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In brief

The development of a complex

community of bacteria that represents
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study of genes, pathways, and species

that influence host physiology and health.
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SUMMARY
Efforts to model the human gut microbiome in mice have led to important insights into the mechanisms of
host-microbe interactions. However, the model communities studied to date have been defined or complex,
but not both, limiting their utility. Here, we construct and characterize in vitro a defined community of 104 bac-
terial species composed of themost common taxa from the human gut microbiota (hCom1). We then used an
iterative experimental process to fill open niches: germ-free mice were colonized with hCom1 and then chal-
lenged with a human fecal sample. We identified new species that engrafted following fecal challenge and
added them to hCom1, yielding hCom2. In gnotobiotic mice, hCom2 exhibited increased stability to fecal
challenge and robust colonization resistance against pathogenic Escherichia coli. Mice colonized by either
hCom2 or a human fecal community are phenotypically similar, suggesting that this consortium will enable
a mechanistic interrogation of species and genes on microbiome-associated phenotypes.
INTRODUCTION

Experiments in which a microbial community is transplanted into

germ-free mice have opened the door to studies of mechanism

and causality in the microbiome. These efforts fall into two cate-

gories based on the nature of the transplanted community: com-

plete, undefined communities (i.e., fecal samples) versus incom-

plete but defined communities (i.e., synthetic communities).

Fecal transplantation studies have shown that the microbiome

plays a role in a variety of host phenotypes including the

response to cancer immunotherapy (Gopalakrishnan et al.,

2018; Matson et al., 2018; Routy et al., 2018), caloric harvest (Ri-

daura et al., 2013), colonization resistance to enteric pathogens

(Buffie et al., 2015), and neural development (Buffington et al.,

2021; Sharon et al., 2019). Although illuminating, a limitation of

this format is that it is difficult to ‘‘fractionate’’ an undefined com-

munity, making it challenging to discover which species are

involved in a phenotype of interest.
C

Synthetic communities are less well developed as model sys-

tems for the gut microbiome (Blasche et al., 2017; Pacheco and

Segrè, 2019; Walter et al., 2018; Widder et al., 2016; Xavier,

2011). Pioneering efforts have shown that a synthetic community

can model the impact of diet on the microbiome (Faith et al.,

2011), identified genes required for Bacteroides thetaiotaomi-

cron growth in the mouse intestine in the presence of a

15-member community (Goodman et al., 2009), and demon-

strated that complex communities composed of species iso-

lated from a single donor can stably colonize mice (Goodman

et al., 2011). More recent studies with defined communities

have revealed mechanistic insights into immune modulation,

glycan consumption, and other complex phenotypes driven by

the microbiome (Faith et al., 2014; van der Lelie et al., 2021; Pat-

node et al., 2019;Wymore Brand et al., 2015). Although synthetic

communities enable precise control over composition and ma-

nipulations such as strain dropouts and gene knockouts, the

communities used are typically of low complexity (<20 strains),
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 Desulfovibrio piger ATCC 29098
 Alistipes putredinis DSM 17216
 Parabacteroides sp. D13
 Bacteroides sp. 3_1_19
 Parabacteroides distasonis ATCC 8503
 Parabacteroides johnsonii DSM 18315
 Parabacteroides merdae ATCC 43184
 Bacteroides dorei 5_1_36/D4
 Bacteroides sp. 9_1_42FAA
 Bacteroides dorei DSM 17855
 Bacteroides vulgatus ATCC 8482
 Bacteroides coprophilus DSM 18228
 Bacteroides plebeius DSM 17135
 Bacteroides coprocola DSM 17136
 Bacteroides cellulosilyticus DSM 14838
 Bacteroides intestinalis DSM 17393
 Bacteroides eggerthii DSM 20697
 Bacteroides stercoris ATCC 43183
 Bacteroides uniformis ATCC 8492
 Bacteroides fragilis 3_1_12
 Bacteroides sp. 2_1_16
 Bacteroides sp. 1_1_6
 Bacteroides thetaiotaomicron VPI-5482
 Bacteroides caccae ATCC 43185
 Bacteroides finegoldii DSM 17565
 Bacteroides sp. D2
 Bacteroides ovatus ATCC 8483
 Bacteroides sp. 2_1_22
 Bacteroides xylanisolvens DSM 18836
 Prevotella buccalis ATCC 35310
 Prevotella buccae D17
 Prevotella copri DSM 18205
 Akkermansia muciniphila ATCC BAA-835
 Slackia heliotrinireducens DSM 20476
 Slackia exigua ATCC 700122
 Eggerthella lenta DSM 2243
 Collinsella stercoris DSM 13279
 Collinsella aerofaciens ATCC 25986
 Olsenella uli DSM 7084
 Bifidobacterium adolescentis L2-32
 Bifidobacterium pseudocatenulatum DSM 20438
 Bifidobacterium catenulatum DSM 16992
 Bifidobacterium breve DSM 20213
 Bifidobacterium longum ATCC 55813
 Clostridium spiroforme DSM 1552
 Catenibacterium mitsuokai DSM 15897
 Eubacterium dolichum DSM 3991
 Holdemanella biformis DSM 3989
 Holdemania filiformis DSM 12042
 Solobacterium moorei DSM 22971
 Granulicatella adiacens ATCC 49175
 Lactobacillus ruminis ATCC 25644
 Lactococcus lactis subsp. lactis Il1403
 Streptococcus thermophilus LMD-9
 Dialister invisus DSM 15470
 Megasphaera sp. DSM 102144
 Veillonella dispar ATCC 17748
 Veillonella sp. 6_1_27
 Veillonella sp. 3_1_44
 Acidaminococcus sp. D21
 Acidaminococcus fermentans DSM 20731
 Mitsuokella multacida DSM 20544
 *Clostridium sporogenes ATCC 15579
 Anaerofustis stercorihominis DSM 17244
 Intestinibacter bartlettii DSM 16795
 Clostridium sp. M62/1
 Clostridium asparagiforme DSM 15981
 Clostridium bolteae ATCC BAA-613
 Hungatella hathewayi DSM 13479
 Clostridium saccharolyticum WM1
 Eubacterium ventriosum ATCC 27560
 Butyrivibrio crossotus DSM 2876
 [Bacteroides] pectinophilus ATCC 43243
 Eubacterium eligens ATCC 27750
 Anaerobutyricum hallii DSM 3353
 Anaerostipes caccae DSM 14662
 Coprococcus eutactus ATCC 27759
 Clostridium sp. L2-50
 Tyzzerella nexilis DSM 1787
 Clostridium hylemonae DSM 15053
 Clostridium scindens ATCC 35704
 Dorea formicigenerans ATCC 27755
 Dorea longicatena DSM 13814
 Coprococcus comes ATCC 27758
 Ruminococcus gnavus ATCC 29149
 Ruminococcus lactaris ATCC 29176
 Ruminococcus torques ATCC 27756
 Bryantella formatexigens DSM 14469
 Blautia hansenii DSM 20583
 Blautia hydrogenotrophica DSM 10507
 Blautia obeum ATCC 29174
 Roseburia intestinalis L1-82
 Roseburia inulinivorans DSM 16841
 Eubacterium rectale ATCC 33656
 Ethanoligenens harbinense YUAN-3
 Subdoligranulum variabile DSM 15176
 Faecalibacterium prausnitzii A2-165
 Anaerotruncus colihominis DSM 17241
 Clostridium methylpentosum DSM 5476
 Eubacterium siraeum DSM 15702
 Ruminococcus albus 8
 Ruminococcus flavefaciens FD-1
 Clostridium leptum DSM 753
 *Ruminococcus bromii ATCC 27255 0
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limiting their ability to model the biology of a native-scale

microbiome.

An ideal model system for the gut microbiome would capture

the advantages of both approaches: near-native complexity

would allow a model microbiome to capture properties of an

ecosystem that are missing from simpler model systems,

including emergent phenomena such as resilience to perturba-

tion (Dethlefsen and Relman, 2011; Ng et al., 2019) and cooper-

ative metabolism (Morris et al., 2013). Moreover, complex con-

sortia are a promising starting point for in vivo studies of the

gut microbiome, for which they are better suited to model com-

munity-level phenomena such as immune modulation and the

formation of structured multispecies biofilms.

Complete definition (i.e., communities composed entirely of

known organisms) would enable reductionist experiments to

probe mechanism. The ability to construct communities with

defined composition is especially relevant in the context of ex-

periments testing whether phenotypes can be transferred to

germ-free mice via fecal transplant (Gopalakrishnan et al.,

2018; Ridaura et al., 2013; Routy et al., 2018). At present, since

transplanted communities are typically undefined, it is difficult

to uncover the mechanisms underlying these phenomena. A

defined model system of sufficient complexity would enable

reductionist follow-up experiments, bringing the gut microbiome

in line with other model systems in whichmechanistic studies are

possible.

To this end, we sought to create a community that is defined,

enabling precise manipulations, and complex enough to exhibit

emergent features of a complete community such as stability

upon engraftment and colonization resistance. We started by

constructing a complex defined community that contains

the most prevalent bacterial species in the human gut micro-

biome (hCom1). We demonstrate that the assembly of this

104-member community is reproducible even for very low-abun-

dance species. By systematically perturbing this community and

its growth medium, we uncover strain-nutrient and strain-strain

(e.g., syntrophic) interactions that underlie its composition. We

then colonize germ-freemicewith hCom1, showing that it adopts

astable, highly reproducible configuration inwhich its constituent

species span six orders of magnitude of relative abundance. We

augment the community by filling open niches using an iterative,

ecology-based process and show that the expanded community
Figure 1. A complex gut bacterial community

(A) A phylogenetic tree of the 104 strains in hCom1 based on a multiple sequence

identifying the most prevalent strains in sequencing data from the NIH Human M

Firmicutes, red; Actinobacteria, blue; Verrucomicrobia, orange; Bacteroidetes, g

abundances of each strain in the data set from the NIH HMP (n = 81 subjects). T

distribution of log10 (relative abundance) across subjects is shown with the mean

Clostridium sporogenes ATCC 15579 were added to the community despite low

(B) The community reaches a stable configuration quickly. The community was p

dot is an individual strain; the collection of dots in a column represents the comm

abundance in the community at 48 h. By 12 h, the relative abundances of strains i

through 48 h.

(C) Communities generated from two inocula prepared on different days (i.e., bio

(D) Communities generated from the same inoculum (i.e., technical replicates) ha

represents the phylum of the corresponding species, and circles with gray outline

mis-mapping.

See also Tables S1 and S2 and Data S1.
(hCom2) is more resilient to perturbation and resistant to path-

ogen colonization. Finally, we demonstrate that mice colonized

by hCom2 are phenotypically similar to mice harboring an unde-

fined human fecal sample, suggesting that our consortium and

augmentation process lay the foundation for developing com-

plete, defined models of the human gut microbiome.

RESULTS

Designing and building a complex synthetic community
We set out to design a community composed of the most com-

mon bacterial species in the human gut microbiome. We

analyzed metagenomic sequence data from the NIH Human

Microbiome Project (HMP) to determine the most prevalent or-

ganisms—those that were present in the largest proportion of

subjects, regardless of abundance. Although the HMP is not

broadly representative of microbiomes from diverse geogra-

phies and ethnicities (Deschasaux et al., 2018; He et al., 2018;

Sonnenburg and Sonnenburg, 2019), this data set was well

suited to our purposes since it was sequenced at very high

depth, enabling us to identify low-abundance organisms that

are nevertheless highly prevalent (Kraal et al., 2014). After

rank-ordering bacterial strains by prevalence, we found that

�20% (166/844) were present in >45% of the HMP subjects.

Of these 166 strains, we were able to obtain 99 from culture col-

lections or individual laboratories (Figure 1A; omitted strains are

listed in Table S1). The profiled strains of three additional species

were unavailable; instead, we used alternative strains of the

same species (Lactococcus lactis subsp. lactis Il1403, Bacter-

oides xylanisolvens DSM 18836, and Megasphaera sp. DSM

102144). We introduced two additional strains to enable down-

stream experiments: Ruminococcus bromii ATCC 27255, a

keystone species in polysaccharide utilization (Ze et al., 2012);

and Clostridium sporogenes ATCC 15579, a model gut Clos-

tridium species for which genetic tools are available (Dodd

et al., 2017; Funabashi et al., 2020; Guo et al., 2019). These

104 strains—a community termed ‘‘hCom1’’—are prevalent

and abundant in Western human gut communities (Data S1).

Notably, unlike other defined communities used to model the

gut microbiome, our consortium is within �2-fold of the esti-

mated number of species in a typical human gut (STARMethods)

(Faith et al., 2013; Qin et al., 2010).
alignment of conserved single-copy genes. The community was designed by

icrobiome Project (HMP). Colored squares indicate the phylum of each strain:

reen; and Proteobacteria, purple. Also shown are the prevalence and relative

he prevalence is the fraction of subjects in which the strain was detected. The

denoted by a white line for each strain. Ruminococcus bromii ATCC 27255 and

prevalence in the HMP samples.

ropagated in vitro in SAAC medium to test the stability of its composition. Each

unity at a single time point. Strains are colored according to their rank-order

n the community spanned six orders of magnitude and remained largely stable

logical replicates) have a similar architecture at 48 h.

ve a nearly identical composition at 48 h. In (C) and (D), the color of each circle

s and faint colors represent strains whose presence could be explained by read
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A streamlined strain growth protocol simplified the assembly

of hCom1 and single-strain dropouts (STARMethods). We found

that each of our 104 strains can be propagated in Mega Medium

(MM), Chopped Meat Medium (CMM), or both (key resources ta-

ble). Growth rates, carrying capacities, and time of entry into sta-

tionary phase varied widely across strains andmedia. To simplify

the process of community assembly while ensuring that slow-

growing strains were actively dividing, each strain was inocu-

lated from a frozen stock into liquid medium and passaged every

24 h for a total of 2–3 days. Before mixing individually cultured

strains, we adjusted the volumes of each culture to achieve

similar optical densities. A subset of the strains did not reach

the diluted culture density of the remaining strains (STAR

Methods); we added these cultures undiluted. We confirmed

that our starting cultures were pure using metagenomic

sequencing and high accuracy read mapping, as described in

the next section.

Development of a highly accurate metagenomic read-
mapping pipeline
Having assembled a community of 104 species, we next ad-

dressed how to quantify the abundance of each strain accu-

rately, a major challenge given our expectation that some

strains would be present at low abundance. Various strains in

the community have identical 16S hypervariable sequences in

the V3-V4 region, ruling out 16S amplicon-based methods.

We considered designing a custom amplicon-based pipeline,

but such an approach would require the design and validation

of new primer sets for future communities. As an alternative, we

sought to use metagenomic sequencing to quantity community

composition.

To test the performance of existing metagenomic analysis

tools, we generated three ‘‘ground truth’’ data sets. The first

two consisted of simulated reads generated from the assembled

genome sequences of each strain: one in which all 104 strains

were equally abundant (to test sensitivity and specificity), and

another in which strain abundance varied over six orders of

magnitude (to test dynamic range). The third set consisted of

actual reads derived from sequencing each strain individually us-

ing the same protocol as in subsequent community analyses.

This data set allowed us to account for biases introduced by li-

brary construction and sequencing.

We found that metagenomic readmappers based on a combi-

nation of Bowtie2 (Langmead and Salzberg, 2012) and SAMtools

(Li et al., 2009) were sensitive but inaccurate: there was substan-

tial mis-mapping of reads from one strain to others, such that

whole-genome sequencing data from an individual strain was

often interpreted as having arisen from multiple strains. Read

mis-mapping from any abundant strain could therefore create

noise that exceeds signal from low-abundance strains, degrad-

ing accuracy. In contrast, algorithms that focus on a few univer-

sal genes or unique k-mers such as MetaPhlAn2 (Truong et al.,

2015), MIDAS (Nayfach et al., 2016), Kraken2/Bracken (Lu

et al., 2017; Wood et al., 2019), IGGsearch (Nayfach et al.,

2019), or Sourmash (Titus Brown and Irber, 2016) were generally

accurate to the species level, but since they only use a small frac-

tion of the reads (<1%), their ability to detect low-abundance or

closely related strains is limited.
3620 Cell 185, 3617–3636, September 15, 2022
To address these challenges, we developed a new algorithm,

NinjaMap (Data S2). Taking advantage of the fact that every

strain in our community has been sequenced (Table S2),

NinjaMap can quantify strain abundances with high accuracy

across six orders of magnitude (STAR Methods). In brief,

NinjaMap considers every read from a sample. If a read does

not match perfectly to any of the genomes in the community

(typically 3%–4% of the reads), it is tabulated but not assigned.

If a read has a perfect match to only one strain, it is assigned

unambiguously to that strain. If a read matches more than one

strain perfectly, it is temporarily placed in escrow. After all unam-

biguous assignments are made, an initial estimate of the relative

abundance of each strain is computed. Reads in escrow are then

fractionally assigned in proportion to the relative abundance of

each strain, normalized by the total size of the genomic regions

available for unique mapping to avoid bias in favor of strains with

large or phylogenetically distinct genome sequences. Finally,

relative abundances are computed.

To assess the performance of NinjaMap, we conducted two

tests. First, we assessed the degree of read mis-mapping from

and into each strain’s ledger. We quantified how many reads

from strain 1 were mis-assigned to strains 2–104 (which would

underestimate the abundance of strain 1 in a community), and

how many reads from strains 2–104 were mis-assigned to

strain 1 (which would overestimate the abundance of strain 1).

For simulated reads, most instances of these two types of

read mis-mapping collectively resulted in relative abundance

errors (10�5 (Data S2; STAR Methods). For actual reads, mis-

mapping was more frequent but still typically below a threshold

of 10�4 (i.e., 0.01% relative abundance); mis-mapping likely

arose either from deviations between the database genome

sequence and the actual sequence of the strain in our collection,

or from the process of sample preparation and sequencing (Data

S2; STAR Methods). The expected contribution to relative abun-

dance from mis-mapping in a community context can be even

lower for some strains (Data S2).

Second, we used NinjaMap to analyze simulated reads from a

104-strain community. We found that this tool can accurately

quantify strains with abundances as low as 10�6 in the context

of a mixed community of known composition (Data S2), in agree-

ment with the analysis of single-isolate samples. Thus, NinjaMap

is capable of quantifying strains accurately over a wide dynamic

range of relative abundances.

Community construction is highly reproducible
We began by measuring the degree of reproducibility in commu-

nity composition data by constructing and propagating the

104-member community multiple times in vitro. We included

technical replicates to assess variation in bacterial growth,

DNA extraction, and sequencing and biological replicates to

determine the impact of differences in the preparation of the

inocula. We propagated the communities for 48 h and extracted

DNA for sequencing at 0, 12, 24, and 48 h.

The range of cell densities at t = 0 spanned multiple orders of

magnitude (Figure 1B), with a mean log10(relative abundance) of

�2.5 ± 0.8 for all detectable strains. 95/104 strains were detect-

able at t = 0; the remaining strains, which grew poorly when

cultured individually, were below the limit of detection or had
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abundances that could potentially be explained by read mis-

mapping. The communities reached a relatively stable configu-

ration by 12 h (Figure 1B), with a remarkable degree of reproduc-

ibility among biological replicates (Figure 1C). Notably, very

low-abundance strains (<10�4) were only slightly more variable

than high-abundance strains. Technical replicates were even

more similar (Figure 1D), indicating that community growth,

DNA extraction, and sequencing contributed only modestly to

variability. Taken together, these results indicate that community

composition is robust to experimental variation.

A nutrient dropout screen to map strain-nutrient
interactions in the community
We next sought to explore the network of strain-nutrient interac-

tions in the community. Although much is known about polysac-

charide foraging by gut commensals (Martens et al., 2014), far

less is known about amino acid utilization; hence, we performed

the experiment in a defined growth medium (standard amino

acid complete [SAAC]; STAR Methods) from which we could re-

move one amino acid at a time. Since amino acids are often uti-

lized in pairs (Nisman, 1954; Smith and Macfarlane, 1997), elim-

inating one at a time from a complete background rather than

adding one at a time to a null background has greater potential

to reveal phenotypes relevant to community function. Moreover,

performing this screen in the context of a diverse community (as

opposed to the traditional practice of analyzing the growth of iso-

lated strains) enables the potential study of community-depen-

dent effects such as nutrient competition or mutualism-depen-

dent nutrient utilization.

To map strain-amino acid interactions, we constructed the

104-member community (STAR Methods) and used it to inocu-

late 20 defined growth media, each deficient in a single amino

acid, as well as complete SAAC (Figure 2A). Samples were taken

at 48 h and metagenomic sequencing data were analyzed to

determine the impact of amino acid deficiency on the relative

abundance of each strain.
Figure 2. Systematic analysis of strain-amino acid interactions

(A) Schematic of the amino acid dropout experiment. Frozen stocks of the 104 str

optical densities (to the extent possible), and pooled. Themixed culture was used

48 h, communities were sequenced and analyzed by NinjaMap to determine cha

(B) Community composition is impacted by amino acid dropout. Each dot is an ind

single time point. Strains are colored according to their rank-order abundance

relative abundance could be explained by read mis-mapping from a more abunda

were set to 10�7 for visualization.

(C) Heat map showing the hierarchically clustered Z scores for each strain (x axis)

standard deviation of strain abundance across all samples except the cysteine dr

grew less robustly in the absence of Leu and Ile. Strains whose abundances could

(D) The effect of amino acid removal varies widely across amino acids. The fract

(E) The absence of leucine or arginine leads to a large decrease inC. sporogenes re

in the community grown in complete definedmedium. Only strains that were detec

highlighted in black. L. lactis is highlighted in white. Undetected strains were set

(F) C. sporogenes growth in complete defined medium is dependent on the p

responsible for Arg metabolism.Wild-typeC. sporogenes and a Dotcmutant were

replicates. Error bars represent 1 standard deviation.

(G) C. sporogenes requires otc to produce ATP from arginine. Intracellular ATP le

(H) A proposed pathway for Arg metabolism in C. sporogenes. Based on these da

CLOSPO_00894; citrulline is then hydrolyzed to ornithine and carbamoyl phospha

production of ATP.

See also Tables S3, S5, and S6 and Data S3.
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Global analysis of strain-amino acid interactions
To identify strain-amino acid interactions, we tabulated strains

whose relative abundance deviated significantly from the mean

across conditions, taking advantage of the fact that most amino

acid dropouts had little effect on most strains (Figure 2B; STAR

Methods).When the community was propagated in the complete

defined medium, relative abundances spanned >6 orders of

magnitude. 36% of the strains were present at 10�4 to 10�2 rela-

tive abundance, 8 strains were >10�2, and 50 were <10�4 (Fig-

ure 2B). In agreement with simulated results, NinjaMap was sen-

sitive to strains with relative abundances as low as 10�6,

enabling us to quantify the 56% of strains that were below the

10�3 limit of detection commonly used for metagenomic ana-

lyses (Franzosa et al., 2015). Our system is therefore capable

of studying low-abundance microbes, some of which are known

to have large biological impacts (Buffie et al., 2015; Funabashi

et al., 2020).

To identify significant responses, we calculated the standard

deviation of the relative abundance of each strain across exper-

iments and computed Z scores (Figure 2C; STAR Methods).

Strain-amino acid interactions that were previously identified in

monoculture studies were also observed in our community

format. Anaerostipes caccae, whose growth is stimulated by

methionine (Soto-Martin et al., 2020), decreased in relative abun-

dance in a community grown in methionine-deficient medium

(Z = �3.48). Likewise, C. sporogenes expansion was impeded

by the absence of leucine (Z = �2.56), a substrate it oxidatively

decarboxylates to isovalerate to generate electrons (Guo et al.,

2019). These observations demonstrate that although >100

strains are competing for the same nutrients, the effects of elim-

inating one amino acid on the growth of one strain are readily

observable in the context of a complex and diverse community.

Most strains responded to amino acid removal in %4 cases

(Figure 2B). Moreover, relative abundances displayed low vari-

ability, with a mean standard deviation of log10(relative abun-

dance) across strains <0.43. Only three strains, all of which are
ains were used to inoculate cultures that were grown for 24 h, diluted to similar

to inoculate one of twenty definedmedia lacking one amino acid at a time. After

nges relative to growth in the complete defined medium.

ividual strain; the collection of dots in a column represents the community at a

in the community grown in complete defined medium (SAAC). Strains whose

nt strain in the same sample are plotted with a gray outline. Undetected strains

across amino acid dropouts (y axis). The Z score was calculated based on the

opout (STAR Methods). The Firmicutes L. lactis, C. sporogenes, and L. ruminis

be explained by mis-mapping from a higher-abundance strain are not shown.

ion of strains with |Z| > 2 is shown for each amino acid dropout (n = 66).

lative abundance. Strains are colored according to their rank-order abundance

ted in at least one of the three samples were included (n = 92).C. sporogenes is

to 10�7 for visualization.

resence of arginine (Arg), and ornithine transcarbamoylase (otc) is partially

grown in complete definedmedium ± Arg. Growth curves depict the mean of 3

vels in C. sporogenes incubated in PBS containing 2 mM Arg are shown.

ta, we propose that Arg is converted to citrulline by the putative Arg deiminase

te by the putative ornithine transcarbamoylase CLOSPO_02415, leading to the
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Firmicutes, were responsive to removal in >4 cases: Lactococ-

cus lactis DSM 20729, Clostridium sporogenes ATCC 15579,

and Lactobacillus ruminis ATCC 25644 (Data S3; Table S3).

Thus, under these growth conditions, most strains are largely

insensitive to amino acid removal, whereas a small minority

are highly responsive. We note that the response of a strain to

amino acid removal may be direct (e.g., due to utilization for en-

ergy) or indirect (e.g., amino acid removal impacts an interacting

strain).

Amino acids varied widely in terms of their impact on commu-

nity composition (Figure 2D). More than half of the strains re-

sponded to cysteine removal, likely due to its effect as a reducing

agent.More than 5%of the strains responded tomethionine, his-

tidine, isoleucine, arginine, valine, and tyrosine removal, whereas

for eight amino acids, there were no significant changes to the

community at all (Figure 2D). Interestingly, there were large dif-

ferences among similar amino acids: no strains responded to

lysine removal, whereas 10.6% and 7.6% of the strains re-

sponded to histidine and arginine removal, respectively. The

removal of isoleucine, leucine, and arginine had a particularly

large impact on community structure: C. sporogenes and

L. lactis, the two most abundant strains when grown in complete

defined medium, decreased >500-fold in relative abundance

when any of these amino acids were removed (Figure 2E); this

sensitivity was also observed in a biological replicate experiment

(Data S3). Taken together, our data suggest that certain amino

acids are ‘‘keystone’’ nutrients that play an important role in

determining community composition.

C. sporogenes uses arginine to generate ATP
Among the 86 candidate strain-amino acid interactions revealed

by our screen, we were particularly intrigued by those involving

C. sporogenes. Although C. sporogenes can oxidize and reduce

aromatic amino acids (Dodd et al., 2017), its relative abundance

was unaffected by the removal of phenylalanine, tyrosine, or

tryptophan (Data S3). In contrast, the removal of leucine, isoleu-

cine, and arginine each had large impact on the fitness of

C. sporogenes in the community. The second strongest pheno-

type was a decrease in relative abundance in the absence of

arginine (Figures 2E and Data S3); although C. sporogenes is

known to metabolize arginine (Venugopal and Nadkarni, 1977;

Wildenauer and Winter, 1986), no impact of arginine on growth

or energy metabolism had been observed in prior work. To vali-

date and characterize this interaction, we compared

C. sporogenes growth in complete defined versus arginine-defi-

cient medium. Although C. sporogenes grew well in complete

defined medium, it exhibited a large growth defect in the

absence of arginine (Figure 2F), indicating that this amino acid

is an important substrate for growth.

C. sporogenes can use other amino acids as substrates to

support ATP synthesis (Dodd et al., 2017). Hypothesizing that

the same is true for arginine, we incubated wild-type C. sporo-

genes in a culturemedium deficient in substrates for ATP synthe-

sis. Upon addition of arginine, intracellular ATP levels rose

sharply (Figure 2G), indicating that C. sporogenes generates

ATP (directly or indirectly) from arginine.

To identify the enzymes involved in this process, we parsed

the C. sporogenes genome for pathways known to capture en-
ergy from arginine. This search yielded candidate genes for

each of the three steps in the arginine deiminase pathway (Fig-

ure 2H), which catalyzes the net conversion of arginine to orni-

thine plus CO2 and two equivalents of ammonium, generating

one equivalent of ATP (Cunin et al., 1986). Using a method we

recently developed to construct scarless deletions in C. sporo-

genes (Guo et al., 2019), we generated strains deficient in the pu-

tative arginine deiminase (CLOSPO_00894, Dadi) or ornithine

carbamoyltransferase (CLOSPO_02415, Dotc). The Dotcmutant

was unable to generate ATP in response to arginine provision,

consistent with a role for the arginine deiminase pathway in

C. sporogenes energy production (Figure 2G). In contrast, the

Dadimutant showed no defect in arginine-induced ATP produc-

tion (Data S3), suggesting the possibility of an alternative

pathway to generate citrulline from arginine. Consistent with

these observations, the Dotc mutant (but not the Dadi mutant)

was growth-deficient in complete defined medium (Figure 2F;

Data S3). The deficiency was partial, suggesting that an alterna-

tive pathway can generate energy from arginine under these

conditions. Together, these results show that arginine meta-

bolism by the arginine deiminase pathway contributes directly

to the cellular ATP pool, augmenting our understanding of how

amino acid metabolic pathways contribute to the fitness of a

gut commensal within a complex community.

Attributes of a complex defined community in
gnotobiotic mice
Our central goal in designing hCom1 was to enable mecha-

nistic studies of the microbiome in the context of host coloniza-

tion. As a starting point for in vivo work, we colonized germ-free

Swiss-Webster (SW) mice with hCom1 (Figure 3A), which we

prepared by propagating each strain individually and mixing

OD-normalized cultures (STAR Methods). We sampled fecal

pellets from the mice weekly for 8 weeks, enumerated commu-

nity composition in the inoculum and each fecal sample by

metagenomic sequencing, and performed read analysis using

NinjaMap.

Our analysis yielded two main conclusions. First, almost all

strains in the inoculum colonized the mouse gut (Figures 3B

and 3C). We confirmed the presence of 103/104 strains in the

inoculum; of these, 101 strains were detected in the mice at least

once. The three strains we failed to detect in mice—Ethanolige-

nens harbinense YUAN-3, Clostridium methylpentosum DSM

5476, and Ruminococcus albus 8—were slow growing and diffi-

cult to cultivate. Although strain relative abundances spanned >6

orders of magnitude, nearly all strains exhibited low variation

across 20 mice in four cages, with coefficient of variation (CV,

standard deviation/mean) <0.4.

Second, the community quickly reached a stable configura-

tion (Figure 3D). Averaged across mice, relative abundances

remained largely constant 2 weeks after colonization, with Pear-

son’s correlation coefficient >0.95 at each time point with

respect to the composition in week 8. After the first week, relative

abundances stayed within a narrow range for the duration of

the experiment (mean CV<0.2 across the 96 strains that re-

mained above the limit of detection). Large shifts in relative abun-

dance were rare: only 27/312 (8.7%) week-to-week strain-level

changes were >10-fold.
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Figure 3. Colonizing germ-free mice with a complex gut bacterial community

(A) Schematic of the experiment. Frozen stocks of the 104 strains were used to inoculate cultures that were grown for 24 h, diluted to similar optical densities (to

the extent possible; STAR Methods), and pooled. The mixed culture was used to colonize germ-free Swiss-Webster (SW) mice by oral gavage. Fecal samples

were collected weekly at weeks 1–5 and week 8, subjected to metagenomic sequencing, and analyzed by NinjaMap to measure the composition of the com-

munity at each time point.

(B) Relative abundances for most strains are tightly distributed. Each column depicts the relative abundance of an individual strain across all mice at week 4.

(C) Average relative abundances of the inoculum versus the communities at week 4. Strains in the community spanned >6 orders of magnitude of relative

abundance when colonizing the mouse gut. Dots are colored by phylum according to the legend in (B). Data represent the average of all mice in the experiment.

(D) hCom1 reaches a stable configuration by week 2. Each dot is an individual strain; the collection of dots in a column represents the community at a single time

point averaged over 5 mice co-housed in a cage. Strains are colored according to their rank-order relative abundance at week 4.
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An ecology-based process to fill open niches in the
community
Although hCom1 is composed of prevalent species from the hu-

man gut microbiome, it is not as complex or phylogenetically rich

as a human fecal community; the process that dictated its mem-
3624 Cell 185, 3617–3636, September 15, 2022
bership was not designed to ensure completeness by any func-

tional or ecological criteria. To create a defined community that

better models the gut microbiome, we sought to augment

hCom1 by increasing the number of niches it fills in the gastroin-

testinal tract (Figure 4A). We designed an experimental strategy
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Figure 4. Challenging hCom1 with human fecal communities to identify strains that fill open niches

(A) Schematic of the experiment. Mice were colonized by freshly prepared hCom1 and housed for 4 weeks, presumably filling the metabolic and anatomical

niches accessible to the strains in the community. At the beginning of week 5, themicewere challengedwith one of three fecal communities from a healthy human

donor or with PBS as a control; we reasoned that fecal strains that would otherwise occupy a niche already filled by hCom1 would be excluded, whereas fecal

strains whose niche was unfilled would be able to cohabit with hCom1. After 4 additional weeks, we used metagenomic sequencing coupled with MIDAS to

analyze community composition from fecal pellets collected at weeks 1–5 and 8. We then identified strains that colonized in the presence of hCom1 to augment

the community to create hCom2, which was then used for another round of challenge experiments (Figure 5).

(B) hCom1 is broadly but not completely resistant to fecal challenge. All plots representMIDAS bins, a rough proxy for species-level taxa. Top row: blue squares in

the waffle plots indicate species that derive from hCom1, and gray squares represent species from the fecal communities. Bottom row: pie charts representing

the total relative abundance of MIDAS bins that derive from hCom1 versus the fecal communities. An average of 89% of the genome copies from week 8,

comprising 58% of the MIDAS bins, derived from hCom1. The remaining 11% of the genome copies, and 42% of the MIDAS bins, represent new species that

joined hCom1 from one of the fecal samples.

(C) Despite the addition of new strains, the architecture of the community remains intact. Each dot is an individual strain; the collection of dots in a column

represents the community at a single time point averaged over the 5 co-housed mice that were challenged with fecal community Hum1. Strains are colored

according to their rank-order relative abundance at week 4. Gray circles represent invading species derived from fecal community Hum1, defined as any species

not present in weeks 1–4 in the group of mice shown.

(D) The relative abundances of the hCom1-derived species present post-challenge are highly correlated with their pre-challenge levels. Pearson’s correlation

coefficient with respect to the average relative abundance in weeks 2 and 3 are shown for the PBS control and 3 fecal community challenges, averaged across

mice that received the same challenge. Correlation coefficients are shown for the 104 hCom1 species (solid lines) and for all species including invaders

(dashed lines).

See also Figures S1, S2, and S3, Tables S4 and S7, and Data S4.
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based on the principle of colonization resistance (Buffie and

Pamer, 2013; Lawley and Walker, 2013), an ecological phenom-

enon in which resident organisms exclude invading species from

occupied niches. We colonized germ-free mice for 4 weeks with

hCom1, presumably filling the metabolic and anatomical niches

in which its species reside. We then challenged these mice with

one of three undefined fecal samples (Hum1–3), reasoning that

invading species that would otherwise occupy a niche already

filled by hCom1 would be excluded, whereas invading species

whose niche was unfilled would be able to cohabit with

hCom1. After four additional weeks, we used metagenomic

sequencing to analyze community composition from fecal

pellets.

To determine which species from each fecal sample colonized

in the presence of hCom1, we analyzed the composition of fecal

pellets collected in weeks 5–8 to assign species as ‘‘input’’

(hCom1-derived) or ‘‘invader’’ (fecal sample-derived). For this

analysis, we used MIDAS (Nayfach et al., 2016), an enumeration

tool that—unlike NinjaMap—does not require prior knowledge of

the constituent strains. MIDAS and NinjaMap reported highly

concordant relative abundance profiles using sequencing reads

from hCom1-colonized mice, although—as expected—MIDAS

was less sensitive since it utilizes only 1% of sequencing reads

(STAR Methods; Data S4). We used MIDAS for subsequent ana-

lyses of samples that were partially or completely undefined.

Using MIDAS, we cannot determine whether a strain present

both pre- and post-challenge was derived from hCom1 (i.e.,

the original strain colonized persistently) or the fecal sample

(i.e., a new strain displaced the original strain). To gain further

insight into strain displacement versus persistence, we recruited

reads from samples taken 4 weeks post-challenge (week 8) to a

database composed of the hCom1 genome sequences, using

only reads that were 100% identical to one or more of the ge-

nomes. We focused our analysis on genomes with high depth

of coverage (R10X). More than 60% of these strains were

covered broadly (R95%) by perfectly matching reads, indicating

that most strains present pre- and post-challenge were either

hCom1-derived or a closely related strain (Data S4).

As expected, mice challenged by saline instead of a fecal sam-

ple showed no evidence of new species post-challenge (Fig-

ure 4B). In hCom1-colonized mice challenged by a fecal sample,

an average of 89% of the genome copies from week 8 (and 58%

of the MIDAS bins, a rough proxy for species) derived from

hCom1 (Figure 4B). The remaining 11% of the genome copies

(and 42% of the MIDAS bins) represent new species that joined

hCom1 from one of the fecal samples. Despite the addition of

new species, the architecture of the community remained intact

(Figure 4C): the relative abundances of the hCom1-derived spe-

cies present post-challenge were highly correlated with their

pre-challenge levels (Pearson’s r >0.85) (Figure 4D). Thus,

hCom1 is broadly but not completely resilient to a human fecal

challenge.

Designing and constructing an augmented community
The observation that only a small fraction of the post-challenge

communities was composed of new species led us to hypothe-

size that we could improve the colonization resistance of hCom1

by adding the invading species, thereby improving its ability to fill
3626 Cell 185, 3617–3636, September 15, 2022
niches in the gut. Twenty-four bacterial species entered hCom1

from R2 of the 3 fecal samples used as a challenge (Table S4);

we focused on these species, reasoning that they were more

likely to fill conserved niches in the community. We were able

to obtain 22/24 from culture collections, and we included all of

them in the new community (hCom2). At the same time, we

omitted seven species that either failed to colonize initially or

were displaced in all three groups of mice (Table S4), reasoning

that they were incompatible with the rest of hCom1 or incapable

of colonizing themouse gut under the dietary conditions in which

the experiment was performed. Thus, the new community con-

tains 97 strains from hCom1 plus 22 new strains, for a total of

119 (Figures 4A and S1; Table S2). These 22 strains are primarily

Firmicutes or species of Alistipes. Many represent taxa that are

phylogenetically under-represented in hCom1, suggesting that

they might be able to occupy niches left open by the members

of hCom1 (Figure S1).

We colonized four groups of germ-free SW mice with hCom2,

collecting fecal pellets weekly (Figure 4A). As before, we

measured community composition by analyzing metagenomic

sequencing data with NinjaMap (Figure 5A; Table S4). The gut

communities of hCom2-colonized mice rapidly reached a stable

configuration (Pearson’s r with respect to week 8 >0.97) (Fig-

ure S2). 100 of the 119 strains were above the limit of detection;

hCom1-derived strains colonized at similar relative abundances

in the context of the augmented community (with similarly low

CVs across mice) (Figure 5B). The species that were new to

hCom2 exhibited a wide range of relative abundances; Bacter-

oides rodentium became the most abundant species, whereas

the least abundant of the new species, Blautia sp. KLE 1732,

had a mean abundance �10�4 (Figure 5B).

The augmented community is more resilient to human
fecal challenge
Our goal in constructing hCom2 was to improve its complete-

ness as assessed by its ability to occupy niches in the gut. To

test whether hCom2 is more complete than hCom1, we chal-

lenged hCom2-colonized mice at the beginning of week 5 with

the same fecal samples used to challenge hCom1, enabling us

to compare results between the challenge experiments. Impor-

tantly, the 22 strains used to augment hCom1 were obtained

from culture collections rather than the fecal samples them-

selves, reducing the likelihood that hCom2 and the fecal samples

have overlapping membership at the strain level (Garud et al.,

2019). Indeed, by recruiting sequencing reads to the genomes

of the new organisms in hCom2, we found that 17/22 were

covered broadly (R95%) by perfectly matching reads, consis-

tent with the view that they were derived from hCom2 and not

the fecal challenge (Data S4).

An average of 96% of the genome copies (and 81% of the

MIDAS bins) fromweek 8 derived from the strains in hCom2 (Fig-

ure 5C), demonstrating that the colonization resistance of

hCom2 is markedly improved over hCom1 (Figure 5D). The re-

maining 4%of reads (and 19%ofMIDAS bins) represent species

that engrafted in the presence of hCom2 (Figures 5D and S2).

Strikingly, nearly all of the species that invaded hCom2 also

invaded hCom1 (Figure 5E; Table S4); we were either unable to

obtain an isolate for inclusion in hCom2 or the species invaded
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hCom1 from only 1 of the 3 fecal samples used as a challenge,

falling below our threshold for inclusion. These species repre-

sented virtually all of the remaining genome copies.We conclude

that more extensive augmentation, based on the results of the

first challenge experiment, would likely have enhanced coloniza-

tion resistance further.

Moreover, compared with hCom1, the composition of hCom2

post-challenge wasmore similar to its pre-challenge state (Pear-

son’s r >0.95; Figure 5F). Taken together, these data show that

hCom2 is more stable and complete than hCom1 and that the

augmentation process is robust and fault tolerant in identifying

species that can occupy unfilled niches.

In the previous experiment, we challenged hCom2-colonized

mice with Hum1–3, the same fecal communities used in the initial

augmentation experiment (Figure 4). We next sought to deter-

mine whether hCom2 is resilient to challenge by unrelated fecal

communities. hCom2-colonized mice were challenged with

Hum4-6, which are compositionally distinct from Hum1–3 (Fig-

ure 4A). hCom2 was somewhat less stable to challenge by unre-

lated fecal samples: an average of 81% of the genome copies

from week 8 (and 58% of the MIDAS bins) derived from

hCom2 (Figure 5D). Thus, hCom2 is broadly but not completely

resilient to challenge by unrelated fecal samples.

The architecture of hCom2 resembles that of a
complete, undefined human fecal consortium
Our original goal in building a complex defined community was

to develop a model system for the gut microbiome. Having

demonstrated that hCom2 is stable and resilient to invasion,

we sought to assess whether it has the functional attributes of

a model system.

We started by asking how its architecture—the relative abun-

dances of its constituent taxa—compares with that of a human

fecal community. We colonized germ-free mice with three hu-
Figure 5. An augmented community with improved resilience to fecal

(A) Comparing the architecture and strain-level relative abundances of hCom1 an

from hCom2 across all samples at week 4. 100 of the 119 strains were detected

(B) Averaged relative abundances of the strains in hCom1 versus hCom2 at wee

colored by phylum according to the legend in (A).

(C) The architecture of hCom2 is largely unaffected by fecal challenge with Hum1–

the community at a single time point averaged over the 5 co-housedmice that wer

rank-order relative abundance at week 4. Gray circles represent invading species

(D) Left: hCom2 is more resilient to fecal challenge than hCom1. Top row: blue s

squares represent MIDAS bins from the fecal communities. Bottom row: pie charts

fecal communities. An average of 96% of the genome copies (and 81% of the MID

resilience of the community was improved markedly by augmentation with strains

to challenge by unrelated fecal samples (Hum4–6). In these challenges, an average

(E) Nearly all invading strains at week 8were repeat invaders from the first fecal cha

dots representing hCom2-derived strains are partially transparent. Dots that repre

border.

(F) The relative abundances of the hCom2-derived species present post-challen

coefficient with respect to the average relative abundance in weeks 3 and 4 are s

mice that received the same challenge. Correlation coefficients are shown for

(dashed lines).

(G) hCom2 resembles a fecal consortium more closely than hCom1. Averaged rel

mice versus mice colonized by a fecal community from one of three healthy hum

correlated to that of humanized mice than hCom1 (Figure S3).

(H) Pairwise correlation coefficients of phylum-level relative abundance vectors

between hCom1-colonized and Hum1–3 humanized mice.

See also Figures S1, S2, and S3, Tables S4 and S7, and Data S4.
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man fecal samples (Hum1–3; hereafter, ‘‘humanized’’) and

compared their community compositions to those of mice colo-

nized with hCom2. The gut communities of hCom2-colonized

and humanized mice were similar in three ways (Figures 5G,

5H, S3). First, relative abundances spanned at least five orders

of magnitude, with some strains consistently colonizing at

>10% and others at <0.001%. Second, the distribution of log

relative abundances was centered at �0.01%, indicating that

the majority of strains in the community would be missed by

enumeration tools that have a limit of detection of 0.1%. Third,

relative abundances by taxon are similar down to the genus level

(Figure S3). Thus, the architecture of hCom2 resembles that of a

human fecal community in the mouse gut.

Reproducibility of colonization
We next addressed the question of reproducibility, which is a

threshold requirement for an experimental model system. We

started by analyzing data from the second fecal challenge exper-

iment (with Hum1–3) to assess the technical reproducibility of

community composition in mice colonized by hCom2. At week

4, strain abundances in 20 mice across 4 cages colonized by

the same hCom2 inoculum were highly similar (pairwise Pear-

son’s correlation coefficients 0.96 ± 0.01; Data S5).

Biological reproducibility was a greater concern. Given the

complexity of hCom1 and hCom2, variability in the growth of in-

dividual strains could lead to substantial differences in the

composition of inocula constructed on different days. To deter-

mine the extent to which this variability affects community archi-

tecture in vivo, we compared community composition in four

groups of mice colonized by replicates of hCom2 constructed

independently on different days (Figures 6A and 6B). The com-

munities displayed a striking degree of similarity in relative abun-

dance profiles after 4 weeks (Pearson’s correlation coefficient

>0.95 between all pairs of biological replicates). We conclude
challenge

d hCom2. Each column depicts the relative abundance of an individual strain

; those that are new to hCom2 are colored red.

k 4. Strains that are new to hCom2 are indicated by a gray outline. Dots are

3. Each dot is an individual strain; the collection of dots in a column represents

e challenged with fecal community Hum1. Strains are colored according to their

, defined as any species not present in weeks 1–4 in the group of mice shown.

quares in the waffle plots indicate MIDAS bins that derive from hCom2; gray

representing the percentage ofMIDAS bins that derive from hCom2 versus the

AS bins) come from hCom2 in the Hum1–3 challenges, demonstrating that the

identified from the initial challenge (Figure 4). Right: hCom2 is broadly resilient

of 81%of the genome copies (and 58%of theMIDAS bins) came from hCom2.

llenge (Table S4). The dots representing invading strains are shown in full color;

sent repeat invaders from the first fecal challenge experiment have a thick black

ge are highly correlated with their pre-challenge levels. Pearson’s correlation

hown for the PBS control and 3 fecal community challenges, averaged across

the 119 species in hCom2 (solid lines) and for all species including invaders

ative abundances of MIDAS bins are shown for hCom1- and hCom2-colonized

an donors (Hum1–3). The phylum-level architecture of hCom2 is more closely

were higher between hCom2-colonized and Hum1–3 humanized mice than
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that a relatively constant nutrient environment enables input

communities with widely varying relative abundances to reach

the same steady-state configuration, consistent with ecological

observations in other microbial communities (Aranda-Dı́az et

al., 2022; Goldford et al., 2018; Hibberd et al., 2017; Venturelli

et al., 2018). This high degree of biological reproducibility will

be enabling for the use of complex defined communities as

experimental models.

To further investigate the potential for hCom2 to function as a

model microbiome, we assessed its composition in a second

strain of mice. Since the experiments to develop hCom2 used

outbred SW mice, we chose 129/SvEv, an inbred mouse strain.

We colonized germ-free 129/SvEv mice with hCom2 and

collected fecal pellets after 4 weeks of colonization. Community

composition was highly correlatedwith that of SWmice (Pearson

correlation coefficient > 0.95) (Data S5). These data indicate that

hCom2, like the human gut microbiome (Rothschild et al., 2018),

is robust to changes in host genotype.

hCom2-colonized mice are phenotypically similar to
humanized mice
We performed three additional experiments to determine the de-

gree to which hCom2-colonized mice resemble germ-free mice

colonized by a human fecal community. Since our defined com-

munities are composed of human fecal isolates, we colonized

germ-free mice with hCom2 or an undefined human fecal com-

munity and assayed phenotypes after 4 weeks (Figure 6A). First,

fecal pellets from eachmouse were serially diluted and plated on

Columbia blood agar to estimate the bacterial cell density in

each community. Each group contained 1011 to 1012 colony

forming units per gram of feces (Figure 6C), similar to previously

reported estimates from humans and from conventional and hu-

manized mice (Ley et al., 2006; Vandeputte et al., 2017). Thus,

hCom2 colonizes the mouse gut to a similar density as a normal

murine or human fecal community.

Next, we sought to determine whether mice colonized by

hCom2 harbor a similar immune cell profile to that of humanized

mice. We extracted and stained colonic immune cells and as-

sayed them by flow cytometry. Most immune cell subtypes,

including CD4+ T cells, IgA+ B cells, macrophages, CD11b+

dendritic cells, and monocytes, were similarly abundant in hu-
Figure 6. hCom2-colonized mice are phenotypically similar to humani
(A) Schematic of the experiment. Germ-free SWmice were colonized with freshly

mice was sacrificed at 2 weeks for immune cell profiling; another was sacrificed

(B) The architecture of hCom2 in mice is highly reproducible. Left: community c

individual strain; the collection of dots in a column represents the community at 4 w

to their average rank-order relative abundance across all samples. Right: Pearso

(C) hCom2-colonized, hCom1-colonized, and humanized mice have similar ba

colonized, humanized, specific pathogen-free (SPF), or germ-free (GF) mice were

colony forming units.

(D) Immune cell types and numbers were broadly similar between hCom2-coloni

colonized, humanized, or germ-free mice (all C57BL/6), stained for cell surface m

using a Student’s two tailed t test (**p < 0.05).

(E) hCom2-colonized mice and humanized mice have a similar profile of microbiom

mice were analyzed by targeted metabolomics to measure a panel of aromatic am

Student’s two tailed t test (*p < 0.05 and **p < 0.001).

(F) Bile acids were extracted from fecal pellets collected from hCom2-colonized a

assessed using a Student’s two tailed t test (*p < 0.05 and **p < 0.001).

See also Data S5.
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manized and hCom2-colonized mice (Figure 6D; Data S5), indi-

cating that—at least in broad terms—hCom2-colonized mice

are immunologically comparable to humanized mice.

Finally, to determine whether hCom2-colonized and human-

ized mice harbor a similar profile of microbiome-derived metab-

olites, we analyzed fecal pellets and urine samples using tar-

geted metabolomics. Aromatic amino acid metabolite levels in

urine (Figure 6E) and primary and secondary bile acid levels in

feces (Figure 6F) were comparable between hCom2-colonized

and humanized mice. Taken together, these data suggest that

hCom2 is a reasonable model of gut microbial metabolism.

hCom2 exhibits robust colonization resistance against
pathogenic Escherichia coli

To demonstrate its utility as a model system, we used hCom2 to

study an emergent property of gut communities: their ability to

resist colonization by pathogens and pathobionts (Buffie et al.,

2015). To test whether hCom2 exhibits colonization resistance,

we studied invasion by Escherichia coli ATCC 43894, an entero-

hemorrhagic E. coli (EHEC). We chose this strain for three rea-

sons. First, EHEC is responsible for life-threatening diarrheal

infections and hemolytic uremic syndrome, and enteric coloniza-

tion by other E. coli strains has been linked to malnutrition and

inflammatory bowel disease (Palmela et al., 2018; Pham et al.,

2019). Second, colonization resistance to E. coli and other

Enterobacteriaceae has been studied in detail (Litvak et al.,

2019; Stromberg et al., 2018; Velazquez et al., 2019), but the

commensal strains responsible and mechanisms by which they

act are incompletely understood. Finally, hCom2 harbors no

Enterobacteriaceae and only three species of Proteobacteria

(Desulfovibrio piger, Bilophila wadsworthia, and Burkholderiales

bacterium 1-1-47); hence, resistance to E. coli colonization

would require a mechanism other than exclusion by a close rela-

tive occupying the same niche.

To test whether hCom2 is capable of resisting EHEC engraft-

ment, we colonized germ-free SW mice with hCom2 or one of

two other communities: a 12-member community (12Com)

similar to one used in previous studies (McNulty et al., 2013) or

an undefined fecal community from a healthy human donor (Fig-

ure 7A). hCom2 and 12Com do not contain any Enterobacteri-

aceae. To test whether non-pathogenic Enterobacteriaceae
zed mice
prepared hCom2 or a fecal sample from a healthy human donor. One cohort of

at 4 weeks for targeted metabolite analysis.

omposition is highly similar across four biological replicates. Each dot is an

eeks averaged over 5mice co-housed in a cage. Strains are colored according

n’s pairwise correlation coefficients for technical and biological replicates.

cterial cell densities in vivo. Fecal samples from hCom2-colonized, hCom1-

homogenized and plated anaerobically on Columbia blood agar to enumerate

zed and humanized mice. Colonic immune cells were extracted from hCom2-

arkers, and assessed by flow cytometry. Statistical significance was assessed

e-derived metabolites. Urine samples from hCom2-colonized and humanized

ino acid metabolites by LC-MS. Statistical significance was assessed using a

nd humanized mice and were quantified by LC-MS. Statistical significance was
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enhance colonization resistance to EHEC, we colonized two

additional groups of mice with variants of hCom2 and 12Com

to which a mixture of seven non-pathogenic Enterobacteriaceae

strains were added (Escherichia coli MITI 27, Escherichia coli

MITI 117, Escherichia coli MITI 135, Escherichia coli MITI 139,

Escherichia coliMITI 255, Escherichia coliMITI 284, and Entero-

bacter cloacaeMITI 173; termed ‘‘Enteromix’’). After 4weeks, we

challenged with EHEC and assessed invasion by selective

plating under aerobic growth conditions (Figure 7A).

Consistent with previous reports (Mohawk and O’Brien, 2011;

Stromberg et al., 2018), the undefined human fecal community

conferred robust resistance against EHEC colonization (Fig-

ures 7B and 7C). In contrast, 12Com allowed much higher levels

of EHEC growth; the addition of Enteromix to 12Com improved

the phenotype but did not restore full EHEC resistance (Fig-

ure 7B). Despite lacking Enterobacteriaceae, hCom2 exhibited

a similar level of EHEC resistance to that of an undefined fecal

community (Figure 7B). Thus, hCom2 is sufficiently complete

to exhibit comparable levels of colonization resistance with a

native fecal community.

As a starting point for identifying which species in hCom2 are

responsible for EHEC colonization resistance, we constructed

four communities in which we dropped out, in turn, all of the spe-

cies in the phyla Firmicutes, Verrucomicrobia, Actinobacteria,

and Proteobacteria. We colonized mice with these phylum

dropout communities and then challenged themwith EHEC (Fig-

ure 7D). The DActinobacteria (missing 10 strains) and DVerruco-

microbia communities (missing 1 strain, Akkermansia mucini-

phila) resisted EHEC comparably with hCom2 (Figures 7E and

7F). However, the DProteobacteria and DFirmicutes commu-

nities were more susceptible. Thus, despite the lack of Entero-

bacteriaceae in hCom2, the absence of the three more distantly

related species of Proteobacteria was sufficient to confer sensi-

tivity to EHEC invasion.

The DFirmicutes community was highly sensitive to EHEC in-

vasion (Figure 7E); the defect resulted in a large survival differ-

ence between hCom2-colonized and DFirmicutes-colonized
Figure 7. hCom2 exhibits colonization resistance against enterohemo
(A) Schematic of the experiment. We colonized germ-free SW mice with freshly

community (12Com) or a fecal community from a healthy human donor. hCom

pathogenic Enterobacteriaceae enhance colonization resistance to EHEC, we co

which a mixture of seven non-pathogenic Enterobacteriaceae strains were add

challenged with 109 colony forming units of EHEC and assessed the degree to w

conditions and by metagenomic sequencing with NinjaMap analysis.

(B) hCom2 exhibits a similar degree of EHEC resistance to that of a fecal com

communities are shown. As expected, the fecal community conferred robust c

improved the EHEC resistance of 12Com. Despite lacking Enterobacteriaceae, h

community.

(C) The architecture of hCom2 is stable following EHEC challenge. Each dot is an in

single time point averaged over four co-housed mice. Strains are colored accor

community are shown in gray.

(D) Schematic of the phylum dropout experiment. We colonized germ-free SW m

Actinobacteria, Firmicutes, Proteobacteria, or Verrucomicrobia. After 4 weeks, we

which it colonized by EHEC-selective plating under aerobic growth conditions an

(E) The DActinobacteria and DVerrucomicrobia communities retain the ability to

nities are sensitive to EHEC invasion. Right: a large survival difference in DFirmic

(F) The architecture of the phylum dropout communities remains stable followin

column represents the community at a single time point averaged over four co-

in black.
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mice (Figure 7E, right). These results indicate either that either

Firmicutes play a role in EHEC resistance or that a change in

community architecture induced by their removal renders the

community sensitive to invasion. Further studies with more pre-

cise strain dropout experiments could uncover strains that

confer resistance and may enable more targeted microbial ther-

apy against EHEC colonization and infection.

DISCUSSION

By developing a community that is both defined and reason-

ably complex, we have generated a model system that

captures much of the biology of a native microbiome. Future

refinements are needed, including additional bacterial strains

to occupy unfilled niches as well as archaea, fungi, and

viruses, all of which are important components of the native

ecosystem.

The computational pipeline we developed for read mapping

makes it possible to analyze complex defined communities

with high precision and sensitivity. Community structure can

be quantified across six orders of magnitude in relative abun-

dance, enabling the interrogation of low-abundance community

members that play important roles in community function and

dynamics (Buffie et al., 2015; Funabashi et al., 2020). The degree

of technical and biological reproducibility (Figure 6B) is remark-

able in a system this complex, which bodes well for future exper-

imental efforts.

The process by which we augmented a defined community re-

vealed two unexpected findings. First, a community composed

of strains from >100 distinct donors can be stable in vivo. It re-

mains to be seen whether there are appreciable differences in

stability—or in fine-scale genomic and phenotypic adapta-

tion—between communities composed of isolates from a single

donor (in which strains have co-existed for years) versus multiple

donors (in which strains have no prior history together). If a

collection of strains with no common history can form a stable

consortium, it will be interesting to determine the role of priority
rrhagic E. coli
prepared hCom2 or one of two other communities: a 12-member synthetic

2 and 12Com do not contain any Enterobacteriaceae; to test whether non-

lonized two additional groups of mice with variants of hCom2 and 12Com to

ed (six E. coli and Enterobacter cloacae, Enteromix [EM]). After 4 weeks, we
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effects (i.e., order of arrival) and spatial and metabolic niche

occupancy.

Second, the process we introduce here for filling open niches

is surprisingly robust and fault tolerant. Most notably, nearly all of

the fecal community-derived strains that invaded hCom1—Alis-

tipes, Blautia, Bilophila, Oscilibacter, and Proteobacteria—were

under-represented phylogenetically within hCom1 (Figure S1).

Moreover, most of the strains that invaded hCom2 had previ-

ously invaded hCom1, indicating that niche filling is determin-

istic. Importantly, the augmentation process caused relatively lit-

tle perturbation to the structure of the existing community

(notable exceptions are shown in Table S4), suggesting that it

will result in a progressive improvement of the community.

Although the augmentation process can only fill niches that are

conserved from mice to humans, the observation that most of

our human strains engrafted suggests that many niches are

conserved.

If we had broadened our strain inclusion criteria, there is a

reasonable likelihood we could have improved colonization

resistance further after just one round of augmentation. To

further enhance niche filling and stability, it would help to subject

hCom2 to further rounds of augmentation using fecal samples

from additional donors, ideally in the presence of a varying

diet. It might also be possible to improve niche occupancy, for

example, in the setting of intestinal inflammation by performing

the augmentation process in a murine model of inflammatory

bowel disease.

There is a pressing need for a common model system for the

gut microbiome that is completely defined and complex enough

to capture much of the biology of a full-scale community. We

showed that hCom2 is a reasonable starting point for such a sys-

tem: in spite of its complexity, it colonizes mice in a highly repro-

ducible manner. Moreover, hCom2 faithfully models the carrying

capacity, immune cell profile, and metabolic phenotypes of hu-

manized mice. There remain some modest differences in meta-

bolic and immune profiles, and the community is still missing

certain taxa that will likely be important to add. Nonetheless,

taken together, our findings suggest that hCom2 is a reasonable

starting point for a model of the gut microbiome.

One of the most interesting possibilities for such a system

would be to enable reductionist experiments downstream of a

community transplantation experiment (e.g., to identify strains

responsible for a microbiome-linked phenotype). Although we

did not identify the strains responsible for colonization resistance

to EHEC, we did find that removing species of Proteobacteria or

Firmicutes rendered the community EHEC-sensitive. Follow-up

experiments in which one or several strains at a time are

eliminated from the community could narrow further from the

phylum level to individual strains. Efforts to identify the strains

responsible for other microbiome-linked phenotypes, including

response to cancer immunotherapy, caloric harvest, and neural

development, would be of great interest.

Limitations of the study
Our study has three important limitations. First, although hCom2

is stable to challenge with the fecal communities used to

augment it, it is less stable to challengewith unrelated fecal com-

munities. These data suggest that subsequent rounds of back-
fill—using a variety of unrelated fecal samples in series or in par-

allel—is a promising path toward an even stabler variant

of hCom2.

Second, it is unclear howmanymore bacterial strains (or other

components) may be necessary to model the full functional ca-

pacity of a native human microbiome. Prior estimates of the

number of species in a typical human microbiome range from

�150–300 (Faith et al., 2013; Kraal et al., 2014; Qin et al.,

2010). Nonetheless, the observation that a defined community

of just 119 strains exhibits remarkable stability bodes well for

future efforts. We estimate that hCom2 is within 2-fold of

native-scale complexity (STAR Methods), so a full-scale system

is experimentally feasible. As a starting point for efforts to build

such a system, hCom2 will provide a standard for assessing

the genomic and functional completeness of model commu-

nities, with the ultimate goal of modeling native-scale human

microbiomes.

Third, strain-level variation among communities underlies

some of the phenotypic differences conferred on the host by

the microbiome (Campbell et al., 2020; Jin et al., 2022; Marcobal

et al., 2011; McNulty et al., 2011). hCom2 represents just one

consortium of strains; therefore, neither hCom2 nor any other

single community can model the impact of strain-level variation

on host phenotype. However, we think that a defined community

is a promising starting point for probing strain-level differences: a

collection of communities that are identical but harbor different

strains of a species of interest would be an ideal way to probe

the impact of strain variation—or even individual genes—on

phenotype.
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A., Segrè, D., Mehta, P., and Sanchez, A. (2018). Emergent simplicity in micro-

bial community assembly. Science 361, 469–474.

Goodman, A.L., Kallstrom, G., Faith, J.J., Reyes, A., Moore, A., Dantas, G., and

Gordon, J.I. (2011). Extensive personal human gut microbiota culture collec-

tions characterized and manipulated in gnotobiotic mice. Proc. Natl. Acad.

Sci. USA 108, 6252–6257.

Goodman, A.L., McNulty, N.P., Zhao, Y., Leip, D., Mitra, R.D., Lozupone, C.A.,

Knight, R., and Gordon, J.I. (2009). Identifying genetic determinants needed to

establish a human gut symbiont in its habitat. Cell Host Microbe 6, 279–289.

Gopalakrishnan, V., Spencer, C.N., Nezi, L., Reuben, A., Andrews, M.C., Kar-

pinets, T.V., Prieto, P.A., Vicente, D., Hoffman, K., Wei, S.C., et al. (2018). Gut

microbiome modulates response to anti-PD-1 immunotherapy in melanoma

patients. Science 359, 97–103.

Guarner, F., andMalagelada, J.-R. (2003). Gut flora in health and disease. Lan-

cet 361, 512–519.

Guo, C.-J., Allen, B.M., Hiam, K.J., Dodd, D., Van Treuren, W., Higginbottom,

S., Nagashima, K., Fischer, C.R., Sonnenburg, J.L., Spitzer, M.H., and Fisch-

bach, M.A. (2019). Depletion of microbiome-derived molecules in the host us-

ing Clostridium genetics. Science 366, eaav1282.

Gurevich, A., Saveliev, V., Vyahhi, N., and Tesler, G. (2013). QUAST: quality

assessment tool for genome assemblies. Bioinformatics 29, 1072–1075.

He, Y., Wu, W., Zheng, H.-M., Li, P., McDonald, D., Sheng, H.-F., Chen, M.-X.,

Chen, Z.-H., Ji, G.-Y., Zheng, Z.-D.-X., et al. (2018). Regional variation limits

applications of healthy gut microbiome reference ranges and disease models.

Nat. Med. 24, 1532–1535.

Hibberd, M.C., Wu, M., Rodionov, D.A., Li, X., Cheng, J., Griffin, N.W., Barratt,

M.J., Giannone, R.J., Hettich, R.L., Osterman, A.L., and Gordon, J.I. (2017).

The effects of micronutrient deficiencies on bacterial species from the human

gut microbiota. Sci. Transl. Med. 9.

Holdeman, L.V. (1975). Discussion of Current Bacteriological Investigations of

the Relationships between Intestinal Flora, Diet, and Colon Cancer. Cancer

Research 35, 3418–3420.

Jin, W.-B., Li, T.-T., Huo, D., Qu, S., Li, X.V., Arifuzzaman, M., Lima, S.F., Shi,

H.-Q., Wang, A., Putzel, G.G., et al. (2022). Genetic manipulation of gut mi-

crobes enables single-gene interrogation in a complex microbiome. Cell

185, 547–562. e22.

Kang, D.D., Li, F., Kirton, E., Thomas, A., Egan, R., An, H., andWang, Z. (2019).

MetaBAT 2: an adaptive binning algorithm for robust and efficient genome

reconstruction from metagenome assemblies. PeerJ 7, e7359.

Kraal, L., Abubucker, S., Kota, K., Fischbach,M.A., andMitreva,M. (2014). The

prevalence of species and strains in the human microbiome: a resource for

experimental efforts. PLoS One 9, e97279.

Langmead, B., and Salzberg, S.L. (2012). Fast gapped-read alignment with

Bowtie 2. Nat. Methods 9, 357–359.

Lawley, T.D., and Walker, A.W. (2013). Intestinal colonization resistance.

Immunology 138, 1–11.

Ley, R.E., Peterson, D.A., and Gordon, J.I. (2006). Ecological and evolutionary

forces shaping microbial diversity in the human intestine. Cell 124, 837–848.

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, G.,

Abecasis, G., and Durbin, R.; 1000 Genome Project Data Processing Sub-

group (2009). The sequence alignment/map format and SAMtools. Bioinfor-

matics 25, 2078–2079.

Litvak, Y., Mon, K.K.Z., Nguyen, H., Chanthavixay, G., Liou, M., Velazquez,

E.M., Kutter, L., Alcantara, M.A., Byndloss, M.X., Tiffany, C.R., et al. (2019).

Commensal Enterobacteriaceae protect against Salmonella colonization

through oxygen competition. Cell Host Microbe 25, 128–139.e5.

Lu, J., Breitwieser, F.P., Thielen, P., and Salzberg, S.L. (2017). Bracken: esti-

mating species abundance in metagenomics data. PeerJ Comput. Sci.

3, e104.
Marcobal, A., Barboza, M., Sonnenburg, E.D., Pudlo, N., Martens, E.C., Desai,

P., Lebrilla, C.B., Weimer, B.C., Mills, D.A., German, J.B., and Sonnenburg,

J.L. (2011). Bacteroides in the infant gut consume milk oligosaccharides via

mucus-utilization pathways. Cell Host Microbe 10, 507–514.

Martens, E.C., Kelly, A.G., Tauzin, A.S., and Brumer, H. (2014). The devil lies in

the details: how variations in polysaccharide fine-structure impact the physi-

ology and evolution of gut microbes. J. Mol. Biol. 426, 3851–3865.

Matson, V., Fessler, J., Bao, R., Chongsuwat, T., Zha, Y., Alegre, M.-L., Luke,

J.J., and Gajewski, T.F. (2018). The commensal microbiome is associated with

anti-PD-1 efficacy in metastatic melanoma patients. Science 359, 104–108.

McNulty, N.P., Wu, M., Erickson, A.R., Pan, C., Erickson, B.K., Martens, E.C.,

Pudlo, N.A., Muegge, B.D., Henrissat, B., Hettich, R.L., and Gordon, J.I.

(2013). Effects of diet on resource utilization by a model human gut microbiota

containing Bacteroides cellulosilyticus WH2, a symbiont with an extensive gly-

cobiome. PLoS Biol. 11, e1001637.

McNulty, N.P., Yatsunenko, T., Hsiao, A., Faith, J.J., Muegge, B.D., Goodman,

A.L., Henrissat, B., Oozeer, R., Cools-Portier, S., Gobert, G., et al. (2011). The

impact of a consortium of fermented milk strains on the gut microbiome of

gnotobiotic mice and monozygotic twins. Sci. Transl. Med. 3, 106ra106.

Mohawk, K.L., and O’Brien, A.D. (2011). Mouse models of Escherichia coli

O157:H7 infection and shiga toxin injection. J. Biomed. Biotechnol. 2011,

258185.

Morris, B.E.L., Henneberger, R., Huber, H., and Moissl-Eichinger, C. (2013).

Microbial syntrophy: interaction for the common good. FEMS Microbiol.

Rev. 37, 384–406.

Nayfach, S., Rodriguez-Mueller, B., Garud, N., and Pollard, K.S. (2016). An in-

tegrated metagenomics pipeline for strain profiling reveals novel patterns of

bacterial transmission and biogeography. Genome Res. 26, 1612–1625.

Nayfach, S., Shi, Z.J., Seshadri, R., Pollard, K.S., and Kyrpides, N.C. (2019).

New insights from uncultivated genomes of the global human gut microbiome.

Nature 568, 505–510.

Ng, K.M., Aranda-Dı́az, A., Tropini, C., Frankel, M.R., Van Treuren, W.,

O’Loughlin, C.T., Merrill, B.D., Yu, F.B., Pruss, K.M., Oliveira, R.A., et al.

(2019). Recovery of the gut microbiota after antibiotics depends on host

diet, community context, and environmental reservoirs. Cell Host Microbe

26, 650–665.e4.

Nisman, B. (1954). The Stickland reaction. Bacteriol. Rev. 18, 16–42.

O’Leary, N.A., Wright, M.W., Brister, J.R., Ciufo, S., Haddad, D., McVeigh, R.,

Rajput, B., Robbertse, B., Smith-White, B., Ako-Adjei, D., et al. (2016). Refer-

ence sequence (RefSeq) database at NCBI: current status, taxonomic expan-

sion, and functional annotation. Nucleic Acids Res. 44, D733–D745.
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