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Animals selectively acquire specific symbiotic gut bacteria from their environments that aid host fitness.
To colonize, a symbiont must locate its niche and sustain growth within the gut. Adhesins are bacterial
cell surface proteins that facilitate attachment to host tissues and are often virulence factors for
opportunistic pathogens. However, the attachments are often transient and nonspecific, and additional
mechanisms are required to sustain infection. In this work, we use live imaging of individual symbiotic
bacterial cells colonizing the gut of living Drosophila melanogaster to show that Lactiplantibacillus
plantarum specifically recognizes the fruit fly foregut as a distinct physical niche. L. plantarum establishes
stably within its niche through host-specific adhesins encoded by genes carried on a colonization island. The
adhesin binding domains are conserved throughout the Lactobacillales, and the island also encodes

a secretion system widely conserved among commensal and pathogenic bacteria.

acterial colonization of the animal gut

assembles into a microbiome that aids

in digestion (7), vitamin production (2),

host immune modulation (3), and exclu-

sion of pathogens (4). Colonization de-
pends in part on bacterial requirements for
nutrients, pH, and O,; resistance to host factors,
including stomach acid, bile salts, and immune
effectors; as well as successful competition with
other bacterial strains (5).

Along the length of the animal gut, there is
physiological gradation of host digestive pro-
cesses, such as protein decomposition and lipid
absorption. Correspondingly, the mouth, stom-
ach, jejunum, and colon have distinct micro-
bial compositions (6, 7). Hosts can control the
localization of bacteria by providing a niche
that sequesters and maintains specific bacte-
ria (8-1I). Bacteria have cell wall proteins called
adhesins, which attach to host tissues and re-
duce washout by peristaltic flow (12). Adhesins
do not have a conserved structure; they often
bind nonspecifically by electrostatic interac-
tions between the cell wall and host tissues (12)
and, as a result, have a spectrum of affinities
for different parts of the gut. The substrates of
adhesin binding are often part of the extracel-
lular matrix or the mucus, the composition of
which varies along the digestive tract (13). Al-
though specific binding by means of terminal
mannose glycosylation in the urinary tract is
known to occur in an Enterobacterial pathogen
(14), conserved mechanisms of host specificity
are not known to regulate symbiont coloni-

'Biosphere Sciences and Engineering Division, Carnegie
Institution for Science, Baltimore, MD, USA. “Department of
Biology, Johns Hopkins University, Baltimore, MD, USA.
3Department of Ecology and Evolutionary Biology, University
of California Los Angeles, Los Angeles, CA, USA. “Department
of Human Genetics, University of California Los Angeles,

Los Angeles, CA, USA.

*Corresponding author. Email: ludington@carnegiescience.edu
tThese authors contributed equally to this work.

Gutiérrez-Garcia et al., Science 386, 1117-1122 (2024)

zation. However, cophylogenetic patterns of
evolution between symbionts and their hosts
(15-17) suggest that some conservation does
exist. How hosts and symbionts recognize one
another and maintain site-specific colonization
remains poorly understood, even in the best-
studied models.

Genomic islands that promote host associa-
tion are best studied in opportunistic pathogens,
including Streptococcus and Staphylococcus,
which are lactic acid bacteria related to the
lactobacilli (Z8-20). Symbiosis islands are also
known from symbiotic bacteria (21), including
the Vibrio fischeri strains that colonize the
light organs of squid (22). These islands carry
clusters of genes that are likely involved in
bacterial association with their host and often
encode adhesins (23).

Differentiating transient, nonspecific elec-
trostatic attachments—often observed in oppor-
tunistic pathogens—from host-specific adhesion
to a symbiotic tissue is complicated. Niche lo-
cations occur within parts of the host’s body
that are difficult to access and interrogate,
and other selective pressures, such as nutrient
availability, act simultaneously. Live imaging
studies, for instance in zebrafish larvae, can be
used to directly observe bacterial cells as they
migrate through the gut (24). In this work, we
present a single-bacterial cell tracking method
in living Drosophila to differentiate between
specific adhesion to a precise physical location
in the gut and transient pathogen-like adhe-
sion. Drosophila melanogaster fruit flies are
an emerging model system for the gut micro-
biome, hosting a relatively low diversity of 5
to 20 commensal species, including Firmicutes
and Proteobacteria (25). Lactiplantibacillus
plantarum, a widely used human and animal
probiotic (26, 27), has consistently been found
in Drosophila spp. (28, 29), in which it colo-

nizes a precise, spatially defined physical niche
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in the foregut of the adult fly, particularly the
crop and proventriculus (9). A host-specific
adhesion mechanism has never been identified
for L. plantarum, despite its capacity to colo-
nize many different metazoan hosts (30, 31).
In this work, we investigated the physical and
genetic basis of specificity for fly gut coloniza-
tion by L. plantarum and found broad con-
servation of genes across the Firmicutes—one
of the most frequently host-associated bacte-
rial phyla but for which host specificity genes
are largely unknown.

Lactiplantibacillus colonizes by stable binding
in the niche

L. plantarum WF (LpWF), isolated from the gut
of a wild D. melanoguaster, colonizes the gut with
higher efficiency compared with related strains
of L. plantarum isolated from humans, labora-
tory flies, or silage (Fig. 1, A to F, and fig. S1)
(9, 32). To investigate the stability of colonization
at the single-bacterial cell level, we directly vi-
sualized individual mCherry-expressing bacterial
cells colonizing the niche in living flies by
optimizing the Bellymount video microscopy
technique (33) at a focal plane in close proximity
to the inner surface of the fly’s crop (Fig. 1, G and
H, and fig. S2). As a control, we imaged the silage
isolate, LpATCC8014 (Fig. 11 and movie S1), which
moved with a median diffusion coefficient of
0.10 um?/s (Fig. 1J), consistent with the theoretical
prediction from the Stokes-Einstein equation
(fig. S2). L. plantarum lacks cellular machinery
for motility, such as flagella (31), so the observed
Brownian motion is expected. In LpATCC8014,
cases of transient binding were observed fol-
lowed by detachment, consistent with observed
probabilistic colonization (32). By contrast,
LpWEF cells adhered to the inner surface of the
crop (Fig. 1, H and K, and movie S2) with a me-
dian diffusion coefficient of 0.001 pm?/s and
did not detach. Attachment by LpWF cells and
lack of attachment by LpATCC8014 cells were
independent of whether the cells were alive or
dead (fig. S3), which indicates that the stable
localization in the crop is the result of a physio-
chemical binding interaction. Thus, LpWF cells
colonize by a form of high-affinity adhesion
rather than by transient adhesion and rebind-
ing. We note that high-affinity binding occurs
only in the foregut and not in any other part of
the gut, including the midgut (9).

Isolation of mutants with loss of
colonization specificity

We first undertook a genomics analysis be-
tween LpATCC8014 and LpWF to identify the
genetic basis for LpWF adhesion in bacteria.
‘We observed 596 separate genetic differences
(table S1), none of which was a clear candidate
for colonization (supplementary materials).
We next screened for colonization genes
using an evolve and resequence approach (Fig.
1L). We used continuous growth of LpWF in a
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Fig. 1. Live imaging of bacterial cells in the Drosophila gut shows that
LpWF attaches specifically to a physical niche in the host foregut.

(A and B) Schematics showing the anatomy of the fruit fly gut in the fly (A)
and dissected (B), with the symbiotic niche highlighted in red. (C and

D) Confocal micrographs of proventriculus (C) and crop (D) colonized by
mCherry-labeled LpWF. (E and F) Confocal micrographs of proventriculus
(E) and crop (F) colonized by mCherry-labeled LpATCC8014. Scale bars,

20 um. (G) Schematic and photos showing the Bellymount apparatus for
live imaging. (H) X-Z (top), X-Y (middle), and X-Y (bottom) time series
images of LpWF by Bellymount. (I) X-Y time series and particle tracking of

rich liquid medium to eliminate selection pres-
sure for attachment to the fly while maintaining
selection for robust growth. After 51 passages,
we observed a maintenance of growth rate (fig.
S4 and table S2) and a decrease in colonization
efficiency for all 12 replicates (Fig. 1M, fig. S4,
and table S3). Replicate three at passage 51
(LpWFRF°™) was the weakest colonizer between
biological replicates (Fig. 1M and fig. S5). During
the passage experiment, LpWF*P! decreased
in colonization efficiency measurably at pas-

sage 37 (Fig. IN and fig. S5), indicating that a
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mutant with loss of function in one or more col-
onization genes took over the population at this
time point. Bellymount imaging revealed a sharp
decrease in gut adhesion and an increase in dif-
fusion rate to 0122 pm?/s for LpWF versus
0.001 um?/s for LpWF (Fig. 10 and movie S3).

Deep sequencing of mutants reveals
a putative colonization island

To identify genomic changes associated with
the colonization defects observed in the evolved
populations, we resequenced the evolved strains
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LpATCC8014. (J and K) Histogram of coefficients of diffusion for individual
LpATCC8014 (J) and LpWF (K) cells. n = 500 tracks from five biological
replicates. (L) Schematic describing the experimental evolution screen.

P, passage. (M) Percentage of flies colonized by each of the 12 experimental
replicates at passage 51. n = 72 individual flies from three biological
replicates per strain. (N) Percentage of flies colonized by evolved strains
diminished with passage number. n = 72 individual flies from three biological
replicates per time point. (0) Histogram of coefficients of diffusion for
LpWFRSPSI n = 500 tracks from five biological replicates. Statistics by
Kruskal-Wallis test; ****P < 0.0001.

and mapped the reads to the LpWF assembly,
finding only 11 single-nucleotide polymorphisms
(SNPs) with no obvious linkage to coloniza-
tion (fig. S6 and table S4). The LpWF Illumina
assembly was highly fragmented, with 316 contigs
(table S5). To search for structural variants, we
resequenced both LpWF and LpWF*P! using
PacBio HiFi (table S5), obtaining an assembly
for LpWF composed of a single circular chro-
mosome [3.23 mega-base pairs (Mbp)] plus
five plasmids [plasmid 1, 185.5 kilo-base pairs
(kbp); plasmid 2, 60.0 kbp; plasmid 3, 41.6 kbp;
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Fig. 2. A colonization island containing SRRPs drives L. plantarum adhe-
sion to the gut. (A) Long-read sequencing of LpWF and the experimentally
evolved mutants indicates a colonization island. (B and C) PFGE and Southern
blotting of plasmid partition genes shows a reduction in length of the linear
pKG plasmid that contains the colonization island (B) and loss of the colonization
island (C) using probes for the island-specific genes srpA and srpB. (D) Map

of the island with functional annotations. See fig. S13 for additional annotations.
(E) SRRP protein schematics. (F and G) Negative stain EM of LpWF (F) and

LpWF::Aisland (G). Arrowhead indicates fibril structures. Scale bars, 500 nm.
(H) Quantification of colonization of flies by LpWF, LpDm13, LpDm48, and mutants.
n =100 flies per strain. (I) Bellymount quantification for LpWF::Aisland. (J and

K) Negative stain EM of LpWF carrying CRISPRi with single guide RNA (sgRNA)
negative control (J) and sgRNA targeting srpA and srpB (K). (L and M) Bellymount
of LpWF carrying CRISPRi with sgRNA negative control (L) and sgRNA targeting srpA
and srpB (M). (N) Colonization quantification for CRISPRi knockdowns (KDs) in
LpWF. Statistics by Fisher's exact test; ****P < 0.000L; ns, not significant.

plasmid 4, 17.2 kbp; and plasmid 5, 15.8 kbp] (Fig.
2A). Analysis by polymerase chain reaction
(PCR) and read mapping to our reference ge-
nome for LpWF showed that plasmid 1, which
we named pKG-WEF, is linear, whereas the four
remaining plasmids are circular (figs. S7 and
S8 and table S6). Linear plasmids are known
to occur in several lactic acid bacteria, includ-
ing L. plantarum (34).

In LpWF?3L the linear pKG-WF plasmid
was truncated by loss of a contiguous 82.8-kbp
region from one end (Fig. 2A). Alignments of
short reads from passage 51 of each of the 12
evolved population replicates showed signif-
icant reduction in coverage of this region (fig.
S9), indicating a consistent genetic basis for
the loss of colonization. On the basis of short-
read resequencing of each time point in repli-
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cate 3, we found that loss of the region occurred
in the second week of passaging, with a negative
selection coefficient of 4% per generation (fig.
S10), consistent with the faster growth rate of
the mutants (fig. S4). We confirmed loss of the
region by pulsed-field gel electrophoresis (PFGE)
and Southern blot analysis, which identified a
reduction in the molecular weight of the linear
plasmid pKG, consistent with the PacBio ge-
nome assembly (Fig. 2, B and C, and fig. S11).
Functional annotation of the lost region
using InterProScan (35) revealed 80 open read-
ing frames (ORFs) (Fig. 2D), including two pu-
tative large adhesins belonging to the group
of serine-rich repeat proteins (SRRPs), which
are known from Streptococcus, Staphylococcus,
and one lactobacillus species, yet their specific
role in host association remains little under-
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stood (20, 36). The two LpWF SRRPs, which
we call smpA and srpB, are 2714 amino acids
and 4799 amino acids, respectively, and make
up 26.7% of the region’s sequence, which is
large for bacterial proteins but average for
SRRPs (Fig. 2E). The region also contained the
auxiliary SRRP secretion genes called the aSec
system (Fig. 2D) (19, 20, 37, 38). SRRPs typ-
ically form fibrils on the cell wall (39, 40). Using
negative stain electron microscopy (EM), we
observed filamentous structures that were
roughly 500 nm in length on the surface of
LpWEF cells (Fig. 2F).

The colonization island is necessary for
colonization specificity

To determine the role that deletion of the re-
gion played in the evolved mutant colonization

3of6

G70T 70 Arenue[ uo s9[o3UY SO BIWIOJR)) JO ANSIOATU[) I8 SI0°90USI0S  Mma//:sd1iy WOoIj papeo[umO(]



RESEARCH | RESEARCH ARTICLE

Campylobacter coli 1921C12
Pseudoramibacter porci RF744FAT4
Clostridium sp. HGM13489

Dorea sp. 5-2

Pseudobutyrivibrio ruminis HUN00O9
Kandileria vitulina KH4T7

Gemella palaticanis CIP 106318
Staphylococcus coagulans 1031373
Staphylococcus hyicus SG-7
Staphylococcus singaporensis SS87
Staphylococcus epidermidis NCTC13924
Macrococcus bohemicus 19Msad22
Ignavigranum ruoffiae CPL 242382-20
Aerococcus sanguinicola UMB623
Enterococcus casseliflavus ECB140
Enterococcus gallinarum FDAARGOS 163
Lactococcus garvieae FDAARGOS 1062
Streptococcus suis ISU2912
Streptococcus plurextorum DSM 22810

Sality

L oo booebbebbboostbsssss

Streptococcus australis NCTC13166
Streptococcus oralis Uo5
—o . Leuconostoc mesenteroides CBA3607
198 Leuconostoc suionicum Dm-2019-54
Oenococcus sp. UCMA 16435
Weissella koreensis CBA3615
Weissella minor DSM 20014
Lacmbac:llus crispatus UNTSLAC11
icaseibacillus casei FBL6
— Lacmbac:llus murinus CR147
e Lactiplantibacillus plantarum WF
e . Lactiplantibacillus plantarum MSJK0048
]0707. Lactiplantibacillus plantarum Dm13

e He b e

)i
ﬁtﬁ—bﬁlﬁ? #Wt—»ﬁ%bﬁ* ENM ol ==y @E»"#Wd

) =l
w—»mﬁmﬁmﬁqm—»m Eﬁﬁ# #\ *WWW#JW

o Lactiplantibacillus plantarum Dm48 [}
—e  Fructilactobacillus fructivorans DmCS002
e Lactobacillus oris PB013-T2-3
o | Limosilactobacillus reuteri TD1

Human Fruit fly
B Food

Ruminants

@ Pathogenic

@ Nonpathogenic Rodents

& ?‘W#ZWH'ZWWWH S bl i

== e

SRRPs
SecA2/SecY2

Glycosyltransferase
Accessory secretory proteins

Chicken
D

0g
Other

h L plantarum
e

e ] =
= ZF 75
P g E. gallinarum

E. casseliflavus %

Lo g T
/’«;ﬁ AR =34 o “gf;'?"'"*
A
Rumln?coccus e— ¥
flavefaciens
Stap. epidermidis ,4/ Clostridiaceae
7
g . ./
.. () . S
X, ) i &f@?f’g ___®
oQ® o
=y *;‘,
Cluster2 O = L ori
= oris
o/'\%?
o¥ - I
® e
o0 3 o ‘
o
o 00 L. reuteri
Cluster 3 .. C/F fructivorans
®

Fig. 3. The colonization island is widely conserved in host-associated bacteria. (A) Core genome phylogeny of 36 species and maps of their corresponding
colonization islands. (B) Clustering analysis of the binding regions of diverse bacterial colonization islands and representative predicted structures for each of the

clusters. See fig. S24 for complete results.

phenotypes compared with the effect of the
11 point mutations, we developed a Cas9-based
approach to remove the complete region by
truncating the pKG plasmid in the LpWF back-
ground (fig. S12). Negative stain EM confirmed
loss of the surface filaments in this mutant,
LpWF::Aisland (Fig. 2G). The mutant exhibited
an =85% reduction in colonization efficiency
relative to the wild type, indistinguishable from
the LpWF?*"! mutant, which indicates that
the region is necessary for strong colonization
(Fig. 2H). We therefore call this region a col-
onization island. Bellymount of LpWF::Aisland
confirmed that the island is necessary for
single-cell stable attachment to the crop lu-
minal surface (median diffusion coefficient
0.073 um?/s versus 0.0010 um?/s for LpWF)
(Fig. 21 and movie S4).

Instability of the island during 51 days of
evolution appeared to arise from recombi-
nation of repeated insertion sequences (ISs),
which are small transposable elements that
often occur in genomic islands. We used them
to predict 16 recombination sites within the
island, dividing it into 13 different blocks of
genes flanked by ISs (I to XIII) (fig. S13 and
supplementary materials).

To identify mutants with partial deletions of
the island, we used quantitative PCR directed
at specific IS blocks to screen the early time
points in the evolution experiment when the

Gutiérrez-Garcia et al., Science 386, 1117-1122 (2024)

populations were heterogeneous (fig. S14
and table S7). We isolated two main geno-
types, which we further confirmed using long-
read sequencing (fig. S15): (i) One mutant,
LpWEF::AsrpB+aSec, had deletions of blocks III
to XIII, which included srpB and the aSec sys-
tem and carried the same colonization defects
as LpWF::Aisland, indicating that srpB and
the aSec system were necessary for the func-
tion of the island (fig. S14 and movie S5). (ii)
The other mutant, LpWF::AsrpB+25, had de-
letions of blocks II to IV, including srpB, and
an additional 25 kbp of unknown function at
the plasmid terminus. LpWF::AsrpB+25 re-
tained srpA and the aSec secretion machinery.
Accordingly, LpWF::AsrpB+25 colonized a
greater proportion of flies compared with
LpWEF::Aisland or LpWEF::AsrpB+aSec, which
indicates that srpA and the aSec system aid
colonization (fig. S16 and movie S6). To con-
firm the role of the adhesins in colonization,
we adapted the CRISPRIi system (41, 42) for
single knockdowns of srpA and srpB and a
double srpA and srpB knockdown (fig. S17).
Negative stain EM confirmed loss of the sur-
face fibers in the double knockdown (Fig. 2,
J and K) and loss of the longer fibers in the
srpB knockdown (fig. S17). The negative con-
trol knockdown had the same characteristics
as LpWF (fig. S17 and movie S7). The srpA

knockdown showed wild-type colonization
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and slightly increased diffusion in the crop
(fig. S17 and movie S8), indicating that it is not
necessary for colonization. The srpB knock-
down showed diminished colonization and
adhesion, similar to LpWF::AsrpB+25, indicat-
ing the greater importance of srpB in coloni-
zation (fig. S17 and movie S9). The double
knockdown did not adhere to the crop or col-
onize, indicating that the adhesins are neces-
sary for colonization by LpWF (Fig. 2, L to N,
and movie S10).

Adhesins commonly bind host glycans (43).
We previously had found that several glycan-
binding lectins localize to the foregut niche (9).
We fed flies with lectins before bacterial inocu-
lation to test whether they interfered with LpWF
attachment to the niche. Wheat germ agglutinin
(WGA) and succinylated wheat germ agglutinin
(S-WGA) both blocked LpWF binding to the
niche tissue (fig. S18), which indicates that the
lectins’ primary target, N-acetyl glucosamine,
is bound by the adhesins.

The colonization island is found in other
L. plantarum strains

The colonization island is not present in short-
read genomes for the technical reason that
extensive sequence repeats in the SRRPs and
ISs cause fragmented assemblies with very
short contigs. To directly assess the prevalence
of the colonization island in other L. plantarum
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strains without assembly, we downloaded the
raw reads for the National Center for Biotech-
nology Information genomes from the Sequence
Read Archive (SRA) and aligned them to the
LpWEF island. We first constructed a whole-
genome shotgun (WGS) database with 1247 raw
read datasets sequenced by Illumina (96.1%),
PacBio (2.4%), Oxford Nanopore (0.89%), and
other long-read technologies (0.61%) (table S8).
Next, we mapped the reads against the nucleo-
tide sequence of the island and identified two
L. plantarum strains, LpDml13 and LpDm48,
which were isolated from wild D. melanogaster
flies collected in Ithaca, New York (fig. S19)
(44). We confirmed the presence of the colo-
nization islands by long-read sequencing. The
LpDmi3 and LpDm48 islands are compara-
ble in size to the LpWF island (97.3 kbp and
113.8 kbp, respectively) and are also contained
within a linear plasmid (fig. S20). The island
in LpDmi3 consists of 79 ORFs, whereas the
LpDm48 island comprises 108 ORFs. Both is-
lands harbor two SRRP alleles (SrpA 513 kD
and SrpB 442 kD for LpDm1I3; and SrpA 352 kD
and SrpB 493 kD for LpDm48) and a corre-
sponding aSec secretion system, with numer-
ous adjacent ISs.

LpDmli13 and LpDm48 both colonized nearly
all flies when inoculated at a low dose (Fig. 2H)
with stable populations averaging ~20,000 to
50,000 colony-forming units within the fly gut,
consistent with LpWF (fig. S21), and showed
similar spatial localization and diffusion (fig.
S22 and movies SI1 and S12). We next constructed
mutants in LpDmI13 and LpDm48 with a knock-
out of the complete island. These mutants ex-
hibited an acute colonization deficiency (Fig.
2H and fig. S21), loss of spatial localization, and
adhesion deficiency by Bellymount (fig. S22
and movies S13 and S14) compared with the
corresponding wild-type strains. Overall, our
results indicate a conserved colonization spe-
cificity island within L. plantarum.

The colonization island is conserved across
the Firmicutes

SRRPs with aSec systems were previously
known from just three genera, all within the
Lactobacillales (36). To explore conservation
of the colonization island across other bacte-
rial genera, we first used BLASTP to search for
the complete aSec system in the Pathosystems
Resource Integration Center (PATRIC) data-
base of bacterial genomes, focused on human
bacteria (45). Most bacterial genome assem-
blies were highly fragmented as a result of
the high proportion of repeat elements, which
were also abundant in the LpWF colonization
island. As a conservative approach to identify
homologous colonization islands, we excluded
BLAST hits where the aSec genes were not in a
semicontiguous block because some aSec genes
have homologs in the genome (20). We first
considered cases with at least one complete
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SRRP gene within the aSec block. Owing to the
lack of amino acid sequence conservation in
SRRP genes, we used a hidden Markov model-
based search to detect them (materials and
methods). Despite the preponderance of highly
fragmented genome assemblies, we discovered
complete colonization islands in 207 bacte-
rial genomes, spanning the entire Firmicutes
phylum, including 134 Lactobacillales and
25 Clostridia, as well as in three Actinomycetes
and one e-Proteobacterium (Fig. 3A, fig. S23,
and table S9). We found the aSec system with
a non-SRRP, large adhesin in an additional
42 genomes, including seven Clostridia and
one y-Proteobacterium (fig. $23). Although there
was broad synteny of the aSec genes across the
phylogeny (Fig. 3A), there were differences be-
tween the adhesins, consistent with these being
host specific.

To investigate the conservation of the SRRPs,
we constructed a similarity network on the
basis of structural motifs in the binding re-
gions, revealing 15 clusters and two singletons
(Fig. 3B and fig. S24). We simulated their struc-
tures using RosettaFold (46). Three of these
clusters, including the LpWF cluster, contain a
beta-solenoid motif, which was present in
genera including Enterococcus, Fructilactibacil-
lus, Lactobacillus, Lactoplantibacillus, Leuconostoc,
and Weisella. Another structural motif was a
chain of immunoglobulin-like domains, which
was present in genera including Oenococcus,
Pediococcus, and Staphylococcus as well as in
combination with the beta-solenoid domain in
the LpWF cluster. Additional distinct binding
regions were present in the Clostridiales, in-
cluding in Dorea and Pseudoramibacter. We
analyzed the conservation of amino acids within
each of the three largest clusters of binding
regions (clusters 1 to 3 in Fig. 3B) and found a
strong signature of positive selection (fig. S25),
consistent with the role of these proteins in host
specificity. Nonsynonymous nucleotide changes
were concentrated in the beta-solenoid motifs of
clusters 1 and 3 and in the first immunoglobulin-
like domain of cluster 2 (fig. S25).

On the basis of the conservation of this ge-
nomic region, we defined the minimum col-
onization island gene set composed of seven
core genes with at least one srp; the tandem
transporters secA2 and secY?2; the glycosyl-
transferase gtf4; and three accessory secretory
protein genes, aspl, asp2, and asp3. The order
of the genes was conserved at the genus level
but differed between some families, suggesting
rearrangements within the island on longer
evolutionary timescales (Fig. 3A).

To assess whether the island is predominantly
passed between strains by vertical transfer or
horizontal gene transfer, we performed cophy-
logenetic analysis. Vertical transfer would pro-
duce parallel phylogenies for the core genome
and the colonization island genes, whereas

horizontal transfers of the island would pro-
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duce discrepancies (47). We first reconstructed
the phylogeny of the host species using the
core genome, which was composed of 81 or-
thologous proteins (table S10), and the island
using the six conserved aSec proteins (fig. S26).
‘We then compared the two phylogenies for each
well-resolved clade using a cutoff bootstrap
value of >70 and estimated the Patristic dis-
tance (48, 49). The branching pattern of the
aSec phylogeny overall matched the genome
phylogeny (fig. S26; mean ParaFit Global in-
dex, 0.021; P < 0.05), which indicates that the
colonization island was likely present in the
ancestor of the Firmicutes, a largely host-
associated phylum. Some cases of horizontal
gene transfer were apparent, such as the ac-
quisition of the island by the Gram-negative
Campylobacter coli from the Gram-positive
Staphylococcus epidermidis, indicating spread
of the island beyond the Firmicutes. The bac-
terial genomes that potentially acquired the
island by horizontal gene transfer show no
significant difference in GC (guanine and cyto-
sine) content compared with those bacterial
genomes where the genomic region was ac-
quired by vertical transfer, which suggests that
the horizontal transfers are not recent (fig. S26;
Brunner-Munzel test, P < 0.005).

Conclusions

Our study identified a set of genes for symbiont
gut colonization through specific binding of a
gut niche. The ability to directly observe the
colonization process at the single-bacterial
cell level allows a clear differentiation between
a dynamically stable population where indi-
vidual cells transiently bind the gut wall and
maintain the population by growing faster
than they are shed versus a population where
the individual cells form long-term stable at-
tachments to the gut wall. The molecular mech-
anistic basis for the binding specificity remains
unknown. Future studies to identify the role
of receptor-ligand binding specificity for sym-
biont attachment in mammals will require
methodological developments and the iden-
tification of symbiont strains, their specificity
genes, their physical niches, and the ligands
that define them. Technical challenges include
not only the rapid loss of colonization genes in
culture in rich media (fig. S10) but also frag-
mented genome assemblies resulting from
short-read sequencing of repetitive elements,
including SRRPs. The study of wild strains using
current long-read technologies can overcome
both obstacles.

The genes to enable host colonization in-
clude the aSec system, which is known for se-
cretion of virulence factors in Streptococcus and
Staphylococcus species that are predominantly
opportunistic pathogens (20). The evolution-
ary selection for molecules that lead opportu-
nistic pathogens to cross an epithelial barrier
and cause a systemic infection (74) is distinct
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from the long-term selective pressures on non-
pathogenic commensals (50). To colonize a
new host, a symbiont must selectively bind
the symbiotic niche and not attach to other
lower-quality sites in the host (8, 5I). The evo-
lution of the host digestive tract has also shaped
the selection of beneficial bacterial symbionts
through the availability of different binding
substrates, including glycans (52). Much re-
mains to be discovered about how hosts reg-
ulate the development and maintenance of
physical niches for symbiotic bacteria.
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