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Type III Secretion System Translocon Component EseB Forms
Filaments on and Mediates Autoaggregation of and Biofilm Formation
by Edwardsiella tarda
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The type III secretion system (T3SS) of Edwardsiella tarda plays an important role in infection by translocating effector proteins
into host cells. EseB, a component required for effector translocation, is reported to mediate autoaggregation of E. tarda. In this
study, we demonstrate that EseB forms filamentous appendages on the surface of E. tarda and is required for biofilm formation
by E. tarda in Dulbecco’s modified Eagle’s medium (DMEM). Biofilm formation by E. tarda in DMEM does not require FlhB, an
essential component for assembling flagella. Dynamic analysis of EseB filament formation, autoaggregation, and biofilm forma-
tion shows that the formation of EseB filaments occurs prior to autoaggregation and biofilm formation. The addition of an EseB
antibody to E. tarda cultures before bacterial autoaggregation prevents autoaggregation and biofilm formation in a dose-depen-
dent manner, whereas the addition of the EseB antibody to E. tarda cultures in which biofilm is already formed does not destroy

the biofilm. Therefore, EseB filament-mediated bacterial cell-cell interaction is a prerequisite for autoaggregation and biofilm

formation.

dwardsiella tarda is a Gram-negative bacterium with a wide

range of hosts, including fish and humans. E. tarda causes
hemorrhagic septicemia in fish and gastrointestinal and extraint-
estinal infections in humans (1-3). The type III secretion system
(T3SS) of E. tarda plays a pivotal role in infection and enables the
bacteria to survive and replicate in phagocytes and epithelial cells
(4-7).

The bacterial T3SS nanomachine, delivering effector proteins
directly from the bacterial cytosol to host cells (8, 9), consists of
three parts: the basal body, needle, and translocation pore (10).
The gene cluster of the T3SS in E. tarda contains 34 genes, which
encode secretion apparatus, chaperones, translocators, effectors,
and regulators (5, 11). The esrA-esrB (5) and esrC (12) genes in the
T3SS gene cluster together with phoP-phoQ (13) and phoB-phoR
(14) outside the T3SS gene cluster control the virulence of E.
tarda. Deletion of esrB abolished the secretion of the translocon
proteins EseB, EseC, and EseD (5), which can form a protein com-
plex after secretion (5, 15, 16). Mutation of eseB led to an E. tarda
replication defect in host cells (5). EseB is required not only for
translocating effectors into host cells (11) but also for bacterial
autoaggregation in a T3SS-inducing medium, Dulbecco’s modi-
fied Eagle’s medium (DMEM) (5).

EseB is homologous to EspA of enteropathogenic Escherichia
coli (EPEC) or enterohemorrhagic Escherichia coli (EHEC), and it
has been reported that EspA forms a sheath-like structure on the
bacterial surface, as revealed by immunofluorescent staining and
immunogold labeling, and is required for effector translocation
(17-19). EspA of EPEC or EHEC also functions as an adhesin in
microcolony formation on epithelial cells and is involved in bac-
terial aggregation during biofilm formation on abiotic surfaces or
salad leaves (19, 20). The contribution of the T3SS to biofilm
formation has also been reported for other bacteria. For instance,
the T3SS of the phytopathogen Xanthomonas citri subsp. citri is
necessary for biofilm formation (21), and hyperactivity of the
T3SS encoded by Salmonella pathogenicity island 1(SPI1) can me-
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diate biofilm-like cell aggregation (22). Biofilms, highly struc-
tured microbial communities featuring bacterial cells attaching to
a biotic or abiotic surface and embedded in a matrix (23, 24), may
neutralize the conventional antimicrobial effect and host defense
and thus are difficult to eradicate (25). Hence, identification of
proteins involved in biofilm formation by bacterial pathogens
may provide information for antibiofilm treatment (26, 27).

In the present study, we investigated the role of EseB in the
formation of filamentous appendages on the surface of E. tarda,
and we proved that EseB filament-mediated bacterial cell-cell in-
teraction is a prerequisite for autoaggregation and biofilm forma-
tion.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and plasmids used in
this study are listed in Table 1. E. tarda strains (28) were grown in tryptic
soy broth (TSB; BD, MD, USA) or on tryptic soy agar (TSA; BD) at 28°C,
and Escherichia coli strains were cultured in Luria-Bertani (LB) broth
(BD) or on LB agar at 37°C. For the induction of T3SS proteins, E. tarda
strains were cultured in DMEM (Life Technologies, NY, USA) at 25°C
under a 5% (vol/vol) CO, atmosphere. When required, the medium was
supplemented with appropriate antibiotics at the following concentra-
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TABLE 1 Strains and plasmids used in this study

EseB Mediates Autoaggregation and Biofilm Formation

Strain or plasmid Description® Reference or source
Strains
E. tarda
PPD130/91 Wild type; Km® Col" Amp® 28
AeseB PPD130/91 with in-frame deletion of eseB 15
AflhB PPD130/91 with in-frame deletion of flhB 7
AeseB/p]N105-eseB AeseB with pJN105-eseB This study
E. coli
DH5a a complementation TaKaRa
BL21(DE3) E. coliBF~ ompT hsdS(ry~ my~) dem™ Tet" gal (DE3) endA Hte Novagen
Plasmids
pMDI18-T Cloning vector, Amp* TaKaRa
pJN105 Arabinose-inducible gene expression vector; araC-Py,p; Gm® 29
pJN105-eseB pJN105 with wild-type eseB This study
pET-28b Cloning vector; Km" Novagen
pET-28b-eseB pET-28b with eseB This study
pFPV25.1 Derivative of pBR322 with gfpmut3A under the control of the constitutive promoter 30

“ Km, kanamycin; Col, colistin; Amp, ampicillin; Gm, gentamicin. Superscript r and s indicate resistance and sensitivity, respectively.

tions: 12.5 pg/ml colistin (Col; Sigma, St. Louis, MO, USA), 100 g/ml
ampicillin (Amp; Sigma), and 100 pg/ml gentamicin (Gm; Sigma).

Complementation of a mutant strain. The eseB gene and its ribosome
binding site were amplified with the genomic DNA of E. tarda PPD130/91
as the template and ligated into the EcoRI and Xbal sites of pJN105 (29) to
produce plasmid pJN105-eseB, which was transformed into the AeseB
strain. The primers used are listed in Table 2. EseB expression was induced
in the AeseB/pJN105-eseB strain when the culture was supplemented with
50 mM r-arabinose (Biosharp, Anhui, China).

EseB protein expression, purification, and antibody preparation.
The eseB gene was cloned into a modified pET-28b vector with a SUMO
(small ubiquitin-related modifier) protein fused at the N terminus after
the His, tag, and the recombinant plasmid was transformed into E. coli
BL21(DE3) cells induced with 0.1 mM isopropyl-B-p-thiogalactopyrano-
side (IPTG) (Sigma, USA) at 20°C for 16 h. Harvested cells were lysed by
sonication in lysis buffer (400 mM NaCl, 50 mM Tris-HCI [pH 8.0], and
10% glycerol). Cell lysates were centrifuged at 18,000 X g for 1 h at 4°C,
and the supernatant was incubated with Ni beads (GE Healthcare) at 4°C
for 3 h. The beads were then washed with lysis buffer before elution with
250 mM imidazole. Purified His,-SUMO-EseB was digested with a ubiq-
uitin-like protease (ULP1), and flowed through a HiTrap Q HP column to
separate His,-SUMO from EseB. Purified EseB protein was kindly pro-
vided by ZhiXiong Zeng at Huazhong Agricultural University.

Purified EseB was adjusted to 1.0 pg/pl or 0.8 g/l in phosphate-
buffered saline (PBS) (200 mM NaCl, 25 mM Tris-HCI [pH 7.9]). To
prepare EseB antibody, eight 6-week-old naive C57BL/6 mice were im-
munized individually with 200 pl EseB and adjuvant each time. For the
firstimmunization, equal volumes of EseB (1.0 pg/pl) and Freund’s com-
plete adjuvant (Sigma) were mixed and injected into mice subcutaneously
in the abdomen. Two weeks later, equal volumes of EseB (1.0 pg/p.l) and

TABLE 2 Oligonucleotides used in this study

Primer

pET-eseB-for
PpET-eseB-rev
pJN105-for
pJN105-rev
eseB-com-pJN105-for
eseB-com-pJN105-rev

Nucleotide sequence

AGAATTCATGACTGTCAATACAGACTACC

AAAGCTTGCGGATATTCTGGGCGATGG

TCTGTAACAAAGCGGGACCAAAG

GTGCTGCAAGGCGATTAAGTTGG

ATGGATCCAACGCACTTTTCCGCCCTTGG

TTTCTAGATTACTAGCGGATATTCTGGGCG
ATGGATT
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Freund’s incomplete adjuvant (Sigma) were mixed and injected into mice
intraperitoneally. For the third and fourth immunizations, equal volumes
of EseB (0.8 wg/pl) and Freund’s incomplete adjuvant were mixed and
injected into mice intraperitoneally. Two weeks after the final immuniza-
tion, blood was collected to isolate EseB antiserum. The antisera were then
pooled before being used. Six-week-old C57BL/6 mice were purchased
from Vital River Laboratory Animal Technology Co. (Beijing) and cul-
tured at the Experimental Animal Centre, Wuhan Institute of Virology,
Chinese Academy of Sciences. The animal study proposal was approved
by the Institutional Animal Care and Use Committee (IACUC) of the
Experimental Animal Centre, Wuhan Institute of Virology, Chinese
Academy of Sciences.

Autoaggregation assay. Fresh colonies of E. tarda strains were inocu-
lated into 5 ml DMEM and cultured at 25°C under a 5% CO, atmosphere.
Twenty-four hours later, the culture was subcultured at a 1:200 dilution in
DMEM. To evaluate autoaggregation, the culture supernatants were care-
fully transferred to determine optical density at 540 nm (ODs,,) values
every 2 h until 40 h postsubculture (hps). Meanwhile, images of E. tarda
autoaggregation in glass tubes were acquired with a camera at 24 hps.
Moreover, E. tarda cells that autoaggregated on coverslips were photo-
graphed under a Hitachi S-4800 field emission scanning electron micro-
scope (Hitachi, Japan).

Scanning electron microscopy (SEM). Bacteria that settled on cover-
slips were fixed in 2.5% glutaraldehyde (Sigma) in PBS for 4 h at room
temperature prior to washes with PBS. The samples were then dehydrated
with a series of gradient acetone, 10%, 30%, 50%, 70%, 90%, 100%, and
100%, with 15 min for each dehydration step, before being freeze-dried.
Subsequently, samples were coated with gold film by sputter coating be-
fore being observed under a field emission scanning electron microscope
(S-4800; Hitachi, Japan).

Immuno-transmission electron microscopy. For immuno-trans-
mission electron microscopy (immuno-TEM) experiments, bacteria were
grown in DMEM for 20 h, grids were then immersed in the culture, and
the culture was allowed to grow for another 4 h. The grids with settled
bacteria were fixed and blocked with 10% BSA (bovine serum albumin)
(Sigma) in PBS for 30 min before being stained with anti-EseB antibody at
a 1:200 dilution for 2 h and protein A-coated colloidal gold particles
conjugated to donkey anti-mouse antibody (10 nm; Sigma) at a 1:100
dilution. Colloidal gold particle-coated samples were air dried and nega-
tively stained with 1% phosphotungstic acid before being examined under
a transmission electron microscope (HT-7700; Hitachi, Japan). Protein A
binds specifically to the Fc part of the IgG molecule (donkey anti-mouse
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antibody), and colloidal gold particles were coated with protein A; thus,
the filamentous appendages composed of EseB are labeled with electron-
dense colloidal gold particles.

Immunofluorescence microscopy. Bacteria were subcultured at a
1:200 dilution in DMEM in a 24-well plate with embedded coverslips.
Bacteria that settled on the coverslips were fixed in 4% paraformaldehyde
(PFA) in PBS and labeled by immunofluorescence staining. Briefly, the
bacteria were blocked with 10% BSA in PBS prior to antibody treatment.
Antibodies were used at the following dilutions: mouse anti-EseB poly-
clonal antibody was used at 1:200, and donkey anti-mouse IgG (Alexa 488;
Molecular Probes, USA) was used at 1:200. Images were photographed
with a confocal laser scanning microscope (NOL-LSM 710; Carl Zeiss,
Germany).

Biofilm formation assay. E. tarda strains were subcultured in 24-well
tissue culture plates with embedded coverslips. At8 h, 18 h,24 h,and 36 h
postsubculture, the culture supernatants were removed carefully, and the
coverslips were gently rinsed three times with PBS prior to fixation with
2.5% glutaraldehyde. The slides were then processed for SEM observa-
tion.

Effect of EseB antibody on autoaggregation and biofilm formation.
Wild-type E. tarda cells expressing green fluorescent protein (GFP) from
pFPV25.1 (30) were subcultured at a 1:200 dilution in DMEM and incu-
bated for 15 h, and anti-EseB antibody (2.65 mg/ml) was then added at a
1:2,000, 1:1,000, 1:200, 1:100, or 1:50 dilution. Nine hours later, autoag-
gregation was recorded by taking images of turbidity in glass tubes before
the determination of the OD,,, values of the culture supernatants. In
parallel, E. tarda cells grown in 24-well plates with embedded coverslips
were treated with EseB antibody at the dilutions indicated above, and EseB
filaments that developed on the bacteria were labeled by immunofluores-
cence staining.

To learn whether EseB antibody influenced the well-developed bio-
film or not, E. tarda wild-type cultures were supplemented at 24 hps with
EseB antibody at 1:2,000, 1:1,000, 1:200, 1:100, and 1:50 dilutions. At 4 h
postsupplementation, the culture supernatants were carefully aspirated,
and the remaining biofilms were rinsed twice with prewarmed PBS before
being fixed in 4% PFA and stained with 1% crystal violet. Biofilms stained
with crystal violet were photographed before being solubilized with 200 .l
of a 1% SDS solution to determine the ODy;, by using an ELx800 micro-
plate reader (BioTek, USA).

Motility assay. To measure motility, E. tarda strains were subcultured
at a 1:40 dilution in TSB at 28°C, and at 3 hps, similar amounts of each
strain were spotted onto fresh TSA plates containing 0.4% agar. Twelve
hours later, the motility of E. tarda strains was assessed by comparing the
diameters of motility halos on soft agar.

Statistical analysis. All data are expressed as means = standard devi-
ations (SD) of data from three independent experiments and were ana-
lyzed statistically by using Student’s t test, with P values of <0.05 being
considered significant.

RESULTS

Dynamic analysis of E. tarda autoaggregation. Autoaggregation
of E. tarda was abolished by insertion mutation of eseB when bac-
teria were grown in DMEM for 24 h (5). To analyze the dynamics
of autoaggregation, E. tarda wild-type strain PPD130/91, its iso-
genic AeseB mutant, and the complemented AeseB strain (AeseB/
pJIN105-eseB strain) were subcultured at 1:200 in DMEM. The
ODs,, of the culture supernatant was measured at intervals of 2 h
until 40 hps. At 22 hps, the OD5,, value of the culture supernatant
from the E. tarda wild-type and AeseB/pJN105-eseB strains was
lower than that of the AeseB strain (Fig. 1A), indicating that auto-
aggregation started at 20 hps. At 24 hps, most wild-type and
AeseB/pJN105-eseB cells settled to the bottom of the glass tubes,
and their supernatants became transparent, whereas the culture of
the AeseB strain remained cloudy (Fig. 1B), demonstrating that
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deletion of eseB abolishes the autoaggregation of E. farda in
DMEM.

At 24 hps, bacteria that settled on the coverslips in a 24-well
plate in DMEM were fixed for examination by SEM. Bacterial
clumps were observed for the wild-type and the AeseB/pJN105-
eseB strains but not the AeseB strain. In contrast to the wild-type
strain, a few sparsely distributed bacteria were observed for the
AeseB strain (Fig. 1C).

EseB forms filamentous appendages. EseB (GenBank acces-
sion number AAX76903.1) shares 21% identity and 35% similar-
ity with EspA of EPEC (accession number WP_000380757.1),
35% identity and 51% similarity with HrpA of Pseudomonas sy-
ringae (accession number AAB00126.1), and 29% identity and
46% similarity with SseB of Salmonella enterica (accession number
WP_001611818.1). Both EspA and HrpA can form filamentous
appendages on the bacterial surface (31, 32). To test if EseB forms
a filamentous appendage(s) on the bacterial surface, we used high-
magnification SEM to observe bacteria. As shown in Fig. 24, fila-
mentous appendages were observed on the surface of E. tarda
wild-type cells but not on the surface of cells of the AeseB strain,
and the filamentous appendages attached E. tarda wild-type cells
to the glass coverslip or connected one E. tarda cell to another (Fig.
2A). By immuno-TEM, EseB proteins labeled with gold particles
were observed to be distributed along the filamentous appendages
on the surface of E. tarda wild-type cells (Fig. 2B). By immunoflu-
orescence staining, EseB was found to form filamentous append-
ages on the surface of E. tarda wild-type cells under a confocal
microscope (Fig. 2C). No filamentous appendage was observed on
the surface of cells of the AeseB strain (Fig. 2). Taken together,
these results demonstrate that EseB forms filamentous append-
ages on the surface of E. tarda wild-type cells.

EseB is required for biofilm formation by E. tarda in DMEM.
We tested if EseB is involved in biofilm formation when E. tarda is
grown in DMEM. E. farda strains were grown in DMEM for 24 h
under static conditions. The culture supernatants were carefully
aspirated, and the remaining biofilms were rinsed twice with pre-
warmed PBS before being fixed with 4% PFA and stained with 1%
crystal violet. As shown in Fig. 3A, the wild-type strain formed
biofilm, while the AeseB mutant strain did not. Interestingly, a
flagellum-null AflhB mutant strain of E. tarda was able to form
biofilm, and quantification analysis showed that biofilm forma-
tion by the AfIhB strain was not significantly different from that by
the wild type (Fig. 3A), even though deletion of flhB abolished the
mobility of E. tarda on soft TSA (Fig. 3B). These results demon-
strate that EseB, but not flagella, is required for biofilm formation
by E. tarda in DMEM.

Dynamics of EseB filaments and biofilm development. As
EseB forms filaments and is required for biofilm formation, we
investigated the role of EseB filaments in biofilm development. By
SEM, we noticed that diffused E. tarda cells were observed at 8 hps,
and EseB filaments were found to attach E. tarda cells to the abiotic
glass coverslip. At 18 hps, E. tarda began to autoaggregate, and
EseB filaments helped to connect E. tarda cells together. At 24 hps,
EseB filaments weaved a robust web-like structure to maintain the
E. tarda macrocolony. At 36 hps, the developed biofilm was sim-
ilar to that at 24 hps (Fig. 4). Together with data from the dynamic
analysis of autoaggregation, these data indicate that EseB forms
filaments on the bacterial surface, EseB filaments attach bacteria
to abiotic surfaces, and growing EseB filaments connect bacterial
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FIG 1 Dynamic analysis of E. tarda autoaggregation. (A) EseB-mediated E. tarda autoaggregation. Deletion of eseB abolished E. tarda autoaggregation, and
expression of eseB in pJN105-eseB induced by 50 mM L-arabinose restored autoaggregation to wild-type levels. (B) Autoaggregation of wild-type (wt), AeseB, and
AeseB/pJN105-eseB cells in DMEM at 25°C. The wild-type and the complementing strains began to autoaggregate at 20 hps. (C) Autoaggregation observed by
SEM. Cell clumps that settled on coverslips were observed for the wild-type and AeseB/pJN105-eseB strains but not the AeseB strain. Bars, 4 um.

cells, thus causing autoaggregation of and formation of biofilm by
E. tarda in DMEM.

EseB antibody blocks E. tarda autoaggregation and biofilm
formation by affecting EseB filaments. To test if the EseB fila-
ment-mediated connections among bacterial cells are crucial for
autoaggregation and biofilm formation, we examined the effect of
EseB antibody on autoaggregation and biofilm formation. EseB
antibody was added to the E. tarda wild-type culture at 1:2,000,
1:1,000, 1:200, 1:100, and 1:50 dilutions, and at 15 h and 9 h post-
supplementation, the turbidity of the E. farda culture in glass
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tubes was measured. The culture supernatants were carefully
transferred to evaluate their OD5,, values. As shown in Fig. 5A, the
autoaggregation of E. tarda wild-type cells was inversely propor-
tional to the amount of EseB antibody added; the culture treated
with EseB antibody at 1:100 and at 1:50 dilutions had no signifi-
cant difference in turbidity, as revealed by ODs,,, values, which
indicates that EseB antibody supplementation at a 1:100 dilution
completely blocks autoaggregation of E. tarda wild-type cells (Fig.
5A). The biofilms that developed with the addition of EseB anti-
body were stained with crystal violet, and the absorbance of dis-

aem.asm.org 6081


http://aem.asm.org

Gao et al.

6082 aem.asm.org Applied and Environmental Microbiology September 2015 Volume 81 Number 17



http://aem.asm.org

2.59

2.0+

1.54

* ok ok

1.0+

o

0.0-

wt AfIhB AeseB

FIG 3 EseB but not FlhB is involved in E. tarda biofilm formation in DMEM.
(A) Deletion of fIhB does not influence E. tarda biofilm formation in DMEM.
Biofilms that developed were stained with crystal violet, and biofilm formation
was evaluated by examining the ODyg;, of the dissolved crystal violet. *** indi-
cates a significant difference at a P value of <0.001. (B) Motility of wild-type,
AeseB, and AfIhB cells on TSA with 0.4% agar. Images of motility halos were
taken 12 h after loading of bacteria.

solved crystal violet at 630 nm was determined. As shown in Fig.
5B, the amount of biofilm that developed was inversely propor-
tional to the amount of EseB antibody added. Again, no difference
in biofilm formation at two concentrations (1:100 and 1:50) of
EseB antibody was observed, in agreement with the effect of EseB
antibody on autoaggregation. To analyze the effect of EseB anti-
body on EseB filaments, E. tarda wild-type cells expressing GFP
from plasmid pFPV25.1 were grown for 15 h in a 24-well plate
with embedded coverslips and treated with EseB antibody at dif-
ferent dilutions for 9 h. Coverslips were washed with PBS and then
fixed with PFA before immunofluorescence labeling with EseB
antibody. As shown in Fig. 5C, when EseB antibody was added at
a 1:2,000 dilution, there were fewer filamentous appendages on
the surface of E. tarda wild-type cells than on wild-type cells
treated with naive mouse serum (labeled as untreated). Interest-
ingly, with the increase in the amount of EseB antibody added, the
EseB signal detected on the surface of E. tarda wild-type cells be-
came weaker. This result indicates that EseB which was secreted to

EseB Mediates Autoaggregation and Biofilm Formation

assemble filamentous appendages on the E. tarda surface before
bacterial autoaggregation and biofilm formation might be neu-
tralized by EseB antibody.

Next, we tested if the EseB antibody has any effect on mature E.
tarda biofilms. The EseB antibody was added at 1:2,000, 1:1,000,
1:200, 1:100, and 1:50 dilutions to E. tarda wild-type cultures at 24
hps, a time point at which mature biofilm had already formed
(Fig. 3). At 4 h post-antibody supplementation, the remaining
biofilms were stained with crystal violet. The crystal violet was
dissolved for measuring the ODyg;, to evaluate the remaining bio-
films. As shown in Fig. 5D, EseB antibody did not destroy the
mature biofilm, as the biofilms did not change with increasing
EseB antibody concentrations. Collectively, these data demon-
strate that the EseB antibody blocks autoaggregation and biofilm
formation but has no effect on biofilms that have already formed.

DISCUSSION

Tan et al. hypothesized that EseB of E. tarda may be a component
of an extracellular filamentous organelle or appendage based on
the requirement for EseB for E. tarda autoaggregation in DMEM
(5). Here, we show that EseB can indeed form filamentous ap-
pendages on the surface of E. tarda and is involved in autoaggre-
gation and biofilm formation through EseB filament-mediated
bacterial cell-cell interaction.

EseB of E. tarda has homology with EspA of E. coli. EspA of
EPEC can form a sheath-like structure to connect the needle com-
plex with the translocon pore and hence allows translocation of
effectors from the bacterial cytosol to the host cell cytosol (17, 33).
In addition, EspA filaments act as adhesins in the initial step of
biofilm development by EPEC (20), and EHEC exploits EspA fil-
aments for attachment to salad leaves (19). The length of EspA
filaments ranges from 32 to 688 nm (34); EseB filaments of E.
tarda are much longer and can vary in length, ranging from 82 to
3,065 nm (data not shown). As observed in the present study, EseB
filaments of E. tarda can facilitate bacterial adhesion to an abiotic
surface and can facilitate the autoaggregation of and biofilm for-
mation by E. tarda. It is therefore considered that EseB and EspA
may have multiple functions, in the translocation of effectors, bac-
terial autoaggregation, and biofilm formation, although E. tarda is
an intracellular pathogen, and EPEC and EHEC are extracellular
pathogens.

The specific role of EseB in bacterial autoaggregation and bio-
film formation was validated by anti-EseB antibody treatment.
The addition of EseB antibody to E. tarda wild-type cultures be-
fore autoaggregation reduced autoaggregation in proportion to
the amount of antibody added, and the antibody also blocked
biofilm formation in a dose-dependent manner. It is possible that
the EseB antibody binds to EseB filaments growing on the bacte-
rial surface or blocks the extension of EseB filaments and/or EseB
filament-mediated bacterial cell-cell interaction, thus causing de-
creased autoaggregation of and biofilm formation by E. farda in
DMEM. The fact that fewer filaments were detected when cultures
were treated with increased amounts of EseB antibody suggests

FIG 2 EseB forms filamentous appendages on the surface of E. tarda cells. (A) SEM of E. tarda wild-type strain PPD130/91 and the AeseB strain. Bars, 600 nm.
(B) Immuno-TEM images of the E. tarda wild-type and AeseB strains. Bacteria were labeled with anti-EseB antibody and protein A-coated colloidal gold particles
conjugated to donkey anti-mouse secondary antibody (10 nm in diameter). Gold particles were distributed along filamentous appendages on E. tarda wild-type
(black arrows) but not on AeseB cells. The inset shows enlarged views of the boxed areas. Bars, 200 nm; bar for the inset, 20 nm. (C) Immunofluorescence staining
of wild-type and AeseB cells with antibody against EseB. The fixed bacteria were incubated with anti-EseB antibody, followed by incubation with Alexa 488
donkey anti-mouse secondary antibody. Green filamentous signals were detected in wild-type bacteria but not in AeseB strain bacteria. Bars, 5 pm.
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FIG 4 Dynamic analysis of biofilm formation and EseB filaments. At 8 h, 18 h, 24 h, and 36 h postsubculture, E. tarda wild-type cells that settled on the coverslips
were assayed by SEM. At 8 hps, EseB helps E. tarda to attach to the coverslips, as indicated by the white arrows, and at 24 and 36 hps, EseB helps to connect and
support E. tarda cells. Bars, 10 pm at low magnification (left) and 400 nm at high magnification (right).

that the binding of EseB antibody to growing EseB filaments might
destabilize the EseB filaments. On the other hand, mature biofilm
is not affected by the EseB antibody added. Together with data
from the dynamic analysis of the development of EseB filaments,

autoaggregation, and biofilm formation, we propose that EseB
filament-mediated bacterial cell-cell interaction is a prerequisite
for autoaggregation of and biofilm formation by E. tarda in
DMEM. This finding might have wide and important applications
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FIG 5 EseB antibody blocks E. tarda autoaggregation and biofilm formation. E. tarda wild-type cells cultured in DMEM in tubes or 24-well plates were
supplemented (Treated) with EseB antibody at 1:2,000, 1:1,000, 1:200, 1:100, and 1:50 dilutions. Naive mouse serum was added to E. tarda wild-type cultures at
a 1:50 dilution and is labeled Untreated. (A) EseB antibody added at 15 hps inhibits autoaggregation of E. tarda cultured in DMEM in a dose-dependent manner,
as shown by ODs,, values of the culture supernatants and images of autoaggregation in glass tubes. ***, P < 0.001; **, P < 0.01. (B) Biofilm formation by E. tarda
cultured in DMEM is inversely proportional to the amount of EseB antibody added at 15 hps. Crystal violet staining and quantification of dissolved crystal violet
were performed to evaluate the biofilm formation ability in the presence of EseB antibody. ***, P < 0.001. (C) Confocal laser scanning microscopy images of
top-down views and orthogonal views of filament formation when EseB antibody was added at 15 hps. There were fewer EseB filaments with increasing
concentrations of EseB antibody. The amounts of EseB antibody added are indicated for dilutions of no less than 1:100. (D) Mature biofilm formed by E. tarda
is not influenced by EseB antibody added at 24 hps. The biofilms were examined by crystal violet staining at 4 h post-EseB antibody supplementation. The quality
and amount of biofilm formation were revealed by crystal violet staining. ***, P < 0.001.
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in the prevention of E. tarda infection: the EseB protein could be
used as a subunit vaccine against E. farda infection.

It has been reported that the motility of bacteria plays an im-
portant role in biofilm formation in some species (35, 36). In
bacteria, motility is mediated mainly by flagella, which are recog-
nized as the main factor for initial cell-to-surface contact in the
attachment stage of EPEC, S. enterica, and Pseudomonas aerugi-
nosa (37-39). E. coli strains lacking flagella or possessing paralyzed
flagella are defective in biofilm formation (36, 40). Xu et al. (41)
reported previously that flagellum-impaired mutants of E. tarda
strain H1 exhibited reduced biofilm formation because of de-
creased attachment to the abiotic polyvinylchloride surface in TSB
medium. We found no difference in biofilm formation between
wild-type E. tarda strain PPD130/91 and its AflhB flagellar mutant
strain grown in DMEM (Fig. 3A). This is not unexpected, as there
was no flagellum observed when E. tarda was grown in the T3SS-
inducing medium DMEM (Fig. 2A). It is likely that under differ-
ent environmental conditions, E. tarda senses different signals to
regulate the expression of the corresponding gene to form biofilm.

Filamentous appendages are also observed in other bacteria,
for example, outer membrane vesicles (OMVs) on Myxococcus
xanthus (42), nanofibers on Streptococcus mutans (43), and rigid
nanowires on Shewanella oneidensis (44). Rigid nanowires, which
are quite similar to E. tarda EseB filaments in morphology and
distribution, are electrically conductive in direct response to elec-
tron acceptor limitation (44). It would be interesting to know if
EseB filaments are also electrically conductive and if this conduc-
tivity is related to autoaggregation of and biofilm formation by E.
tarda.
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