitness

Browser (https://fit.genomics.lbl.gov/)11 focuses on a single

data type (gene-level fitness scores from pooled library screens)

to enable fast comparison of gene fitness across diverse condi-

tions and species, rapid incorporation of new datasets, and rela-

tively straightforward maintenance. Users can browse fitness

data by organism, gene, sequence, or condition, and the data-

base currently contains pre-computed fitness values from Bar-

seq 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.121

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 ar-

rayed libraries will likely encompass data of awide 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 deposited

and made accessible online, and other phenotype browsers

may be worth developing, using the Fitness Browser as a work-

ing model. The development of multiple phenotype browsers by

different labs would ensure maximum flexibility and innovation

with regard to data storage, analysis, and visualization. If such

browsers provide the option to use standardized feature identi-

fiers as queries, users can easily switch among phenotype

browsers and platforms, such as UniProt and BLAST (preferen-

tially through built-in linkages), with their feature of interest to

assemble genotype-phenotype data and generate hypotheses.
As researchersmove 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-crea-

tion 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. When a sufficiently large and diverse

collection of data is accumulated for an organism of interest

(which should be facilitated by strategies that increase the num-

ber of labs performing experiments onmutant libraries), it may be

reasonable to construct an organism-specific database similar

to EcoCyc,122 in which multiple types of phenotypic data are

integrated and linked to genomic data. The development of addi-

tional phenotype browsers and/or species/genus-specific inte-

grated genotype-phenotype databases focused on non-model

organisms would be an exciting step forward in modern microbi-

ology 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, multiomics data collection initiatives, such as the Human

Cell Atlas,123 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 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 tomaintain correct in-

ter-database communication.

CONCLUDING REMARKS

Recent methodological advances such as RB-Tn-Seq have em-

powered mapping of phenotypic landscapes at massive scale,

providing deeper insight into certain aspects of bacterial physi-

ology. 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 eluci-

date 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.14

Future efforts that calibrate laboratory media to more

closely mimic the nutrient environment in the mouse or human

gut,124,125 perhaps guided by comparisons between community

composition in vitro and in vivo72 or analyses of gut metabo-

lomes,126 could provide a sensible starting point for RB-Tn-

Seq in vitro screens.

Simulation of other key aspects of the host environment can

also be improved. Porcine gastric mucin is commercially avail-

able and is usually used as a proxy for intestinal mucus, but

the structure of mucus varies throughout the gastrointestinal

tract;127 hence, methods to produce mucins more relevant to

the small and large intestine 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 environ-

mental parameters such as pH, salinity, viscosity, oxygen, and
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temperature (e.g., during fever and exercise128), which can vary

(perhaps in correlated manners) across the gut.129 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 measure-

ments. It is probably most expedient to continue collecting cul-

tures in stationary phase to avoid the undesired noise fromdiffer-

ences in lag time across a plate or across experiments due to

small environmental fluctuations. However, it is not clear which

(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.130 E. coli cells can adapt to long-term starvation,131

and the phenotype of certain Vibrio cholerae mutants in a rabbit

infection model depends on whether cells are in log or stationary

phase at the time of inoculation.85 Finally, an outstanding ques-

tion 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; hope-

fully studies of a few focal species will help to establish general

guidelines and principles, such as the extent to which a back-

ground community changes the phenotypic landscape of the

focal species.

Ultimately, achieving a mechanistic understanding of gut mi-

crobiota function will require major leaps forward. Through

many years of effort, functions or phenotypes have been un-

covered for more than 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 microbiotas132 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 prob-

able synergy due to overlap in genetic content among closely

related gut species. To achieve this goal, it will be desirable

to explore 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,73 or even non-Western chemicals

such as herbal remedies. Fortunately, transposon barcoding fa-

cilitates 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 exist-

ing data.84 We look forward to a near future in which datasets

of hundreds of thousands of species/condition combinations

can be systematically compared using user-friendly computa-

tional tools available to the global research community.
12 Cell Reports 43, January 23, 2024
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