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ABSTRACT Extracellular proteins are important factors in host-microbe interac-
tions; however, the specific factors that enable bifidobacterial adhesion and sur-
vival in the gastrointestinal (GI) tract are not fully characterized. Here, we discovered
that Bifidobacterium longum NCC2705 cultured in bacterium-free supernatants of hu-
man fecal fermentation broth released a myriad of particles into the extracellular
environment. The aim of this study was to characterize the physiological proper-
ties of these extracellular particles. The particles, approximately 50 to 80 nm in
diameter, had high protein and double-stranded DNA contents, suggesting that
they were extracellular vesicles (EVs). A proteomic analysis showed that the EVs
primarily consisted of cytoplasmic proteins with crucial functions in essential cel-
lular processes. We identified several mucin-binding proteins by performing a
biomolecular interaction analysis of phosphoketolase, GroEL, elongation factor Tu
(EF-Tu), phosphoglycerate kinase, transaldolase (Tal), and heat shock protein 20
(Hsp20). The recombinant GroEL and Tal proteins showed high binding affinities
to mucin. Furthermore, the immobilization of these proteins on microbeads af-
fected the permanence of the microbeads in the murine GI tract. These results
suggest that bifidobacterial exposure conditions that mimic the intestine stimu-
late B. longum EV production. The resulting EVs exported several cytoplasmic
proteins that may have promoted B. longum adhesion. This study improved our
understanding of the Bifidobacterium colonization strategy in the intestinal mi-
crobiome.

IMPORTANCE Bifidobacterium is a natural inhabitant of the human gastrointestinal
(GI) tract. Morphological observations revealed that extracellular appendages of bifi-
dobacteria in complex microbial communities are important for understanding its
adaptations to the GI tract environment. We identified dynamic extracellular vesicle
(EV) production by Bifidobacterium longum in bacterium-free fecal fermentation
broth that was strongly suggestive of differing bifidobacterial extracellular append-
ages in the GI tract. In addition, export of the adhesive moonlighting proteins medi-
ated by EVs may promote bifidobacterial colonization. This study provides new in-
sight into the roles of EVs in bifidobacterial colonization processes as these bacteria
adapt to the GI environment.
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The gastrointestinal (GI) microbiota is composed of highly diverse microorganisms
(1). Associations between the microbes in the GI environment contribute to devel-

opment of the complex, stable, and specific microbiota (2–4), suggesting the involve-
ment of several molecular mechanisms to establish and maintain symbiotic microbial
relationships. Bacterial surface adhesion molecules (adhesion factors) are the predom-
inant bacterial structures involved in host-microbe interactions (5–7).

Bifidobacteria are Gram-positive rod-shaped anaerobes that are natural inhabitants
of the human GI tract (8) and have various reported health benefits (9, 10). In our
previous study, we showed that several Bifidobacterium strains are capable of adhering
to porcine colonic mucins (11). Various types of bifidobacterial extracellular append-
ages promote adherence to the host mucosal surface, such as fimbriae (12–15),
exo-alpha-sialidase (16), transaldolase (Tal) (17), enolase (18), and DnaK (19).

Turroni et al. (13) showed that the expression of genes encoding extracellular and
membrane-spanning proteins in Bifidobacterium bifidum PRL2010 is modified in re-
sponse to epithelial cell contact. Meanwhile, a study employing a unique approach
showed that probiotic Propionibacterium freudenreichii in a dialysis membrane bag
adapted to piglet intracolonic conditions exhibits dramatic transcriptomic differences
from an in vitro control (20). These results strongly suggest that bacterial gene expres-
sion changes or adapts to the surrounding conditions, including those encountered in
the GI tract. Although adhesion factors might be key functional determinants of stable
colonization processes of Bifidobacterium in the GI tract, currently, studies examining
the extracellular appendages in complex symbiotic microbial communities via electron
microscopy are lacking.

To this end, here we employed the single-batch anaerobic culture system (referred
to as the Kobe University human intestinal microbiota model [KUHIMM]), which is
composed of a jar fermentor that simulates human colonic microbiota from fecal
samples (21, 22). Subsequently, the Bifidobacterium longum subsp. longum NCC2705
was identified within the bacterium-free supernatants of KUHIMM fecal fermentation
broth (referred to as KUHIMM broth). This species produces abundant extracellular
particles, as determined by electron microscopy (Fig. 1a). In addition, the particles
contained several mucin-binding cytoplasmic proteins. The objective of this study was
to characterize the physiological properties of these extracellular particles and their role
in Bifidobacterium host adhesion.

RESULTS
Characterization of extracellular particles produced by B. longum NCC2705. To

explore Bifidobacterium in the human colonic microbiota, B. longum NCC2705 was
cultured on basal Gifu anaerobic medium (GAM) agar containing KUHIMM broth (fecal
sample code, M60). Transmission electron microscope (TEM) images of B. longum
NCC2705 revealed a myriad of particles in the KUHIMM broth-cultured cells (Fig. 1a) but
not in those cultured in the basal GAM (Fig. 1b). No particles were detected in control
bacterium-free GAM and KUHIMM broths (data not shown). Scanning electron micro-
scope (SEM) images showed the particles budding from the KUHIMM broth-cultured B.
longum NCC2705 cell surface (Fig. 1c). Furthermore, cell membrane protrusions were
observed in the ultrathin B. longum NCC2705 cell sections (Fig. 1d). The viable cell
counts of B. longum NCC2705 did not differ between cultures in the KUHIMM and GAM
broths for bacterial suspensions of the same optical density (see Fig. S1 in the
supplemental material). Therefore, we concluded that these particles were actively
produced by B. longum NCC2705, as the level of B. longum NCC2705 particle production
also differed between cultures containing cell-free culture supernatants from individual
fecal samples (see Fig. S2).

Next, we characterized the physiological properties of these particles. Since bacteria
release extracellular particles, referred to as extracellular vesicles (EVs) (23), ranging
from 20 to 400 nm in diameter (24), we isolated the high-molecular-weight fraction,
designated the crude EV fraction, from the B. longum NCC2705 suspension using
ultrafiltration filters (pore size approximately 35 nm). TEM images of the EV fraction
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showed the presence of numerous particles in the KUHIMM broth-cultured B. longum
NCC2705 (Fig. 2a). The particles were approximately 50 to 80 nm in diameter (Fig. 2b).
EVs reportedly are composed of the expected membrane proteins along with phos-
pholipids, nucleic acids, and cytoplasmic proteins (24–26). The membrane protein,
phosphate ABC transporter permease (PstC, BL0314), was also detected in the KUHIMM
broth-cultured B. longum NCC2705 EV fraction, yet was absent from the GAM-cultured
EV fraction, indicating that the EV isolation procedure was successful (Fig. 2c). To
examine whether these particles carried bacterial DNA and proteins, purified fractions
were analyzed using the bicinchoninic acid (BCA) protein assay and a fluorescent
DNA-binding dye. Protein and double-stranded DNA (dsDNA) quantities were higher in
KUHIMM broth-cultured B. longum NCC2705 EV fractions than in the GAM-cultured EV

FIG 1 Electron microscope images of B. longum NCC2705. B. longum was cultured with fecal fermenta-
tion “KUHIMM” broth (a, c, and d) or basal GAM broth (b). (a and b) Whole bacterial cells were negatively
stained with uranyl acetate and examined under a TEM. (c) The bacterial cells were coated with a thin
osmium layer and examined under an SEM. SEM images showed extracellular vesicle (EV)-like particles
(indicated by arrowheads) at the bacterial cell surface. (d) Ultrathin sections of B. longum examined under
a TEM revealed an EV-like particle released from the cell membrane.
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fractions (Fig. 2d and e). Therefore, we concluded that many of the particles observed
were, in fact, EVs.

Protein composition of B. longum NCC2705 EVs. The protein composition of
KUHIMM broth-cultured B. longum NCC2705 EVs was determined using mass spectrom-
etry. The proteins separated by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) from the purified EV-containing fractions in cultures were visualized
using silver staining (Fig. 3). The six major bands were then excised for in-gel trypsin
digestion, and proteins were identified using matrix-assisted laser desorption ioniza-
tion–time of flight mass spectroscopy (MALDI-TOF MS). B. longum EVs were found
to contain various proteins, of which, cytoplasmic proteins were the most abundant
(Fig. 3; see Table S1). In addition, the band pattern and most identified proteins
differed between the EV fractions and B. longum whole-cell lysates (see Fig. S3a)
from the bacterial cell-free KUHIMM broth (Fig. S3b). However, elongation factor Tu
(EF-Tu; WP_007051202.1) and pyruvate kinase (WP_007055467.1) were detected in
both fractions (EV fraction and whole-cell lysate). These results suggest that most
proteins identified in the EV fraction were secreted by B. longum NCC2705 EVs.

Identification of mucin-binding proteins in the EV fraction. We next searched for
mucin-binding proteins in B. longum EVs. To this end, biomolecular interaction analysis-
mass spectrometry (BIA-MS) technology was used to identify proteins bound to mucin
(27). Purified porcine gastric mucin (PGM) (11) was immobilized on CM5 sensor chips.
EV fractions were twice injected into the Biacore apparatus to obtain the association
phase. Bound proteins (approximately 1,200 resonance units [RU] per flow cell) (rep-
resentative signal is shown in Fig. 4a) were collected from a total of four flow cell lines
and identified using nanoscale liquid chromatography coupled to tandem mass spec-
trometry (nano-LC-MS/MS) after tryptic digestion. Proteins from the EVs fraction bound
to the PGM are outlined in Fig. 4b and include chaperone GroEL, EF-Tu, phosphoglyc-

FIG 2 Physicochemical characterization of particles produced by B. longum NCC2705. The crude extra-
cellular vesicle (EV) fraction was isolated from the B. longum suspension. (a) EV fraction was negatively
stained with uranyl acetate, and images were obtained using a TEM. (b) EV size distribution was assessed
using a NanoSight nanoparticle characterization system. (c) Crude EV fraction and whole-cell lysate were
analyzed using Western blotting with an anti-PstC antibody to detect membrane protein. Protein (d) and
DNA (e) concentrations were determined using a bicinchoninic acid protein assay and QuantiFluor
dsDNA system, respectively. Each data point represents one EV fraction (n � 8). The error bars indicate
the means � standard deviations (SDs).
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erate kinase (PGK), Tal, and heat shock protein 20 (Hsp20), all of which have previously
described roles in commensal or pathogenic bacterial colonization (17, 28–36). Addi-
tionally, we selected the most abundant phosphoketolase (PK) as a candidate binding
protein. These proteins have known functions in essential cellular processes—for
example, Tal and PK are enzymes in the pentose phosphate pathway, GroEL and Hsp20
are molecular chaperones, EF-Tu contributes to protein synthesis, and PGK is involved
in glycolysis and energy generation. All six proteins lack typical Sec and Tat signal
sequences (see Fig. S4).

Identified proteins from B. longum NCC2705 were expressed as recombinant His6-
tagged proteins in Escherichia coli. The expression and purification of recombinant
proteins were verified using SDS-PAGE, followed by staining with Coomassie brilliant
blue (CBB) (see Fig. S5). A Biacore experiment evaluated the binding of recombinant
proteins to PGM. The recombinant proteins exhibited unique variation in the ability to
bind to PGM, ranging from �21.2 to 69.5 RU (Fig. 4c). GroEL and Tal showed high
binding affinities to PGM. In contrast, PK and Hsp20 exhibited more durable binding to
the blank cell (nonimmobilized) than to the mucin-immobilized flow cell, with negative
RUs (Fig. 4c). Therefore, among the six proteins, GroEL, EF-Tu, PGK, and Tal were
identified as the candidate mucin-binding proteins, while PK and Hsp20 were postu-
lated to likely interact with the CM5 dextran surface rather than PGM.

The six individual recombinant proteins were then chemically coupled with fluo-
rescent microbeads to mimic a bacterial cell surface-localized protein to confirm
whether the identified proteins affect the persistence of microorganisms in vivo (37). At
24 h after administration, mouse GI tracts were harvested and treated with optical
clearing agents (see Fig. S6). The localization of microbeads depended on the immo-
bilized target protein. There was high retention of recombinant-protein-immobilized
microbeads in the murine cecum (Fig. 4d). In particular, GroEL- and Tal-immobilized
microbeads exhibited diffusion throughout the stomach up to the rectum. Hsp20-
immobilized microbeads also localized in the cecum (Fig. 4d). We monitored the fecal
shedding of GroEL- and Tal-immobilized microbeads for 35 h (Fig. 4e) and quantified
the fluorescence signals of both protein-immobilized microbeads through to the end

FIG 3 Proteomic analysis of the EV fraction from B. longum NCC2705. SDS-PAGE separated proteins from the crude
EV fraction, which were visualized using silver staining (left). Six bands fragments were excised for protein
identification by MALDI-TOF MS. Identified proteins and calculated molecular weights are indicated on the right.
Additional information is presented in Table S1 in the supplemental material.
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of the study; however, the fluorescence intensity of control beads significantly dimin-
ished. These results are indicative of a potential persistence of the B. longum EV-derived
mucin-adhesive proteins, particularly Tal and GroEL, in the GI tract.

DISCUSSION

Bifidobacterial extracellular appendages, including fimbriae, surface exopolysaccha-
rides, and several other adhesion factors, are involved in the initial physical contact with
the host mucosal surface (12, 13, 16–19, 38, 39). These extracellular appendages
determine the individual nature of strains and provide insight into the GI environment
survival strategies. Accordingly, observations of the bifidobacterial cell surface structure
via electron microscopy, following exposure to the symbiotic microbial community, can

FIG 4 Identification and characterization of mucin-binding proteins in EVs from B. longum NCC2705. (a) Repre-
sentative signal of Biacore. Isolated protein samples from B. longum NCC2705 EV fractions were injected into the
porcine gastric mucin (PGM)-immobilized sensor chip on the Biacore system to obtain the association phase. (b)
The PGM-bound proteins are listed in this table, as identified by nano-LC-MS/MS. (c) Binding of recombinant
proteins to PGM. Resonance unit (RU) values were measured at the end of the association period. The error bars
indicate the SDs; data are based on three biological replicates. (d) Persistence of recombinant-protein-immobilized
microbeads in the mouse whole gastrointestinal tract (n � 3 mice per group). Bars, 1 cm. (e) Fecal shedding of
GroEL- and transaldolase (Tal)-immobilized microbeads. Means were compared using one-way ANOVA (control
[noncoated beads] versus GroEL- or Tal-immobilized beads); the error bars indicate the SDs. *, P � 0.05; Ce, cecum;
R, rectum; S, stomach.
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serve to significantly improve the current understanding regarding bifidobacterial
colonization and survival within the GI tract.

Surprisingly, B. longum NCC2705 cultured with bacterium-free supernatants of
human fecal fermentation broth (KUHIMM broth) exported many vesicles to the
extracellular environment. Since we did not detect any such particles in the GAM or
KUHIMM broths, we concluded that the myriad of EVs were produced by B. longum
NCC2705. Bacterial cell lysis and bubbling cell death are well-characterized mechanisms
underlying EV formation (24, 40). A previous study showed that Gram-positive bacte-
rium Bacillus subtilis EV production occurs through cell membrane bubbling dependent
upon peptidoglycan damage (41). A similar membrane protrusion was observed in
KUHIMM broth-cultured B. longum NCC2705 (Fig. 1d), suggesting the occurrence of
similar biological processes. Interestingly, the EV production pattern of B. longum
NCC2705 differed among the individual fecal samples (Fig. 1a; see also Fig. S2a and b
in the supplemental material). Several studies have indicated that environmental
conditions influence the formation of EVs, including medium composition, tempera-
ture, iron concentration, oxygen availability, exposure to genotoxic stress, and phage
infection (24, 42). Since the compositions of the microbiota and metabolites produced
differ in each KUHIMM broth (21, 22), we hypothesize that intestinal microbiota-derived
metabolites directly, or indirectly, stimulate the active production of B. longum
NCC2705 EVs. Importantly, the bifidobacterial cell surface phenotype (such as EV
production) may differ substantially in vivo and in vitro.

Previous studies have reported the therapeutic applications of bifidobacterial EVs. B.
bifidum LMG13195-derived EVs induce regulatory T (Treg) cell polarization. These EVs
may, therefore, be useful adjuvants for immunotherapy (43). Although B. longum KACC
91563-derived EVs, containing a family of five extracellular solute-binding proteins,
were found to reduce the occurrence of diarrhea in a food allergy murine model (44),
the functional role of GI tract EVs in Bifidobacterium colonies remains poorly under-
stood.

Using the BIA-MS approach, mucin-binding cytoplasmic proteins (PK, GroEL, EF-Tu,
PGK, Tal, and Hsp20) were isolated from B. longum NCC2705 EV fractions. Immobiliza-
tion of these proteins with microbeads affected the prevalence of microbeads in the
mouse GI tract, suggesting that B. longum EVs export various cytoplasmic proteins to
the extracellular environment as a transporter. Some of these proteins (particularly, Tal
and GroEL) exert additional functions, such as adhesion to the host mucosal surface,
which might promote the colonization of B. longum in the GI tract as an “adhesive
moonlighting protein” (45). Moreover, in bifidobacteria, certain cell surface-localized
adhesive moonlighting proteins have been described. Specifically, B. bifidum A8 Tal
promotes adhesion and aggregation to mucin (17), while Bifidobacterium animalis
subsp. lactis BI07 DnaK and enolase bind to surface-exposed human plasminogen (18,
19). The secretory mechanism for these cytoplasmic proteins is mostly unknown.
Therefore, elucidating the export processes of the adhesive moonlighting proteins
mediated by EVs can provide important insights for further understanding bifidobac-
terial colonization of the GI tract.

However, as we did not determine the mechanism underlying protein export from
EVs, further analyses are needed to evaluate the localization of these proteins on the
cell surface, which can be accomplished via Western blotting with protein-specific
antibodies. Additionally, as observed in GI tract tissue clearing, the localization of
microbeads was dependent on the immobilized protein type, suggesting that adhesion
properties such as ligand-specific and nonspecific binding differ among proteins. The
Hsp20-immobilized microbeads affected the permanence of microbeads in the murine
GI tract despite not binding to mucin, suggesting that Hsp20 binds to another ligand
molecule. Therefore, the mucosal-surface-binding properties of individual proteins
should be analyzed further.

In conclusion, we detected dynamic EV production by B. longum NCC2705 in
bacterium-free fecal fermentation broth that was strongly suggestive of differing
bifidobacterial extracellular appendages in the GI tract. In addition, the export of the
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adhesive moonlighting proteins mediated by EVs is vital for understanding the bifido-
bacterial GI tract colonization strategy. These results provide new insight into the role
of EVs in bifidobacterial GI tract colonization strategies based on communication
between complex symbiotic intestinal microbes via microbiota-derived metabolites.

MATERIALS AND METHODS
Bacterial culture. Human intestinal bacteria were cultured with the KUHIMM system, as described

previously (22), using a pH-controlled multichannel jar fermentor (Bio Jr.8; ABLE, Tokyo, Japan) into which
was added a human fecal sample. Briefly, each vessel, containing 100 ml of GAM (05422; Nissui
Pharmaceutical Co., Tokyo, Japan), was held at 37°C with constant stirring at 300 rpm under anaerobic
conditions (N2/CO2 [80:20]) during fermentation. Each vessel was inoculated with 100 �l of fecal
suspension to initiate the KUHIMM and cultured for 30 h. These fecal samples were obtained from
healthy human volunteers who were individuals of Japanese descent, with nonsmoking status and in
good health and physical condition. Fecal samples were designated M27 (male, age 27), F40 (female, age
40), and M60 (male, age 60). Each fecal sample was stored in an anaerobic swab culture. This study was
performed under the guidelines of Kobe University Hospital and was approved by the institutional ethics
review board of Kobe University (approval no. 1902). All methods were performed in accordance with the
Declaration of Helsinki.

After fermentation using KUHIMM, the debris was removed by centrifugation (6,010 � g, 10 min, 4°C),
and the supernatant was obtained by suction filtration (0.45-�m pore size; Advantech, Taipei, Taiwan).
The collected samples were then centrifuged (20,000 � g, 30 min, 10°C), and the supernatants were heat
inactivated at 60°C for 30 min. The samples were maintained at �80°C as “cell-free KUHIMM broth” until
subsequent analyses. B. longum NCC2705 was anaerobically precultured in GAM at 37°C for 15 h using
the AnaeroPack system (Mitsubishi Gas Chemical Co., Tokyo, Japan). Fresh GAM broth (10 ml) containing
3% (wt/vol) agar was mixed with an equal volume of cell-free KUHIMM broth (as a control, GAM broth)
and was poured into petri dishes. Next, 20 �l of B. longum NCC2705 culture broth (after 15 h) was spread
on the agar plate and cultured at 37°C for 30 h under anaerobic conditions. The bacterial culture and
relevant experiments were performed in triplicate (for M60 fecal sample) or duplicate (for M27 and F40
fecal samples), each with a different fecal donor.

Electron microscopy. B. longum NCC2705 colonies were fixed with 4% paraformaldehyde (PFA) for
10 min on an agar plate and applied to a Formvar carbon film on copper grids (300 mesh; Nisshin EM,
Tokyo, Japan). The grids were negatively stained with 2% (wt/vol) uranyl acetate. Images were obtained
using an H-7600 TEM (Hitachi Co. Ltd., Tokyo, Japan). For ultrathin sections, PFA-fixed bacterial cells were
gently washed in phosphate-buffered saline (PBS) and fixed successively in PBS containing osmium
tetroxide (1% [wt/vol]). The cells were embedded in a 1.5% (wt/vol) agarose gel and dehydrated by
ethanol. Next, the sample was covered with epoxy resin, sliced with a microtome (Leica Ultracut UCT
ultramicrotome) to a thickness of 60 nm, and examined using an H-7600 TEM.

For SEM imaging, B. longum colonies were fixed with 4% PFA solution in PBS on an agar plate.
Samples were washed in PBS and dehydrated by successive immersions in increasing concentrations of
ethanol. The samples were critical point dried and sputter coated with a thin osmium layer using a model
HPC-1SW osmium coater (Nisshin EM Corp., Tokyo, Japan). Images were obtained using an S-4700 field
emission (FE) SEM (Hitachi Co. Ltd., Tokyo, Japan).

Crude EV preparation from B. longum NCC2705 and MALDI-TOF MS. B. longum NCC2705 colonies
were scraped and suspended in 5 ml of PBS adjusted to an optical density at 600 nm (OD600) of 5.0. The
bacterial suspension was centrifuged (10,000 � g, 5 min, 4°C), and the supernatants were passed through
a 0.45-�m cellulose membrane filter (Advantech). The sample was ultracentrifuged at 150,000 � g for
60 min at 15°C (Himac CS100FNX; Koki Holdings, Tokyo, Japan), and the supernatants were carefully
decanted. The pellet was resuspended in 1 ml of PBS and concentrated using a 100,000-molecular-
weight-cutoff and Nanosep 100K ultrafiltration filters (Pall; final volume, approximately 100 �l); this was
designated the “crude EV fraction.” The crude EV fraction was fixed with 4% PFA and applied to grids.
Images were obtained using an H-7600 TEM, as described above. Protein and nucleic acid (dsDNA)
concentrations were determined using a bicinchoninic acid (BCA) protein assay kit (TaKaRa BIO, Kusatsu,
Japan) and QuantiFluor dsDNA system (Promega, Madison, WI, USA). The EV size distribution was
obtained using a NanoSight LM10 nanoparticle characterization system (NanoSight, Salisbury, UK). The
results are presented as averages of values from two independent experiments.

For SDS-PAGE, the crude EV fraction was mixed with 2� Laemmli sample buffer (Bio-Rad, Hercules,
CA, USA) (with 5% [vol/vol] �-mercaptoethanol [�-ME]) and boiled for 5 min. Next, 20 �l of the sample
was separated on an acrylamide gel (MULTIGEL II mid 4/20; Cosmo Bio Co., Ltd., Tokyo, Japan). The gel
was subsequently stained using a silver staining kit (Integrale, Tokushima, Japan). The significant bands
(as indicated in Fig. 3) were identified using MALDI-TOF MS (Shimadzu, Kyoto, Japan). Searches identified
the peptides against the Mascot database (Matrix Science, London, UK).

Preparation of B. longum NCC2705 whole-cell lysates and Western blotting. The B. longum
suspension (0.5 ml; described above) was centrifuged (4,000 � g, 5 min), and pelleted cells were sus-
pended in 0.3 ml PBS containing 25 U mutanolysin (Sigma-Aldrich, M9901), followed by incubation for
1 h at 37°C. The suspension was subjected to bead beating for 180 s at 4,800 rpm using 0.3 g of 0.1-mm
zirconia-silica beads (Bio Spec Products, Bartlesville, OK, USA). Cell debris was removed by centrifugation
at 6,000 � g and 4°C for 60 s. After centrifugation, the supernatant, designated the whole-cell lysate
fraction (10 �g protein/well), was separated using a 4% to 20% Mini-PROTEAN TGX precast gel (Bio-Rad).
The gel was subsequently stained using Bullet CBB Stain One (Nacalai Tesque, Kyoto, Japan). The
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significant bands (as indicated in Fig. S3a in the supplemental material) were identified by MALDI-TOF
MS as described above.

For Western blotting, protein samples from the crude EV fraction and whole-cell lysates were
transferred to a polyvinylidene difluoride membrane that was blocked with 5% (wt/vol) skim milk in
Tris-buffered saline (TBS)-0.05% (vol/vol) Tween 20 (TBS-T) for 15 h at 4°C. After the membrane was
washed with TBS-T, it was incubated with the rabbit anti-PstC antibody diluted 1:800 in TBS-T at room
temperature for 1 h. We then washed and incubated the membrane with alkaline phosphatase-
conjugated goat anti-rabbit IgG (Sigma-Aldrich) diluted 1:1,000 in TBS-T for 1 h. After washing, we
developed signals with a 5-bromo-4-chloro-3-indolylphosphate (BCIP)-nitroblue tetrazolium (NBT) liquid
substrate system (Nacalai Tesque). Antisera against the PstC (BL0314) synthetic peptide (CDQAANSQTV
SSFTGGK) were raised in rabbits by using routine immunization procedures.

BIA-MS. To identify adhesive proteins in the crude EV fraction, we performed BIA-MS (27) using a
surface plasmon resonance (SPR) biosensor (Biacore 1000; GE Healthcare, Chicago, IL, USA) and mass
spectrometry, as previously described (46). We immobilized porcine mucin type II (PGM; Sigma, St. Louis,
MO, USA) on a CM5 dextran sensor chip (approximately 2,500 to 4,200 resonance units [RU] in all flow
cells [FC1 to FC4]; GE Healthcare). The experiment was performed at a flow rate of 10 �l/min in HBS-EP
buffer (10 mM HEPES [pH 7.4], 150 mM NaCl, 3 mM EDTA, 0.005% [vol/vol] surfactant P-20; GE Healthcare)
at 25°C. For analyte preparation, the crude EV fraction (100 �l) was suspended 1:10 in 0.1 mM Triton
X-100 and incubated for 30 min at 25°C. We concentrated the mixtures and changed the buffer to HBS-EP
using a 10,000-molecular-weight (MW)-cutoff Amicon Ultra filter (Merck, Kenilworth, NJ, USA). The
sample was injected into FC1 to FC4 at a flow rate of 10 �l/min until saturation. We undocked the sensor
chip from the Biacore system, and 5 �l of 2 M NaCl was dropped on the SPR biosensor’s surface and
incubated for 30 min. The collected samples containing proteins were identified by nano-LC-MS/MS
(Shimazu). Searches against the Mascot database identified the obtained peptides. SignalP-5.0 (http://
www.cbs.dtu.dk/services/SignalP/) was used to assess the presence or absence of secretory signals.

Expression and purification of recombinant proteins in E. coli. Six identified proteins (Fig. 4b)
were expressed in E. coli and purified using N-terminal His tags. Genes (bl0959, groEL, tuf, pgk, tal, and
bl0576) were amplified by PCR with Ex Taq DNA polymerase (TaKaRa BIO) using B. longum NCC2705
genomic DNA as a template (primer pairs are listed in Table S2). The amplified fragments were inserted
into pET28b (Novagen, Madison, WI, USA) at NdeI and HindIII restriction sites. Sequencing confirmed all
resulting plasmids, and their DNA was introduced into E. coli BL21(DE3). Transformed cells were grown
in Luria-Bertani medium at 28°C or 37°C with shaking. When the OD600 reached 0.4, we added
isopropyl-�-D-thiogalactopyranoside (0.3 mM) to induce protein expression. Recombinant proteins were
purified as previously described (37) using a HisTrap HP column (GE Healthcare) in line with the ÄKTA
start system (GE Healthcare) according to the standard operating procedures. Purified proteins were
dialyzed in 20 mM HEPES buffer containing 150 mM NaCl (pH 7.0).

The Biacore 1000 assessed the interaction of recombinant proteins with PGM. Immobilized PGM
(approximately 3,700 RUs) was on a CM5 (flow cell 2) dextran sensor chip, and flow cell 1 was used as
a blank. Recombinant proteins (1,000 nM) were injected on the CM5 sensor chip. Experiments were
performed at a flow rate of 10 �l/min in HBS-EP buffer at 25°C. We measured RU at the end of the
association and corrected signals for nonspecific binding by subtracting the value of the blank.

Immobilization of recombinant proteins on microbeads. Next, recombinant proteins were cou-
pled with Fluoresbrite YG carboxylate microbeads (1.5 �m; Polysciences, Inc., Warrington, PA, USA) using
the PolyLink protein coupling kit (Polysciences, Inc.) as described previously (37), and microbeads
(12.5 mg) were suspended in the PolyLink coupling buffer. The EDAC solution was added and mixed
gently to activate the beads for protein coupling. After adding 300 �g of each purified recombinant
protein, we incubated the mixture with gentle shaking for 60 min. The beads were washed twice,
resuspended in 400 �l of 50 mM phosphate buffer containing 150 mM NaCl and 0.05% (wt/vol) bovine
serum albumin (pH 7.5), and stored at 4°C until use. Uncoated activated beads without protein coupling
were used as a control.

Animals. Eight-week-old C57BL/6JJcl male mice were obtained from CLEA Japan, Inc. (Tokyo, Japan).
All mice were housed under specific-pathogen-free (SPF) conditions at 22 � 2°C under a 12-h light/dark
cycle with ad libitum access to food and water. The animal care and experiments were approved by the
Institutional Animal Care and Use Committee of Kitasato University (approval no. 18-040), and all animal
experiments were performed in accordance with the approved guidelines.

Mouse experiment. Before treatment, mice were fasted for 8 h. SPF mice (C57BL/6JJcl, 8 weeks) were
administered 100 �l of gently stirred recombinant protein beads or control beads (approximately 107

particles) via gavage. After treatment, the mice were allowed ad libitum access to food and water.
Intestinal tissue collection was performed 24 h after bead administration. Tissue clearing was performed
as described previously using the water-based optical clearing agent SeeDB (47), with several modifi-
cations to optimize the method for GI tissues (37). Whole-gut images were acquired with a fluorescence
stereomicroscope (M205, charge-coupled-device [CCD] camera, DFC7000T; Leica, Wetzlar, Germany)
using a 395- to 455-nm mercury short arc lamp. A series of images were aligned to construct a single
image using Photoshop CC 2020 (Adobe Systems, San Jose, CA, USA).

For the quantification of microbead fecal shedding, 100 �l of recombinant GroEL- or Tal-immobilized
beads or control beads (approximately 108 particles) was administered per mouse by gavage. Next,
10 mg of feces was suspended in 200 �l of 1 M NaCl containing 0.05% Tween 20. The samples were
centrifuged at 300 � g for 1 min to remove digestive contents. Then, 50 �l of the supernatant was mixed
1:3 with PBS. The suspension was filtered through nylon mesh (70 �m), and the filtrate (100 �l) was
transferred into wells of a black 96-well plate. The fluorescence (excitation, 441 nm; emission, 486 nm)
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was measured using a TECAN Infinite 200 PRO microplate reader (Tecan Inc., Männedorf, Switzerland).
Microbeads from nontreated mouse feces were used as blank samples.

Statistical analysis. Data were analyzed using GraphPad Prism (GraphPad Software, San Diego, CA,
USA). Significant differences were determined using Student’s t test or one-way analysis of variance
(ANOVA). P values of �0.05 were considered statistically significant.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 4.7 MB.
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