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The myriad microorganisms that live in close association with humans have
diverse effects on physiology, yet the molecular bases for these impacts remain
mostly unknown'?, Classical pathogens often invade host tissues and modulate
immune responses through interactions with human extracellular and secreted
proteins (the ‘exoproteome’). Commensal microorganisms may also facilitate niche
colonization and shape host biology by engaging host exoproteins; however,
direct exoproteome-microbiota interactions remain largely unexplored. Here we
developed and validated a novel technology, BASEHIT, that enables proteome-scale
assessment of human exoproteome-microbiome interactions. Using BASEHIT,

we interrogated more than 1.7 million potential interactions between 519 human-
associated bacterial strains from diverse phylogenies and tissues of origin and 3,324
human exoproteins. The resulting interactome revealed an extensive network of
transkingdom connectivity consisting of thousands of previously undescribed
host-microorganism interactions involving 383 strains and 651 host proteins.
Specific binding patterns within this network implied underlying biological logic;
for example, conspecific strains exhibited shared exoprotein-binding patterns, and
individual tissue isolates uniquely bound tissue-specific exoproteins. Furthermore,
we observed dozens of unique and often strain-specific interactions with potential
roles in niche colonization, tissue remodelling and immunomodulation, and found
that strains with differing host interaction profiles had divergent interactions with

host cellsin vitro and effects on the host immune systemin vivo. Overall, these studies
expose a previously unexplored landscape of molecular-level host-microbiota
interactions that may underlie causal effects of indigenous microorganisms on
human health and disease.

The omics revolution has revealed innumerable associations between
the microbiome and diverse human phenotypes. However, the causal
mechanisms that underlie microbiota-mediated effects on human
physiology remainlargely undefined. Akey barrier touncovering these
mechanismsis the lack of acomprehensive understanding of the tran-
skingdom molecular circuitry linking indigenous microorganisms and
their human hosts. Given that commensal microorganisms exist within
the extracellular compartments of their hosts, engagement with the
host exoproteome represents a potential major source of functional
host-microbiotainteractions. Indeed, classical pathogens encounter
anarray of humanextracellular and secreted proteins during infection,
and specificinteractions with host ‘exoproteins’are involved in nearly
allaspects of microbial pathogenesis, including adhesion and invasion,
extracellular matrix remodelling and immune evasion*°. A handful of

commensal bacteria have been similarly shown to engage with host
exoproteins to enable niche colonization and immunomodulation,
suggesting that interactions with host exoproteins may be used to
infer microbiota functions'®". Yet, aside from these anecdotes, direct
interactions between the human microbiota and host exoproteins
remainlargely unmapped. Previous studies have used advanced prot-
eomicapproaches to reveal host-pathogeninteractions . However,
inherent constraints of these technologies limit their scalability and
applicability to the discovery of commensal interactions with host
exoproteins'®’®, New approaches that enable proteome-scale explora-
tions of host-microorganisminteractions across hundreds of microbial
strains are thus required to determine the frequency, patterns and
potential biological functions of microbiota-mediated host exoprotein
engagement.
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Fig.1|Assembling a host exoproteome-microbiome interaction atlas using
BASEHIT. a, Overview of the workflow for assembling a host-microbiota
interactome atlas. For the BASEHIT process, individual biotinylated microbial
isolates are mixed with alibrary of barcoded yeast clones, each of which display
asingle human exoprotein (3,324 exoproteins total). Bacteria-bound yeast
areisolated viamagnetic selection, DNA barcodes are sequenced via next-
generationsequencing (NGS) and aBASEHIT scoreis calculated for each
proteinbased ontherelative degree of barcode enrichment compared with
the pre-selectionlibrary. The resulting host-microbiotainteractome atlas
comprises more than 500 individual host-microorganisminteractomes and
hundreds of previously undiscovered microbial interactions with host

A tool to map transkingdom interactions

We developed a high-throughput technology to screenintact microbial
cellsfor the ability to bind to human proteins, called BASEHIT (Bacterial
Selectionto Elucidate Host-Microbe Interactionsin High Throughput)
(Fig. 1a). In brief, we biotinylated individual bacterial strains before
incubating each strain with a library of thousands of genetically bar-
coded yeast clones displaying individual human exoproteins. We then
isolated bacteria-yeast complexes using streptavidin beads, enriching
yeast clonesinteracting with the bacterial strain ofinterest. Finally, we
identified and quantified the barcodes encoded by the enriched yeast
clones via next-generation sequencing. Using these data, we derived
a‘BASEHIT score’ that represents the predicted degree of interaction
betweenanindividual microorganism and each host protein based on
the enrichment of the corresponding yeast barcodes relative to the
pre-selection yeast library (see Methods for a detailed description of
the BASEHIT scoring model).

To enable proteome-scale interrogation of host-microorganism
interactions, we expanded our exoproteome-scale yeast display
library® to encompass 3,324 well-displayed human extracellular and
secreted proteins (Extended Data Fig.1aand Supplementary Table1),
as well as 12 viral proteins that serve as internal ‘negative’ controls.
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exoproteins. Thegraphicsinawere created using BioRender (https://
biorender.com). b, Microorganisms fromall four major body tissues and six
phyla (one strain from Deinococcus-Thermusis not depicted) exhibited arange
ofinteraction profiles. Proteins with high background binding to streptavidin
magnetic beads are excluded from these counts (see Methods for details).

¢, Validation examples of predicted interactions via flow cytometry of bacteria
stained with recombinant host exoproteins. d, Network of predicted
exoprotein-microorganisminteractions collapsed by species. The circle
colourindicates the genus and the circle size indicates the number of strains
sampled for that species.

All proteins were expressed as tagged C-terminal fusions to Aga2, leaving
the native N termini exposed (Extended Data Fig. 1b). This library cov-
ersover 60% of the human exoproteome with amedian of 20 barcodes
(unique clonal replicates) per protein (Extended Data Fig. 1¢,d) and
spansarange of tissue expression patterns and protein folds (Extended
DataFig.1e,f). The displayed proteinsin this library are generally well
folded and recapitulate known protein-protein interactions®.

We used adherent-invasive Escherichia coli (AIEC), which invade
epithelial cells via interactions with the cell-surface proteins CD55
and CEACAMSs?*%, to test the BASEHIT process. We observed robust
enrichment of yeast expressing CD55 and CEACAMI after selection
with AIEC across a range of experimental conditions (Extended Data
Fig.2a,b), whereas no enrichment was observed with non-Dr family
adhesin-expressing E. coli strains (Extended Data Fig. 2c). CD55 and
CEACAMI1 were also the most highly enriched proteins after selection
with AIEC (Extended Data Fig. 2d), demonstrating the selectivity of
BASEHIT. To further test the sensitivity of BASEHIT, we screened a
panel of 33 previously described host-microorganism interactions
(Supplementary Table 2). We focused on direct interactions between
whole bacteria and surface proteins, as BASEHIT cannot detect other
classes of host-microorganism interactions, such as host receptor
engagement by shed or secreted bacterial products (for example,
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activation of Toll-like receptors by pathogen-associated molecular
patterns). Overall, we successfully recapitulated 54% of these interac-
tions (Extended DataFig. 2e), suggesting that BASEHIT can accurately
identify a substantial fraction of direct interactions between bacteria
and human exoproteins.

We next assessed the effects of biotinylation and bacterial cell den-
sity on the detection of an array of exoprotein-commensal interac-
tions identified in a pilot BASEHIT screen. Most interactions showed
an ‘inverse U’ relationship between enrichment and biotinylation, as
over-biotinylation may impair binding by obscuring a binding inter-
face, and under-biotinylation may impair selection by streptavidin
beads (Extended Data Fig. 3a). However, in all cases, 5 pM biotin showed
enrichment within twofold of the optimal concentration. Furthermore,
we found that 50 pl of bacteria at 5 OD ml™ was within threefold of
the optimal identified bacterial cell quantity across all tested strains
(Extended Data Fig. 3b). Of note, we did not observe any substantial
enrichment of negative control viral proteins under any tested con-
dition. On the basis of these data, we selected optimal experimental
conditions for all subsequent BASEHIT screens.

A host exoprotein-microbiotainteractome

Toassess thefrequency and patterns of interactions between indigenous
human microorganisms and human exoproteins across diverse niches,
we performed BASEHIT on a collection of 519 human-associated bacte-
rial strainsisolated from four major human barrier tissues (the skin, gut,
oral cavity and female reproductive tract) (Extended Data Fig.1g-iand
Supplementary Table 3). The microorganismsin this collection span 6
phyla, 45 families, 59 generaand 261 species and include multiple strains
assigned to the same species (1-105 strains per species). In total, we
interrogated more than 1.7 million potential binary interactions between
individual host proteins and unique bacterial strains via BASEHIT.

We developed a negative binomial model to predict exoprotein-
microorganism interactions from BASEHIT data (Fig. 1a, BASEHIT
score; additional details are in the Methods and Extended Data Fig. 4).
Using this model, we identified 3,650 predicted binary strain-protein
interactions involving 631 exoproteins, 184 species and 383 strains
(Supplementary Table 4). These interactions were broadly distributed
across bacterial phylogenies and tissues of origin, and host exopro-
tein expression patterns and protein folds (Fig. 1b and Extended Data
Fig. 5a-d). Most interacting exoproteins exhibited highly restricted
binding patterns: 270 exoproteins interacted with a single bacterial
strain, and another 260 proteins only interacted with strains from the
same genus, implying shared mechanisms of interaction. By contrast,
35 human proteins interacted with more than 10 bacterial species,
suggesting potential roles in host-mediated microbial recognition or
convergent targeting of host proteins by diverse bacteria; alternatively,
such exoproteins may exhibitinherent promiscuity or poor behaviour
in BASEHIT. After excluding proteins with high background binding to
streptavidin magnetic beads, we found that many bacterial strains (69
outof 519) had only oneinteraction partner and more than one-quarter
of all strains (169 out of 519) had no predicted interactions. By contrast,
62 bacteria exhibited broad interaction profiles (10 or more interac-
tions). Among these ‘superbinders’, a Proteus mirabilis strain that
elicits chronic intestinal inflammation in mice? exhibited the larg-
est number of interactions (76) (Extended Data Fig. 5b). We validated
select interactions via bacterial flow cytometry using recombinant
proteins produced in mammalian cells (Fig. 1c). Finally, we collapsed
allsampled strainsinto their parent species to visualize the broad host
exoprotein-microbiota interactome network (Fig. 1d).

Interactome organizational principles

We applied feature-set enrichment methods to identify characteristics
oftested bacterial species associated withthe number of bound human

proteins (‘binding degree’). We considered three different types of
attributes — (1) higher-level taxonomic labels, for example, genera;
(2) physiologicaltraits, forexample, ability togrow onaspecific nutrient;
and (3) host environment, for example, the human gut — whichrevealed
28 statistically significant trends (Wilcoxon rank-sum tests; minimum
n=5species and two-tailed nominal Pvalues with false discovery rate
(FDR) g =0.1; Supplementary Table 5). Because attributes often over-
lapped heavily intheir associated species, we collapsed attributes with
Jaccard overlap scores of more than 0.5 into individual groups and
selected the most significantly binding-associated member fromeach
group asits representative. This process identified 11 non-redundant
species attributes associated with binding degree (Fig. 2a). Among
these, species annotated in ProTraits?* as growing on trehalose, includ-
ing E. coli and Klebsiella pneumoniae, exhibited the strongest positive
enrichmentforinteraction degree (n = 6 species; median =17 binding
partners; FDR g =0.0164). These species also contributed to significant
enrichments for the Enterobacteriaceae family (n =11; median =10.8;
FDR g =0.018) and the ProTraits category ‘pathogenic in mammals’
(n=35; median=9.5; FDR g = 0.016). Microorganisms native to the
human oral cavity (n = 53; median = 7.0; FDR ¢ = 0.064), including many
Streptococcus species (n=23; median =14.0; FDR g = 0.0043), were
also positively enriched for host exoprotein binding. Together with the
Enterobacteriaceae members, these species contributed to a highly sig-
nificant trend towards elevated binding among facultative anaerobes
(n=34; median=12.5;FDRg = 0.0003). Conversely, species associated
with strict anaerobicity (n = 52; median = 2.6; FDR g = 0.0056), includ-
ingthe Bacteroidaceae family (n =18; median =1.6; FDR g = 0.030) and
residents of the human gut (n = 98; median =4.0; FDR g = 0.0022),
were significantly depleted for interactions with human proteins. This
difference may reflect a tendency for species residing in the lumen of
thehuman guttointeract with the host through secreted metabolites
rather than directly via cell-based interactions. These observed ten-
dencies, although statistically significant, reflect average differences
between classes of microorganisms, and strains from each category
still exhibit a range of binding degrees, and specific binding capabili-
ties are not necessarily determined solely by one functional category.

We similarly quantified biophysical enrichments among microbially
bound human proteins. The vast majority (81%) of screened human pro-
teinshad no predicted microbial interactions. We therefore focused on
potential differences between proteins with one or more interactions
(‘targets’) versus non-interacting tested proteins (‘non-targets’). Among
physical properties, the most significant enrichment was decreased
mass among targets (median = 34.5 kDa) relative to non-targets
(median = 45.4 kDa; Wilcoxon rank-sum test, two-tailed nominal Pvalue
with FDR g <107 Extended Data Fig. 6 and Supplementary Table 6).
In addition, targets were less hydrophobic than non-targets (median
hydrophobicity =-0.26 versus —-0.21; FDR g = 0.0046), although this
may be a consequence of the preceding size effect (smaller proteins
contain proportionally more solvent-accessible surface residues, which
tend to be hydrophilic).

We next quantified potential enrichmentsin the biological functions
oftargets versus non-targets using a collection of non-overlapping Gene
Ontology biological process terms. Significant global functional enrich-
ments among bound proteins were rare, with only three processes
achieving FDR significance (Fisher’s exact test; two-tailed nominal
Pvalues with FDR g < 0.1; Supplementary Table 7). The most common
process was negative regulation of WNT signalling (GO:0090090),
whichwas annotated to17 binders (2.4-fold enrichment; FDR g = 0.085).
WNT signalling is widely involved in homeostasis, growth and repair
across many tissues, and manipulation of this pathway may enable
modulation of the tissue microenvironment in multiple host niches.

The dearth of global functional enrichments among targets sug-
gested alack of ‘universal’ exoproteininteraction strategies. Instead,
interaction strategies may be shared within taxonomically and envi-
ronmentally related strains. We therefore applied degree-preserving
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Fig.2|Organizational principles of human microbiome-host exoprotein
interactions. a, Species attributes (taxa and phenotypes) with atypically high
or low numbers of human protein-binding partners (Wilcoxon rank-sum test;
FDRg<0.1). These examples were selected to have minimal overlap in their
member species (Jaccard similarity < 0.5). b, Biological processes enriched
among the human protein-binding partners of microbial genera (the top 20
FDR-significant examples are ranked on fold enrichment; degree-preserving
network permutation test). GO, Gene Ontology. ¢, More closely related strains
tend to have more similar sets of human protein-binding partners (degree-
preserving network permutation test). d, Taxonomy of selected taxafromc;

network permutation tests to determine whether related groups of
microorganisms bound human proteins involved in specific biologi-
cal processes. This process identified 254 FDR-significant (g < 0.1)
instances of congeneric strains binding functionally related human pro-
teins (based on one-tailed nominal Pvalues; Supplementary Table 8).In
124 of these overrepresented ‘binding strategies’, the associated genus
bound atleast five distinct proteins in the associated biological process,
corresponding to a twofold enrichment over the random expectation
inall but one case (see Fig. 2b for the top 20 examples). For example,
Bacteroides strainsbound ten proteinsin the ephrin receptor signalling
pathway (GO:0048013; a 6.8-fold enrichment) including EPHB2, which
is highly expressed in intestinal stem cells®*. Binding of EPHB2 may
enable localization to, or manipulation of, particular stem cell popu-
lations by crypt-dwelling Bacteroides strains®. Proportionally fewer
functional classes were preferentially targeted by bacteria from the
same host niche (for example, gut versus skin; Supplementary Table 9);
the fewsignificant niche-based functional associations largely reflected
the strategies adopted by the major genera from thatenvironment (for
example, Bacteroidesin the gut). Thus, microbial exoprotein-binding
strategies appear to be conserved within taxonomic groups but are

4 | Nature | www.nature.com

(4]

Mean within-taxon
Jaccard similarity of binders

GO0:1903078: positive regulation of protein localization to plasma {...)

G0:0043154: negative regulation of cysteine-type endopeptidase (...)

G0:2001238: positive regulation of extrinsic apoptotic signaling pathway

Boxplot legend

@ Not FDR significant

@ FDRg<0.1

O Mean of taxonomic rank
e Single taxon

S o o
> o o

Taxonomy legend

(n) Strains with 1+ binders
¢ Unable to test

o Not FDR significant

o FDRg<0.1

© And Jaccard = 0.1

@ And Jaccard = 0.2

@ And Jaccard = 0.4

e o 9o
- how

=)
Kingdom +

Class 4 -ﬂ}

Order - -m—
Family -[E—

Genus

Phylum -E

Species

Bifidobacterium angulatum (1)
Bifidobacterium breve (3)
Bifidobacterium longum (1)
Rothia aeria (1)

Rothia dentocariosa (1)

Rothia mucilaginosa (1)
Cutibacterium acnes (41)
Propionibacterium humerusii (2)
Propionibacterium acidifaciens (1)
Propionibacterium propionicum (1)
Bacteroides eggerthii (1)
Bacteroides fragilis (4)
Bacteroides salyersiae (1)
Prevotella bivia (3)

Prevotella denticola (2)
Prevotella histicola (1)
Staphylococcus aureus (3)
Staphylococcus haemolyticus (5)
Staphylococcus pasteuri (7)
Enterococcus faecalis (5)
Enterococcus faecium (6)
Lactobacillus crispatus (4)
Lactobacillus gasseri (4)
Lactobacillus jensenii (4)
Streptococcus gallolyticus (1)
Streptococcus salivarius (1)
Streptococcus vestibularis (1)

-}

i

39 selected species (mixed criteria)

i

Clostridium aldenense (1)
Clostridium cadaveris (2)
Clostridium perfringens (1)
Ruminococcus gnavus (4)
Fusobacterium nucleatum (9)
Fusobacterium periodonticum (2)
Fusobacterium ulcerans (1)
Citrobacter freundii (2)
Escherichia coli (16)
Klebsiella michiganensis (2)
Klebsiella oxytoca (6)
Klebsiella pneumoniae (5)

Kingdom
Phylum
Class
Order
Family
Genus
Species

up tothreespecies per genusareincluded, ranked by strength of within-species
conservation, within-genus conservation or conspicuous lack of conservation
(forexample, non-conserved genera and species with two or more daughters).
Ina,c,boxplot ‘boxes’ indicate the first, second and third quartiles of the data
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(1.5times theinterquartile range above Q3 or below Q1) and values outside the
inner fences are plotted separately as points. Grey barsinaindicate the IQR of
the backgroundset. Statistics were derived from n =204 species with non-zero
degreeintheinteraction network; FDR adjustments were made.

less universal to specific human body sites or the human microbiome
asawhole.

The observation that many functional categories were enriched
among human proteins bound by specific microbial genera led us to
investigate the general evolutionary conservation of the interaction
profile of strains. Using degree-preserving network permutation tests,
we investigated whether pairs of strains from the same parent spe-
cies tended to share more binding partners than expected at random
(as quantified by Jaccard similarity). This hypothesis proved true to a
striking extent: of 38 species with two or more tested strains withinter-
actions, 25 (66%) shared more interactions than expected by chance
(one-tailed nominal Pvalueswith FDR g < 0.1; Fig. 2c and Supplementary
Table 10). This resulted in an average Jaccard similarity of 0.16 among
conspecific strains: fourfold higher than expected. A similar pattern
was observed among congeneric species: of 27 applicable genera, 15
(56%) exhibited significantly conserved interaction profiles among
member species, withan average Jaccard similarity of 0.13. Of note, this
isnotduetointraspecies conservation, asour analysis at the genus level
only considers comparisons between strains from different species.
Klebsiella and Staphylococcus exhibited high conservation within and
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among multiple member species of these genera, whereas Lactobacil-
lusand Prevotella exhibited genus-level conservation butinconsistent
within-species conservation (Fig.2d). Bacteroides profiles were notably
notsignificantly conserved, despite preferentially binding proteinsin
specific functional categories (Fig. 2b), although this may reflectalack
of sensitivity in our statistical analysis due to variable taxonomic clas-
sification of the strainsin our screen. Conservation amonggenerainthe
same family was considerably lower (mean Jaccard similarity = 0.046)
and not statistically significant (P=0.093). This pattern continued
for most higher-level taxonomic groups. However, high conservation
among the proteobacteria (Jaccard score = 0.29; FDR g < 0.001) slightly
inflated the average conservationat higher taxonomicranks. Ingeneral,
these analyses areintended to detect significant evidence of conserva-
tionand may be limited when the taxonomic group is sparsely sampled
or exhibits high phylogenetic diversity. To assess the sensitivity of our
analyses using shared taxonomy as a proxy for the evolutionary relat-
edness of strains, we conducted a parallel analysis for asubset of fully
sequenced strains incorporating an explicit measure of phylogenetic
distance. Consistent with our findings based on taxonomy, the phy-
logenetic distance of strains was inversely correlated with similarity
of interaction partners (Spearman r = —-0.416; Mantel test, two-tailed
P<107* Extended DataFig. 7a).

Strain variation in exoprotein binding

Bacterial strains assigned to the same species can exhibit divergent
effects on host physiology?® and strain-specific interactions with the
exoproteome could contribute to such functional variation. Although
global network analysis revealed a significant degree of phylogenetic
conservationininteraction profiles, we still observed substantial varia-
tioninbinding patterns among both congeneric and conspecific bacte-
rial strains (average within-speciesJaccard similarity of human protein
binding partners of 0.16; Fig. 2c).

To explore this variation, we focused on two deeply sampled skin
commensal taxa: Staphylococcus (199 strains from 17 species) and Cuti-
bacterium acnes (also known as Propionibacterium acnes; 40 strains).
These genera both showed relatively high levels of within-species
conservation of interaction profiles (Fig. 2c) but exhibited suitable
variability for further analysis (within-species Jaccard similarities of
less than 0.6 for all species within these genera; Fig. 2d).

Within the Staphylococcus genus, S. aureus, S. haemolyticus and
S. pasteuriexhibited the highest species-level conservationininterac-
tion profiles (Fig. 2d). Staphylococcusisolates also showed high levels of
similarity atthe genus level (Fig. 2d and Supplementary Table 10), high-
lighting the existence of shared interactions across species. Overall,
112 host proteins were bound by more than one Staphylococcus strain.
Network visualization of these interactions revealed at least three major
binding patterns (Fig.3a) — ‘subspecies’ groups defined by preferential
binding of one or several host proteins (cluster 1, exemplified by S. epi-
dermidis), proteins bound by a subset of strains from multiple species
(cluster2,including highly overlapping S. aureus and S. haemolyticus)
anda‘superbinder’ group, consisting of two distinct subgroups (cluster
3, one of S. pasteuri and the other spanning four species) (Extended
DataFig. 8a,b). These superbinder strains were all highly promiscu-
ous, with 6-47 total host interaction partners per strain, including 36
proteins bound by at least 5strains. Several proteinsin the latter group
are highly expressed in the skin and were either uniquely (CDSN and
FAT2) or predominantly (XG) bound by skin-resident Staphylococcus
strains, suggesting a potential role in tissue-specific colonization or
adaptation (Extended Data Fig. 8c,d).

We next examined C. acnes, which was deeply sampled (40 strains)
and showed a broad interaction profile (median of 6 interactions per
strain). C. acnes strains formed two clear subspecies groups based on
their exoproteininteractions (Fig. 3b). Although nearly all strains bound
FAM174A, TMEML119, PDCD1and CNGB3, two groups of strains could be

defined based on SLC22A31 (group 1) or OPRK1and SPINT3 (group 2)
binding. CST6 was bound by some strains within both groups. The first
class of conserved interactions (thatis, SLC22A31 or OPRK1and SPINT3)
may reflect critical processes for niche occupancy and survival that
are maintained across all strains within the distinct groups, whereas
strain-variableinteractions (for example, CST6) may drive functional
variability between isolates. As specific exoprotein interactions may
beencoded by conserved genes or large co-varying gene sets, we next
asked whether overall gene content similarity (UniRef90 gene family
presence within genomes) between pairs of strains of C. acnes was
related to similarity in host interaction profiles. Indeed, we observed
astriking correlation between overall genomic similarity and shared
hostinteractions (Fig.3c; Spearman correlation between Jaccard-based
distances = 0.693; Mantel test, one-tailed P < 0.0001), suggesting that
hostinteraction patterns can delineate genomically distinct subspecies
groups of C. acnes. Expanding on this observation, we investigated the
relationship between genomic and exoprotein binding profiles at the
intraspecies level across a diverse set of bacteria. Consistent with our
findings for C. acnes and our global phylogenetic analysis (Fig. 3c and
Extended DataFig.7a), we observed a strong negative and statistically
significant correlation between phylogenetic distance and interaction
profile, demonstrating that this trend extends to the intraspecies level
(Spearman r=-0.513; Mantel test, two-tailed P<10™*; Extended Data
Fig.7b).Finally, using comparative genomic approaches, we identified
candidate genes that may be involved in novel Staphylococcus-host
and Cutibacterium acnes-host exoproteininteractions discovered by
BASEHIT (Supplementary Tables 11-20 and Methods).

Commensal modulation of host biology

Individual interactions discovered via BASEHIT may explain specific
microbial effects on host physiology. To explore this possibility, we
examined five genera associated with human health and disease whose
isolates were primarily associated with the gastrointestinal tract: Bac-
teroides, Fusobacterium, Prevotella, Ruminococcus and Streptococcus
(Fig.4a). Numerous strains fromthese genera exhibited specificinterac-
tions with host proteins that spanned a range of epithelial cell-surface
proteins, proteases, extracellular matrix-associated proteins, and
immune cell receptors or cytokines. These proteins canbe segregated
into three broad functional categories potentially associated with
key steps of microbial colonization: niche colonization and adhe-
sion, remodelling of the local tissue microenvironment and immune
evasion. Of note, many of these interactions were highly specific to
asmall number of related strains or were unique within the broader
host-microorganism interactome (Extended Data Fig. 9 and Supple-
mentary Table 21). From this set of strains, we focused on two genera,
Fusobacterium and Ruminococcus, for which there is clear evidence of
strain-specific involvement in human disease? %,

Ruminococcus gnavus is enriched in patients with Crohn’s disease,
and strain-level variation and ‘clade switching’in R. gnavus are closely
associated with disease flares”?, We identified strain-variable inter-
actions between R. gnavus and the mucus-associated trefoil factors
TFF1, TFF2and TFF3, aswell as the T cell co-stimulatory molecule CD7
(Fig.4b). Although TFF1-TFF3 were also bound by a range of other bac-
teria, CD7 was uniquely bound by asubset of R. gnavus strains (Extended
Data Fig. 9). We confirmed strain variation in CD7 binding via stain-
ing withrecombinant CD7 (Fig. 4c). This combination of mucosal and
immune protein binding may contribute to the unique inflammatory
potential of specific R. gnavus strains.

Fusobacterium species are enriched in human colorectal tumours
and specific Fusobacterium nucleatum strains can interact with
defined host protein targets (TIGIT and CEACAM1)"*, In addition
to these previously described Fusobacterium-exoprotein interac-
tions (Extended Data Fig. 2e), we observed multiple previously unre-
ported strain-specific interactions between Fusobacterium isolates
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Fig.3|Shared and divergent host exoprotein-binding patterns define
distinctsubsets of phylogenetically related bacterial strains. a, Network of
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clusters demonstrating divergent patterns of strain-variable and species-
variableinteractions. Specificinteractions underlying each cluster are shown
inthe heatmaps on theright.b, Heatmap depicting interactions between 37

and immune-associated or tumour-associated proteins (Fig. 4d); for
example, asingle Fusobacterium strainboundtothe y5 T cell regulator
BTN3A3 and a subset of oral strains bound to the neutrophil-derived
antibacterial protein LCN2. Fusobacterium strains derived from oral
mucosa or tumours also bound two key modulators of the WNT path-
way, DKK1 and SOST, and a range of immune receptors, including
immunoregulatory receptors such as LAIR1 (bound by one gut and
one oral strain) and SIRPa (bound by a single oral strain) (Fig. 4d). We
confirmed DKKI1, SIRPa and LAIR1 binding to select Fusobacterium
strains viastaining with recombinant proteins (Figs. 1cand 4e). Oral, gut
and tumour-associated Fusobacteriumisolates displayed both shared
and divergent binding partners acrosstissue origins. As oral Fusobac-
terium strains can seed tumour-resident populations and exacerbate
cancer®?*, theidentification of shared host protein-binding capabilities
betweenisolates may reveal specific strains from different tissues that
have the potential to translocate to and subsequently modulate the
tumour-immune microenvironment and promote cancer progression.

To test the potential effects of these newly discovered interactions
on host biology, we identified phylogenetically related strains with
divergent interaction profiles and examined their effects on host cell
binding orimmuneresponsesin vitro or invivo. First, we tested whether
CD7 expression in mammalian cells was sufficient to enable host cell
binding by R. gnavus; we found that a CD7-binding R. gnavus, butnota
non-CD7-bindingstrain, bound specifically to CD7-expressing Expi293
cells (Fig. 5a,b and Extended Data Fig. 10a). Second, we examined the
effects of SIRPa-binding and non-binding Fusobacterium strains on
macrophage phagocytosis (Fig. 5¢c). We observed that the SIRPa-binding
Fusobacterium strain was phagocytosed at lower levels than six distinct
non-binding Fusobacterium strains (Fig. 5d and Extended DataFig.10b).
Furthermore, co-incubation with the SIRPa-binding strainled to lower
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C.acnesstrains and eight proteinsbound by at least 10 C. acnes strains; three
strains withoutinteractions are not displayed. Two subspecies clusters of
C.acnesare defined primarily by binding to SLC22A31 or OPRK1and SPINT3.

¢, Density correlation plot of gene content versus exoprotein-binding patterns
acrossall C. acnes strains. One-tailed Mantel test was performed, n =40
independent C. acnesstrains.

levels of phagocytosis of labelled bioparticles relative to co-incubation
with anon-binding strain (Fig. 5e and Extended Data Fig.10b). Finally,
we monocolonized germ-free mice with six Bacteroides strains with
divergent binding patterns: three strains that bound a common set
of five host proteins, including multiple ephrin receptors, the phos-
phatase PTPRJ and the adhesion molecule MCAM (binders), and three
thatlacked bindingto all of these proteins (non-binders) (Fig. 5f). RNA
sequencing of bulk colonic tissue revealed that mice colonized with
the binders showed lower levels of multiple immunoglobulin gene
transcripts, including the genes encoding the heavy chain (/gha) and
joining chain (Jchain) of dimeric secretory IgA (Fig. 5g,h). Furthermore,
germ-free mice colonized with arepresentative binder strain exhibited
lower levels of faecal IgA than mice colonized with a representative
non-binder strain, demonstrating that binder and non-binder strains
have divergent effects on the mucosal immune response (Fig. 5i).

Discussion

Here we developed a novel technology that enables comprehensive
mapping of host-microorganism interactions across the majority of
allhuman exoproteins and used this technology to assemble more than
500 strain-specific host-microorganisminteractomes across 59 genera
and 4 barrier tissues. We uncovered an extensive network of transking-
dom connectivity between human exoproteins and indigenous micro-
organisms, which revealed shared host-microorganism interaction
patterns across phylogenetically and functionally related strains and
myriad examples of strain-specific host-microorganisminteractions
that may mediate microbial effects on diverse human phenotypes.
Our data imply new roles for host exoprotein—-microorganism
interactions in microbial colonization, niche remodelling and
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Fig.4 |Exoproteininteractionsimply key roles in bacterial colonization
and disease modulation. a, Putative protein functions and associated
interactions withselect members of the human gastrointestinal microbiome.
The schematic was created using BioRender (https://biorender.com).

b, R. gnavus exhibits strain-specific interactions. The heatmap shows
interactions between R. gnavus and host exoproteins. ¢, Validation of strain-
specific R. gnavus-CD7 interactions. Indicated strains were stained with
recombinant CD7-Fc fusion protein (teal, violet or magenta histograms) or Fc
alone (grey histograms), and binding was measured by bacterial flow cytometry.
d, Fusobacteriumstrains interact widely withimmune and epithelial proteins.

immunomodaulation. For example, we observed unique interactions
between defined tissue isolates and corresponding tissue-enriched
proteins: multiple skin-derived Staphylococcusisolates bound to highly
skin-expressed proteins, including CDSN, FAT2 and XG, whereasisolates
from all other tissues failed to bind to CDSN and FAT2, and sparsely
bound XG. FAT2 and CDSN regulate keratinocyte junctions and cor-
neodesmosomes, respectively®?*¢, and the blood group antigen XG¥ is
highly expressed in keratinocytes and melanocytes®. We also observed
strain-specific interactions that may underlie the unique effects of
select microorganisms on human biology. For example, multiple strains
from the inflammatory bowel disease-associated species R. gnavus®®
boundtheT cell co-stimulatory receptor CD7, whichis highly expressed
onintraepithelial ymphocytes, and CD7 expression was sufficient to
enable host cell binding by CD7-binding R. gnavus strains®. These data
suggest that select R. gnavus strains may colonize mucosal tissues or
modaulate intestinal immunity via binding to CD7. Phylogenetically
related bacterial strains also sometimes bound multiple host proteins
with related biological functions. Select strains from the colorectal
cancer-associated genus Fusobacterium® -3 bound DKK1and SOST,
both of which antagonize WNT signalling®. Given the pleiotropic
activity of WNT proteins and their diverse roles in tumour develop-
ment, progression and metastasis*®*, such interactions may explain
the varied impacts of Fusobacterium in cancer. Select Fusobacterium
strains alsobound either LAIR1 or SIRPx, both of which inhibit myeloid

The heatmap shows interactions between gastrointestinal tract or tumour-
resident Fusobacterium strains and exoproteins withknownroles inimmune
signalling or regulation of the WNT pathway (annotated with teal or magenta
circles, respectively). The star denotes HM758 and the diamond denotes
HM997. e, Validation of strain-specific F. nucleatum-DKK1interactions.
Theindicated strains were stained with recombinant biotinylated DKK1 (B-DKK1)
tetramers (prepared with streptavidin-phycoerythrin (blue or purple
histograms)) or streptavidin-phycoerythrin alone (grey histograms), and
binding was measured by bacterial flow cytometry.

cell activity and may thus facilitate evasion of phagocyte-mediated
bacterial clearance***., Accordingly, we observed that a SIRPa-binding
Fusobacterium strain exhibited reduced macrophage engulfment com-
pared with non-binding strains. Together with previous studies showing
that Fusobacterium can directly engage the T cell co-inhibitory receptor
TIGIT", these data suggest that Fusobacterium species may evade both
innate and adaptive immunity through specific exoprotein interac-
tions; suchinteractions may explain the persistence of Fusobacterium
strains within tumours. Finally, mice colonized with Bacteroides strains
that exhibited shared interactions with a suite of immune-expressed
and epithelial-expressed proteins displayed reduced intestinal IgA
responses compared with mice colonized with non-binder strains.
Together, these data suggest that commensal interactions with host
exoproteins facilitate microbial colonization and modulate host
immunity.

Despite its utility, BASEHIT also has notable limitations that may
resultinboth false-negative and false-positive results. By design, BASE-
HIT identifies bacterial interactions with individual human proteins;
however, microorganisms may also bind to specific host lipid or glycan
structures****, which BASEHIT will fail to capture or may lead to aberrant
bacterial binding to proteins that exhibit altered glycoforms in yeast
display. Although our display library is selected based on epitope-tag
expression (whichimplies successful protein folding and display), itis
still possible that some ‘successfully’ displayed proteins will not assume
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Fig. 5| Differential effects of exoprotein-binding and non-binding strains.
a, Schematic of carboxyfluorescein succinimidyl ester (CFSE)-labelled R. gnavus
strains binding to CD7-expressing cells. b, Quantification of the per cent CFSE-
positive population. Two-way analysis of variance (ANOVA) with Dunnett’s test,
P<2.2x107, n=4independent experiments. ¢, Schematic of macrophage
phagocytosis of CFSE-labelled Fusobacterium spp. strains and fluorescent
bioparticles. FITC, fluoresceinisothiocyanate. The graphicsina,c were created
using BioRender (https://biorender.com).d, Mean fluorescence intensity
(MFI) of THP-1 phagocytosis of CFSE-labelled SIRPa-binding and non-binding
Fusobacterium spp. (bacteriato THP-1ratio of 5:1). One-way ANOVA with
Dunnett’s test; for comparisons with HM556 with P< 0.0001: P=1.32x10™*
(HM997),P=7.86 x1075 (HM758), P < 2.2 x 10" (HM260) and P=1.88 x10~®
(HM1289). Representative datafrom n =3 biologically independent samples.

e, Phagocytosis of E. coliK12 bioparticles by THP-1 cellsincubated with
unlabelled SIRPa-binding or non-binding Fusobacterium spp. (bioparticles to

correctly folded conformations. Such proteins could fail to bind to
cognate ligands or bind to bacteriainanonspecific manner, which may
introduce false negatives or false positives, respectively, within the pre-
sented interactome. Furthermore, the biochemical nature of each new
interaction identified via BASEHIT cannot be imputed using BASEHIT
dataalone. Previously characterized host-pathogeninteractions range
from highly co-evolved and host species-specific binding of individual
host proteins by microbial adhesins***’ to highly promiscuous binding
oflinear peptide motifs*® or common carbohydrate moieties®. Similarly,
inaddition to the pairwise microbial-binding events described above, a
subset of microorganisms in our collections, including several putative
pathogenicstrains, simultaneously bound to more than ten structurally
and functionally diverse host proteins. These binding patterns were
often phylogenetically conserved and may reflect microbial targeting
of shared host protein features (for example, glycans), or binding of
select bacterial surface features by multiple host proteins. Future bio-
chemical and structural characterizations will be needed to establish
the molecular details of these newly discovered interactions.

By assigning host-centric functions to hundreds of microbiome
strains, these studies establish a foundational resource that will seed
awiderange of future studies of this previously unmapped landscape,
including detailed studies of the genetic, biochemical and structural
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THP-1ratio of 1.1; Fusobacterium spp. to THP-1ratio of 2:1). One-way ANOVA
with Dunnett’stest, P=3.23 x 10*. Representative data from n = 4 biologically
independentsamples.f, Threebinder and three non-binder Bacteroides strains
were used to monocolonize germ-free C57BL/6 mice.n =2 mice per strain.

g, Differentially expressed genesin bulk colonic tissue from monocolonized
mice asidentified by RNA sequencing. Genes with log,-transformed fold
change of more than1lorlessthan1(vertical dashed lines) and -log,,(Pvalue) > 2
(horizontal dashed line) were identified as significantly upregulated or
downregulated by gene-specific analysis with FDR step-up adjustments.

h, Normalized transcript counts for Jchain (left) and Igha (right). Two-tailed
unpaired Student’s t-tests.Ing,h, n= 6 mice per binding group. i, Germ-free
C57BL/6 mice were monocolonized with one binder and one non-binder
Bacteroides strain, and faecal IgA was measured by ELISA and normalized by
total protein content. One-way ANOVA with a Sidak’s test, n = 5mice per
bacterial strain. Datainb,d,e h,irepresentmean +s.d.

features underlying specificinteractions of interest as well as explora-
tions of the broader principles that dictate the evolution and physi-
ological functions of host-microbiota interactions. For example,
integrating the functional annotations provided by BASEHIT with
comparative genomic approaches may eventually allow for the anno-
tation of critical components of the ‘metagenomic dark matter’ that
enable microbial interactions with the host. These new annotations
may expose key associations between microbial functions and human
phenotypic outcomes that are currently hidden in diverse metagen-
omic datasets. Overall, the host-microbiome interactome reported
here provides newinsightsinto the molecular details that may underlie
diverse microbiota-mediated effects on human health and reveals
myriad targets for potential therapeutic manipulation of both patho-
genic and beneficial host-microbiota interactions.
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Methods

Human exoproteome library construction
TheAga2yeastdisplaylibrary was constructed as previously described”.
Inbrief, proteins annotated as secreted, membrane associated or other-
wise associated with an extracellular region based on UniProt identifi-
ers* (4,855 total human proteins) were identified, and the extracellular
portions were manually selected based on existing UniProt topology
annotations. Because the majority of these exoproteins included are
typel membrane or classically secreted proteins, we chose a C-terminal
tag toleave the native N terminus following signal peptide cleavage to
be closer to the ‘endogenous’ form of the protein. Sequences encoding
these extracellular regions were amplified from commercially available
cDNAs or synthetic gene fragments (Twist Biosciences) (3,461 proteins
with extracellular regions suitable for yeast display were identified and
cloned, along with12 coronavirus proteins asinternal negative controls)
and electroporated together with the linearized yeast display vector
pDDO0O03 (Supplementary Table1and Supplementary Figs.1and 2) into
JAR300yeastina96-well format. After growth, all wells were pooled and
yeast with surface-displayed protein constructs were isolated by stain-
ing for the C-terminal FLAG epitope tag using a Sony SH800Z sorter.
The sorted library was expanded and frozen. Barcode-gene pairings
were identified with a Tn5-based protocol as previously described®,
with 3,324 human exoproteins and 12 negative control viral proteins
included in the final library. Plasmid design and sequence analyses
were performed using SnapGene 4.1.3.

BASEHIT screening

Bacterial growth and labelling. Bacterial strains were grown in media
and atmospheric conditions as indicated in Supplementary Table 3.
Approximately Soptical density (OD) units of saturated bacterial culture
were pelleted and washed three times with 1 ml PBS. Washed bacteria
were resuspended in 1 ml PBS with 5 uM Sulfo-NHS-biotin (Thermo
Scientific) (or other concentrations where specifically noted for opti-
mization) and incubated at 37 °C for 30 min. Excess unreacted bioti-
nylation reagent was quenched by addition of 10 pl of1 M Tris (pH 8.0),
and cells were washed with 1 mI PBS. Labelled cells were resuspended
in1 mlPBS with10% (v/v) glycerol and frozen at —80 °C for selections.
Volumetric bacterial particle counts were performed by diluting the
bacterial samples10xinsterile filtered PBS + 0.5% BSA + 0.5 mM EDTA
(PBE), quantifying the total number of particles within 30 pl of sample
on a Cytoflex (Beckman Coulter) to calculate particles per millilitre.

Yeast library selections. The yeast library was expanded in SDO-Ura at
30 °C.Oneday later, yeast wereinduced by resuspension atan OD of 1
inSGO-Urasupplemented with10% SDO-Ura and culturing at 30 °C for
24 h. Before selection, plasmid DNA was extracted from 400 pl of the
pre-selection library to allow for comparison to post-selection librar-
ies using a Zymoprep Yeast Plasmid Miniprep Il kit (Zymo Research)
according to standard manufacturer protocols. Of induced yeast cells,
3 x 10’ were pelleted in sterile 96-well v-bottom microtitre plates. Yeast
cells were resuspended in 100 pl PBE, 50 pl biotinylated bacteria (at
50D ml™ unless otherwise specified for optimization) were added,
and the yeast were incubated with shaking for 2 h at 4 °C. Yeast cells
were washed once with 200 pl PBE, resuspended in 100 pl PBE with a
1:100 dilution of streptavidin microparticles (0.29 pm; Spherotech)
andincubated with shaking for1hat4 °C. Yeast cells were washed once
with 200 pl PBE. Yeast cells were then pelleted and kept on ice. All of
the following steps were carried out at room temperature. Yeast cells
wereresuspended in150 pl PBE. A custom 96-well magnet was used to
remove bead-bound yeast, which were washed twice with 150 pl PBE by
removal and subsequent re-application of the magnet. Washed yeast
cells were eluted into 150 pl PBE by removal of the magnet. Selected
yeast were pelleted and expanded by growth in 1 ml SDO-Ura supple-
mented with chloramphenicol at 30 °C for 44 h.

Next-generation sequencing library preparation and sequencing.
DNA was extracted from yeast libraries using Zymoprep-96 Yeast Plas-
mid Miniprep kits or Zymoprep Yeast Plasmid Miniprep Il kits (Zymo
Research) according to standard manufacturer protocols. A first round
of PCR was used to amplify a DNA sequence containing the protein
display barcode on the yeast plasmid. PCRs were conducted using 1 pl
plasmid DNA, 159_DIF2 and 159_DIR2 primers, and the following PCR
settings: 98 °C denaturation, 58 °C annealing, 72 °C extension and 20
rounds of amplification. The PCR product was directly used as template
for the second round of PCR. A second round of PCR was conducted
using 1 pl PCR product, Nextera i5 and i7 dual-index library primers
(Illumina) and the following PCR settings: 98 °C denaturation, 58 °C
annealing, 72 °C extension and 20 rounds of amplification. PCR prod-
ucts were pooled and run on a 2% agarose gel. The band corresponding
to 257 base pairs was cut out, and DNA (next-generation sequencing
library) was extracted using a QIAquick Gel Extraction Kit (Qiagen)
according to standard manufacturer protocols. The next-generation
sequencing library was sequenced using a full Illumina NovaSeq S4
2 x1501ane, according to standard manufacturer protocols, to obtain
2 billion total reads by the Yale Center for Genome Analysis (YCGA).

Data analysis

Toidentify the exoprotein composition, samples were demultiplexed
and sequenced barcodes were mapped, only accepting exact barcode
matches to ensure that correct calls were used in the analysis. The input
to the statistical model consists of counts of 69,894 barcodes distrib-
uted across 3,324 human and 12 viral proteins in an ‘input’ sample, 3
‘beads-only’ samples and 3 output samples for each strain. The input
sample quantifies the input concentration of each barcode in the liv-
ing library of barcoded proteins. The beads-only samples are used to
identify proteins that inherently stick to the streptavidin beads in the
absence of microorganisms. The output samples are used to quantify
thelevel of interaction between each strain and proteins that do not
adhere to the streptavidin beads alone. To estimate the interaction
scores from the sequenced barcode counts of the input, output and
beads-only samples, we applied a zero-inflated negative binomial
(ZINB) model to each protein separately. The model was evaluated
with Stan (v2.29.2)*°. The ZINB model is as follows:

Count; -~ ZINB(;, W, @)

1, = exp(offset + protein +interaction,)

0~ Beta(1,1)

The offset term, which acts as a covariate in the linear predictor
withaknownslope of one, is a pre-computed number that adjusts for
sequencing depth and the input concentration of each barcode (as
assessed with the ‘Pre’ sample sequencing). It essentially normalizes
the output counts but also propagates the additional precision that
comes with more data (in the case of proteins with high input). The
protein term is an estimate of the baseline output for each protein to
account for proteins that show universally high or low output acrossall
strains. Finally, the interaction termaccounts for residual variationin
the output counts caused by the interaction between the protein and
individual strains. Each sample in the assay has its own zero-inflation
fractiontoaccount for the expected variationin output amongstrains.

We used the posterior mean of this interaction term as our interac-
tion score. We included weak priors for the protein baseline term, the
strain-wise zero fractions and the dispersion parameter @. We included
astrongregularizing prior (Normal(z = 0,0 = 0.15)) ontheinteraction
terms as away of shrinking estimates towards zero, reducing false posi-
tives, and encoding our prior belief that only a very small fraction of
interactions are truly non-zero. To validate our choice of 6= 0.15, we
performed asimple prior sensitivity analysis that varied the standard
deviation parameter of the interaction term prior from 0.075t0 0.3. We
found thatalthough this affected the number of hitsidentified as well
as the absolute value of the interaction scores (as expected), the rank
order and relative sizes of interaction scores were mostly unaffected



(Extended Data Fig. 4f). Because the scores are ultimately derived from
regression coefficients using a log-link function, they can be inter-
pretedintypicallogfold change units, for example, the posterior mean
threshold of 0.5 corresponds to interactions that induce at least an
exp(0.5) =1.65-fold increase in output when other factors are held
equal. After fitting the model, we also computed the ‘concordance’
of eachinteraction across replicates as the negative entropy of the
input-adjusted output counts. The concordance threshold ensures
that the observed output s relatively consistent across the triplicates.
The thresholds were set by examining the global distribution of con-
cordance scores (Extended Data Fig. 4d). To binarize our continuous
interaction scores into a set of hits and non-hits, we used a hit-calling
procedure that combined posterior intervals, score magnitude and
cross-replicate concordance (Fig. 1a). To be called as a hit, an inter-
action needed to have: (1) a 95% posterior interval excluding zero,
(2) have aposterior mean score exceeding 0.5, and (3) across-replicate
concordance exceeding 0.75. Weincluded notation onallinteractions
involving proteins where anormalized enrichment greater than1was
observedinthe beads-only control samples, to provide for additional
caution due to highbackground (thatis, nonspecific to bacterial cells)
enrichment. A Venn diagram plotting functionincluded in the R pack-
age allows the user to better understand the interacting effects of each
ofthe hit-calling criteria by being able to inspect the number of inter-
actions removed as potential hits with a given set of model estimates
and thresholds.

To evaluate the posterior for each protein, we used Stan (v2.29.2)*°
with 4 Markov chains, 1,000 warm-up samples and 50,000 post-warm-
up samples per chain.

We have made our model available as an R package named basehit-
model at Zenodo https://doi.org/10.5281/zenod0.10606150 (ref. 51).

Orthogonal validation experiments

Protein purification. Protein ectodomains were cloned into pCER243,
a derivative of pD2610-v2 (ATUM Bio). Protein ectodomains were
clonedin-frame withanupstream H7 leader sequence and downstream
3x(GGGGS) linker and higG1 Fc fragment with an N297A mutation to
abolish all effector functions. Expi293 cells (Thermo Fisher; no addi-
tional authentication or mycoplasmatesting was performed following
purchase) were transfected with the expression plasmids using the
ExpiFectamine 293 Transfection Kit according to manufacturer proto-
cols (ThermoFisher). Proteins were purified from clarified media 4 days
after transfection, using magnetic Protein A beads (Lytic Solutions).
Proteins were eluted with 100 mM glycine (pH 3.0), immediately neu-
tralized with 1M Tris pH (8.0) and buffer exchanged into PBS. Protein
purity was verified by SDS-PAGE. Protein concentration was measured
by absorbance at 280 nm. Proteins were snap-frozenin liquid nitrogen
and stored at -80 °C until use.

Bacterial flow cytometry. Bacteria were grown as described in Sup-
plementary Table 3. Bacteria from saturated cultures (0.5-10 pl of
culture volume) were pelleted and resuspended in 50 pl PBE with
recombinant protein (0.05-5 uM final concentration of staining pro-
tein) and incubated with shaking for 1 hat 4 °C. Bacteria were washed
twice with200 pl PBE, resuspended in 50 pl PBE with 1:100 anti-hlgG-
phycoerythrin secondary antibody (BioLegend) and incubated with
shaking for 30 min at 4 °C. Bacteria were washed once with 200 pl
PBE, resuspended in200 pl PBE and analysed on aSony SA3800 spec-
tral analyser (Sony Biotechnology). Binding of Fc fusion proteins was
compared with binding of Fc alone. Biotinylated DKK1 (DK1-H82FS5,
Acro Biosystems) was pre-incubated with streptavidin-phycoerythrin
(405245, BioLegend) ina4:1ratioto formtetramers for 20 minatroom
temperature. Atotal of 0.1 0D Fusobacterium spp. culture and a total of
1.5 pg of DKK1 monomer per staining reaction was used. Bacterial pel-
letswereresuspended in 50 pl precomplexed tetramer and incubated
with shaking for 1.5 h at 4 °C. Bacteria were washed once with 200 pl

PBE, resuspended in200 pl PBE and analysed ona BD LSRII. Data were
analysed using FlowJo (v10).

Statistical analysis of global network properties

We assigned tested strains (and their parent species) to taxonomic and
phenotypic groups to enable statistical enrichment testing relative to
network properties. For strains with sequenced isolate genomes, we
determined a corresponding species taxonomy from the genome’s
‘Species Genome Bin (SGB)’ as defined previously* (http://segatalab.
cibio.unitn.it/data/Pasolli_et_al.html;January 2019 release). For all
other strains, we estimated the species taxonomy from the given
genus and species name in the corresponding strain collection. We
excluded strains withambiguous taxonomy from enrichment testing.
We assigned species to phenotypic categories (for example, morpholo-
gies and growth conditions) based on annotations from ProTraits*
(http://protraits.irb.hr/; downloaded 17 December 2020), specifically
those with at least 90% confidence.

Human proteins assayed as potential microbial binding partners
were similarly assigned to functional categories and physical prop-
erties for enrichment testing. We extracted raw human proteome
annotations from UniProt* (https://www.uniprot.org/; downloaded
17 December 2020). We focused on assignments of human proteins to
Gene Ontology Biological Process terms® and on all implied assign-
mentsto higher-level biological process termsinferred from the Gene
Ontology hierarchy (https://geneontology.org/). To isolate a set of
largely non-overlapping Gene Ontology terms of areasonable size for
enrichment testing, we identified biological process terms with at least
k=100 members that did not contain any descendant terms with k or
more members (‘informative’ Gene Ontology terms®*); 896 biological
process terms satisfied these criteria. We additionally characterized
human proteins according to their physical properties (for example,
size and hydrophobicity) as assembled in ref. 55.

Human proteins were categorized as ‘targets’ if they had one or more
microbial interactionsin the network; all other assayed proteins were
classified as ‘non-targets’. We tested for functional enrichments among
binders by comparing them with the sets of proteins annotated to each
informative Gene Ontology term using Fisher’s exact test (treating the
union ofbinders and non-binders as the background). Importantly, the
test background only included proteins from thelibrary, thus avoiding
biases arising from the composition of the library (for example, its
focus onexoproteins). We tested for associations betweenbinding and
physical properties by Wilcoxon rank-sum tests: specifically, evaluat-
ing whether each property differed significantly between binders and
non-binders. We applied a similar non-parametric procedure to test
for interaction between species groups (taxa and phenotypes with
five or more members) and for the extent of interaction with human
proteins. Each species was assigned the average degree of its member
strains from the high-coverage network, and then tested members
of agroup were compared with tested non-members for statistically
significantdifferences. In each case, we computed nominal two-tailed
Pvalues, which we then subjected to multiple hypothesis testing cor-
rection using the Benjamini-Hochberg FDR method*. Associations
with adjusted P values (FDR g values) less than 0.1 are reported as
FDR-significantin this work.

We performed additional statistical enrichment testing within the
global network using degree-preserving network permutation. Here
we first computed a property of interest (test statistic) based on the
structure of the true network. The network was then repeatedly per-
muted (randomized) in a degree-preserving manner to evaluate the
statistical significance of the test statistic. Specifically, starting froma
given microbial strain-human proteininteraction (edge), m,:h,, inthe
network, a second edge, my:h,, is selected at random, and the human
proteins of the two edges are swapped to produce two new candidate
edges: m,:h, and my:h,. If neither candidate edge duplicates an exist-
ing edge in the network, then the swap is accepted (thus conserving
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the interaction degree of the involved microorganisms and human
proteins). Otherwise, the swapping procedure is repeated for another
randomly selected second edge. This procedureis repeated until each
original edge has participated in atleast one swap. The test statistic is
thenrecomputed from the permuted network and compared with the
original (non-permuted) value. A one-tailed P value is computed for
the test statistic as the fraction of n permuted networks in which the
test statistic met or exceeded its value from the original network (with
n=10*used in thiswork). We corrected the resulting nominal Pvalues
for multiple-hypothesis testing using the FDR procedure described
above.

We used the above-described network permutation procedure in
two ways. First, we assessed whether particular groups of species were
enriched for interactions with human proteins in specific functional
categories. Thisinvolved counting pairs of strain—protein labels (for
example, ‘genus’ as a strain label and a specific Gene Ontology term
as a protein label) observed in edges from the original network and
comparing those counts with analogues from the permuted networks.
Among FDR-significant over-enrichments (g < 0.1), we focused on
casesinwhichagivenspecies group interacted with at least five pro-
teinsin agiven functional category, and for which the observed count
was at least two times larger than the mean of the permuted counts.
This effect size is not influenced by the size of the Gene Ontology
term pathway.

We additionally used the network permutation approach to measure
conservation of human protein-binding partners among strains of
variable taxonomic relatedness. For a pair of strains with at least one
human binding partner each, we measured interaction conservation as
theJaccard similarity between the binding partners of the two strains.
For species with two or more strains assayed, conservation was defined
astheaverageJaccard similarity over all pairs of daughter strains. The
similarity between a pair of species was defined as the averageJaccard
similarity between each daughter of the first species and each daughter
ofthe second species. This logic was then used to compute within-taxon
conservation recursively for progressively higher-level taxa (genera,
families, and so forth). The entire procedure was repeated in each of
10* permutations of the original network to establish the statistical
significance of conservation within specific taxaand the average con-
servation of each taxonomic rank.

Comparing genome and interactome similarity of C. acnes
strains

To determine whether more closely related strains of C. acnes tended
to bind to more similar sets of human proteins (Fig. 3c), we organ-
ized n =174 strain-specific C. acnes proteomes from the bioBakery 3
catalogue® (as originally derived from UniProt (v201901)*’). These
proteomes are sets of protein-coding genes that can be mapped
to sequenced isolate genomes, a subset of which (n =40) were
also screened here using the BASEHIT methodology. To compare
gene content between strains, we first mapped genes to UniRef90
families®s, that is, clusters of protein sequences with at least 90%
amino acid sequence identity and at least 80% coverage of the long-
est cluster member (the seed). The 40 tested strains contained
2,172 + 78 UniRef90 families (mean + s.d.). We estimated the genomic
similarity of each pair of C. acnes strains as the Jaccard overlap score
for their respective UniRef90 contents. We similarly quantified the
similarity of the interactions of strains with the human proteome as
the Jaccard overlap score of their human protein-binding partners
(following the procedures used to compute general taxonomic con-
servation of binding partnersintroduced above; Fig. 2d). Finally, we
applied aMantel test to quantify the strength of correlation between
genomic similarity and binding partner similarity across all pairs of
strains (using Spearman correlation to quantify distance similarity
and 104 rounds of strain-label permutation to quantify statistical
significance).

Phylogenetic distance analysis

We constructed a tree for 108 tested strains with sequenced isolate
genomes. Genomes were sourced from bioBakery 3 (ref. 57), having
been initially downloaded from NCBI RefSeq and GenBank around
January 2019. We systematically (re)extracted and translated open read-
ing frames from these genomes using Prodigal (v2.6.3)*. The translated
openreading frame of genomes was provided as input to PhyloPhlAn 3
(ref. 60) for tree reconstruction. We based our tree on the approxi-
mately 400 PhyloPhlAn phylogenetic marker genes® with the
PhyloPhlAn 3 software configured to the following modes: (1) high-
diversity input, (2) fast tree calculation, and (3) protein supermatrix
strategy. All other settings (including settings within these specific
modes) were left to their default values. We converted the resulting
refined tree to a distance matrix using DendroPy (v4.6.1)%%

We quantified the similarity between the interaction profile of strains
as the Jaccard overlap score for their sets of human protein-binding
partners (focusing on strains with at least one such binding partner).
We quantified the relationship between phylogenetic distance and
interaction similarity as the Spearman correlation over 5,565 valid
strain pairs. We assessed the statistical significance of the resulting
correlation using a Mantel test with 10* rounds of permutation. We
performed a similar analysis restricted to pairs of strains with phy-
logenetic distances below 0.02 amino acid substitutions per amino
acid site. This threshold was selected to be roughly analogous to a
conspecific relationship, with 879 of 897 pairs of conspecific strains
falling below this threshold, alongside only 33 non-conspecific strain
pairs. We applied amodified version of the Mantel test in this analysis
toaccountforthe use of anincomplete distance matrix. More specifi-
cally, any time strain permutation required distance lookup for a pair
of strains outside the less than 0.02 threshold, that pair was excluded
from the corresponding permuted Spearman correlation. The final
number of strain pairs that we assessed was 907.

Whole-genome sequencing of bacterial strains

Staphylococcus species were streaked on tryptic soy agar and incu-
bated at 37 °C aerobically overnight. Single colonies were picked and
inoculated into 5 ml tryptic soy broth. Bacterial DNA was extracted
from overnight cultures using the DNeasy UltraClean Microbial Kit
(Qiagen) according to the manufacturer’s instructions. Sequencing
libraries were prepared with the lllumina Nextera XT library preparation
kit (Illumina) and barcodes with the Nextera XT Index Kit v2 sets. The
sequencing libraries for each strain were pooled and sequenced on a
NovaSeqS4 2 x 150 bp by YCGA. Sequences were trimmed and aligned
using Trimmomatic 0.36 and scaffold genomes were assembled using
SPAdes 3.15.1.

Identifying associations between host protein binding and
bacterial genes

To predict the specific microbial gene (or genes) mediating a given
strain-human protein interaction, we assessed the overlap between
strain genomic content and human binding partner patterns. The
process proceeded in several steps. First, we selected the subset of
strains with (1) atleast one interaction and (2) for which we could obtain
sequenced genomes with genes assignable to UniRef90 and UniRef50
(‘UniRef’) families by existing annotations or homology (see ‘Com-
paring genome and interactome similarity of C. acnes strains’). We
then set aside UniRef families that occurred in only one strain, less
than 5% of strains or more than 95% of strains (effectively selecting
for ‘higher-variance’ genes for downstream association testing). We
similarly set aside human proteins thatinteracted with only one strain
and optionally less than 5% or more than 95% of strains. Then, the UniRef
families and human proteins were separately grouped according to the
strains that they were presentin orinteracted with, respectively, using
awithin-group Jaccard similarity threshold of 0.8. The most prevalent



member of each group was taken asits ‘representative’. For each pair of
UniReffamily and human protein representatives, we cross-tabulated
the presence or absence of the UniRef and the presence or absence of
aninteraction with the human protein over strains in our initial anno-
tated set. Each table of counts was then assessed for statistically signifi-
cant association via Fisher’s exact test, with the nominal Pvalues FDR
adjusted by the Benjamini-Hochberg method. Inthe analysis of C. acnes
strains at the UniRef90 level, we identified 130 statistically significant
(FDR g < 0.25) pairs of representative UniRef90 families co-occurring
with the binding activity for a representative human protein. In the
analysis of Staphylococcus strains at the UniRef50 level, we identified
4,657 suchinteractions.

Bacterial binding to mammalian cells

The R. gnavus strains NWP326 and NWP327 were streaked on GIFU
platesandincubated overnight at 37 °C, all while maintaining anaero-
bic conditions. Single colonies were picked and used toinoculate 3 ml
GIFU cultures, which were returned to 37 °C overnight, after which
cultures reached an OD of approximately 2.5. Cultures were washed
twice with PBS and resuspended in PBS with 20 pM CFSE, then shaken
at230 rpm for 1 hat 37 °C. Bacteria were washed twice with PBS, then
resuspended in an equal volume of PBS +1% BSA such that the OD
remained at approximately 2.5. CFSE staining was confirmed by flow
cytometry ona Cytoflex (Beckman Coulter). Datawere analysed using
FlowJo (v10).

Expi293 cells (Thermo Fisher; no additional authentication or
mycoplasmatesting was performed after purchase) were transfected
according to the manufacturer’s instructions. Cells were mock trans-
fected or transfected with a vector expressing full-length human CD7
(OHu26017, GenScript) or CD55 (OHu18890, GenScript). Four or five
days after transfection, 1 ml of Expi293 culture was washed once in PBS
and resuspended in1 ml fresh PBS +1% BSA.

For cell-binding experiments, 10 pl of Expi293 cells and 10 pl of
R. gnavus were mixed in a final volume of 100 pl of PBS + 1% BSA. Cell
mixtures were incubated at4 °Cfor1h, then assessed by flow cytometry
on a Cytoflex (Beckman Coulter). Data were analysed using Flowjo
(v10). Datashown were gated for cell size asin Supplementary Fig. 3a.

Phagocytosis assays

Fusobacterium strains were streaked out on tryptic soy agar + 5% sheep’s
blood and incubated at 37 °C under anaerobic conditions. Two days
before the phagocytosis assay, colonies were picked toinoculate 7 ml
cultures of chopped meat medium (Anaerobe Systems) and returned
to37°C.

THP-1cells (American Type Culture Collection; no additional authen-
tication or mycoplasma testing was performed following purchase)
were cultured in RPMI with 10% FBS and 1% penicillin-streptomycin,
and keptat cell densities between1x 10°and 1.5 x 10° cells per millilitre
at 37 °C + 5% CO,. To differentiate the THP-1 cells via high cell density,
cellswereresuspended in RPMIwith10% FBS at 2.5 x 10 cells per milli-
litre, and 100 pl of the cell suspension (250,000 cells) was plated per
well of atissue culture-treated flat-bottom 96-well plate and incubated
at37°C +5% CO,overnight.

For phagocytosis in cis: Fusobacterium strains were washed once
with PBS and resuspended in PBS with 10 pM CFSE at 10D ml™. The
bacteriawere thenshaken at 200 rpmfor1hatroomtemperature. The
bacteria were then washed three times and resuspended at 10D ml™
in PBS. Particle counts of CFSE" bacterial cells were performed ona
Cytoflex (Beckman Coulter) to calculate multiplicity of infection (MOI).
Labelled Fusobacterium strains were resuspended at 1.25 x 107 particles
per millilitrein RPMI + 10% FBS, and 100 pl of the bacterial suspension
(1.25 x 10® particles, MOI 5:1) was added to replace the mediain the THP-1
cells. Labelled bacteriaand THP-1cells were co-incubated at 37 °C + 5%
CO, for 2 h. Cells were washed once inice-cold PBE and fixed with 4%
paraformaldehyde in PBS for 10 min on ice. Cells were washed twice

morein PBE and resuspendedin 200 ul PBE. Half of the sample (100 pl)
was transferred to anew 96-well plate and mixed with 30 pl trypanblue
to quench non-internalized CFSE signals. Phagocytosis was assessed
by quantifying CFSE* THP-1cells on a Cytoflex (Beckman Coulter). Data
shown were gated for cell size as in Supplementary Fig. 3b.

For phagocytosis in trans: Fusobacterium strains and THP-1 cells
were prepared in the same way as for the phagocytosis in cis experi-
ments. Particle counts for fluorescein-labelled E. coli K12 bioparticles
(Invitrogen) and unlabelled Fusobacterium strains were performed on
a Cytoflex (Beckman Coulter). Bioparticles and Fusobacterium were
resuspended in RPMI +10% FBS such that 50 pl bioparticles contain-
ing 250,000 particles (MOI 1:1) and 50 pl unlabelled Fusobacterium
strains containing 500,000 particles (MOI 2:1) were added to THP-1
cells. Bioparticles, Fusobacterium and THP-1 cells were co-incubated
at37°C+5%CO,for1hand washed, fixed and quenched asin the previ-
ously described experiments. Phagocytosis was assessed by quantifying
CFSE" THP-1 cells on a Cytoflex (Beckman Coulter). Data shown were
gated for cell size as in Supplementary Fig. 3b.

Gnotobiotic mouse experiments

Bacteroidesstrains were streaked out on GIFU agar plates and incubated
at37 °Cinananaerobic chamber. Overnight cultures wereinoculated
with colonies picked into 5 ml of GIFU broth and returned to 37 °C.
Six- to eight-week-old female germ-free C57BL/6 mice were individu-
ally gavaged with 200 pl of overnight Bacteroides culture normalized
to 10D ml™ and housed for 2 weeks in microisolator cages (ISO72P,
Tecniplast).

Gnotobiotic mouse experiments were performed in duplicate (ini-
tial RNA sequencing colonization experiments) as a screening proce-
dure, and with five mice per group for follow-up experiments, based
on previous experience with similar monocolonization experiments.
Sex-matched and age-matched mice were randomized into different
treatmentgroups. No groupsrequiring blinding were used in this study.
Samples from different groups were handled and analysed in parallel
in the same way. All mice used in the study were bred in the Palm Lab
Gnotobiotic Facility at the Yale School of Medicine. Mice were housed
inacontrolled temperature (22 °C) and humidity (50%) room undera
12 h-12 hlight-dark cycle. All animal protocols were approved by the
Yale University Institutional Animal Care and Use Committee (IACUC
protocol 11513).

RNA sequencing

The distal 2 cm of tissue of the colon and of the terminal ileum were
collected from aforementioned monocolonized mice for RNA sequenc-
ing. Tissues were placed in 500 pl RNAprotect (Qiagen) and incubated
at 4 °C overnight. The following day, samples were transferred to
—-80 °C until further processing using the RNeasy Mini Kit (Qiagen)
with on-column DNase digestion, according to the manufacturer’s pro-
tocol. Sequencing libraries were generated with the lllumina Stranded
Total RNA Prep with Ribo-Zero Plus kit (Illumina). The libraries were
normalized and pooled for sequencing on a full lane of a NovaSeq S4
2x100 bp by YCGA. RNA sequencing results were analysed in Partek-
Flow 11.0.24.0102.

IZAELISAs

To quantify faecal IgA, faecal pellets were collected from each mouse
after 2 weeks of monocolonization. Half of a pellet was added to 500 pl
sterile PBS and homogenized with Lysing Matrix D 1.4-mm zirconium-
silicate beads (MP Biomedicals) in a bead beater for 10 s. Samples
were centrifuged at 50g for 15 min at 4 °C to discard large debris. The
supernatant was collected and centrifuged at 10,000g for 3 min to
pellet the bacteria. The supernatant was used as input for protein
quantification. Pierce BCA protein assays (Thermo Scientific) were
conducted according to the manufacturer’s instructions to quantify
total proteininthe faecal supernatant and used to normalize IgA ELISA
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results. Nunc-Immuno Microwell 96-well plates (Thermo Scientific)
were coated overnightat4 °C with 50 pl per well of goat anti-mouse IgA
(55478, MP Biomedicals) diluted 1:2,000 in PBS. The plates were washed
three times with200 pl1x TBS-T (Thermo Scientific) and blocked with
150 pl3% BSA (Sigma-Aldrich) in PBS for 2 hatroom temperature. The
plates were washed with TBS-T three times again. Tenfold serial dilu-
tions spanning undiluted to 10,000x were made with samples in PBS
and 50 pl was added to each well. A standard curve was established
withmouseIgA, k (553476, BD Biosciences) from 5 pg ml™ to 2.4 ng mi™.
Samples were then shaken for 2 h at room temperature. The plates
were washed with TBS-T four times and then incubated with 50 pl of
goat anti-mouse IgA-horseradish peroxidase (A4789, Sigma) diluted
1:5,000 in PBS + 1% BSA for 30 min at room temperature on a shaker.
Plates were washed with TBS-T six times, developed with100 pl Pierce
TMB substrate (Thermo Scientific) and stopped with100 12 M H,SO,,
as indicated by the manufacturer’s instructions, before reading on
aplatereader at 450 nm. IgA ELISA concentrations were calculated
based on the standard curve and normalized by total protein content
of each sample.

Statistics and reproducibility
All strains were run in triplicate during BASEHIT screening. Initial
BASEHIT optimization experiments indicated that triplicate data were
sufficient to identify outlier (non-concordant) results. The full strain
collection screen wasrunonce. Flow cytometry validation of BASEHIT
results by recombinant protein staining were performed 2-5 times on
new cultures of bacteriato confirm consistency of the phenotype, and
allreplication attempts were successful (Figs.1cand 4c,d). Experiments
testing bacterial binding to mammalian cells were performed four times
independently, and all replication attempts were successful (Fig. Sband
Extended Data Fig. 10a). Phagocytosis experiments were performed
three timesindependently, and all replication attempts were successful
(Fig.5d,e and Extended DataFig. 10b). Data shown are representative
for the experiments. RNA sequencing experiments were performed
once with two mice per group (Fig. 5g,h). Two independent faecal IgA
experiments were performed and successfully replicated (Fig. 5i).
Invitro experiments were performed in triplicate or quadruplicate
based on previous experience with similar experiments. Gnotobiotic
mouse experiments were performed in duplicate (initial RNA sequenc-
ing colonization experiments) as a screening procedure, and with five
mice per group for follow-up experiments, based on previous experi-
ence with similar monocolonization experiments. Sex-matched and
age-matched mice were randomized into different treatment groups.
GraphPad Prism (v9 and v10) and R (v4.1.0) were used for statistical
tests and figure generation.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Alldata supporting this study areincluded in the paper and its associ-
ated supplementary tables or deposited in publicly available databases.
Source Data is available for all figures (Figs. 1-5 and Extended Data
Figs.1-10). Raw BASEHIT sequence data were deposited and are avail-
ableatthe NCBISequence Read Archive with the BioProjectidentifier:
PRJNA1039280. Mapped barcode data have been deposited and are
available at Zenodo (https://doi.org/10.5281/zenod0.10606150)°'. RNA
sequencing data and whole-genome sequences for Staphylococcus
strains were also deposited and can be found at PRINA1039280. Public
databases used: bioBakery 3 (https://github.com/biobakery), Species
Genome Bin (http://segatalab.cibio.unitn.it/data/Pasolli_et_al.html),
ProTraits (http://protraits.irb.hr/), UniProt (https://www.uniprot.
org/), Gene Ontology (https://geneontology.org/), proteins physical

properties® and the Human Protein Atlas (https://www.proteinatlas.
org).Source data are provided with this paper.

Code availability

The custom code for the analysis of BASEHIT data has been deposited
andis available at Zenodo (https://doi.org/10.5281/zenodo.10606150)"".
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Extended DataFig.1| Yeast exoproteome library composition and diversity
and bacterial strain collection composition and diversity. a, Extracellular
proteinsequencesare curated and cloned into astandardized backbone
featuring a C-terminal epitope tag. Proper display is confirmed via epitope tag
staining, as well as binding by confirmation-specific antibodies or endogenous
ligands for asubset of proteins. b, Schematic of expression construct usedin
theyeastdisplay library. c, Proportion of the human exoproteome represented
intheyeastdisplay library.d, Each proteinis represented by multiple barcodes,
withamedian of 20 barcodes per protein. Boxplot shows median, IQR, and

whiskers extend to 1.5x IQR for n = 3,406 epitopes from 3,336 proteinsin the
library. e, Tissue expression (defined as Normalized Expression (NX) >10inthe
Human Protein Atlas) of proteinsin thelibrary, grouped by barrier,immune,
and sterile tissues. f, Percentage of proteinsin the library belonging to highly
represented protein families. g, Number of strains fromindicated genera,
showingallgenerawith 9 or more strains. h, Number of strains fromindicated
species, showingall species with 5 or more strains. i, Number of strains from
different body sites, showing all body sites with 5 or more strains.
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Extended DataFig.2|BASEHIT optimization with AIECidentifies conditions
thatyieldselectivity and specificity and are broadly specific across diverse
known host-microbe interactions. a, Enrichment of CD55and CEACAM1by
AIEC using different bead:cell ratios. Enrichment is defined as the fold change
infrequency of reads for the indicated proteinin the post-selection library
relative to the pre-selectionlibrary. Enrichment of both CD55and CEACAM1
decreases withincreasing cell:bead ratio. b, Enrichment of CD55and CEACAM1
by AIEC labelled with variable concentrations of sulfo-NHS-biotin reagent.
Increasing or decreasing concentrations of biotin decrease enrichment of
CD55and CEACAML. ¢, Enrichment of CD55 and CEACAM1 by various E. coli
strains with or without expression of Dr-family adhesins asindicated. CD55 and

CEACAM1 are specifically enriched by the Dr-adhesin containing AIEC strain.
d, Exoproteome-wide host exoprotein binding pattern of AIEC determined by
BASEHIT.CD55and CEACAM1 are enriched substantially more thanany other
protein.Dataina,brepresentthe mean t+s.d., fromn=3independentsamples.
e, Diverse bacterial strains with previously described interactions with
human exoproteins were screened by BASEHIT and assessed for enrichment.
Interactions that were successfully detected by BASEHIT are shown as filled
circles, whileinteractions that BASEHIT failed to detect are shown as empty
circles. The overall rate of detection of previously reported interactions (54%)
isshowninthe pie chartontheright.
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Extended DataFig. 3 |Impacts of biotinylation and bacterial cell density
onthedetection ofinteractions viaBASEHIT. a, Four bacterial strains with
differinginteraction profiles were grown and labeled with a titration of biotin
ranging from 50 nMto 500 uM and then screened by BASEHIT. The enrichments
of each protein hit are shown across all conditions, along with the enrichments
oftwo predictedinert proteins — the coronaviral spike protein 229E-S1, and the
arylsulfatase ARSA, which serve as internal negative controls. The biotin
concentration used for labellingin ourlarge-scale screen (5 pM) is highlighted
inteal. Acrossall tested interactions, 5 uM biotin exhibited enrichments within
two-fold of the “optimal” condition, and no appreciable enrichment of inert
proteins was observed under any conditions. Datarepresent the mean +s.d.

fromn=3independent experiments.b, Five strains were screened via BASEHIT
atbacterial amounts ranging from 50 pL of 0.250D/mL to 10 OD/mL per well.
Theenrichments of hitsidentifiedin the BASEHIT screen, as well as the predicted
inert proteins 229E-S1and ARSA. The density usedin our large-scale BASEHIT
screen, 50D/mL, is highlightedineachgraph. Across all tested interactions, an
input of 50 pL of 50D/mL provided enrichment within two-fold of the “optimal”
condition,and no appreciable enrichment of inert proteins was observed under
any conditions. The density of bacterial particles was determined via volumetric
counts for 97 strains used in our large-scale BASEHIT screen (all strains were
at-50D/mL). Thefive strains selected approximated the lower and upper
bounds of particle density (-1 x 107 to -3 x 108 particles/mL).
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Extended DataFig. 4 |Modelling and scoring procedure metrics. a, A
histogram of the protein barcode representationinthe inputlibrary. The wide
spread onthelog,, x-axisindicates a high degree of variability. The model
accounts for this by using barcode input concentration as an offset term. Each
tickmark across the x-axis below the histogram represents a protein. b, AVenn
diagramshowinginteraction counts that pass each of the three hit-calling
thresholds for the standard threshold set (95% interval excludes zero, estimated
effectsize>0.5,and concordance score>0.75). ¢, A plot of normalized counts
demonstrating the utility of the concordance threshold. Both interactions
shown have about the sameinteraction score (around 1.9) and similarly variable
inputsinthePrelibrary (top panels), but the concordance between normalized
output counts (bottom panels) inthe TFF2:HM645 interactionis much higher
thanin SLC6A9:HM1171. Grey cells represent zero counts. d, A histogram of
concordancescores forallinteractionsin the assay. Dashed vertical lines indicate

the stringent and standard thresholds. e, Saturation curves from repeated
rarefaction analysis. Given thatbothsets of thresholds have roughly plateaued,
we can conclude that we have identified most of the interactions thatare
detectable under the experimental conditions. f, Comparison of the results of
aninitial run of the scoring method against five repeated runs where the standard
deviation of the normal prior oninteraction scores varied from 0.075t0 0.3.
Eachdotrepresentsthescore ofaparticularinteraction. Only interactions that
were ahitinatleastone runare shown. The middle panel uses the same value as
theinitial run, showing the extent of Monte Carlo error. As expected, the rank
andrelative magnitude of scores are highly consistent between runs, while
narrower priorslead to lower scores and fewer hits and wider priors lead to
higher scores and more hits. The two distinct groups of interactions visible in
the panels withwide priors represent subpopulations of interactions thatare
either more or lessamenable to the zero-inflation component of the model.
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Interactor similarity vs. phylogenetic distance (p.d.) Interactor similarity vs. phylogenetic distance (p.d.)
Global: 5,565 strain pairs at any p.d. “Intraspecies”: 907 strain pairs at p.d. < 0.02
Spearman r=-0.416; Mantel p <0.0001 Spearman r=-0.513; Mantel p < 0.0001
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Extended DataFig.7|Relationships between similarity in strains’ score betweenstrains’ sets of human proteinbinding partners (ignoring strains
interaction profiles and their phylogenetic distance.a, Wecomputed a withnobinding partners). b, We separately considered the subset of n =907
phylogenetic tree over 108 genomes of tested strains based on ~400 broadly strain pairs with phylogenetic distance <0.02 substitutions per site, which
distributed protein families. We compared distancesin this tree with similarity =~ waslargely synonymous with a conspecific relationship in taxonomy. Inboth
of strains’ interaction profiles using Spearman correlation (n = 5,565 strain regimes, interaction similarity and phylogenetic distance were strongly and
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection No custom code or software was used to collect data.

Data analysis Primary BASEHIT analysis was performed with custom code in R - all code is available as an R package at github.com/andrewGhazi/
basehitmodel. Flow cytometry data were analyzed in FlowJo v10. RNA-sequencing data were analyzed in PartekFlow 11.0.24.0102. Bacterial
genome sequences were aligned and trimmed using Trimmomatic 0.36 and assembled with SPAdes 3.15.1. Phylogenetic analyses were
performed using PhyloPhlAn 3.0, Prodigal v2.6.3: February 2016, and DendroPy v4.6.1. GraphPad Prism v9 and v10 and R v4.1.0 were used for
statistical tests and figure generation. Plasmid design and sequence analyses were performed using SnapGene 4.1.3.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

BASEHIT input and output data as well as code are publicly available in this article and associated supplementary tables or at github.com/andrewGhazi/
basehitmodel. Raw sequencing data for BASEHIT barcodes, RNAseq files, and whole genome sequences are available at NCBI Sequence Read Archive BioProject
identifier: PRINA1039280. Source data are provided with this paper. Public databases used were: BioBakery 3 genome and pangenome catalog (PMID: 33944776).
Proteins physical properties as assembled in (PMID: 28459865). UniProt downloaded 12/17/2020 (https://www.uniprot.org/). ProTraits downloaded 12/17/2020
(http://protraits.irb.hr/). Species Genome Bin (SGB) Jan. 2019 release (PMID: 30661755), Proteins physical properties (PMID: 28459865), Human Protein Atlas
(https://www.proteinatlas.org). Bacterial strains not available from BEI may be obtained from the Oh or Palm labs upon reasonable request.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size All strains were run in triplicate during BASEHIT screening. Initial BASEHIT optimization experiments indicated that triplicate data were
sufficient to identify outlier (non-concordant) results. In vitro experiments were performed in triplicate or quadruplicate based on previous
experience with similar experiments. Gnotobiotic mouse experiments were performed in duplicate (initial RNA-sequencing colonization
experiments) as a screening procedure, and with 5 mice per group for follow-up experiments, based on prior experience with similar mono-
colonization experiments.

Data exclusions  No data were excluded during analysis.

Replication All strains were run in triplicate during BASEHIT screening. Initial BASEHIT optimization experiments indicated that triplicate data were
sufficient to identify outlier (non-concordant) results. The full strain collection screen was run once. Flow cytometry validation of BASEHIT
results by recombinant protein staining were performed 2-5 times on new cultures of bacteria to confirm consistency of the phenotype, and
all replication attempts were successful (Fig. 1c and Fig. 4c,d). Experiments testing bacterial binding to mammalian cells were performed 4
times independently, and all replication attempts were successful (Fig. Sb and Extended Data Fig. 10a). Phagocytosis experiments were
performed 3 times independently, and all replication attempts were successful (Fig. 5d,e and Extended Data Fig. 10b). Data shown are
representative for the experiments. RNAseq experiments were performed once with two mice per group (Fig. 5g,h). Two independent fecal
IgA experiments were performed and successfully replicated (Fig. 5i).

Randomization  Sex and age matched mice were randomized into different treatment groups.

Blinding No groups requiring blinding were used in this study. Samples from different groups were handled and analyzed in parallel in the same way.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |:| |Z| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging
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Plants
Antibodies
Antibodies used Anti-IgG PE - Biolegend 409303; PE-Streptavidin - Biolegend 405245; Goat anti-Mouse IgA - MP Biomedicals 55478; Mouse IgA k - BD
Biosciences 553476; Goat anti-mouse IgA-HRP - Sigma A4789
Validation No validation was performed beyond that indicated by the manufacturer. Anti-IgG validation provided by the manufacturer is "Each

lot of this antibody is quality control tested by immunofluorescent staining with flow cytometric analysis." PE-Streptavidin validation
provided by the manufacturer is "This streptavidin product is quality control tested by immunofluorescent staining with flow
cytometric analysis." Anti-Mouse-IgA validation provided by the manufacturer is "Each affinity purified antibody is tested for purity at
10 mg/ml using immunoelectrophoresis. The manufacturer of the mouse IgA k antibody states that the antibody is "routinely tested"
as an ELISA standard. Anti-Mouse-IgA-HRP validation provided by the manufacturer is "Identity and purity of the antibody is
established by immunoelectrophoresis."

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) EXPI1293 (Thermo Fisher); THP-1 (ATCC)
Authentication No additional authentication was performed following purchase
Mycoplasma contamination None

Commonly misidentified lines  no commonly misidentified lines were used in this study
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Mus musculus: six to 8-week-old germ free C57BI/6 mice were monocolonized with bacteria for two weeks before the experimental
endpoint. These mice were bred in the Palm Lab Gnotobiotic Facility at the Yale School of Medicine. Mice were housed in a
temperature (22 C) and humidity (50%) controlled room under a 12h/12h light-dark cycle.

Wild animals No wild animals were used in this study

Reporting on sex Female

Field-collected samples  No field collected samples were used in this study

Ethics oversight Yale University Institutional Animal Care and Use Committee (IACUC protocol 11513)

Note that full information on the approval of the study protocol must also be provided in the manuscript.

€20z |udy




Plants

Seed stocks No plants were used in this study

Novel plant genotypes  No plants were used in this study

Authentication No plants were used in this study
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Flow Cytometry

Plots

Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Bacteria from fresh liquid cultures were washed with PBE and resuspended in staining solution (PBE + protein of interest).
After incubation, bacteria were washed and incubated in secondary solution (PBE + secondary detection reagent, anti-IgG PE
or PE-streptavidin) as appropraite. For flow cytometry of mammalian cell lines, flourescently labeled bacteria were incubated
with cells, washed, and when applicable, quenched.

Instrument Data were acquired on a Sony SA3800, BD LSRII, or Cytoflex cytometer.

Software Flow cytometry data were analyzed using FlowJo v10.

Cell population abundance No cells were sorted and therefore post-sort abundance is not applicable.

Gating strategy For bacterial flow cytometry, no sub-gated populations are defined as indicated flow cytometry plots are single-color

histograms on all cells. For flow cytometry on mammalian cell lines, cells were gated based on FSC and SSC, and single-color
histograms were plotted.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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