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In brief

The development of a complex
community of bacteria that represents
the most common taxa from the human
microbiome enables further mechanistic
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 the most 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
hComz2 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.

Synthetic communities are less well developed as model sys-
tems for the gut microbiome (Blasche et al., 2017; Pacheco and
Segre, 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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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 which mechanistic 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-free mice with hCom1, showing that it adopts
astable, highly reproducible configuration in which 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

¢? CellPress

(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 111403, 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 (STAR Methods)
(Faith et al., 2013; Qin et al., 2010).

Figure 1. A complex gut bacterial community

(A) A phylogenetic tree of the 104 strains in hCom1 based on a multiple sequence alignment of conserved single-copy genes. The community was designed by
identifying the most prevalent strains in sequencing data from the NIH Human Microbiome Project (HMP). Colored squares indicate the phylum of each strain:
Firmicutes, red; Actinobacteria, blue; Verrucomicrobia, orange; Bacteroidetes, green; and Proteobacteria, purple. Also shown are the prevalence and relative
abundances of each strain in the data set from the NIH HMP (n = 81 subjects). The prevalence is the fraction of subjects in which the strain was detected. The
distribution of log+ (relative abundance) across subjects is shown with the mean denoted by a white line for each strain. Ruminococcus bromii ATCC 27255 and
Clostridium sporogenes ATCC 15579 were added to the community despite low prevalence in the HMP samples.

(B) The community reaches a stable configuration quickly. The community was propagated in vitro in SAAC medium to test the stability of its composition. Each
dot is an individual strain; the collection of dots in a column represents the community at a single time point. Strains are colored according to their rank-order
abundance in the community at 48 h. By 12 h, the relative abundances of strains in the community spanned six orders of magnitude and remained largely stable
through 48 h.

(C) Communities generated from two inocula prepared on different days (i.e., biological replicates) have a similar architecture at 48 h.

(D) Communities generated from the same inoculum (i.e., technical replicates) have a nearly identical composition at 48 h. In (C) and (D), the color of each circle
represents the phylum of the corresponding species, and circles with gray outlines and faint colors represent strains whose presence could be explained by read
mis-mapping.

See also Tables S1 and S2 and Data S1.
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A streamlined strain growth protocol simplified the assembly
of hCom1 and single-strain dropouts (STAR Methods). 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 and media. 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 read mappers 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
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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 <107° (Data S2; STAR Methods). For actual reads, mis-
mapping was more frequent but still typically below a threshold
of 107* (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 107 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 log4(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~ 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.

Cell

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~*to 102 rela-
tive abundance, 8 strains were >1072, and 50 were <10~* (Fig-
ure 2B). In agreement with simulated results, NinjaMap was sen-
sitive to strains with relative abundances as low as 1075,
enabling us to quantify the 56% of strains that were below the
1072 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 logo(relative abun-
dance) across strains <0.43. Only three strains, all of which are

Figure 2. Systematic analysis of strain-amino acid interactions

(A) Schematic of the amino acid dropout 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), and pooled. The mixed culture was used to inoculate one of twenty defined media lacking one amino acid at a time. After
48 h, communities were sequenced and analyzed by NinjaMap to determine changes relative to growth in the complete defined medium.

(B) Community composition is impacted by amino acid dropout. Each dot is an individual strain; the collection of dots in a column represents the community at a
single time point. Strains are colored according to their rank-order abundance in the community grown in complete defined medium (SAAC). Strains whose
relative abundance could be explained by read mis-mapping from a more abundant strain in the same sample are plotted with a gray outline. Undetected strains
were set to 1077 for visualization.

(C) Heat map showing the hierarchically clustered Z scores for each strain (x axis) across amino acid dropouts (y axis). The Z score was calculated based on the
standard deviation of strain abundance across all samples except the cysteine dropout (STAR Methods). The Firmicutes L. lactis, C. sporogenes, and L. ruminis
grew less robustly in the absence of Leu and lle. Strains whose abundances could be explained by mis-mapping from a higher-abundance strain are not shown.
(D) The effect of amino acid removal varies widely across amino acids. The fraction of strains with |Z] > 2 is shown for each amino acid dropout (n = 66).

(E) The absence of leucine or arginine leads to a large decrease in C. sporogenes relative abundance. Strains are colored according to their rank-order abundance
in the community grown in complete defined medium. Only strains that were detected in at least one of the three samples were included (n = 92). C. sporogenes is
highlighted in black. L. /actis is highlighted in white. Undetected strains were set to 10~ for visualization.

(F) C. sporogenes growth in complete defined medium is dependent on the presence of arginine (Arg), and ornithine transcarbamoylase (otc) is partially
responsible for Arg metabolism. Wild-type C. sporogenes and a Aotc mutant were grown in complete defined medium + Arg. Growth curves depict the mean of 3
replicates. Error bars represent 1 standard deviation.

(G) C. sporogenes requires otc to produce ATP from arginine. Intracellular ATP levels in C. sporogenes incubated in PBS containing 2 mM Arg are shown.

(H) A proposed pathway for Arg metabolism in C. sporogenes. Based on these data, we propose that Arg is converted to citrulline by the putative Arg deiminase
CLOSPO_00894; citrulline is then hydrolyzed to ornithine and carbamoyl phosphate by the putative ornithine transcarbamoylase CLOSPO_02415, leading to the
production of ATP.

See also Tables S3, S5, and S6 and Data S3.
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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 to methionine, 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 fithess 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 culture medium 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-
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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 CO, 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, Aadi) or ornithine
carbamoyltransferase (CLOSPO_02415, Aotc). The Aotc mutant
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
Aadi mutant showed no defect in arginine-induced ATP produc-
tion (Data S8), suggesting the possibility of an alternative
pathway to generate citrulline from arginine. Consistent with
these observations, the Aotc mutant (but not the Aadi 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
(C) Average relative abundances of the inoculum versus the communities at

depicts the relative abundance of an individual strain across all mice at week 4.
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.

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-
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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, the mice were challenged with 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) hCom{ is broadly but not completely resistant to fecal challenge. All plots represent MIDAS 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, presumabily 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 unfiled 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 (=>10X). More than 60% of these strains were
covered broadly (>95%) 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
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niches in the gut. Twenty-four bacterial species entered hCom?1
from >2 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 the mouse 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~* (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 (>=95%) 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) from week 8 derived from the strains in hCom2 (Fig-
ure 5C), demonstrating that the colonization resistance of
hComz2 is markedly improved over hCom1 (Figure 5D). The re-
maining 4% of reads (and 19% of MIDAS 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 was more 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-
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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

Figure 5. An augmented community with improved resilience to fecal challenge

(A) Comparing the architecture and strain-level relative abundances of hCom1 and hCom2. Each column depicts the relative abundance of an individual strain
from hCom2 across all samples at week 4. 100 of the 119 strains were detected; those that are new to hCom2 are colored red.

(B) Averaged relative abundances of the strains in hCom1 versus hCom2 at week 4. Strains that are new to hCom2 are indicated by a gray outline. Dots are
colored by phylum according to the legend in (A).

(C) The architecture of hComz2 is largely unaffected by fecal challenge with Hum1-3. 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, defined as any species not present in weeks 1-4 in the group of mice shown.
(D) Left: hCom2 is more resilient to fecal challenge than hCom1. Top row: blue squares in the waffle plots indicate MIDAS bins that derive from hCom2; gray
squares represent MIDAS bins from the fecal communities. Bottom row: pie charts representing the percentage of MIDAS bins that derive from hCom2 versus the
fecal communities. An average of 96% of the genome copies (and 81% of the MIDAS bins) come from hCom2 in the Hum1-3 challenges, demonstrating that the
resilience of the community was improved markedly by augmentation with strains identified from the initial challenge (Figure 4). Right: hCom2 is broadly resilient
to challenge by unrelated fecal samples (Hum4-6). In these challenges, an average of 81% of the genome copies (and 58% of the MIDAS bins) came from hCom2.
(E) Nearly all invading strains at week 8 were repeat invaders from the first fecal challenge (Table S4). The dots representing invading strains are shown in full color;
dots representing hCom2-derived strains are partially transparent. Dots that represent repeat invaders from the first fecal challenge experiment have a thick black
border.

(F) The relative abundances of the hCom2-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 3 and 4 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 119 species in hCom2 (solid lines) and for all species including invaders
(dashed lines).

(G) hCom2 resembles a fecal consortium more closely than hCom1. Averaged relative abundances of MIDAS bins are shown for hCom1- and hCom2-colonized
mice versus mice colonized by a fecal community from one of three healthy human donors (Hum1-3). The phylum-level architecture of hCom2 is more closely
correlated to that of humanized mice than hCom1 (Figure S3).

(H) Pairwise correlation coefficients of phylum-level relative abundance vectors were higher between hCom2-colonized and Hum1-3 humanized mice than
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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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-Diaz 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 correlated with that of SW mice (Pearson
correlation coefficient > 0.95) (Data S5). These data indicate that
hComa2, 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 each mouse were serially diluted and plated on
Columbia blood agar to estimate the bacterial cell density in
each community. Each group contained 10" to 10" 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-
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manized and hCom2-colonized mice (Figure 6D; Data S5), indi-
cating that—at least in broad terms—hComz2-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 hComz2 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

Figure 6. hCom2-colonized mice are phenotypically similar to humanized mice

(A) Schematic of the experiment. Germ-free SW mice were colonized with freshly prepared hCom2 or a fecal sample from a healthy human donor. One cohort of
mice was sacrificed at 2 weeks for immune cell profiling; another was sacrificed at 4 weeks for targeted metabolite analysis.

(B) The architecture of hCom2 in mice is highly reproducible. Left: community composition is highly similar across four biological replicates. Each dot is an
individual strain; the collection of dots in a column represents the community at 4 weeks averaged over 5 mice co-housed in a cage. Strains are colored according
to their average rank-order relative abundance across all samples. Right: Pearson’s pairwise correlation coefficients for technical and biological replicates.
(C) hCom2-colonized, hCom1-colonized, and humanized mice have similar bacterial cell densities in vivo. Fecal samples from hCom2-colonized, hCom1-
colonized, humanized, specific pathogen-free (SPF), or germ-free (GF) mice were homogenized and plated anaerobically on Columbia blood agar to enumerate
colony forming units.

(D) Immune cell types and numbers were broadly similar between hCom2-colonized and humanized mice. Colonic immune cells were extracted from hCom2-
colonized, humanized, or germ-free mice (all C57BL/6), stained for cell surface markers, and assessed by flow cytometry. Statistical significance was assessed
using a Student’s two tailed t test (*“p < 0.05).

(E) hCom2-colonized mice and humanized mice have a similar profile of microbiome-derived metabolites. Urine samples from hCom2-colonized and humanized
mice were analyzed by targeted metabolomics to measure a panel of aromatic amino acid metabolites by LC-MS. Statistical significance was assessed using a
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 and humanized mice and were quantified by LC-MS. Statistical significance was
assessed using a Student’s two tailed t test (*p < 0.05 and **p < 0.001).

See also Data S5.
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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 coli MITI 255, Escherichia coli MIT| 284, and Entero-
bacter cloacae MITI 173; termed “Enteromix”). After 4 weeks, 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 them with EHEC (Fig-
ure 7D). The AActinobacteria (missing 10 strains) and AVerruco-
microbia communities (missing 1 strain, Akkermansia mucini-
phila) resisted EHEC comparably with hCom2 (Figures 7E and
7F). However, the AProteobacteria and AFirmicutes 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 AFirmicutes community was highly sensitive to EHEC in-
vasion (Figure 7E); the defect resulted in a large survival differ-
ence between hCom2-colonized and AFirmicutes-colonized
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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

Figure 7. hCom2 exhibits colonization resistance against enterohemorrhagic E. coli

(A) Schematic of the experiment. We colonized germ-free SW mice with freshly prepared hCom2 or one of two other communities: a 12-member synthetic
community (12Com) or a fecal community from a healthy human donor. hCom2 and 12Com do not contain any Enterobacteriaceae; to test whether non-
pathogenic Enterobacteriaceae 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 (six E. coli and Enterobacter cloacae, Enteromix [EM]). After 4 weeks, we
challenged with 10° colony forming units of EHEC and assessed the degree to which it colonized in two ways: by EHEC-selective plating under aerobic growth
conditions and by metagenomic sequencing with NinjaMap analysis.

(B) hCom2 exhibits a similar degree of EHEC resistance to that of a fecal community in mice. Colony forming units of EHEC in mice colonized by the four
communities are shown. As expected, the fecal community conferred robust colonization resistance while 12Com did not. The addition of EM moderately
improved the EHEC resistance of 12Com. Despite lacking Enterobacteriaceae, hCom2 exhibited a similar level of EHEC resistance to that of an undefined fecal
community.

(C) The architecture of hCom2 is stable following EHEC challenge. Each dot is an individual strain; the collection of dots in a column represents the community at a
single time point averaged over four co-housed mice. Strains are colored according to their phylum; EHEC is shown in black and members of the Enteromix
community are shown in gray.

(D) Schematic of the phylum dropout experiment. We colonized germ-free SW mice with four variants of hCom2, each one missing all species from the phyla
Actinobacteria, Firmicutes, Proteobacteria, or Verrucomicrobia. After 4 weeks, we challenged with 10° colony forming units of EHEC and assessed the degree to
which it colonized by EHEC-selective plating under aerobic growth conditions and by metagenomic sequencing with NinjaMap analysis.

(E) The AActinobacteria and AVerrucomicrobia communities retain the ability to resist EHEC invasion, whereas the AFirmicutes and AProteobacteria commu-
nities are sensitive to EHEC invasion. Right: a large survival difference in AFirmicutes-colonized mice compared with hCom2-colonized mice.

(F) The architecture of the phylum dropout communities remains stable following EHEC challenge. Each dot is an individual strain; the collection of dots in a
column represents the community at a single time point averaged over four co-housed mice. Strains are colored according to their phylum; EHEC is shown
in black.
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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 hComz2 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 challenge with unrelated fecal com-
munities. These data suggest that subsequent rounds of back-
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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 how many more 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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