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SUMMARY

Although horizontal gene transfer is pervasive in the intestinal microbiota, we understand only
superficially the roles of most exchanged genes and how the mobile repertoire affects community
dynamics. Similarly, little is known about the mechanisms underlying the ability of a community to
recover after a perturbation. Here, we identified and functionally characterized a large conjugative
plasmid that is one of the most frequently transferred elements among Bacteroidales species and is
ubiquitous in diverse human populations. This plasmid encodes both an extracellular polysaccharide and
fimbriae, which promote the formation of multispecies biofilms in the mammalian gut. We use a
hybridization-based approach to visualize biofilms in clarified whole colon tissue with unprecedented 3D
spatial resolution. These biofilms increase bacterial survival to common stressors encountered in the
gut, increasing strain resiliency, and providing a rationale for the plasmid’s recent spread and high
worldwide prevalence.

INTRODUCTION

Bacteroidales is the dominant order of Gram-negative bacteria of the human gut microbiota®, with
species of the genera Bacteroides, Phocaeicola and Parabacteroides dominating in individuals living in
industrialized populations”. These bacteria are remarkably stable, with many strains colonizing for
decades, although some are occasionally lost or replaced>*. Strains that stably colonize the human gut
must be resilient to many varying environmental factors of this ecosystem including nutrient fluxes due
to diet, microbial compositional fluxes, antagonism, bouts of inflammation, xenobiotics, and particularly
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in the industrialized world, the consumption of antibiotics. The mechanisms allowing for persistence
despite varying environmental conditions are still not well understood. More broadly, the gut
microbiome displays substantial resilience to moderate perturbations, whereas harsher changes can
lead to permanent compositional shifts>”. Addressing these questions becomes more pressing as
modern lifestyles and antibiotic overuse has led to decreased species diversity and increasingly
abundant microbiome-associated pathologies®.

Horizontal gene transfer (HGT) is pervasive within the human gut microbiota, especially in industrialized
populations, such that each person’s microbiota becomes “personalized”®*°. Recent efforts have
systematically catalogued the mobilome in human gut microbiomes, yet the physiological roles of a
large proportion of cargo genes carried on these mobile genetic elements (MGE) remains unknown or
only broadly classified'®™. HGT events are prevalent between species within a phylum and rare
between species of different phyla'®****, While cargo genes in many MGEs are globally distributed, the
genetic architectures of MGEs are not generally conserved'®**. Frequent recombination and gene
loss/gain events lead to shuffling of cargo and mobilization genes'®™*>*. Industrialized and non-
industrialized populations differ significantly in the composition of their gut microbiota, with limited
gene flow between them®*>".

We previously analyzed MGEs that had transferred between co-resident Bacteroidales species (from the
same individual) in four cohorts from the USA'**#*°, UK*® and China®'. We identified 74 MGE that spread
through multiple species within individual gut microbiomes*®. The vast majority of these MGE were
present in only one or a few subjects and most showed evidence of frequent recombination so that they
did not have a conserved architecture between individuals. Three notable exceptions were a ubiquitous,
well-studied conjugative transposon harboring a tetracycline resistance gene,””>* and two MGEs
carrying Type VI secretion system loci®® involved in bacterial antagonism. We also identified a fourth
such element, a 98 kb plasmid with a conserved architecture that we designated as pMMCAT, which
also spread among multiple Bacteroidales species in many communities'®.

Our studies here show that pMMCAT encodes genes that mediate the formation of multispecies biofilms
in the colon. Biofilms are aggregates of microbial cells embedded within a protective extracellular matrix
composed of various molecules, including polysaccharides, proteins, and DNA. Biofilms play an
important role in survival from environmental insults®®*” and enable beneficial interactions such as
syntrophy, DNA exchange, and break-down of complex nutrient particles.’®?’. Gut mucosal biofilms have
been studied in pathogens and in colorectal cancer’®°, but biofilms formed by the microbiota in the
healthy gut are less studied®. Two gut Bacteroidales strains were shown to form mixed-species biofilms
in vitro and to engage in metabolite sharing'. We demonstrate that pMMCAT-mediated biofilm
formation increases bacterial survival under common environmental stressors, such as antibiotics,
leading to improved community resilience to perturbations in the gut.

RESULTS
The genetic repertoire of pMMCAT

Our initial report of the discovery of the pMMCAT large conjugative plasmid showed that it is
exceptional due its spread to many (up to five) different Bacteroidales species in the gut microbiomes of
five different human subjects analyzed, with a highly conserved architecture throughout its 98 kb
sequence’®. Analysis of read counts in our whole-genome sequencing of 16 strains carrying pMMCAT
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indicates that in liquid culture this plasmid is maintained at one to three copies per cell and our long-
read sequencing indicates that it is a circular molecule (Fig. S1A-C). pMMCAT carries a full complement
of genes encoding type IV conjugation machinery and is therefore not dependent on the machinery of
other mobile elements for its transfer (Fig. 1A). It has two notable loci that suggested it may mediate
biofilm formation, therefore we named this plasmid pMMCAT (plasmid-Mediated Microbiome
Community Attachment). The first locus is 24-kb and contains genes for the synthesis of an extracellular
polysaccharide (EPS) with nine glycosyltransferase genes, suggesting a large glycan repeat unit. EPS is a
crucial component of the extracellular matrix of biofilms*’. The synthesis of this EPS is phase variable,
dictated by two adjacent invertible promoters with a tyrosine DNA recombinase family invertase
encoded upstream (Fig. 1A). pMMCAT also harbors an Mfa-like short adhesive fimbriae locus, with an
adjacent LuxR-like transcriptional regulator, which often respond to quorum sensing auto-inducers or
other small molecules®. In biofilms, fimbriae are important for cell surface attachment as well as cell-
cell adhesion®*. Other genes carried by pMMCAT include a putative anti-CRISPR system, as well as five
toxin-antitoxin “addiction module” pairs that potentially promote plasmid maintenance. A 4.8-kb region
encodes two radical S-adenosyl-L-methionine enzymes and a metallo-B-lactamase-fold protein. These
products may confer resistance to toxic molecules, mediate post-translational protein modifications, or
be involved in the synthesis of biologically active small molecules®¢.

pMMCAT mediates biofilm formation

Due to the presence of the fimbriae and EPS loci, we predicted that pMMCAT may confer the ability to
form biofilms. Most Bacteroides, Phocaeicola and Parabacteroides strains we have cultured do not
spontaneously aggregate when grown under static conditions in liquid culture®”**. We evaluated the
ability of ten wild-type strains of eight different species harboring pMMCAT to aggregate and form
biofilms. Upon entry into early stationary phase, four of these strains formed strong cell-cell aggregates
that settled to the bottom of the tube (Fig. 1B), with very few planktonic cells remaining. The other six
strains harboring pMMCAT also formed visible cell-aggregates at the bottom of the tube, but with
variable amounts of planktonic cells. Although very tightly associated, these cell aggregates lacked any
observable attachment to the glass culture tube as is observed in many biofilm-forming bacteria. There
was a strong correlation between the degree of aggregation in culture and the level of Mfa produced by
the bacteria (Fig 1B, Sig S1D). However, B. cellulosilyticus CLO6T03C01 produced a slight amount of Mfa
but did not exhibit any aggregation, and Mfa is highly produced in B. xylanisolvens CL11TO0CO3 yet a
large fraction of cells remained planktonic, indicating that additional factors influence the phenotype.
We used crystal violet staining to quantify biofilm formation in 24-well plates, by carefully removing the
planktonic fraction and staining the aggregated cells at the bottom of the well. As in the glass culture
tubes, the bacteria did not attach to tissue-culture treated polystyrene but formed a robust pellet at the
bottom of the well. Seven of the ten strains displayed some amount of pellet formation, with
Phocaeicola vulgatus CL11TO0CO1 (PhvCL11) forming the largest aggregates (Fig. 1B). This variation
across strains is not surprising given that pMMCAT is present in very different genomic contexts in these
strains, where regulatory networks may vary significantly.

To conclusively determine that the mfa and eps loci encode fimbriae and EPS, respectively, and that
they are involved in the biofilm phenotype, we generated eps and mfa deletion mutants in the strongest
biofilm former isolate, PhvCL11, as well as in a strain that displayed limited biofilm formation
(Bacteroides uniformis CLO6TO3C05, BuCL06). In PhvCL11, a deletion of mfa completely abrogated the
aggregative phenotype, as did a double AepsAmfa deletion (Fig.1A). In contrast, a deletion of the
complete eps locus had no impact on the amount of aggregation (Fig. 1C, Fig. S1E). However, even if the
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aggregative property remains, the protective matrix feature of the biofilm is likely reduced in the Aeps,
leading to an altered biofilm.

Interestingly, placing the mfa operon under a strong constitutive promoter in PhvCL11 did not change
the amount of pellet formed in the biofilm assay, whereas it was increased when coupled with
constitutive expression of the eps locus by locking its invertible promoters in the “on” orientation. This
result suggests that in static cultures, not all cells are expressing the eps locus. This type of population
bet-hedging in the Bacteroidales has been reported for phase-variable loci encoding capsular
polysaccharides and other surface molecules® ™. To evaluate if BUCLO6 has the potential to form robust
biofilms, we placed mfa behind a strong constitutive promoter and locked the eps promoter regions in
the “on” orientation (Fig. 1D). Expression of mfa was sufficient to cause very strong aggregation. When
coupled with constitutively expressed eps, biofilm formation was significantly increased. These results
indicate that both loci contribute to pMMCAT-mediated biofilm formation and are differentially
expressed in different strains grown in liquid culture. To determine if the secreted polysaccharide
remains primarily envelope-associated like a capsular polysaccharide or forms a more diffuse matrix in
the biofilm (an EPS), we performed an immunoblot of culture supernatants using polyclonal antibodies
against the EPS. It showed that this secreted polysaccharide is detectable and is of high molecular
weight (Fig. S1F).

We used laser scanning confocal microscopy (LSCM) to visualize the biofilms formed by PhvCL11. When
PhvCL11 wild type strains producing either GFP or mCherry were co-cultured at equal ratios, the pellet
biofilm was composed of approximately equal amounts of both (Fig 2A, B). In contrast, the PhvCL11
AepsAmfa mutant did not produce a biofilm. Consistent with the crystal violet quantification, a deletion
of the mfa locus was sufficient to remove the ability to form a biofilm, whereas a Aeps mutant still
formed aggregates. Interestingly, the PhvCL11 AepsAmfa mutant was able to incorporate into a PhvCL11
wild-type biofilm, indicating that, while necessary for establishing a biofilm when alone, these two loci
are not required to join an established biofilm. Similarly, a Amfa mutant was able to incorporate into a
wild-type biofilm, although it was significantly depleted in these biofilms. Likewise, co-culture of Aeps
with AepsAmfa resulted in an enrichment of the Aeps in the cell aggregates.

Co-cultures under static conditions of five pMMCAT-harboring species isolated from the same person
(CL11) formed a robust pellet biofilm that did not dissociate even with vigorous shaking, while a fraction
of cells remained planktonic (Video S1). We used high-throughput sequencing to quantify the relative
abundance of each species in the pellet biofilm and in the planktonic fraction (Fig. 2C). Although all five
species could be detected in both the biofilm and planktonic fractions, many were enriched or depleted
in one or the other. The two strains that form biofilms in pure culture (Fig. 1B), PhvCL11 and P.
distasonis, were enriched in the biofilm whereas B. xylanisolvens, which failed to form a biofilm in pure
culture, was almost completely excluded from the mixed species biofilm and was the most abundant
planktonic species. B. uniformis and B. eggerthii, which form biofilms in monoculture, were detected in
the community biofilm and in the planktonic fraction. These results support the conclusion that
pPMMCAT mediates bona fide multispecies biofilms. Interestingly, in a different five-member pMMCAT
containing consortium (CLO6), where only one strain forms biofilms in monoculture (B. ovatus), the
biofilm fraction became dominated by B. uniformis, a species that failed to produce biofilm in
monoculture (Fig. 2D), suggesting cross-species regulation.

To study the spatial organization of this biofilm in the colon, we used MiPACT (Microbial identification
after Passive CLARITY Technique) followed by Hybridization Chain Reaction (HCR)****. In short,
gnotobiotic mice were colonized with PhvCL11 for two weeks after which the entire colon was
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extracted, fixed, and embedded in a hydrogel. Through a series of steps, the colon become optically
transparent (Fig S2A), and probes were hybridized to a highly expressed mRNA (Fig S2B) and imaged in
z-stacks using LSCM. We used probes against mCherry to visualize PhvCL11 cells, and probes to detect
the eps locus mMRNA to evaluate where cells are producing this key component of the biofilm matrix.
There were no major differences in overall bacterial spatial distribution in mice monocolonized with
wild-type PhvCL11 or with the AepsAmfa isogenic mutant (Fig. 3, Videos S2-54). Notably, no cell
aggregates were observed directly attached to the mucosa, as occurs with Fusobacterium nucleatum
implicated in colorectal cancer®*. Interestingly, we observed little evidence of eps expression above
background levels in mice except potentially in small clusters associated with plant material (Fig. 3A, Fig.
S2C, Video S2). Next, we treated mice with metronidazole to analyze eps expression during bacterial
stress. This stressor was selected because, as discussed later, the eps and mfa loci are strongly induced
when mice are treated with metronidazole, increasing bacterial survival during this treatment. Our
imaging analyses showed that during metronidazole treatment, the eps locus is highly expressed in the
bacteria at the mucus layer, and on the surface and internal compartments of some food particles (Fig.
3B, Fig. S2D, Video S3). In regions of the colon with no fecal pellet, few bacteria were detected, mostly
close to the mucus layer, with no eps expression above background Fig. 3B, Fig. S2D, Video S3). Only a
faint signal was detected in mice monocolonized with the AepsAmfa mutant, in the presence or absence
of metronidazole (Fig. 3C, Video S4), confirming the high specificity of the eps probes. Therefore, this
exopolysaccharide key component of colonic biofilms is induced in mice by metronidazole treatment
and eps expressing bacteria are primarily localized to the surface of the fecal pellet at the mucus layer
and inside some food particles.

PMMCAT-mediated biofilms increase resilience to stressors

Biofilms are often involved in protection against environmental insults. We evaluated the protective
capabilities of pMMCAT-mediated biofilms to a panel of antibacterial stressors that these bacteria
encounter in the intestine, including the clinically relevant antibiotics enrofloxacin, metronidazole and
meropenem, the bile salt deoxycholate, human antimicrobial peptide LL-37 and the bacteriocin
Bacteroidetocin A*’. Bacterial survival was compared after stressors were added to an established static
culture biofilm of wild-type PhvCL11 or to the AepsAmfa mutant grown for the same amount of time
(Fig. 4A). Biofilms protected against metronidazole at concentrations below 5 pg/ml and against low
concentrations of enrofloxacin but not against meropenem. pMMCAT-mediated biofilms also increased
survival to deoxycholate and to LL-37. Finally, the biofilm null mutant was more sensitive to
Bacteroidetocin A at 4 ng/ml. Altogether, these results indicate that pMMCAT biofilms confer
substantial protection to a diverse array of antimicrobial agents with different mechanisms of action in
vitro.

To determine if pMMCAT confers similarly enhanced protection in the colon, we used a mouse model to
quantify bacterial survival to metronidazole treatment (Fig. 4B). Mice were monocolonized with either
wild-type PhvCL11 or the AepsAmfa mutant, and metronidazole was added to the drinking water after
two weeks of colonization. The metronidazole concentrations correspond to 0.15 and 0.30 times the
concentration generally used to completely deplete Bacteroidales species*. Prior to antibiotic
treatment, both strains colonized at comparable levels (Fig 4B). At both metronidazole concentrations,
there were rapid decreases in the PhvCL11 CFU in the feces by day 4, followed by recovery. At 150
ug/ml, the initial drop in CFU was significantly greater in the AepsAmfa mutant than in wild type. This
trend was also observed at 300 pg/ml, but there was large mouse-to-mouse variation. In the context of
a complex community, such variation in the magnitude of a decline can determine whether a strain is
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lost or is later able to recover. Therefore, the pMMCAT-mediated increase in tolerance to metronidazole
and other stressors may have important impacts on strain resilience in a complex community.

We further explored the ability of pMMCAT to provide resilience to antibiotic treatment by analyzing
existing gut metagenomic data from antibiotic treated individuals**~ (Table S1A-C). We first analyzed a
study of 12 healthy volunteers who were treated with a 4-day course of combination antibiotics
(meropenem, vancomycin and gentamycin)*°. The gut microbiomes of four of these subjects harbored
pPMMCAT prior to treatment. In three of these, the plasmid initially became undetectable (when
Bacteroidales populations dropped dramatically™®) and then reappeared by the 42-day time point, when
the Bacteroidales abundances had normalized. In contrast, in one subject who initially carried pMMCAT,
the plasmid was lost and never reappeared, suggesting that the pMMCAT-harboring strain(s) were
eradicated. Two volunteers who did not originally have the plasmid acquired it by day 42, suggesting
their gut microbiota became colonized by a new pMMCAT-harboring strain(s) after a niche opened
during the antibiotic treatment or the relative abundance of pMMCAT increased above the level of
detection. Likewise, we analyzed metagenomes from a study of six healthy volunteers in the USA who
were subjected to a challenge of enterotoxigenic E. coli (ETEC), causing mild to severe inflammatory
diarrhea, followed by ciprofloxacin treatment®>>. All six volunteers had pMMCAT and retained it after
the ETEC and antibiotic challenge when the microbial community normalized. Finally, we analyzed two
cohorts of fecal microbiota transplants (FMT) from healthy donors to 17 patients with Crohn’s disease
or recurrent C. difficile infection®. Of the five patients that had pMMCAT prior to the FMT, all except
one retained it. Of the twelve patients that did not carry pMMCAT prior to the FMT, most acquired it
later either from the FMT donor (eight) or from another source (one). While circumstantial, these results
suggest that bacteria harboring pPMMCAT may be mostly retained during a perturbation, whereas they
may be more readily acquired if a new niche becomes available, possibly explaining why this plasmid has
become so prevalent, especially in industrialized countries.

Transcriptional profiles in pMMCAT biofilms

To gain more insight into pMMCAT-mediated biofilms in PhvCL11, we compared gene expression
profiles in biofilms grown under static conditions and in fecal pellets from monocolonized mice, prior to
and after metronidazole treatment (Table S2, Fig 5). The eps genes are expressed at low levels in mice
prior to treatment but are strongly induced by metronidazole treatment (Fig. 5A-B), consistent with the
MiPACT observations. The mfa genes are moderately expressed prior to treatment and two of them are
upregulated by metronidazole. Therefore, in the fecal pellet, Mfa-mediated aggregation may also occur
outside of the mucus layer but these cells would not be covered with an extracellular polysaccharide
matrix that is a hallmark of biofilms. Both loci are also highly expressed in the in vitro biofilms under
static conditions.

When comparing gene expression profiles under static conditions of the wild-type PhvCL11 biofilms and
the isogenic AepsAmfa planktonic cells, approximately 40% of the genome (1865 genes) are
differentially regulated (Fig. 5C, Table S2). In contrast, in colonic biofilms, transcription of only 106 genes
is differentially regulated, 34 of which are also differentially regulated in static culture biofilms. The
MiPACT-HCR imaging shows that biofilm formation is preferentially induced in bacteria near the mucus
layer, therefore in bulk RNA-Seq the biofilm-associated gene expression may be obscured by non-biofilm
producing cells.

Among the 39 genes that are differentially regulated between the wild-type and AepsAmfa in
metronidazole-treated but not in untreated mice (Table S2), the most striking difference is a 14-gene
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locus (INE91_04565-04582) comprising an ATPase potassium pump, a gene encoding a putative
chloramphenicol acetyltransferase, and a putative extended spectrum B-lactamase resistance gene. This
antibiotic resistance locus is also highly upregulated in static culture biofilms. The two latter genes are
not expected to increase resistance to metronidazole, which belongs to a different chemical family and
has a killing mechanism unrelated to that of chloramphenicol and the B-lactams™. However, their
differential regulation suggests that cells in a biofilm undergo a regulatory program promoting
protection from chemical insults. Interestingly, another potassium uptake gene (INE91_03212), part of a
multidrug efflux locus (INE91_03211-3215), is also upregulated. Potassium fluxes are implicated in
metabolic processes in Bacillus subtilis biofilms, allowing long-range electrical signaling to recruit
Pseudomonas aeruginosa to form mixed-species biofilms>.

Conversely, there is one region (spread across two contigs) whose expression is reduced in the wild-type
relative to the AepsAmfa mutant during metronidazole treatment (INES1_RS00005-INE91 00114 and
INE91_04844-04869). The region encodes a lysogenic phage whose genes are among the most highly
expressed in AepsAmfa under metronidazole treatment. This prophage belongs to the LoVEphage
(Duplodnaviria; Heunggongvirae; Uroviricota; Caudoviricetes), which were recently discovered in gut
metagenomes and are highly prevalent™. It is also expressed in the wild-type but to a lesser extent.
Metronidazole is thought to kill cells via the formation of a nitro-radical anion (R-NO,®-) which causes
oxidative damage to DNA leading to strand breaks™*. As the wild type is more protected from
metronidazole in a biofilm, it likely undergoes less DNA damage leading to decreased prophage
induction.

For pPMMCAT genes, the most striking change in expression is the invertase regulating the inversion of
the eps locus promoters and the six upstream genes (INE91_RS24245, INE91 04901-04905), which
encode small hypothetical proteins with no characterized domains. These are all highly upregulated in
metronidazole-treated biofilms but not in the AepsAmfa strain.

pMMCAT transfer

The pMMCAT genes involved in conjugative transfer (including genes of the type IV secretion system)
are highly upregulated by metronidazole treatment in the gut, suggesting stressors may induce
pPMMCAT transfer (Fig 5D). Using antibiotic selection markers in the chromosome and in pMMCAT, we
guantified the plasmid transfer frequency from PhvCL11 to a strain of B. uniformis (BuCLO3) isolated
from a different person (Fig. 5E). Donor and recipient strains were mixed at equal ratios and spotted
together in a plate or allowed to form a biofilm in a 96-well plate. After 24 hours, cells were recovered
and plated to quantify the populations of donor, recipient and transconjugants (recipient with
pMMCAT). The transfer frequency in plate-grown co-cultured bacteria was approximately 10°®
transformants/recipient (Fig 5E). This frequency is one to two orders of magnitude lower than other
well-studied mobile genetic elements in Bacteroides® °. As expected by the low level of transcription of
the conjugation genes during in vitro biofilm growth, no transfer was detected in biofilms grown in liquid
medium. To evaluate pMMCAT transfer in the colon, germ-free mice were co-colonized with donor and
recipient strains for two weeks and subsequently subjected to two rounds of metronidazole pulses of
increasing strength, roughly one month apart (Fig. 5F). Prior to metronidazole treatment, the frequency
of transconjugants detected was highly variable across mice, sometimes even between co-housed
animal pairs. After an initial decrease in CFU due to bacterial death from the first metronidazole pulse,
the number of transconjugants increased over the following week for four of the eight mice and stayed
mostly stable until the beginning of the second pulse. After the second pulse, there was not a reduction
in transconjugant CFUs as detected after the first pulse, rather, all mice showed a ~1-2.5 log increase in
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transconjugants, whereas both donor and recipient strain abundances remained relatively constant (Fig.
S3). This observation is consistent with the RNA-Seq results, which demonstrate that this elevated
concentration of metronidazole induces genes involved in conjugal transfer, however, as there was no
decrease in transconjugant levels following this treatment, pMMCAT protection is likely also a
contributing factor. In the human gut, pPMMCAT-harboring bacteria eventually predominate, suggesting
that additional factors may be necessary for pMMCAT to become stably fixed in a recipient population.

PMMCAT is highly conserved and widely distributed in human gut Bacteroidaceae and
Parabacteroides species

To determine the prevalence of pMMCAT across the Bacteroidota phylum, we analyzed 12,456 genomes
of non-redundant isolates available from NCBI (Table S3). We used the sequence of pMMCAT from
Bacteroides cellulosilyticus CLO6T03CO01 as query with a threshold of 94% coverage in a blastn search.
pPMMCAT was present in the three Bacteroidales genera most common in the human gut of
industrialized populations: Bacteroides, Parabacteroides and Phocaeicola (Fig. 6A, Table $3)**%.
Although pMMCAT was prevalent in most species of these genera, it was largely absent from B. fragilis,
B. salyersiae and Ph. plebeius. We also searched for p MMCAT in all sequences available on the blastn
web interface of NCBI in the default nr/nt nucleotide collection, confirming its absence in other non-
Bacteroidota genera. Interestingly, we did not detect pMMCAT in isolates from non-human primates,
pets or livestock (Fig. 6B), even though they contain Bacteroides, Parabacteroides, and Phocaeicola. In
contrast, other widespread mobile genetic elements in the gut Bacteroidales are found in isolates from
pets and livestock'®®'™®. The plasmid was frequently found in human-derived strains from the USA, Asia
(China, Japan) and some countries in Europe, revealing its prevalence in industrialized countries (Fig.
6C).

We next screened using PCR for the presence of pMMCAT in 64 Bacteroidales clinical strains isolated
from 1980-1997 from Boston area hospitals®, excluding species that rarely contain pMMCAT (e.g. B.
fragilis). We also analyzed sequenced genomes of a collection of 100 clinical isolates from this time
period from the NIH Clinical Center in Bethesda, MD®*. These analyses revealed a lower prevalence of
pPMMCAT in these Bacteroidales strains, especially those isolated prior to 1990, and has increasingly
spread in the last two decades (Table S4, Fig 6D). However, as these collections are limited to clinical
isolates from two cities, we further analyzed metagenomes from a few available archeological fecal
specimens. We analyzed two samples of medieval coprolites/latrine sediments (Latvia and Israel)*®, the
colon contents of the Copper age iceman (Otzi)*”%, pre-Columbian coprolites in America (12 samples
from 500-600 A.D., Mexico®”’® and Puerto Rico’*) and Neanderthal coprolites (7 samples from Spain)”
(Table S1D). All seven human samples from pre-Columbian Mexico coprolites had reads that mapped to
5-46% of pMMCAT. The regions of pMMCAT with mapped reads were those involved in conjugation and
plasmid maintenance, shared among diverse conjugal elements and therefore not pMMCAT-specific
(Fig. S4). Notably, two samples had 35-46% of the pMMCAT backbone (lacking mfa and eps regions),
revealing that some of its mobilization components have been circulating in humans for at least 14
centuries. In contrast, all regions of pMMCAT were undetectable in other archeological samples, where
the abundance of Bacteroides, Parabacteroides and Phocaeicola is low.

Analysis of the sequences of pMMCAT retrieved from all sequenced isolates shows that it is highly
conserved (higher than 93% identity over the length of the plasmid for all samples and higher than
99.97% for most). To evaluate this conservation more systematically, we generated a multiple sequence
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alignment of all pPMMCAT sequences from 292 genomes and evaluated conservation across each
nucleotide (Fig. 6E). Indeed, the plasmid is highly conserved across most of its sequence, with a variation
hotspot in the mfa fimbriae locus, particularly the gene encoding the stalk protein which composes the
main structural component of the fimbriae and influences binding specificity’>. To better study this
variation, we reconstructed a maximume-likelihood phylogeny of the plasmid (Fig. S5). This analysis
showed that the variation could be explained by the independent emergence of mfa locus variants in at
least eight independent events, with one main variant which we call pMMCAT-varl. Most SNPs were not
shared across variants. Altogether, mfa variants represent 37% of sequences. We did not find similar
genomic regions that might have given rise to these variants via recombination. Intriguingly, isolates
from the USA contained not only the predominant mfa sequence but also many variants, whereas
isolates from China lacked the predominant mfa sequence present in the US and only contained
variants, primarily pMMCAT-varl. Therefore, these variants might have emerged in China before being
transferred to isolates in other countries through migration. We also detected a common variant,
derived from pMMCAT-varl, in several isolates from China in which the entire eps locus is absent (Table
S3C, Fig. S6, in 44 isolates). While various small regions of pMMCAT (notably not the eps) were found in
many genomes, none were conserved and common except for this eps-deficient variant, found
exclusively in China. The plasmid phylogeny also reveals 16 additional instances of the likely spread of
pPMMCAT among species from the same person, in two isolate collections from the USA which were not
available at the time we conducted our previously reported analysis’*”°, once again highlighting how
this plasmid is frequently spreading within species in individuals. pMMCAT is >99.995% identical
between these co-resident species, which group together in the pMMCAT phylogeny (e.g. from subject
DFI.6: Pa. distasonis DF1.6.54, Ph. vulgatus DFI.6.58, B. thetaiotaomicron DF1.6.61 and B. finegoldii
DF1.6.73).

To determine the extent to which pMMCAT has changed in the last two plus decades, we sequenced the
genomes of all isolates from the Boston collection that carried pMMCAT. Six of the eight 1980s-1990s
isolates with pMMCAT (three from the Baltimore collection and three from Boston) were 99.99%
identical to the predominant sequence with 3-9 SNPs over the entire 98 kb plasmid (Fig S5). This striking
sequence conservation relative to the current dominant variant suggests that pMMCAT has remained
mostly the same as it spread widely in human populations. Interestingly, one isolate from the 1990s
(TS50) had an mfa variant divergent from any recent variants, suggesting that mfa diversification has
been ongoing since the 1990s in a small proportion of the population in the USA, but has not become
widespread.

pPMMCAT is globally ubiquitous

Since available sequenced genomes are limited to a few countries, we used publicly available
metagenomic datasets of 4467 human fecal metagenomes from healthy adults in 26 countries to
quantify the prevalence of pMMCAT across global human populations. Using a threshold of 90%
coverage, we found pMMCAT present in 24 of the 26 countries (Fig. 7A, Fig. S7A, Table S1E). More than
half of study subjects in Canada, USA, Brazil, and Thailand carried pMMCAT, while prevalence was
greater than 20% in several countries from western Europe, Asia, Africa, Australia, and Israel. pMMCAT
was not detected in the Peruvian population and only detected in a few subjects from Fiji'> and
Madagascar’®. Moreover, pMMCAT was also absent from hunter-gatherers in Tanzania’’ but present in
an agricultural population from this country®. Taxonomic analysis of the microbial composition of the
microbiota from these generally non-industrial populations indicated that the Bacteroidales are largely
of the genus Segatella, whereas the genera that normally harbor pMMCAT are rarely present (Table
S5A). Accordingly, all P MMCAT-positive metagenomes were found to contain one or more species of
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Bacteroides, Phocaeicola, or Parabacteroides (Table S5A). Surprisingly, pMMCAT prevalence was very
low in India and Bangladesh despite the fact that 67 out of 105 subjects in India had communities
dominated by Bacteroides and Phocaeicola, including many of the host species with high prevalence of
pPMMCAT (Table S5B). To gain further insights into the geographic prevalence of pMMCAT, we analyzed
950 global sewage metagenomic samples from 101 countries’® (Fig. 7B, Table S1F, Table S6). Strikingly,
the plasmid was detected in sewage from 56 countries from all continents except Antarctica,
highlighting its global distribution.

To determine if pMMCAT carriage is influenced by age, we evaluated infant and children gut
metagenomic datasets from ten countries, showing that pMMCAT could be detected from infancy
(Table S1E-F) and the prevalence in children was comparable to that in adults (Fig. S7B). We also sought
to determine the prevalence of pMMCAT in gut metagenomes of patients with various intestinal disease
states. We found no consistent difference between healthy adults and subjects with colorectal cancer
(Japan’®, Fig. S6C). pPMMCAT prevalence in individuals with Inflammatory Bowel Disease (IBD) appeared
lower than in healthy controls (Fig S7D, Table S1G), in cohorts from Spaingo, Netherlands® and the
USA®® Interestingly, for individuals where pMMCAT was present, its abundance (proportion of total
reads mapped to pMMCAT) appeared higher in IBD patients relative to healthy subjects (Fig. S2E),
suggesting that in many subjects there is either increased copy number or increased abundance of the
strains harboring the plasmid.

We next determined if pMMCAT is present in other habitats or hosts. pMMCAT is absent in
metagenomes of other human body sites (Table S1H) (2971 samples from oral, nasopharyngeal, lung,
skin, and vaginal microbiomes) with only very rare detection in two skin samples (2 subjects out of 1530)
and three oral samples (5 out of 879). Since analysis of metagenomes provides much greater sensitivity
than scrutinizing isolate genomes, we looked for a potential animal or environmental reservoir for
PMMCAT in a vast array of published metagenomic datasets. pMMCAT was absent from non-human
primates, cats, dogs, and wildlife (4877 animal gut metagenomes were analyzed) (Table S1I). It was very
occasionally present in livestock and in animals in captivity (four Golden snub-nosed monkeys, 24 lab
mice, one goat, one pig, two cows, and eight chickens). Given the low prevalence, we hypothesize that
these animals harbor Bacteroidales strains acquired from a human source. Similarly, pMMCAT was
absent in 10,044 global non-sewage environmental samples analyzed (marine environments, plants, soil,
built environments) (Table S1J), except in seven seawater/sediment/seawall biofilm samples where
human fecal contamination is likely. Therefore, pMMCAT is highly specific to the human intestinal
microbiome. In a survey of hospital surfaces in Singapore® (Table S1J), pMMCAT was detected in high-
touch surfaces such as bedside lockers (3), a pulse oximeter and a bed rail, likely due to fecal
contamination, highlighting a potential route for person to person spread.

DISCUSSION

The modern human lifestyle has rapidly changed our gut microbiome and its ecology. As such,
compensatory mechanisms can arise that confer better fitness under these new conditions. Indeed, the
large conjugative plasmid pMMCAT, now ubiquitous in diverse human populations, appears to have
undergone recent spread, with evidence that it continues to spread, and is still rare in some populations
(primarily non-industrialized). Despite great interest in horizontal gene transfer in the gut microbiome,
there have been few efforts to experimentally identify their evoked phenotypes and connect these
functions with the ecological and evolutionary dynamics of the corresponding mobile genetic elements.
While most MGEs are highly variable, subject to frequent recombination, and geographically
clustered™", a few “fitness optimal” combinations are conserved. To our knowledge, only one other
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2.7-kb plasmid is as highly prevalent as pMMCAT, but this very small cryptic plasmid appears to be
parasitic on its host cell’’. Our data show that pMMCAT confers a significant fitness advantage to the
strains that acquire it, potentially explaining its rapid fixation in human populations.

Here, we present evidence that pMMCAT promotes the formation of a multispecies biofilm in the colon,
especially at the mucus layer, and is likely to impact ecosystem dynamics. Cooperative phenotypes such
as biofilms and their role in ecosystem properties are poorly characterized in the diverse intestinal
community. To our knowledge, there are very few reported cases of cooperation mediated by shared
mobile genetic elements® . In addition, the amount and stability of cooperative interactions among
species in the intestinal microbiota remains an active topic of discussion®®®*. Notably, one example of a
conjugative plasmid promoting bacterial biofilm development was discovered in E. coli, where
expression of the conjugation machinery from the F plasmid leads to induction of chromosomal genes
that mediate biofilm formation in vitro®. Other plasmids have also been shown to increase the amount
of biofilm formation in vitro in E. coli through so far unknown mechanisms®**.

Gut mucosal biofilms have been studied in pathogens and in colorectal cancer®**®. In contrast, biofilms
formed by the microbiota of the healthy gut remain undercharacterized®™. In Bacteroidales species,
biofilms have only been studied in vitro™>>>">>7 . MiPACT-HCR enabled us to study expression of
genes involved in the production of the EPS biofilm matrix in the colon with unprecedented 3D spatial
resolution. While HCR is significantly more sensitive than conventional FISH*®, it may only reliably detect
very highly expressed genes in bacteria, especially in whole tissue samples****. Therefore, we cannot
rule out that eps is also expressed at lower levels further away from the mucus layer. However, our data
support that the strongest eps biofilm matrix expressing bacterial cells are located at the mucus layer
and on some plant material in the colon. These are very different from the mucosa-attached pathogenic
and colorectal cancer biofilms, which are in direct contact with the host tissue?®**>*>, The type of biofilms
formed by pMMCAT-harboring strains, their matrix properties, metabolic interactions, and exact
regulatory programs are likely highly dependent on which strains are present in the community. Several
factors determine which bacteria can partake in multispecies biofilms. For example, production of
specific surface attachment proteins may allow bacteria to form or join an established biofilm. In
contrast, antagonism can lead to exclusion of unwanted competitors and cheaters®®*°. Moreover, one
exciting possibility is that, if PMMCAT-mediated biofilms similarly increase survival outside the host, this
plasmid could facilitate the co-transfer of strains from person to person.

It will be interesting to study pMMCAT'’s evolution in the future, especially in the countries where
fimbriae variants (or mfa-deficient variants) are common. We speculate that some of this important
variation may arise in geographic clusters due to selective pressures such as diet, with new variants
spreading in other countries due to globalization. As much of this variation alters the fimbrial stalk
protein and may alter binding specificity, it will also be important to evaluate its impact in community
dynamics.

Finally, we provide evidence that pMMCAT transfer is induced by metronidazole treatment. Therefore,
under this stress condition (and likely others identified in vitro), not only are pMMCAT-harboring cells
less vulnerable, but also promotes further spread of the plasmid to other bacteria in the community,
potentiating community resilience.
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FIGURE LEGENDS

Figure 1. pMMCAT mediates biofilm formation. A. Schematic of pMMCAT loci. IR: Invertible region.
P1/P2: promoter regions B. Top panel: Immunoblot of cells of the specified strain with antibody against
the Mfa fimbriae stalk protein (INE91_04914 in PhvCL11). Middle panel: Bacterial aggregation of the
specified strain grown in stationary culture. Bottom panel: Quantification of crystal violet staining for
biofilm formation in 24-well plates (four biological replicates shown as individual data points, whisker
boxes represent quartiles). C. Quantification of biofilm formation by PhvCL11 mutants (regions deleted
in mfa and eps mutants shown in panel A). Top, middle, and bottom panels as in panel B. D.
Quantification of biofilm formation by B. uniformis CLO6T03C05 mutants. Top and bottom panels as in
panel B.
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Figure 2. pMMCAT-mediated biofilms in liquid culture. A. Laser scanning confocal microscopy of
biofilms formed by the specified strains, expressing either GFP (green) or mCherry (red). Scale bar: 100
pum. Top: Blend 3D projection, Bottom: cross-section along the middle vertical and horizontal planes. B.
Quantification of the abundance of each strain in the specified pairwise co-cultures, as indicated in
panel A. For each combination, a minimum of 16 frames from a minimum of 3 independent biological
replicates were analyzed. C-D. Composition of the biofilm and planktonic fractions of a liquid co-culture
of the specified strains (3 independent biological replicates). Abundances were determined by shotgun
metagenomic sequencing (3 biological replicates are shown side to side).

Figure 3. MiPACT-HCR 3D imaging of pMMCAT biofilms in the colon. Mice were monocolonized with
PhvCL11 (constitutively expressing mCherry) and colons were imaged prior to (A) and during
metronidazole treatment (B). Mice monocolonized with the AepsAmfa biofilm null mutant were used as
control (C). For each set of images, the top row shows the 3D Blend Projection in Imaris (scale bar 200
um), and the bottom row shows a representative slice along the z-stack (scale bar 100 um). DAPI
(shown in blue) was used to stain host cell nuclei and bacterial cells, while autofluorescence of fecal
pellet debris was imaged in the far red (shown in cyan). HCR probes against mCherry (shown in red)
were used to detect all transcriptionally active PhvCL11 cells, while probes against the eps locus (shown
in green) were used as a proxy for expression of biofilm genes. Representative images of one mouse are
shown, but at least three mice per strain per condition were evaluated.

Figure 4. pMMCAT-mediated biofilms increase tolerance to chemical insults. A. Survival of PhvCL11
(wild-type of AepsAmfa) to the listed stressors after 24 hours (three independent replicates). * indicates
p < 0.05 (corrected for multiple unpaired t-tests using the Holm-Sidak method). B. Gnotobiotic mice
were monocolonized for two weeks with either wild-type or AepsAmfa PhvCL11 and treated with
metronidazole at the specified concentration in the drinking water. For 150 pg/ml, six mice per
treatment were used, housed in groups of 3. For 300 ug/ml, four mice per treatment were used,
housed in pairs. Survival of the bacteria in the fecal pellet was evaluated by plating. Line connects
geometric means of each treatment across timepoints. * indicates p < 0.05 comparison between strains
in a two-way ANOVA. n.s. = non-significant.

Figure 5. Transcriptional profile of PhvCL11 pMMCAT biofilms (3 mice per condition). A-B. Expression
levels (transcripts per million, TPM) of the two main operons of the eps locus (A) and the mfa locus (B)
of PvCL11. C. Venn diagrams of the numbers of differentially regulated genes in the comparisons listed.
Genes in pMMCAT are shown in parentheses (excluding genes of the mfa and eps loci for the AepsAmfa
comparison). D. Expression levels (TPM) of the genes involved in conjugative transfer of pMMCAT. E.
Transfer frequency of pMMCAT from PhvCL11 to Bacteroides uniformis CLO3T12C37, mixed at equal
ratio on plates or in liquid culture biofilms. Five independent replicates are shown. N.D. = below
detection limit. F. Transfer frequency of pMMCAT from PhvCL11 to Bacteroides uniformis CLO3T12C37 in
eight gnotobiotic mice. Mice were subjected to two metronidazole pulses (60 pg/ml and 200 pg/ml).
Mice were co-housed in pairs and are shown in similar colors and with the same symbol. Four mice of
each sex were used.

Figure 6. Prevalence of pMIMMCAT in isolate genomes. A. pPMMCAT prevalence in Bacteroidales species
common in the human gut. Numbers in parentheses indicate the total number of isolates analyzed (non-
redundant sequenced genomes). B. p)MMCAT prevalence in Bacteroides, Parabacteroides, and
Phocaeicola by host. Numbers in parentheses indicate the total number of isolates analyzed. C.
pPMMCAT prevalence by country of isolation, for human strains of Bacteroides, Parabacteroides, and
Phocaeicola. Species found to not usually harbor pMMCAT were excluded (B. salyersiae, B. fragilis, and
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Ph. Plebeius). D. pMMCAT prevalence by decade of isolation, for human strains of Bacteroides,
Parabacteroides, and Phocaeicola. Species that do not typically harbor pMMCAT were excluded (B.
salyersiae, B. fragilis, and Ph. plebeius). Slovenian isolates (72 isolates from the 2020s) were also
excluded as pMMCAT appears to be absent from this country. E. Sequence conservation across
PMMCAT (top panel) and the mfa locus (bottom), based on a multiple sequence alignment of all 292
pPMMCAT sequences from isolate genomes. Grey = no variation at that position compared to the
reference. For variable positions in the alighnment, the fraction of sequences with each nucleotide is
represented by the height of the bar of that color (blue =C, red =T, green = A, brown =G). pMMCAT
genes are colored as indicated in Fig. 1A.

Figure 7. pMMCAT is globally distributed. A. Prevalence of pMMCAT in global gut metagenomes. The
white asterisk indicates a second cohort in Tanzania (Hadza hunter-gatherers) with 0% prevalence. B.
pPMMCAT prevalence in global sewage metagenomes. A country is shaded as yellow if pMMCAT was
detected (>90% sequence coverage) in at least one sewage sample. Countries where only partial
coverage of pMMCAT was detected (80-90% of the sequence) are shaded in orange. Number of sewage
metagenome samples per country is shown in table S6.

Figure S1. pMMCAT is circular and present at about one to three copies per genome. A-C. Genome
assembly graphs from three representative sequenced genomes with pMMCAT. All plasmids are shown
with their predicted average copy number. D-E: GroEL immunoblots as loading controls for immunoblots
shown in Figure 1B-C. F. Immunoblot of EPS present in the supernatant of strains of PhvCL11 showing a
high molecular weight polysaccharide.

Figure S2. MiPACT-HCR 3D imaging of biofilms in the colon. A. Mouse colon embedded in hydrogel,
shown prior to and after clearing. B. Region of the eps locus where the HCR probes anneal. C-D. Mice
were monocolonized with PhvCL11 (constitutively expressing mCherry) and colons were imaged prior to
(C) and during metronidazole treatment (D). For each set of images, the top row shows the 3D Blend
Projection in Imaris, and the bottom row shows a representative slice along the z-stack. DAPI (shown in
blue) was used to stain DNA (host cell nuclei and bacterial cells), while autofluorescence of fecal pellet
debris was imaged in the far red (shown in cyan). Debris are known to exhibit some degree of
autofluorescence across most wavelengths. HCR probes against mCherry (shown in red) were used to
detect all transcriptionally active PhvCL11 cells, while probes against the eps locus (shown in green)
were used as a proxy for expression of biofilm genes. White arrows indicate examples of cells expressing
eps inside plant debris compartments.

Figure S3. pMMCAT PhvCL11 donor (A) and BuCLO3 recipient (B) abundances in mouse transfer
experiments.

Figure S4. Coverage of reads recruited to pMMCAT in coprolites. Metagenomes obtained from the
same sample using different DNA extraction methods are indicated by a black bar on the right of the
coverage plots (e.g. sample Zape 5A was analyzed comparing 5 different DNA extraction methods).

Figure S5. Maximum likelihood tree of complete pMMCAT sequences from isolate genomes. Magenta
branches = mfa sequence variants. Purple box = main mfa variant. Blue = isolates from China. Red =
isolates from prior to 2000. Dashed line box illustrates an example of multispecies transfer within one
person’s microbiota (individual DFI.6).

Figure S6. Alignment of eps-deficient variants to the pMMCAT reference sequence at the bottom (from
B. cellulosyliticus CLO6TO3C01). For each aligned sequence, a maroon ribbon indicate regions where the
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sequences align. Inverted triangles indicate an insertion of several nucleotides in the alignment, whereas
a maroon tick above the ribbon indicates insertion of a single nucleotide. Mismatches are indicated by
white ticks (or spans of white ticks, such as in the mfa region) and larger deletions (such as the complete
eps locus) are shown as white rectangles. pMMCAT genes in the reference are colored as indicated in
Fig. 1A.

Figure S7. A. Prevalence of pMMCAT in global microbial gut metagenomes. Numbers in parenthesis
indicate the number of genomes analyzed. B. pMMCAT prevalence in children gut microbiome
metagenomes as compared to adults. C. pPMMCAT prevalence in metagenomes from colorectal cancer
patients as compared to healthy individuals. D. pPMMCAT prevalence in metagenomes from IBD patients
as compared to healthy individuals. E. Histograms of the percent of metagenomic reads that map to
pPMMCAT in IBD patients as compared to healthy controls.

Table S1. Read recruitment analysis to pMMCAT in human, animal and environmental metagenomic
datasets.

Table S2. RNA-Seq analysis of PhvCL11 wild-type and AepsAmfa in static cultures and in
monocolonized mice. S2A. Mapped read counts per sample. $2B. Fold change and probability values for
each gene according to DESeq2 and EdgeR. $2C. Transcripts per million (TPM) for each gene and
condition.

Table S3. Similarity search (blastn) of pMMCAT in sequenced genomes from isolates. S3A. Presence or
absence of pMMCAT in each genome, as well as relevant sample metadata. S3B. Redundancy analysis to
identify nearly isogenic genomes where multiple isolates from the same species where isolated from the
same subject (oner per subject was kept). S3C. Genomes harboring the pMMCAT variant without the
eps locus, as well as relevant sample metadata.

Table S4. pMMCAT prevalence in strains isolated between 1980-1999 in Boston area hospitals.

Table S5. Species abundances in metagenomes, estimated using Kraken. Each lane represents one
metagenome sample (metadata available in Table S1). Total number of fragments classified to each
species in each sample is reported after the species name in the row.

Table S6. pMMCAT detection in sewage metagenomes.

Table S7. Primers (S7A), plasmids (S7B), synthetic DNA fragments (57C) and bacterial strains (S7D)
used in this study.

Video S1. Strains harboring pMMCAT form tight aggregates in liquid culture. Part 1: pure culture of
PhvCL11 wild-type or AepsAmfa. Part 2: Co-culture of the five indicated strains (all harboring pMMCAT)
isolated from the same person (CL11), mixed at equal OD in mid-exponential phase.

Video S2. MiPACT-HCR 3D imaging of the colon of mice monocolonized with PhvCL11 in the absence of
metronidazole treatment. A strain of PhvCL11 constitutively expressing mCherry was used. DAPI (shown
in blue) was used to stain host cell nuclei and bacterial cells, while autofluorescence of fecal pellet
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debris was imaged in the far red (shown in cyan). HCR probes against mCherry (shown in red) were used
to detect all transcriptionally active Ph.v.CL11 cells, while probes against the eps locus (shown in green)
were used as a proxy for expression of biofilm genes.

Video $3. MiPACT-HCR 3D imaging of the colon of mice monocolonized with PhvCL11 with
metronidazole treatment. Legend as for Video S2.

Video S4. MiPACT-HCR 3D imaging of the colon of mice monocolonized with PhvCL11 AepsAmfa with
metronidazole treatment. Legend as for Video S3.

MATERIALS AND METHODS
Media and growth conditions

E. coli S17-1 Apir'® was grown aerobically at 37°C in lysogeny broth (LB) medium. Bacteroidales strains
were grown at 37°C under anaerobic conditions (10.0% H,, 10.0% CO,, balance N,) in supplemented
basal medium™* (liquid cultures) or brain heart infusion plates supplemented with 5@mg/liter hemin and
2.50pg/liter vitamin K1 (BHIS)*®:. Antibiotics were used at the following concentrations, where
appropriate: 100Rug/ml carbenicillin, 5Bug/ml erythromycin, 200/ug/ml gentamicin, 6@ug/ml
tetracycline, 100 ng/ml anhydrotetracycline.

Plasmid and strain construction

All primers, synthetic DNA blocks, plasmids and strains used in this study are listed in tables S7A-D,
respectively. PCR reactions were carried out using Phusion high-fidelity DNA polymerase (New England
Biolabs, Ipswich, MA). Plasmids were digested using NEB high-fidelity restriction endonucleases in
Cutsmart buffer and plasmid assembly reactions were performed with NEBuilder HiFi DNA assembly,
following manufacturer’s directions. All constructs were verified using Oxford Nanopore Technologies
sequencing at Plasmidsaurus (Eugene, OR) or Primordium (Louisville, KY). Bacteroides conjugation and
counterselection for mutant construction was performed as described previously™®. Briefly, the plasmid
was transferred via conjugation from E. coli to the target Bacteroidales strain and transconjugants were
selected using the appropriate antibiotic and gentamycin. Transconjugants were grown for 4-8 hours in
supplemented basal medium and plated on BHIS with 100 ng/ml anhydrotetracycline for
counterselection. Mutants were verified by loss of the plasmid selection marker and by PCR (Table S7A).
Since pMMCAT is present at 1-3 copies per cell, care was taken to verify that all selected clones
harbored only pMMCAT with the desired mutation. For each mutant, three independent clones were
tested in phenotypic assays.

EPS and Mfa antibody generation and immunoblotting
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Custom antibodies against the Mfa stalk protein were raised as described previously'*. Briefly,
INES1_04914 from PhvCL11 was cloned into pET16b (MilliporeSigma, Darmstadt, Germany) for
construction of an N-terminal His-tagged fusion protein for expression in E. coli BL21(DE3)'®. Following
induction with IPTG, the His-tagged protein was purified using the ProBond Purification System (Thermo
Fisher Scientific) and the eluted protein was dialyzed against PBS. This purified protein was used to raise
antiserum in rabbits using the Express-line polyclonal antiserum protocol (Lampire Biologicals). Custom
antibodies against the EPS were raised as described previously'®. Biofilms of PhvCL11 with the eps
promoters orientation locked “on”-“on” were grown in culture and fixed in neutral buffered formalin.
10° cells per dose were used as the immunogen for generation of rabbit antiserum at Lampire
Biologicals, using their Express-Line protocol. This antiserum was adsorbed in two successive rounds
with PhvCL11 Aeps cells to remove the antibodies to all surface molecules except the EPS and filter-
sterilized. The use of rabbits for antiserum generation was approved by the Institutional Animal Care
and Use Committee (IACUC) and the University of Chicago. Polyclonal GroEL antibody (E. coli) was
purchased from Enzo Life Sciences. Immunoblots were performed as previously described®®, with a 1:30
dilution of the EPS antibody, 1:100 dilution of the Mfa antibody and 1:1000 dilution for GroEL.

Crystal violet quantification of biofilms

Strains were grown overnight on supplemented basal medium, diluted to an ODgq of 0.1 in pre-reduced
medium and allowed to grow until an ODgq of approximately 0.5. All cultures were matched to the same
ODgoo and 1.5 mL was added to each well of a 24-well flat-bottom tissue culture treated plate. Four
replicates from independent cultures were performed per strain per treatment. After 24 hours
incubation, the culture supernatant was carefully removed with a pipette and the biofilm was quantified
as previously described with some modifications>”**. Briefly, the plate was dried for two hours at 60°C
then submerged right side up in distilled water, which was then carefully decanted by inversion of the
plate. The plate was briefly dried at 37°C to remove any remaining water and 650 plL of a 1% crystal
violet solution in water was added. After 5 hours at room temperature, the solution was discarded by
inversion, the plate was washed three times with distilled water and air-dried as before. Crystal violet
remaining in each well was resuspended in 500 pL of a 1:4 acetone:ethanol solution. 100 pl of this
resuspension was placed in a 96-well plate and its absorbance at 575 nm was quantified in a BioTek
Epoch 2 microplate spectrophotometer. If absorbance values were above 1.5, the sample was diluted to
preserve linearity and multiplied by the corresponding dilution factor.

Confocal imaging of liquid culture biofilms

Strains were grown overnight on supplemented basal medium, diluted to an ODggy of 0.1 and allowed to
grow until an ODggq of about 0.2 was achieved. GFP and mCherry cultures of the strains to be tested
were matched to the same ODgqo and mixed with 3 ml of each in a culture tube. After 24 hours
anaerobic incubation at 37°C, the culture supernatant was removed using a pipette and the remaining
cells were passaged to a 35 mm glass bottom imaging dish (Cellvis). Dishes were exposed to room air for
five minutes to allow maturation of the fluorophores inside the biofilm, the biofilm was coated with 250
ul of ProLong Diamond Antifade Mountant (Life Technologies) and covered with a 22 mm x 22 mm
coverslip. Samples were imaged on a Leica SP8 3D STED laser scanning confocal inverted microscope
using a HC PL APQO 40x/1,30 OIL CS2 objective (Leica Microsystems), using LAS X Software (Leica
Microsystems). Signal from the different channels was acquired sequentially, collecting all channels in
each focus plane, with detectors set to 12-bit mode. GFP signal was collected using a 488FInm argon
laser line for excitation and a HyD SMD detector with 500-530 nm window. Signal from mCherry was
collected using a 5618Inm laser line and a HyD SMD detector with 592-634 nm window. z-stack volumes
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were set by finding the bottom of the sample just above the dish bottom in the GFP channel and 3 pm z-
steps were imaged up to approximately 200 um total depth. 512 x 512 pixels fields of view were
acquired in 4 x 4 mosaic with 10% overlap for each sample. For each strain combination, a minimum of 4
independent replicates were tested. Image visualization was performed with Bitplane Imaris software v.
9.1.2 (Andor Technology PLC), using 3D View with the Blend projection. Image segmentation was carried
out in individual fields of view in BiofilmQ using default parameters. After segmentation, thresholds for
GFP and mCherry signals were determined by plotting both channels and determining the mean of the
signal in the wrong channel. We discarded any cells that had both GFP and mCherry signals above the
threshold and whose signal on one channel was less than 1.5 times the signal in the other channel.
Plotting of GFP/cell ratios per sample and statistical analyses were done in Prism 10 (GraphPad).
Statistical comparison of the mean across samples was performed using one-way ANOVA with Tukey
correction for multiple comparisons.

Gnotobiotic mouse experiments

Gnotobiotic mouse experiments were carried out at the Gnotobiotic Research Animal Facility (GRAF) at
the University of Chicago and were approved by the University’s Institutional Animal Care and Use
Committee (IACUC). Germ-free C57BL/6 mice were gavaged with 200 pL of an early stationary phase
culture of the desired strain or strain combination and were maintained in individually ventilated cages
with LabDiet® JL Rat and Mouse/Auto 6F 5K67. All manipulations were made under sterile conditions.
For RNA-Seq, metronidazole survival, and plasmid transfer experiments, mice were colonized at 6-10
weeks. For MiPACT-HCR, mice were colonized at 4 weeks. For plasmid transfer experiments, mice were
housed in pairs, otherwise they were housed in groups of 3. After two weeks, mice were moved to a
new cage with metronidazole in the desired concentration (65-300 pg/ml) with 2% sucrose in the
drinking water. After one week, they were returned to regular drinking water. At each time point, fecal
pellets were collected under sterile conditions, homogenized in basal medium, serially diluted and
plated for CFU counts on BHIS plates with the relevant antibiotics. For RNA-Seq, mice were housed in
groups of three and after two weeks of colonization, their drinking water was replaced with 150 pg/ml
metronidazole with 2% sucrose. Fecal pellets were collected prior to starting the antibiotic treatment
and seven days after the start of metronidazole treatment. Pellets were immediately frozen in an
ethanol-dry ice bath and stored at -80°C until further processing.

3D Imaging of colon biofilms

MiPACT-HCR imaging of colon biofilms was performed using modifications to the protocol established by
Gallego-Hernandez, et al.**. Hybridization Chain Reaction probes and amplification hairpins were
purchased from Molecular Instruments. At each point, three mice per treatment were euthanized, the
colons were dissected from the anus to the small intestinal junction, including the cecum and a plug of
0.5% low melt agarose in PBS was added at each end. Samples were fixed in 50 ml methacarn for 48
hours with gentle shaking at room temperature, washed twice for 30 minutes in 70% ethanol, and
embedded with 50 ml B4P1 (4% bis-acrylamide (29:1), 1% paraformaldehyde, 0.25% VA-044 in PBS) for 4
days at 4°C. The cecum was removed and the colon was threaded through an RNAse-free 6 mm wide
and 90 mm long rubber tube and placed inside a 100 mm long glass culture tube. Inside the anaerobic
chamber, B4P1 was bubbled with anaerobic gas mixture and added to fill the culture tube. After 12-16
hours, the samples were retrieved, excess hydrogel on the outside was removed, the colon was placed
in 50 ml 8% SDS in PBS pH 8.5 for 5 days in a conical tube, and incubated at 37°C. This incubation step
and all subsequent steps were performed with gentle shaking. Samples were washed twice for 30
minutes in 50 ml PBS at 37°C, then were incubated for 16 hours in 10 ml of 600 pg/ml proteinase K in 10
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mM Tris pH 7.6 at 37°C. Samples were then placed again in 8% SDS in PBS pH 8.5 for 2 days and washed
twice with PBS as before. Cleared colon samples were cut in 3-4 cm long sections and placed in 2 ml
hybridization buffer (250 uL/ml formamide, 100 mg/ml dextran sulfate, 2x saline-sodium citrate buffer
SSC) with 30 nM of each hybridization probe for three days at 46°C. After an 8-hour wash in 50 mL of 84
mM salt buffer (84 mM NaCl, 20 mM Tris-HCl pH 7.6, 5 mM EDTA pH 7.2, 0.01% SDS) at 52°C, samples
were moved to 2 ml of the amplification buffer with amplification hairpins and covered in the dark at
room temperature for 3 days. To prepare the amplification buffer with hairpins, 20 pL of each hairpin
was incubated in a thermocycler for 90 seconds at 95°C followed by 24°C for 30 minutes, then added to
the amplification buffer (100 mg/ml dextran sulfate, 2X SSC buffer). After an 8-hour wash in 50 mL of
337.5 mM salt buffer (337.5 mM NaCl, 20 mM Tris-HCI pH 7.6, 5 mM EDTA pH 7.2, 0.01% SDS) at 48°C in
the dark, each sample was incubated for 16 hours in 2 mL PBS with 10 ug/mL DAPI at room temperature
in the dark, then moved to RIMS'® (40 g of Histodenz in 30 ml of 0.02 M phosphate buffer with 0.1%
Tween-20 and 0.01% sodium azide, pH 7.5) with 1 ug/mL DAPI for 16 hours. For imaging, samples were
placed on slides with two stacked 1 mm deep press-to-seal silicone isolator sheets. Wells were filled
with RIMS, covered with a coverslip and sealed.

Samples were imaged on the LEICA SP8 laser scanning confocal, with the 40x objective and the
detectors set to 16-bit mode. DAPI signal (cells/DNA) was detected using a 405 nm laser line for
excitation and a photomultiplier tube set to 415-463 nm for detection. AF488 (eps HCR probes) was
collected using a 488GInm laser line for excitation and a HyD SMD detector with 500-530 nm window.
AF546 signal (mCherry HCR probes, PhvCL11 cells) was detected using a 539 laser line and HyD SMD
detector set to 532-634 nm. Autofluorescence of food particles was detected using a 405 nm laser line
and a HyD detector set to 660 — 779 nm. For each sample, a 5 x 5 mosaic (512 x 512 pixels per field of
view) was collected (10% overlap with statistical blending), with Z-stacks starting at the coverslip surface
to a depth of approximately 220 um with a Z-step of 3 um. For each frame and focus plane, 8 line scans
were collected and averaged. Each frame was captured along the z-stack and each channel was captured
sequentially in each focal plane. Image visualization was done in Bitplane Imaris software v. 9.1.2 (Andor
Technology PLC), using 3D View with the Blend projection.

Quantification of species abundances in co-culture biofilms

Each strain was grown separately overnight in liquid culture as described previously, diluted in pre-
reduced medium and allowed to grow to an ODgoo of approximately 0.5. All cultures were matched to
the same ODgoo and 1 ml of each strain was mixed. After 24 hours of incubation, 2 ml of the planktonic
fraction were collected with a pipette into an Eppendorf tube. For the biofilm fraction, all the culture
liquid was carefully removed with a pipette and the biofilm was collected into an Eppendorf tube for
centrifugation. Samples were centrifuged at 15000 rcf for 2 minutes, the supernatant was discarded and
the pellet was stored at -20°C for DNA extraction. Species abundance was quantified at the Duchossois
Family Institute Microbiome Metagenomics Facility (DFI-MMF). In brief, DNA extraction was done using
the QlAamp PowerFecal Pro DNA kit (Qiagen), followed by fragmentation and library preparation using
the QlAseq FX DNA library kit (Qiagen). Libraries were sequenced in an lllumina NextSeq 1000 platform
using 2 x 150 reads, producing around 8-10 million paired-end reads per sample. Adaptor trimming and
quality filtering was done using Trimmomatic (v.0.39)*”, then taxonomy profiles were calculated using
metaphlan4 (v.4.0.2)'%,

Quantification of survival to antimicrobial agents
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LL-37 and Bd-A peptides were synthesized by Biotech Peptides and Lifetein, respectively, resuspended in
water and filter-sterilized. Liquid culture biofilms were grown as described previously, in 96-well TC-
treated plates. Three hours after the biofilm pellets were first visible, the antimicrobial agent was added
to the well at the desired concentration, followed by gentle shaking of the plate for 30 seconds. After 24
hours, the contents of each well were homogenized, serially diluted, and spread on BHIS plates to
quantify CFUs. Prism 10 (Graphpad) was used to compare the means between strains using unpaired t-
tests for each concentration of stressor, with the Holm-Sidak correction for multiple testing. Survival to a
metronidazole pulse in mice was carried out as described in the gnotobiotic mouse experiment section.
Two-way ANOVA was used to compare the means between groups.

RNA-Seq

For biofilms in liquid culture, strains were grown as described previously for biofilm imaging. After 24
hours, the planktonic fraction of the wild-type strain was removed and cells were pelleted by
centrifugation, whereas for the AepsAmfa mutant, 2 ml of culture were directly pelleted. Cell pellets
were immediately frozen in an ethanol-dry ice water and stored at -80°C. Samples for RNA-seq analysis
from mice were obtained as described in the Gnotobiotic mouse section. RNA-Seq was performed at the
DFI-MMF. Total RNA was extracted from three biological replicates per condition using the RNeasy
Power Microbiome kit (Qiagen). Ribosomal RNA was depleted using the NEBNext rRNA Depletion Kit for
bacteria (New England Biolabs), cDNA libraries were constructed using the NEB Ultra Directional RNA
library prep kit for lllumina and sequenced on lllumina’s NextSeq 1000 platform at 2 x 100 bp read
length. Transcriptomic profiles were analyzed as described previously®. Briefly, after quality trimming,
reads were mapped to the PhvCL11 genome using Bowtie 2 (v. 2.4.2)'®™'" and evaluated for differential
gene expression using DESeq? (v. 1.30.0)""* and edgeR (v. 3.32.1)""*. If both statistical packages agreed
(paqj < 0.05), a gene was considered differentially expressed.

Plasmid transfer experiments

For plasmid transfer assays, an erythromycin resistance cassette was inserted in the intergenic region
between INE91 04292 and INES1 04293 of pMMCAT in PhvCL11. A tetracycline resistance cassette was
inserted in the genome of the recipient strain B. uniformis CLO2T12C37 in the intergenic region between
INE75_02569 and INE75_02570. Converse experiments were carried out where the donor was labeled
with tetracycline and the recipient with erythromycin. For plasmid transfer assays on solid medium,
strains were grown separately from an overnight culture, diluted 1:100 and incubated to an ODgg of 0.1.
Next, 5 pL of each strain was mixed and spotted together on a BHIS plate. After 24 hours incubation,
cells were retrieved from the plate and resuspended in 500 pL of basal medium for serial dilutions and
plating in BHIS with erythromycin alone, with tetracycline alone, and with both antibiotics. To verify that
the colonies arising on the double antibiotic plates were transconjugants, 10 colonies per plate were
screened by PCR to verify that they were B. uniformis carrying pMMCAT (Table S7A). For conjugation
experiments in biofilms, biofilms were grown as described in the mixed-species biofilm section, with
both strains added at equal ratio. After mixing, plates were incubated anaerobically for 24 hours and
biofilms were homogenized for CFU counting of donor, recipient and transformants on selective plates
as before. Transfer experiments in mice were carried out as described in the Gnotobiotic Mouse
section.

Analysis of pMMCAT prevalence in sequenced genomes
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We built a blastn database including all genomes from NCBI classified as belonging to the phylum
Bacteroidota as of November 2023. We excluded genomes marked as suppressed or anomalous,
Metagenomic Assembly Genomes (MAGs), and those that were identified as redundant or duplicated
between Genbank and Refseq (Table S3). Metadata from each sample was parsed to follow a consistent
format for country of isolation, year of isolation, host, and broad environmental categories for the
isolation source. For large studies including multiple isolates from human cohorts, samples belonging to
the same volunteer were identified from metadata and from supplementary tables in the relevant
publications for each cohort. For the tallying of pMMCAT abundances, isolates of the same species
cultured from the same volunteer were counted as a single entry, unless there were differences
between them in pMMCAT blast results. We used the sequence of pMMCAT from Bacteroides
cellulosilyticus CLO6T03C0O1 (CP072253 plasmid pMMCAT_BcelCLO6T03) as the query in these analyses.
Genomes were considered to have pMMCAT if the hits covered more than 94% of the query sequence.
A histogram plot of coverage in genomes with less than 94% coverage indicated a strong peak around
75% coverage. We downloaded the corresponding contigs and aligned them to the query in Snapgene
(Dotmatics) using the Align to Reference tool to determine the degree of similarity.

Multiple sequence alignment and phylogenetic reconstruction of pMMCAT sequences

For each strain that had pMMCAT, all contigs carrying high scoring segment pairs were downloaded. For
heavily fragmented genomes, contigs were assembled using Ragout v2.3'****> and the blast query
sequence as reference. Genomes where some hits were part of very large contigs (e.g. chromosomal
regions) or where scaffolding yielded patterns inconsistent with pMMCAT architecture were manually
inspected. Quality of alignments to the reference (of both contigs and scaffolds) was visually checked on
Snapgene using the Align to Reference tool. We determined that all cases where chromosomal hits
were detected corresponded to lower identity matches of small pMMCAT regions (whereas non-
chromosomal hits to pMMCAT are always >93% identical to the query). In the cases where scaffolding
was inconsistent, all cases corresponded to integration of insertion sequence elements (ISE), other small
mobile genetic elements or prophages in pMMCAT. These were spliced from the sequence for
downstream analysis (the majority did not disrupt pMMCAT loci and were in intergenic regions). The 12
cases where integrated MGEs or ISEs interrupted important pMMCAT loci were excluded from further
processing. Genome assemblies that were too fragmented or had too many gaps were excluded from
the analysis. One of the genomes we sequenced from the Boston collection (B. thetaiotaomicron TS60)
fell under this category but was kept in the analysis due to its historical importance, however the
frequent gaps caused RaxML to artificially present this sequence as divergent.

All pPMMCAT sequences (also including those from our newly sequenced genomes) were aligned to the
reference in Snapgene to set to the same starting nucleotide, then the re-zeroed sequences were
aligned in MAFFT v7.520™'® with default parameters and the flag “~-maxiterate 20 —reorder”. For strains
from the same species isolated from the same person where the pMMCAT sequence was identical, only
one sequence was kept for the following steps. Aligned sequences were visualized in the Integrative
Genomics Viewer (IGV) 2.16.2"" to generate the coverage plots used to determine consensus and
variability. A maximum likelihood phylogeny was generated in RaxML v 8.2.13'*® using rapid
bootstrapping, the GTRGAMMA model and autoMRE bootstrap convergence criterion. The resulting
best tree was visualized in FigTree v1.4.4"". For analysis of mfa locus variation, alignments were
inspected in Jalview 2.11.3.2'*° and predicted Alphafold 3D structures'*! of the base and stalk proteins

were visualized in ChimeraX 1.7*%.

PCR screening of pMMCAT in clinical isolate collection and whole genome sequencing
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Two collections of clinical Bacteroidales isolates from Boston area hospitals were provided by the
laboratories of Lynn Bry and Andrew Onderdonk. Excluding B. fragilis, one collection included 18 isolates
dating from 1980-1988 and the second one included 46 isolates from ~1993-1997. Each strain was
streaked for isolation and PCR was performed with each strain using Tag DNA polymerase (NEB) and the
primers and reaction conditions listed in Table S7A to amplify one 610-bp region of the eps locus
(NE91_04885), two regions of the mfa locus (540 bp and 505 bp), with the first region being very
conserved in all mfa variants, and the complete 1483-bp region of the 165 RNA™. 16S RNA PCR products
were sequenced via Sanger reaction at the University of Chicago DNA Sequencing Facility for species
identification. For strains yielding eps or mfa PCR products, whole genome sequencing using hybrid
Oxford Nanopore and Illlumina was performed at the Duchossois Family Institute Microbiome
Metagenomics facility (DFI-MMF, University of Chicago, Chicago, IL). For lllumina sequencing, bacterial
samples were subjected to mechanical disruption on a bead mill homogenizer (Fisherbrand). DNA was
purified using a spin column filter membrane and quantified using Qubit (Life Technologies). Libraries
were prepared using 200 ng of genomic DNA and the QlAseq FX DNA library kit (Qiagen). The DNA was
fragmented enzymatically, end repaired using T4 DNA polymerase, and lllumina compatible Unique Dual
Index (UDI) adapters were added to the inserts. The prepared library was PCR amplified, recovered using
magnetic beads, and QC was performed using Tapestation 4200 (Agilent Technologies). Libraries were
sequenced on an NextSeq 1000 platform to generate 2 x 250 bp paired-end reads, producing
approximately 5 million paired-end reads per sample. For Nanopore sequencing, DNA was extracted
using the Monarch Genomic DNA Purification Kit (NEB), and quality checked using a genomic
Tapestation 4200 (Agilent Technologies). Nanopore libraries were prepared using the Ligation
Sequencing Kit (SQK-LSK109), the Native Barcoding Expansions 1-12 (EXP-NBD104) and 13-24 (EXP-
NBD114), and the NEBNext Companion Module for Oxford Nanopore Technologies (E7180S). The
shearing steps and first ethanol wash were eliminated to ensure high concentrations of long fragments.
Using R9.4.1 flow cells, libraries were run on a MinlON for 72 hours at =180 mV. Hybrid assemblies were
completed using Unicycler (v0.4.8)"** with default parameters, using the non-filtered Nanopore long
reads with and without prior trimming of the lllumina short reads as input. Where applicable, the short
reads were trimmed by Trim Galore (v.0.4.5) with following parameters: the adapter and the leading 6
bp of forward and reverse short reads were trimmed off, the quality was controlled at 30, while
minimum length was at 75 bp. Bandage v0.8.1'** was used to determine if reads mapped to a circular
pMMCAT plasmid and estimate copy number. Prodigal 2.6.3"*° was used for gene calls and Prokka
1.14.6"° was used for gene annotation.

Metagenomic read recruitment, analysis of pMMCAT detection and quantification of promoter
orientations

We analyzed 4,824 healthy human adult gut metagenomes and 215 children, listed on Table S7 along
with their NCBI accession numbers and relevant metadata. These metagenomic studies comprised
isolates from Australia (PRIEB6092), Austria*?’, Bangladeshm, Brazil**°, Canada®°, China®*"**,
Denmark'*?, England***, Ethiopia’®, Fiji'>, Finland™*>, Ghana®, India™, Israel*’, Italy’’**¢, Japan’®,
Korea™®, Madagascar’®, Mongolia’®'*, Netherlands'*, Peru'*?, Spain'*?, Sweden**'**, Tanzania®®”’,
Thailand? and the USA>#1421%1%7 e also analyzed 1,283 gut metagenomes from infant-mother pairs
from Italy'*®, Finland™*, Sweden™** and the USA™****  listed on Table S1F. 1430 metagenomes from IBD
cohorts (Table S1E) from the USA®™®*, Netherlands®' and Spain®® were analyzed. Other human fecal
metagenomic studies included in the analysis were: two FMT cohorts of 32 patients with Chron’s
disease™ or recurrent C. difficile*® (Table S1C); a challenge study of six volunteers to enterotoxigenic E.
coli followed by ciprofloxacin treatment>>* (Table S1B); a cohort of 12 healthy volunteers in Denmark
who were treated with a 4-day course of combination antibiotics™ (Table S1A). 2972 human non-gut
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metagenomes (oral, nasopharyngeal, lung, skin, vaginal) available on the SRA were analyzed (Table S1H),
as well as 4877 fecal samples from domesticated and wild animals (Table S1l, including pets, all common
species of livestock, chimpanzees, gorillas and lab mice) and 10044 environmental samples (marine and
freshwater environments, plants, soil, household and hospital surfaces). Metagenomic sewage samples
analyzed were part of a global sewage survey’® that and included 950 samples from 101 countries and
242 cities (Table S1F). Finally, archeological metagenomic projects analyzed included two samples of
medieval coprolites/latrine sediments (Latvia and Israel)®, the colon contents of the Copper Age iceman
(Otzi)®"%, pre-Columbian coprolites in America (12 samples from 500-600 A.D., Mexico®®’® and Puerto
Rico™) and Neanderthal coprolites (7 samples from Spain)””.

Metagenomic analyses were performed using the anvi’o v7 software suite®*. Raw reads were quality-

filtered using illumina-utils v1.4.4 program ‘iu-filter-quality-minoche **° with default parameters.
Bowtie2 v2.5.1'% ™ was used to map reads to the pMMCAT sequence from Bacteroides cellulosilyticus
CLO6TO3CO1 or the different promoter orientation templates, using parameters “--end-to-end -D 25 -R 5
-N 1-L20-i5,1,0.50” for pMMCAT and “--end-to-end —fast” for the promoter orientation templates.
Samtools v1.18"" was used to convert resulting SAM files into sorted and indexed BAM files. Anvi’'o
contigs databases for each mapping template were generated using the command “anvi-gen-contigs-
database’. For each mapped metagenome, anvi’o profile databases (coverage, detection and SNV
statistics) were generated using ‘anvi-profile --cluster’. For each dataset, profiles from all samples were
combined using ‘anvi-merge’. Coverage and detection statistics for each merged profile database, were
recovered using "anvi-summarize --init-gene-coverages flag. Samples were counted as having pMMCAT
if they had a detection value larger than 0.94. Kraken 2.0.8-beta'>* was used to estimate the taxonomic
composition of each metagenome.
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