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ABSTRACT The human gastrointestinal tract (GIT) is inhabited by a dense microbial
community of symbionts. Enterococci are among the earliest members of this com-
munity and remain core members of the GIT microbiota throughout life. Enterococci
have also recently emerged as opportunistic pathogens and major causes of nosoco-
mial infections. Although recognized as a prerequisite for infection, colonization of
the GIT by enterococci remains poorly understood. One way that bacteria adapt to
dynamic ecosystems like the GIT is through the use of their surface proteins to
sense and interact with components of their immediate environment. In Gram-
positive bacteria, a subset of surface proteins relies on an enzyme called sortase for
covalent attachment to the cell wall. Here, we show that the housekeeping sortase
A (SrtA) enzyme promotes intestinal colonization by enterococci. Furthermore, we
show that the enzymatic activity of SrtA is key to the ability of Enterococcus faecalis
to bind mucin (a major component of the GIT mucus). We also report the GIT colo-
nization phenotypes of E. faecalis mutants lacking selected sortase-dependent pro-
teins (SDPs). Further examination of the mucin binding ability of these mutants sug-
gests that adhesion to mucin contributes to intestinal colonization by E. faecalis.
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Over the past 50 years, enterococci have become a major clinical burden, causing
hospital-acquired infections that are frequently complicated by their intrinsic

resistance to broad-spectrum antibiotics and their ability to form biofilms at the site of
infection (1, 2). In addition to being important infectious agents, these organisms are
ancient members of the gastrointestinal tract (GIT) microbiota that evolved to colonize
the digestive organs of diverse hosts from humans to insects (3, 4). This ability to
efficiently colonize the gut is key for pathogenesis, as the GIT is the reservoir for
disease-causing enterococci (5). Unfortunately, the molecular basis for GIT colonization
by enterococci is poorly understood. An understanding of the mechanisms underlying
GIT colonization by enterococci could therefore reveal potential therapeutic targets to
interfere with enterococcal colonization and potentially provide a basis for understand-
ing colonization by other GIT commensals.

The GIT is a highly competitive environment in which members of the microbiota
compete for limited nutrients. Commensals also are also faced with a multitude of
host-derived and microbe-derived antimicrobials; the ability to tolerate these antimi-
crobials is key to survival in the GIT (6). The continuous flushing of intestinal contents
due to peristalsis poses an additional challenge to commensals. Some investigators
have proposed that commensals evolved mechanisms to attach to the mucus layer
overlaying the epithelium in order to overcome this challenge (7, 8). This mucus layer
has a lower turnover rate than the transit time of food and therefore promotes
retention of its inhabitants (9). To sense and adapt to dynamic environments like the
GIT, bacteria use cell surface proteins. Cell surface proteins can also promote niche
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colonization by serving as adhesins for attachment to the mucosal surface and by
harvesting nutrients and essential metals from the environment.

In Gram-positive bacteria, the members of one particular subclass of cell surface
proteins are covalently attached to the cell wall by the activity of a membrane-bound
enzyme called sortase (10). Such sortase-dependent proteins (SDPs) have a character-
istic cell wall-anchoring domain near their C terminus; this domain consists of a
conserved LPxTG motif followed by a stretch of hydrophobic amino acids and a
positively charged tail (11). The surface-exposed N-terminal domains of SDPs exhibit
functional diversity, including acting as adhesins. Deletion of sortase in most organisms
does not impair cell viability but attenuates virulence, and as a result at least some SDPs
are thought to perform virulence-related functions (12, 13). Enterococcus faecalis en-
codes two sortases: a pilus-specific class C sortase also known as Bps (biofilm- and
pilus-associated sortase) and the housekeeping class A sortase SrtA (14). In E. faecalis,
Bps is encoded immediately downstream of the ebp (endocarditis- and biofilm-
associated pilus) locus and was previously shown to mediate polymerization of the
pilus subunits whereas the base pilin (EbpB) is anchored to the cell wall by SrtA (15).
This organization of the pilus locus is shared by other enterococci (16). In a previous
study, Bps was shown to promote biofilm formation and pathogenesis in a urinary tract
infection model in a manner similar to that exhibited by SrtA (17).

To study GIT colonization, we previously developed an experimental model in which
we use E. faecalis to colonize mice harboring an unperturbed antibiotic-naive micro-
biota (18). Using this model, we determined that a plasmid-encoded bacteriocin can
target the indigenous enterococcal population and enhance colonization by strains
harboring the bacteriocin-encoding plasmid (18). We also described a transmembrane
kinase, encoded by the core genome, that promotes cell envelope integrity and
antimicrobial resistance and is required for GIT colonization (6). Other studies identified
specific enterococcal genes that contribute to colonization (19–21) after antibiotic
pretreatment to achieve long-term GIT colonization. A previous study analyzed the
gene expression of E. faecalis during colonization of germfree mice by RNA sequencing
and found significant changes in several genes involved in nutrient uptake and energy
metabolism (22). A recent review summarized other genes and processes previously
described to be important during enterococcal colonization (23).

To assess the importance of enterococcal cell surface proteins during colonization,
we probed the contribution of SrtA to GIT colonization, revealing that SrtA is required
for effective colonization of the GIT. We also observed that disruption of selected SDPs
impairs GIT colonization and propose a mechanism whereby some of these SDPs
promote colonization by enabling E. faecalis to associate with the intestinal mucus
layer.

RESULTS
Sortase A promotes intestinal colonization. To determine whether SDPs are

involved in GIT colonization, we tested a mutant lacking the housekeeping sortase
gene, srtA, for its ability to colonize the mouse GIT. Even though the ΔsrtA mutant was
not completely eliminated from the GIT, we observed that this mutant persisted at
lower levels than the parental wild-type (WT) strain over the course of a 9-week
colonization experiment (Fig. 1A). To confirm that this phenotype applies to other
members of the Enterococcus genus, we constructed a ΔsrtA mutant in Enterococcus
faecium strain JL619 (a rifampin [Rif]-resistant derivative of E. faecium 1,141,733) and
examined colonization. We found that, similarly to E. faecalis, deletion of srtA resulted
in lower levels of colonization in E. faecium (see Fig. S1 in the supplemental material).

The catalytic activity of SrtA depends on the presence of a conserved cysteine
residue (10, 24) corresponding to C200 in SrtA of E. faecalis. We constructed an E.
faecalis mutant carrying a C200A mutation (to inactivate SrtA) in the chromosome-
encoded srtA gene and observed that this mutant shared the colonization defect of the
ΔsrtA mutant (Fig. S2). These results suggest that the catalytic activity of SrtA is
important during colonization. We also performed competition experiments in which
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mice were fed equal quantities of the ΔsrtA mutant and the parental WT. In order to
selectively quantify each strain by plating, we introduced chloramphenicol (Cm) or
spectinomycin (Sp) resistance genes in the chromosomes of the WT strain and the ΔsrtA
mutant. We performed two competition experiments, one in which the ΔsrtA mutant
was marked with the Cm resistance gene (with the WT strain carrying the Sp resistance
marker) and another, reciprocal experiment in which the ΔsrtA mutant was marked with
the Sp resistance gene. In both experiments, the ΔsrtA mutant was quickly eliminated
from the GIT of several mice (Fig. 1B and D), indicating that the competitive fitness
defect of the ΔsrtA mutant is independent of the antibiotic resistance gene markers.
Regardless of the mode of the colonization experiment (single strain in Fig. 1A or
competition in Fig. 1B and D), WT E. faecalis exhibited greater fitness than the ΔsrtA
mutant. This competitive advantage was quantified by calculating the competitive
index of ΔsrtA mutants relative to WT E. faecalis (Fig. 1C and E). To determine the in vitro
competitive fitness of the ΔsrtA mutant relative to the WT, we inoculated laboratory

FIG 1 GIT colonization by sortase deletion mutants. (A) Groups of mice (n � 5) were colonized with either the E.
faecalis ΔsrtA strain (IB10) or its isogenic wild-type parent (OG1RF). Colonization was assessed by enumerating
viable colonies from fecal samples on rifampin-supplemented BHI agar; geometric means with standard deviations
are shown for each group of mice. (B) Differentially marked strains SK11 (Cm-resistant WT strain) and IB39
(Sp-resistant ΔsrtA strain) were co-fed to a group of 5 mice for 2 weeks, after which colonization was assessed by
enumerating viable colonies from fecal samples on rifampin-supplemented BHI agar containing Cm or Sp. (D)
Differentially marked strains IB40 (Cm-resistant ΔsrtA) and IB38 (Sp-resistant WT) were co-fed to a group of 5 mice
for 2 weeks, after which colonization was assessed as described for panel B. (C and E) Competitive indices of strains
IB39 (Sp-resistant ΔsrtA strain) (C) and IB40 (Cm-resistant ΔsrtA strain) (E) were calculated relative to their WT
counterparts for the competition experiments whose results are presented in panels B and D, respectively.
Geometric means are shown as bar graphs; individual data points denote competitive indices for individual mice.
Statistical significance was evaluated by a one-sample t test comparing means to a value of 1. *, P � 0.01; **,
P � 0.001; ***, P � 0.0001. Horizontal dashed lines represent the limit of detection. Symbols for mice with
undetectable colonization level were omitted; instead, the number of mice for which colonization was not detected
(ND) is shown under the dashed line.
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media with equal quantities of WT E. faecalis marked with a Sp resistance genes and the
ΔsrtA mutant marked with a Cm resistance gene. We incubated the mixed culture at
37°C for 24 h, after which we diluted the overnight culture in fresh media and allowed
continued growth for another 24 h. Two additional culture passages were performed,
and, 24 h after each passage, the mixed cultures were plated on antibiotic-containing
agar for selective enumeration of E. faecalis WT and ΔsrtA mutant CFUs. The compet-
itive index of the ΔsrtA mutant was determined after each passage. As shown in Fig. S3,
the ΔsrtA mutant had fitness comparable to that of WT E. faecalis in laboratory media,
indicating that the colonization defect represented in Fig. 1 is GIT dependent.

We verified that the colonization defect was due to the ΔsrtA mutation, using
complementation to confirm that the introduction of srtA (under the control of the
constitutive P23S promoter) at an ectopic location on the chromosome of the ΔsrtA
mutant restored the ability to compete for a colonization niche with WT E. faecalis (Fig.
S4). Introducing the nonfunctional srtA C200A allele (also under the control of P23S) into
the ΔsrtA mutant did not alter the colonization phenotype, consistent with the hypoth-
esis that the catalytic activity of SrtA promotes intestinal colonization.

In most bacteria, deletion of the housekeeping sortase gene is well tolerated;
however, in Streptococcus pyogenes and Actinomyces oris, the absence of sortase results
in envelope integrity defects which lead to growth defects and susceptibility to
envelope-damaging antibiotics (25, 26).To determine if the E. faecalis ΔsrtA mutant
exhibits similar phenotypes, we assessed growth rates in liquid culture and fecal
suspensions as well as resistance to envelope-targeting antimicrobials (cholate,
lysozyme, ceftriaxone, and human defensin 5) and did not find any difference
between the ΔsrtA mutant and its parental WT strain (Fig. S5 and S6). We also
assessed envelope integrity by measuring permeability with respect to chlorophe-
nol red–�-D-galactopyranoside (CPRG) as previously described (27) and did not find any
difference between the ΔsrtA mutant and the WT strain (Fig. S7). Considering those
findings, the colonization defect of the ΔsrtA mutant likely results from mislocalization
of one or more SDPs.

E. faecalis strains encode diverse SDPs. We searched the National Center for
Biotechnology Information, Simple Modular Architecture Research Tool (SMART; http://
smart.embl-heidelberg.de), and Interpro (https://www.ebi.ac.uk/interpro/) online data-
bases for putative SDPs encoded in the genome of E. faecalis OG1RF and found 21 such
genes (Table 1). We examined each of the 21 proteins encoded by these genes and
confirmed that the C terminus of each exhibited the classic tripartite architecture of

TABLE 1 List of SDPs encoded in the genome of the E. faecalis strain OG1RF

OG1RF locus no. Annotation

10056 2’,3=-Cyclic-nucleotide 2’-phosphodiesterase
10084 Hypothetical protein
10088 Hypothetical protein
10485 Hypothetical protein
10508 von Willebrand factor domain protein
10786 Hypothetical protein
10811 Putative adhesin
10869 Pilus minor subunit EbpA
10870 Pilus minor subunit EbpB
10871 Pilus major subunit EbpC
10878 Collagen adhesin (Ace)
11037 Hypothetical protein
11531 Glycosyl hydrolase domain protein
11764 Hypothetical protein
11924 Hypothetical protein
12054 Hypothetical protein
12251 Hypothetical protein
12303 Family 8 polysaccharide lyase
12346 Hypothetical protein
12506 Hypothetical protein
12558 Hypothetical protein
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sortase substrates, which includes an LPxTG-like motif and a stretch of hydrophobic
amino acids followed by basic residues at the very end of the sequence (11). We
queried the genomes of GIT-isolated E. faecalis strains listed in the catalog of the
Human Microbiome Project consortium (28) as well as the vancomycin-resistant strain
V583 using the amino acid sequence of each SDP (Fig. 2). With the exception of
OG1RF_10811 and OG1RF_10786, all the SDPs were found to be present in the majority
of the queried genomes, indicating robust conservation of SDPs across E. faecalis
strains. This suggests that these proteins play important roles in the biological adap-
tations of E. faecalis.

E. faecalis SDPs promote mucin adhesion in vitro. The most abundant compo-
nent of intestinal mucus is mucin, a gel-forming glycoprotein secreted by goblet cells
(29). We hypothesized that SDPs promote colonization by mediating adhesion to
intestinal mucin. Consistent with this logic, mutants lacking srtA and those carrying the
srtA C200A allele have a significantly reduced ability to bind to mucin in vitro (Fig. 3A).
Expression of srtA from an ectopic locus complements the mucin binding defect, thus
confirming that this binding defect was due to the sortase deletion (Fig. 3B). To
determine which SDP(s) is responsible for mucin binding in WT cells, we constructed
mutants harboring deletions in 1 or more of the 21 SDP-encoding genes or obtained
insertional mutants from a previously described transposon library (30). We performed
mucin adhesion assays using mutants lacking individual SDPs or groups of SDPs (Fig.
3A) and found that, with the exception of the mutant lacking pilin subunits [Δ(ebpA
ebpB ebpC)], all mutants were able to bind mucin at levels comparable to that shown
by WT E. faecalis. Pilin subunits polymerize to form the pilus, a proteinaceous surface
appendage that was previously shown to mediate biofilm formation and adhesion to
various extracellular matrix (ECM) proteins by E. faecalis (31, 32). That the Δ(ebpA ebpB
ebpC) mutant has a reduced ability to bind mucin is consistent with the surface
attachment role of pili. Ace, another SDP, is a well-studied adhesin of E. faecalis that was
also previously shown to mediate binding to ECM proteins (33). The level of expression
of Ace in E. faecalis is very low under laboratory conditions, but its expression can be
induced by subjecting cells to a temperature of 46°C (33, 34). To determine if Ace also
contributes to mucin adhesion, we assessed mucin binding using cells grown at 46°C
(Fig. 3C). Under those conditions, deletion of ebpA ebpB ebpC does not affect mucin
binding; disruption of ace, however, impairs mucin binding. This suggests that Ace,
under inducing conditions, can also promote mucin binding.

In vitro mucin binding activity parallels colonization phenotypes of selected
SDP mutants. Because the Δ(ebpA ebpB ebpC) and ace::MarTn mutants exhibit mucin
binding defects, we examined their ability to colonize the GIT. Single-strain colonization

FIG 2 Distribution of SDPs from E. faecalis OG1RF among E. faecalis GIT isolates. Heat map intensities
represent percent similarities of best matches obtained for each SDP from OG1RF with BLASTP searches
against genomes of E. faecalis GIT isolates.
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experiments were followed for 10 weeks, and, in that time span, the geometric means
of the fecal loads for both mutants remained persistently lower than that for WT E.
faecalis (Fig. 4A and B). To determine if mutation of any SDP would impair colonization,
we examined the colonization of the OG1RF_10084::MarTn mutant and found that, over
10 weeks, the geometric means of fecal loads for this mutant were indistinguishable
from that for WT E. faecalis (Fig. S8). In competition experiments, we found that the ace
insertional mutant was outcompeted by the marked WT strain whereas the Δ(ebpA
ebpB ebpC) mutant persisted at a level comparable to that of WT E. faecalis (Fig. 4C to
F). As described for Fig. S3, we assessed the in vitro competitive fitness of the ace
mutant and found that this mutant had fitness comparable to that of WT E. faecalis in
laboratory media (Fig. S9). These data suggest that Ace enhances competitive fitness in
the GIT. It is unclear why the colonization defect observed in the single-strain experi-

FIG 3 Mucin adhesion profile of E. faecalis SDP mutants. (A) Suspensions of WT E. faecalis (OG1RF) as well as of the
isogenic ΔsrtA mutant and mutants lacking one or more SDPs, including the quadruple Δ4SDP mutant (IB15) grown
at 37°C, were allowed to bind to mucin-coated wells; unbound cells were washed with PBS. Bound bacteria were
observed by microscopy and enumerated. Numbers of counted cells were plotted relative to the WT strain. Average
numbers of cells for 9 fields representing 3 biological replicates are shown. The number of bound cells for each
strain is represented as a percentage relative to bound WT cells. (B) The mucin adhesion assay was performed, as
described in the panel A legend, for the WT strain or the ΔsrtA mutant carrying the empty expression vector pJRG8
or expressing srtA. Values shown originated from the average counts of 9 fields representing 3 biological replicates
for each strain. (C) The mucin binding assay was performed as described for panel A but using bacteria grown at
46°C. Values shown originated from the average counts of 9 fields representing 3 biological replicates for each
strain. Statistical significance was evaluated by t test. **, P � 0.001; ***, P � 0.0001 (versus WT).
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ment for the ebp mutant was not detected in the context of competition with WT. One
possibility might be that the presence of WT E. faecalis in this experimental setup
rescues the colonization defect of the ebp mutant.

DISCUSSION

As important infectious agents, enterococci have been the subject of numerous
studies investigating their pathogenesis through animal models, in vitro systems, and
genetic approaches designed to identify determinants of virulence. Although it is
generally accepted that enterococcal pathogenesis requires intestinal colonization, the
study of intestinal colonization by these organisms has lagged behind studies investi-
gating virulence. In E. faecalis and other Gram-positive bacteria, surface proteins,
including SDPs, are often involved in virulence and host tissue colonization. In an
experimental model that used antibiotic treatment to facilitate Staphylococcus aureus

FIG 4 GIT colonization by pilus and ace mutants. (A and B) Groups of mice (n � 5 per group) were colonized with the E. faecalis Δ(ebpA
ebpB ebpC) mutant, the ace::MarTn mutant, or the isogenic parental WT E. faecalis strain (OG1RF), and colonization was assessed by
enumerating viable colonies from fecal samples on rifampin-supplemented BHI agar for 10 weeks. Geometric means with standard
deviations are shown for each group of mice. (C and E) Differentially marked strain IB38 (Sp-resistant WT) and either the ace::MarTn
(Cm-resistant) strain or the ΔebpA-C (Cm-resistant; IB44) strain were co-fed to a group of 5 mice for 2 weeks, after which colonization was
assessed by enumerating viable colonies from fecal samples on rifampin-supplemented BHI agar containing Cm or Sp. (D and F) Geometric
means of competitive indices for strains IB44 and ace::MarTn relative to the Sp-resistant WT strain were calculated, and the results are
shown as bar graphs in panels C and E for the competition experiments. Individual data points denote competitive indices for individual
mice. Statistical significance was evaluated by one-sample t test comparing means to a value of 1. **, P � 0.01. Horizontal dashed lines
represent the limit of detection. Symbols for mice with an undetectable colonization level were omitted; instead, the numbers of mice
for which colonization was not detected (ND) are shown under the dotted line.
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colonization of the GIT, deletion of srtA impaired colonization (35). Deletion of srtA was
also found to compromise GIT colonization by Lactobacillus acidophilus and Lactoba-
cillus gasseri in a colonization model of germfree mice (36). Here we showed that,
through its enzymatic activity, SrtA promotes adhesion to mucin and intestinal colo-
nization by E. faecalis in mice harboring an undisrupted antibiotic-naive microbiota. We
found that deletion of srtA in E. faecium resulted in a colonization defect even more
pronounced than that observed with E. faecalis. This suggests that E. faecalis is better
able to compensate for the absence of SrtA than E. faecium. WxL proteins represent
another class of surface proteins found in Gram-positive bacteria (37). A search for
proteins containing WxL protein domains using NCBI identified 16 candidates in the
genome of E. faecalis OG1RF but only 3 in the genome of E. faecium 1,141,733. It is
therefore possible that the larger repertoire of WxL proteins in E. faecalis OG1RF
enables enhanced compensation for the absence of SrtA.

E. faecalis OG1RF encodes 21 SDPs, several of which likely contribute to GIT
colonization. We focused on SDPs with adhesin function conferring the ability to bind
mucin. We found that deletion of the E. faecalis pilus locus impairs mucin binding,
suggesting that E. faecalis can use its pili to attach to mucin. When the mucin adhesion
experiment was performed under conditions known to induce expression of Ace
(growth at 46°C), deletion of the pilus locus no longer interfered with mucin binding,
suggesting that another protein mediates mucin binding under these conditions.
Disruption of ace under such conditions impaired mucin binding, suggesting that Ace
can also mediate attachment to mucin. It was surprising to observe that, in cells grown
at 46°C, disruption of ace alone was sufficient to abolish mucin binding; the presence
of the pilus locus in these cells was not sufficient to facilitate mucin adhesion,
suggesting that growth at 46°C interferes with expression and/or assembly of pilin
subunits. These data also raise the possibility that other SDPs for which expression (or
function) requires environmental factors missing from our experimental conditions
could also be involved in mucin binding. Future work will investigate this possibility. It
is also unclear why, from an evolutionary perspective, growth at high temperature
induces expression of Ace. It is possible that the stress of high temperature induces
stress responses that are similar to the ones induced in the GIT and that colonization-
promoting factors such as Ace are upregulated as a result.

As with other studies (36, 38), our adhesion assays were performed using porcine
mucin. Even though galactose, N-acetylglucosamine, fucose, and sialic acid are the
most common carbohydrates in both porcine and mouse mucin (39, 40), the structures
of the mucin glycans differ between mouse mucin and porcine mucin. Furthermore, the
mucin glycan structures differ along the intestinal tract (40). This structural variation
likely affects intestinal colonization and is at least partly responsible for the differences
in microbial composition along the GIT. In the case of E. faecalis, it is possible that
different SDPs (or other surface proteins) mediate mucin binding in different regions
along the GIT. Future studies aimed at assessing the expression of SDPs along the GIT
and the association of selected SDP mutants with murine mucin from specific GIT sites
will provide a more complete understanding of the role of SDPs during association with
the GIT mucus.

Deletion of the pilus locus resulted in a decrease of GIT colonization in the
single-strain inoculation experiment. Under conditions of competition with wild-type E.
faecalis, however, we did not detect a colonization defect for the Δ(ebpA ebpB ebpC)
mutant. Previous studies have shown that only a fraction of cells, in laboratory-grown
WT E. faecalis populations, harbor pili (41). Thus, the presence of pili on the surface of
all cells in the population is not necessary for phenotypes conferred by pili (e.g., biofilm
formation) (32). It is therefore possible that the presence of WT cells in the competition
experiment enhances the colonization of the Δ(ebpA ebpB ebpC) mutant, thereby
masking a possible colonization defect. For example, WT cells could associate with
mucins and form mixed communities within which both mutant and WT cells can
persist. Alternatively, the presence of WT cells might induce the expression of addi-
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tional adhesins on the surface of Δebp mutant cells, allowing them to associate with the
mucus layer and effectively colonize the GIT.

Disruption of ace resulted in a reduction of E. faecalis colonization loads, suggesting
that Ace promotes intestinal colonization. Ace was previously shown to mediate
adhesion to ECM proteins such as collagen and laminin (33); however, the absence of
these proteins from the intestinal lumen suggests that Ace promotes intestinal colo-
nization by mediating physical interactions with a different substrate. Our data suggest
that Ace and the E. faecalis pilus contribute to both mucin adherence and intestinal
colonization. However, further work demonstrating direct binding of pilus subunits and
Ace to ligands present in intestinal mucin will be required to define the role of these
SDPs during intestinal colonization.

Several lines of evidence support the idea that GIT commensals associate with
intestinal mucus as a means to colonize the GIT (42, 43). Addition of a mucus binding
coat to synthetic microspheres prolongs their transit time in the GIT (44), suggesting
that mucus adhesion promotes bacterial retention in the GIT. In addition, several
members of the GIT microbiota are able to use mucus carbohydrates as an energy
source (45). Some investigators have even proposed that bacteria not only interact with
the mucus layer but also form biofilms in this niche (43, 46, 47). Although controversial
(48), these speculations were substantiated by observations of biofilm-like structures on
luminal surfaces of normal intestinal tissue from mice (49) and humans (50). More
recently, biofilms were observed in the GIT of germfree mice colonized with E. faecalis
(51). Whether these structures are present in the GIT of conventional animals is
unknown. Despite the controversy associated with the existence of biofilms in the
GIT, it is widely accepted that bacteria physically associate with components of the
outer mucus layer; however, fundamental questions about this arrangement remain
unanswered. For example, we do not know if bacteria themselves contribute
extracellular polymeric substances or whether host secretions (mucins and secre-
tory IgA) are the only structural components of this environment. Whether bacterial
species, in this environment, predominantly form pure microcolonies or freely
associate with other species is also unknown. SrtA was previously shown to be
necessary for biofilm formation by E. faecalis in vitro (30, 52). The finding that SrtA
also promotes colonization is consistent with the idea of E. faecalis inhabiting the
GIT as part of biofilm-like communities. Given the extensive research that has been
done on enterococcal biofilms in vitro, E. faecalis makes an ideal model organism to
investigate the possibility of microbial biofilms in the GIT and to study the nature
of physical interactions between bacteria and the GIT mucosa layer as well as their
role during intestinal colonization.

MATERIALS AND METHODS
Bacterial strains, growth media, and chemicals. The bacterial strains and plasmids used in this

study are listed in Table S1 in the supplemental material. The oligonucleotides used for plasmid
construction were synthesized by Eurofins MWG Operon LLC. All restriction enzymes were purchased
from New England BioLabs. Phusion High-Fidelity DNA polymerase (Thermo Scientific) was used for all
PCRs performed for strain and plasmid construction. The Escherichia coli strains used in the study were
cultured in LB medium. The E. faecalis strains were cultured in Mueller-Hinton (MH) broth or brain heart
infusion (BHI) medium prepared as described by the manufacturer. When required, antibiotics were used
at the following concentrations: 10 �g/ml (for E. faecalis) or 100 �g/ml (for E. coli) erythromycin (Em),
20 �g/ml (for E. coli) or 10 �g/ml (for E. faecalis) chloramphenicol (Cm), 2 mg/ml kanamycin (Kan),
200 �g/ml Rif, 80 �g/ml 5-fluorouracil (5-FU), and 50 �g/ml spectinomycin (Sp).

Animals. The committee for animal care and use at the Medical College of Wisconsin approved all
animal-related procedures and experiments. Male C57BL/6J mice (5 weeks of age) were obtained from
the Jackson Laboratory (room RB08). Mice were allowed to adjust to the new environment for 1 week
prior to the start of the experiments. Animals were housed under specific-pathogen-free conditions in
the Medical College of Wisconsin vivarium. All mice were fed a standard chow diet (5L0D from LabDiet)
ad libitum and reverse-osmosis water. Experimental sample sizes were determined by appropriate
husbandry considerations as determined by the Medical College of Wisconsin vivarium. No steps were
taken to randomize animals or to blind experimenters to the experimental groups.

Enterococcal mutants. Construction of in-frame deletion mutants in enterococci was performed
using the previously described markerless allelic exchange strategy (53, 54). Allelic exchange vectors
were constructed by amplifying flanking regions of target genes and seamlessly inserting those
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amplicons into pJH082 (6) by Gibson assembly (55). Deletion alleles retained 1 to 20 codons at the
5= and 3= ends to minimize the risk of disrupting the expression of downstream genes. Comple-
mentation analysis performed by integration of genes into an ectopic locus on the chromosome was
achieved by integrating srtA or srtAC200A preceded by the P23S promoter sequence obtained from
pJRG8 (56) into the intergenic region between convergently transcribed genes OG1RF_10894 and
OG1RF_10895 using pDV75-2. Stem loop terminators flanked the ectopically integrated region to
prevent transcriptional read-through from (or out and into) adjacent genes (53). The chloramphen-
icol resistance marker consists of the cat gene from the previously described E. faecalis aMarTn
(EfaMarTn) sequence (referred to as MarTn in this study), which carries a chloramphenicol acetyl-
transferase gene (30). The Sp resistance marker consists of the Sp adenyl transferase gene (aad9)
obtained from Gram-positive shuttle vector pDL278 (57).

Mouse GIT colonization experiments. Colonization experiments were performed as previously
described (18). Stationary-phase cultures of E. faecalis were grown in Rif-supplemented MH broth,
washed with sterile water, and added to sterile water to make a suspension with a final optical density
at 600 nm (OD600) of 0.25. The suspension was then fed to mice as drinking water. All strains tested were
confirmed to persist in drinking water at a density of between 107 and 108 CFU ml�1 over 4 days. E.
faecalis-supplemented drinking water was changed every 3 to 4 days to maintain an appropriate
inoculum, and mice were allowed to drink ad libitum for 14 days, after which the E. faecalis-supplemented
drinking water was replaced with sterile water. The burden of the E. faecalis strain of interest was
determined by plating feces specimens on BHI agar supplemented with Rif and enumerating viable
colonies.

For competition experiments, mice were fed with a 1:1 mixture of the WT strain and the indicated
mutant strains grown as described above; each strain was present at a final OD600 of 0.25 in drinking
water. Mice were fed water supplemented with bacteria as described above. The burden of the E.
faecalis strains of interest was determined by culturing feces specimens on BHI agar supplemented
with Rif alone or with Rif in conjunction with Sp or Cm. Competitive indices were calculated by
dividing the fecal load of mutant strains by that of WT strains recovered from each mouse. For mice
in which one strain was below the limit of detection (which was 102 CFU/g), a value of 102 CFU/g
was assigned to that strain for the calculation of the competitive index. Hence, for such mice, the
competitive index value plotted represents an overly conservative estimate of the actual competitive
index value. The competitive index calculation was omitted for mice in which both strains were
below the limit of detection.

In vitro competitions. Culture tubes containing 2 ml of fresh MH broth were inoculated with
stationary-phase-grown marked strains to reach a final density of �105 CFU/ml per strain. Mixed cultures
were incubated at 37°C for 24 h, after which they were diluted 1:1,000,000 in fresh media to allow
continued growth; two additional culture passages were performed in a similar way. After each 24-h
passage, the mixed cultures were plated on BHI agar supplemented with Rif alone or in conjunction with
Sp or Cm for viable colony enumeration. Competitive indices were calculated by dividing the colony
counts of mutant strains by those of WT strains from each mixed culture.

Growth curves. (i) Growth in laboratory medium. Microtiter plates were inoculated from stationary-
phase cultures to reach a final density of �105 CFU/ml in fresh MH broth and incubated at 37°C, and growth
was monitored by measuring OD600 values using a Bioscreen C plate reader.

(ii) Growth in fecal suspensions. Freshly collected mouse feces specimens were subjected to
homogenization in phosphate-buffered saline (PBS) to reach a final concentration of 100 mg/ml. Ho-
mogenates were gently centrifuged at a relative centrifugal force (RCF) level of 29 to pellet debris but
not bacteria. Stationary-phase cultures were used to inoculate fecal bacterium-containing homogenates
to reach a final concentration of �105 CFU/ml and incubated at 37°C. Growth was monitored by plating
on Rif-containing agar and enumerating viable colonies.

Antibiotic susceptibility determinations. MICs were determined after 24 h at 37°C with 2-fold serial
dilutions of antimicrobials in MH broth. Microtiter plates were inoculated from stationary-phase cultures
to reach a final density of �105 CFU/ml, and growth was monitored using a Bioscreen C plate reader. The
lowest antibiotic concentration that prevented growth was recorded as the MIC.

CPRG hydrolysis to assess cell envelope integrity. Hydrolysis of CPRG was monitored to assess cell
envelope integrity, as described previously (27). Bacterial cultures were grown at 37°C to the stationary
phase in MH broth supplemented with 40 �g/ml CPRG and erythromycin (for the maintenance of
pCJK205). CPRG hydrolysis was quantified by measuring the absorbance of cell-free supernatants at
570 nm and was normalized to bacterial density (optical density at 630 nm).

Mucin adhesion assays. The mucin adhesion assay was adapted from a previous study (36). A type
III porcine mucin (Sigma) suspension in 1� phosphate buffer saline (PBS) (10 mg/ml) was immobilized on
flat-bottom 96-well plates by incubation at 4°C overnight. Excess mucin was washed three times with
PBS, and coated wells were blocked with PBS containing 2% bovine serum albumin (BSA) and 1% Tween
20 for 4 h at 4°C; excess blocking solution was washed once with PBS. Strains of interest were cultured
in Rif-supplemented BHI medium overnight at 37°C or 46°C (Em was supplemented for plasmid-carrying
strains). Cells were then washed and adjusted to reach a final OD600 value of 1.0. A 100-�l volume of
bacterial suspension was dispensed into each well and incubated at 4°C for 1 h. Wells were washed 7
times with PBS to remove unbound cells, after which adhered cells were fixed by drying the plate at 65°C
for 1 h. Fixed cells were incubated with 1 mg/ml crystal violet (100 �l) for 30 min, washed thrice with PBS,
and visualized by light microscopy. Numbers of bound cells were determined using the ImageJ built-in
particle counter.
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Searches for SDPs and distribution of SDPs among E. faecalis strains. SDPs encoded in the
genome of E. faecalis OG1RF were obtained by searching for the term “cell wall surface anchor” in the
list of OG1RF proteins in NCBI. In addition, we searched for OG1RF proteins containing the “Pfam:
Gram_pos_anchor” domain in the SMART database. Finally, we searched for OG1RF proteins containing
the IPR019948 (Gram-positive anchor) domain in the Interpro database. A list of GIT-collected E. faecalis
isolates was obtained from the reference genome catalog of the Human Microbiome Project. Amino acid
sequences for SDPs were obtained from NCBI and used as queries in blastP searches against indicated
reference genomes. The percentage of positive amino acid matches relative to the length of given SDPs
for the top blast result was determined and illustrated as a heat map using PRISM.
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