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Abstract Colibacillosis, caused by pathogenic Escherichia
coli, is a common disease in animals and human worldwide
with extensive losses in breeding industry and with millions of
people death annually. There is thus an urgent need for the
development of universal vaccines against colibacillosis. In
this study, the BamA protein was analyzed in silico for se-
quence homology, physicochemical properties, allergenic pre-
diction, and epitopes prediction. The BamA protein (contain-
ing 286 amino acids) clusters in E. coli were retrieved in
UniProtKB database, in which 81.7 % sequences were iden-
tical (Uniref entry A7ZHR7), and sequences with 94.82 %
identity were above 93.4 %. Moreover, BamA was highly
conserved among Salmonella and Shigella and has no aller-
genicity to mice and human. The epitopes of BamA were
located principally in periplasm and extracellular domain.
Surf_Ag_VNR domain (at position 448–810 aa) of BamA
was expressed, purified, and then used for immunization of
mice. Titers of the rBamA sera were 1:736,000 and 1:152,000
against rBamA and E. coli and over 1:27,000 against
Salmonella and Shigella. Opsonophagocytosis result revealed
that the rBamA sera strengthened the phagocytic activity of
neutrophils against E. coli. The survival rate of mice vaccinated

with rBamA and PBS was 80 and 20 %, respectively. These
data indicated that BamA could serve as a promising universal
vaccine candidate for the development of a protective subunit
vaccine against bacterial infection. Thus, the above protocol
would provide more feasible technical clues and choices for
available control of pathogenic E. coli, Salmonella, and
Shigella.
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Introduction

Escherichia coli, a pathogenic and opportunistic Gram-
negative bacteria, can cause an infection in the intestines of
livestock, poultry, and other animals, known as diarrhea, and
may cause others urinary tract infection, sepsis, and meningi-
tis in human (Ababneh et al. 2012; Lemaître et al. 2013;
Tobias et al. 2015; Takeyama et al. 2015). The worldwide
burden of these diseases is staggering, with significant eco-
nomic losses in animal farms and with 840 million infections
and 3,800,000 people death annually (Ron 2006; Mehla and
Ramana 2016). Presently, these diseases caused by E. coli are
mainly controlled by the use of antibiotics or vaccines.
However, abuse of antibiotics in recent years has resulted in
a significant upward trend in resistance (Grundt et al. 2012;
Ababneh et al. 2012). A variety of vaccines against E. coli
were developed to prevent colibacillosis and provided effec-
tive immune protections, including inactivated vaccine, atten-
uated vaccine, and subunit vaccine based on antigenic com-
ponents of cells, such as adhesin and toxin (Holmgren et al.
2013; Lundgren et al. 2013; Lu et al. 2014; Sincock et al.
2016). In fact, however, vaccination is far from efficient
against E. coli infections because of the multitudinous
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serotypes of E. coli and unceasing emergence of resistant
strains, which is why no E. coli vaccine has been widely used
worldwide (Mehla and Ramana 2016). Hitherto, there are no
licensed vaccines available for enterotoxigenic E. coli (Mehla
and Ramana 2016). In China, only several inactivated vac-
cines are currently available to prevent or treat colibacillosis
in piglets, sheep, chicken, ducks, and rabbits. However, these
inactivated vaccines with single specific serotype showed lim-
ited protection against E. coli infection; by contrast, universal
vaccines have several advantages over them, including con-
venience, cost-effectiveness, and cross-protection efficiency
(Guan et al. 2015; Wang et al. 2015). The development of
versatile vaccines is an urgent need to control and prevent
against pathogenic E. coli infection especially in China while
avoiding the use of antibiotics.

Outer membrane proteins were widely distributed in Gram-
negative bacteria. Surface-exposed outer membrane proteins
are primary targets recognized and attacked by the host im-
mune system; therefore, outer membrane proteins constitute
potential vaccine candidates. Due to their exposed epitopes on
the cell surface, several highly conserved outer membrane
proteins in E. coli such as OmpA, OmpC, and OmpF have
been reported to offer good immune protective effects in mice
(Hu et al. 2013; Hsieh et al. 2014; Guan et al. 2015; Yu et al.
2008; Liu et al. 2012; Wang et al. 2015). The outer membrane
protein BamA in E. coli is an essential component of the
hetero-oligomeric machinery that mediates β-barrel outer
membrane protein assembly (Bennion et al. 2010). BamA
belongs to the Omp85 family of proteins, which are major
antigenic and immunogenic proteins expressed by most
Gram-negative pathogenic bacteria (Su et al. 2010). To our
knowledge, there is no report on the application of BamA
vaccine against colibacillosis and other bacterial diseases.

In this study, physicochemical properties, allergenicity, and
epitopes of the BamA protein in E. coli CVCC 1515 were
analyzed by bioinformics software. The bamA gene was
cloned and expressed in E. coli BL21 (DE3) with a 6×His
fusion tag. Immune response and protective efficacy of the
recombinant BamA protein (rBamA) were evaluated for a
universal vaccine candidate, and we hope it can be validated
and served as a reference for much more similar work.

Materials and methods

Bacterial strains and mice growth conditions

The strains of E. coli CVCC 1515, E. coli CVCC 195,
Salmonella choleraesuis CVCC 503, Salmonella enteritidis
CVCC 3377, and Salmonella pullorum CVCC 1802 were
purchased from China Veterinary Culture Collection Center
(CVCC) (Beijing, China). The strains of E. coli CICC 21530
(serotype O157:H7), Salmonella typhimurium CICC 22596,

and Pseudomonas aeruginosa CICC10419, CICC 21625,
CICC 21636, and CICC 22630 were purchased from the
China Center of Industrial Culture Collection (CICC)
(Beijing, China). The S. enteritidis CMCC (B) 50336,
Shigella dysenteriae CMCC (B) 51252, and CMCC (B)
51571 strains were purchased from the National Center for
Medical Culture Collection (CMCC) (Beijing, China). The
E. coli DH5α and BL21 (DE3) strains were purchased from
TransGen Biotech, Inc. (Beijing, China). All strains were cul-
tured on Luria Bertani (LB) at 37 °C.

Specific pathogen-free (SPF) female BALB/c mice
(6∼8 weeks old) were purchased from Vital River
Laboratories (VRL, Beijing). Mice were housed in appropri-
ate conventional animal care facilities and handled strictly
according to international guidelines required for animal
experiments.

Sequence homology analysis of BamA

The amino acid sequence of the BamA protein in E. coli was
retrieved from Uniport database (http://www.uniprot.org/),
with gene name BBamA^ and organism BEscherichia coli.^
These sequences of BamA were aligned by the BAlign^ tool
(http://www.uniprot.org/align/). Representative sequences of
BamA in E. coli (UniRef entry B7MP37, T8KAF0,
N2JZB7, and A7ZHR7) were also aligned with those of
BamA in Salmonella (UniRef entry Q5PD65, Q8ZRP0,
S5GQW9, B5RHG2, B5FJ24), Shigella (UniRef entry
F3WE14, I6DUK6, Q32JT2), and Pseudomonas (UniRef
entry S6J182, S6MPY6, A0A038GD14, A0A0D6GGR7),
respectively, with CLUSTALO program. Phylogenetic tree
was constructed by using the MEGA 6 software.

The genomic DNA from the E. coliCVCC 1515 strain was
extracted with a TIANamp Bacteria DNA Kit (Tiangen
Biotech, Beijing, China) following the manufacturer’s instruc-
tions. Primer pairs for the bamA gene in E. coli CVCC 1515
were designed based on representative sequence (Uniref entry
A7ZHR7). After PCR amplification, the PCR products of
bamA were sequenced and compared with the representative
BamAprotein sequencewith blastx in NCBI (http://blast.ncbi.
nlm.nih.gov/Blast.cgi?PROGRAM=blastx&PAGE_TYPE=
B l a s t S e a r c h&BLAST _ S P EC=&L INK _LOC=
blasttab&LAST_PAGE=blastn).

Physicochemical properties analysis of BamA

The BamA protein (Uniref entry A7ZHR7) was analyzed
as a model, and its conserved domains were analyzed in
NCBI (Marchler-Bauer et al. 2015). Physical and chemical
parameters of this protein were calculated with ProtParam
tool (http://web.expasy.org/protparam/). Solubility of
BamA overexpressed in E. coli was predicted using a
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software (http://biotech.ou.edu/#rt by University of
Oklahoma) (Diaz et al. 2010).

Allergenicity prediction of the BamA protein

Allergenicity of BamA to mice and human was predicted with
the AlgPred tool (http://www.imtech.res.in/raghava/algpred/
submission.html) by performing BLAST search against
allergen representative peptides and by mapping of IgE
epitope (Saha and Raghava 2006).

B cell epitope prediction of the BamA protein

Linear B cell epitopes were predicted based on sequence prop-
erties with threshold 0.35 (http://tools.immuneepitope.org/
bcell/) (Larsen et al. 2006; Ponomarenko and Bourne 2007).
Discontinuous B cell epitopes were predicted by DiscoTope 2.
0 (http://tools.immuneepitope.org/stools/discotope/discotope.
do) which was based on 3D structures of proteins in PDB
format (Kringelum et al. 2012). Prediction threshold was set
at -3.1. PDB id of BamA protein were 3EFC (21–410 aa) and
4C4V (344–810 aa) (Gatzeva-Topalova et al. 2008; Albrecht
et al. 2014).

Expression and purification of BSurf_Ag_VNR^ domain
of the BamA protein

According to the bioinformation analysis result of the BamA
p ro t e i n , t h e comp l emen t a r y DNA (cDNA) o f
BBac_surface_Ag^ region (at position 448–810 aa) of
BamA in E. coli CVCC1515 (GenBank KP057879) was am-
plified by primers of F-EcoRI: 5′-GAATTCAATTG
GTTAGGTACAGGTTATGC-3′ with the EcoRI site and R-
NotI: GCGGCCGCCCAGGTTTTGCCGATGTTGAACT
with the NotI site.

The bamA PCR product was inserted into the pET28a ex-
pression vector. The recombinant plasmids were then trans-
formed into E. coli BL21 (DE3). The His-tagged BamA pro-
tein in BL21 was expressed using a modified auto-induction
method (Studier 2005). Briefly, monoclonal strains were in-
oculated in LB at 37 °C on a platform shaker at a speed of
250 rpm until an optical density at 600 nm (OD600) of 0.60
and then transplanted to ZYM-5052 autoinduction media with
1 % inoculum density. The strains were cultured at 37 °C on a
platform shaker at a speed of 250 rpm for 24 h.

Purification and refolding of the recombinant outer mem-
brane protein was improved based on the previous protocol
(Saleem et al. 2012). Briefly, after the fusion protein was suf-
ficiently expressed, the bacteria were pelleted and resuspend-
ed in lysis buffer (50 mM Tris–HCl buffer, pH 7.9, containing
5 mg of lysozyme per gram of cell paste and 5 μl of DNase I
type IV stock per gram of cell paste) with 8 ml buffer per gram
wet weight of cell paste. The cells were disrupted in a probe

ultrasonicator. Inclusion bodies (IBs) were precipitated by
centrifugation at 14,000×g for 20 min at 4 °C and washed
twice in 50 ml of 50 mM Tris–HCl buffer (pH 7.9, containing
1.5 % (v/v) lauryl dimethyl amine oxide (LDAO)) for each
1∼1.5 g wet weight. After that, the IBs were precipitated and
dissolved in denaturing buffer (10 mM Tris–HCl buffer,
pH 7.5, containing 1 mM ethylenediamine tetraacetic acid
(EDTA) and 8 M urea). The IB solution was centrifuged at
14,000×g for 20 min to remove any undissolved material and
was added to refolding buffer (20 mM Tris–HCl buffer,
pH 7.9, containing 1 M NaCl and 5 % (v/v) LDAO) drop-
wise with rapid stirring to produce a final 1:1 volume ratio.
The solution was dialyzed at 4 °C against two changes of 4 l of
dialysis buffer (20 mM Tris–HCl buffer, pH 7.9, containing
0.5 M NaCl and 0.1 % (v/v) LDAO) every 6 h for refolding.

The refolding 6×His-Tag fusion protein was purified using
a Ni2+-nitriloacetate (NTA) super flow resin column
(QIAGEN, Germany) with equilibration buffer (20 mM
Tris–HCl buffer, pH 7.9, containing 0.5 M NaCl, 0.1 % (v/v)
LDAO and 40 mM imidazole) and elution buffer (20 mM
Tris–HCl buffer, pH 7.4, containing 0.5 M NaCl, 0.1 % (v/v)
LDAO and 500 mM imidazole) according to the manufac-
turer’s instructions. Then the eluted recombinant protein was
desalted using a HiPrep 26/10 desalting column with desali-
nation buffer (20 mM Tris–HCl buffer, pH 7.4, containing
150 mM NaCl and 0.1 % (v/v) LDAO). All proteins were
determined by 12 % sodium dodecyl sulfatepolyacrylamide
gel electrophoresis (SDS–PAGE). The protein was then ly-
ophilized with the ALPHA 1-2 LD plus freeze dryer (Christ,
Germany) and kept in −20 °C.

Western blotting analysis of rBamA

SDS–PAGE was performed by running the gel for 120 min at
80 V. The rBamA protein was transferred to the PVDF mem-
brane as described previously (Li et al. 2014). Briefly, the
PVDF membrane was blocked overnight with 5 % BSA in
TBST (25 mM Tris, 150 mM NaCl, and 0.05 % (v/v) Tween-
20, pH 7.4) at 4 °C. After washing three times with TBST, the
membrane was incubated with the rBamA sera (1:5000) for
2 h at room temperature (RT). After washing with TBST, the
membrane was incubated with secondary antibodies (Beijing
CWBIO Co., Ltd.) at a dilution of 1:5000 for 2 h at RT. The
membrane was then washed, and the bands were stained using
BCIP/NBT Solution (Beijing CWBIO Co., Ltd.) as substrate.

Immunization protocols

The lyophilized protein was resuspended in sterile PBS to ob-
tain a concentration of 1.0 mg/ml. Twenty BALB/c mice were
immunized with the purified rBamA protein on day 0, day 21
and day 35 (Guan et al. 2015). For the first immunization,
antigen solution (25 μl) was mixed with complete Freund’s
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adjuvant (Sigma-Aldrich, Inc.) (25 μl) and PBS (50 μl). Mice
were vaccinated with 100 μl antigen mixture per mouse by
hypodermic injection.

For the second immunization, antigen mixture was com-
posed of antigen solution (25 μl), incomplete Freund’s adju-
vant (Sigma-Aldrich, Inc.) (25 μl), and PBS (50 μl). Mice
were intraperitoneally injected with 100 μl antigen mixture
per mouse (BamA group). Mice immunized with PBS were
used as the control group (PBS group). The third booster
immunization was carried out with the same procedure. All
mice were housed individually in ventilated cages (Suzhou
Fengshi Laboratory Animal Equipment Co., Ltd., Suzhou)
and monitored daily. Cages were changed once per week.
The mice were bled on day 1, day 25 and day 39 from the tail
vein. Sera were stored at −20 °C until used.

BamA detection by the enzyme-linked immunosorbent
assay (ELISA)

Ninety-six-well plates were coated with 0.2 μg/well
BamA protein in 100 μl of coating buffer (0.015 M so-
dium carbonate, 0.035 M sodium bicarbonate, pH 9.6)
by overnight incubation at 4 °C. The plates were washed
four times with PBST (PBS containing 0.05 % Tween-
20) and then blocked with 5 % BSA in PBST at 37 °C
for 2 h. After washing with PBST four times, the plates
were added with serial dilutions of mice serum and in-
cubated for 1.5 h at 37 °C and washed as above. HRP-
conjugated goat anti-mouse IgG (diluted with 1:5000)
was added into the plates with 100 μl/well and incubated
for 30 min at 37 °C. After that, the color was developed
with 3,3′,5,5′,-tetramethylbenzidine (TMB) for 20 min at
37 °C. 2 M H2SO4 (50 μl/well) was used to stop the
reaction. The absorbance of each well was read at
450 nm by a microplate reader (Perlong Medical,
Beijing). The OD450 nm (test group)/OD450 nm (negative
control) ratio ≥2.1 was considered as a positive result.

Bacterial cell detection by ELISA

Ninety-six-well plates were added with 150 μl 0.1 M
NaHCO3 plus 2.5 % glutaraldehyde, incubated for 1 h at
37 °C, and washed four times with sterile water. The plates
were then coated with 107 CFU/100 μl bacterial cells per well
and incubated at 37 °C until dry. Subsequent steps from anti-
gen blocking were carried out in accordance with the above
procedure.

Opsonophagocytosis assay

Mice neutrophils were isolated from peritoneal fluid using a
previously described protocol (Guan et al. 2015). The concen-
tration of neutrophils was adjusted to 4 × 106 cells/ml. The

E. coli CVCC 1515 strain was cultured to logarithmic phase
and adjusted to 4 × 104 CFU/ml. For each sample, 400 μl of
bacterium suspension was mixed with mouse serum at the
ratio of 4:1. The mixture was incubated at 30 °C for 30 min.
Five hundred microliters of neutrophils suspension and 100 μl
of baby rabbit complement (Cedarlane, Homby, Ontario,
Canada) were added into the mixture and incubated at 30 °C
for 1 h. After incubation, neutrophils were lysed by adding
sterile water into the mixture. The mixture was then serially
diluted for plate counting. The survival rate of bacterial cells
was calculated as the ratio between colony in each group and
the blank group.

Challenge assay

A lethal dose of 50% (LD50) was determined by the previous
method (Guan et al. 2015). Based on this, 14 days after the
second immunization, ten mice from each group were
injected intraperitoneally with 100 μl (1 × 109 CFU/ml)
log-phase E. coli CVCC 1515. Mortality was recorded for
the next 180 h.

Statistical analysis

The SPSS software (version 22) was used for all statistical
analyses. One-way repeated analysis of variance (ANOVA)
and the Mann–Whitney rank test were used to evaluate differ-
ences between groups. Differences were considered signifi-
cant at p < 0.05.

Results

Homology and phylogenesis analysis

The BamA protein clusters in E. coli were obtained in
UniProtKB database, in which 81.7 % sequences were iden-
tical (Uniref entry A7ZHR7), and sequences with 94.82 %
similarity were above 93.4 % (Fig. 1a, b).

The BamA protein from E. coli shares 90.99, 99.14, and
31.92 % identity with that from Salmonella, Shigella, and
Pseudomonas strains, respectively. The results showed that
the BamA protein is highly conserved among E. coli,
Salmonella, and Shigella, but shares low homology with that
of Pseudomonas. Phylogenetic tree also indicated that
Pseudomonas has a larger genetic distance than the other three
bacteria. The BamA sequence from E. coli (Uniref entry
A7ZHR7) was used as a model in the following analysis.
The bamA gene in E. coli CVCC 1515 was sequenced and
aligned by BLAST with representative sequences in E. coli.
The result showed that the BamA protein sequence was iden-
tical to that of A7ZHR7.
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Structure and physicochemical properties analysis
of the BamA protein

Six conserved domains at positions 24–91 aa, 92–172 aa,
266–344 aa, 175–263 aa, 347–421 aa and 448–810 aa were
existed in the BamA protein (Fig. 2). The first domain at

positions 24–91 aa belonged to surface antigen with variable
number repeats (Surf_Ag_VNR), and the fragment from po-
sitions 448 to 810 aa belonged to bacterial surface antigens
(Bac_surface_Ag). The ProtParam results showed that the
outer membrane protein mainly included β-strand, helix,
and turn. The fragment of position from 1 to 20 aawas a signal

Fig. 1 Homology and phylogenesis analysis of the BamA protein from E. coliCVCC 1515. a Proportion of the BamA protein sequences in E. coli (%).
b Phylogenesis analysis of the BamA protein in E. coli. c Phylogenesis analysis of the BamA protein in E. coli, Salmonella, Shigella, and Pseudomonas
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peptide, and the fragment of position from 21 to 810 aa was a
mature transmembrane protein which containing helix, β-
strand, and turn. Figure 2a displays the subcellular location
of BamA, the position of 21–424 aa was in periplasm, and
eight loops of extracellular domain were distributed in posi-
tion of 434–810 aa. Due to containing 56.65 % hydrophobic
amino acids, BamA had a 0.0 % chance of solubility when
being overexpressed in E. coli.

Allergenic prediction of the BamA protein

Allergenicity of BamA was predicted based on two algo-
rithms, blasting against allergen representative peptides and
mapping IgE epitope. The result showed that no hits were
found, indicating that the BamA protein has no allergenicity
to mice and human.

B cell epitope prediction of the BamA protein

Linear B cell epitope was predicted by BepiPred based on a
combination of a hidden Markov model and a propensity
scale method (Larsen et al. 2006). The residues with scores
above the threshold (default 0.35) are predicted to be part of
an epitope. As shown in Fig. 2b, linear epitopes were com-
posed ofmore than seven amino acid residues, which existed
in the periplasm (14 epitopes) and extracellular domain (14
epitopes). Discontinuous epitopes were predicted by
DiscoTope 2.0 (Kringelum et al. 2012), which was a
structure-based prediction tool. The results showed that dis-
continuous epitopes were located principally in the peri-
plasm and extracellular domain (Fig. 2c).

Expression, purification, and Western blotting analysis
of the BamA protein

The bamA gene was cloned into a pET-28a vector, and the
recombinant plasmid pET-28a-BamAwas transformed into
BL21 (DE3) cells for auto-induction expression. The
BamA protein was successfully expressed in E. coli
BL21 with an N-terminal 6×His tag. After purification,
the rBamA protein was estimated to be approximately
41 kDa by SDS–PAGE with the purity of 93.5 %
(Fig. 3a). One main band with the size of 41 kDa was
observed in Western blotting (Fig. 3b), which was consis-
tent with the BamA expression gels. It indicated that the

Fig. 2 Structure, position of conserved domains, and subcellular location and B cell epitope prediction of the BamA protein. a Structure and position of
conserved domains. b Discontinuous B cell epitope. c Subcellular location and linear B cell epitope. Yellow color represents epitopes

Fig. 3 Purification and Western blotting analysis of the BamA protein. a
Purification of the BamA protein. Lane 1, the BamA protein; lane M,
protein marker. bWestern blotting analysis of the BamA protein. LaneM,
protein marker; lane 1, the BamA protein
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anti-BamA serum mainly bound with BamA. These results
taken together suggest that BamA is an immunogenic
protein.

Strong antibody induced by immunization with rBamA

Sera were collected from mice on days 0, 5, 25, and 39,
and tested by ELISA using the rBamA protein and
E. coli CVCC 1515 as antigens. As shown in Fig. 4a,
titers of the rBamA sera against rBamA were increased
from 1:90 to 1:496,000 or to 1:736,000, respectively,
after the second and third immunizations with rBamA.
Titers of the rBamA sera against E. coli CVCC 1515 raised
from 1:50 to 1: 48,000 or to 1:152,000, respectively, after the
second and third immunizations. Titers of the PBS sera against
rBamAwere lower than 1:100. It indicated that rBamA could
induce high titers of antibody.

Cross reactivity and phagocytosis of the rBamA sera
in vitro

Cross reactivity of the rBamA sera was measured by the
whole cell ELISA assay against the E. coli, Shigella,
Salmonella, and Pseudomonas species. Ratio of test group
and negative control group greater than 2.1 was considered
as positive. As shown in Fig. 4b, the rBamA sera had high
cross reactivity with E. coli, Shigella, and Salmonella strains,
but no reactivity with all Pseudomonas strains, indicating that
the BamA sequence was highly conserved among E. coli,
Shigella, and Salmonella.

The neutrophils of mice were mixed with the E. coli
CVCC 1515 strain and baby rabbit complement. After in-
cubation, the mixture was serially diluted for plate
counting. After incubation for 30 min, the ratio of viable
bacterial cells in PBS sera and rBamA sera decreased to
81.74 % (p > 0.05) and 41.68 % (p < 0.01), respectively

Fig. 4 Antibody titers and phagocytosis of rBamA. Mice were
vaccinated with rBamA or PBS. Serum samples were collected at days
0, 5, 25, and 39, respectively, and antibody titers were measured by
ELISA using the purified rBamA as antigen. a Antibody titer in
different groups post-vaccination. PBS-rBamA the antibody titer of PBS
vaccination group against rBamA, rBamA-rBamA the antibody titer of
rBamAvaccination group against rBamA, PBS-CVCC1515 the antibody
titer of PBS vaccination group against E. coli CVCC 1515, rBamA-
CVCC1515 the antibody titer of rBamA vaccination group against

E. coli CVCC 1515. b Cross-reaction properties of the anti-rBamA sera
(titer of 1:27,000) against different bacteria. P/N value of different bacte-
ria. Statistical deviations are indicated by a lowercase letters (p < 0.05). c
Phagocytosis of the rBamA sera in vitro. Colony counts of different
groups in phagocytosis were determined by plate count. E. coli strain
CVCC 1515 was incubated with anti-sera of PBS vaccination group
(PBS sera group), anti-sera of rBamA vaccination group (rBamA sera
group) and PBS (PBS group). Statistical significance (p < 0.05) is indi-
cated by a lowercase letter
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(Fig. 4c), suggesting that the rBamA sera enhanced the
phagocytic activity of neutrophils against E. coli in vitro.

Protective efficacy of the rBamA sera against E. coli
in vivo

Fourteen days after the third immunization, mice were chal-
lenged with 100 μl (109 CFU/ml) E. coli CVCC 1515. As
shown in Fig. 5, a significant difference was observed in sur-
vival rate of mice immunized with rBamA and PBS. After
180 h post-challenge, the survival rate of mice in the rBamA
group was 80 %, higher than that in the PBS group (20 %),
which demonstrated that the rBamA protein provided a sig-
nificant level of protection against challenge with E. coli in a
mouse model.

Discussion

As a novel universal protein vaccine against Gram-negative
bacteria, it should have the following several important fea-
tures: firstly, it should be non-toxic and non-allergic to human
and animals. Secondly, its antigenic component should be
located on the surface of pathogenic bacteria (Foster et al.
2014). Thirdly, it should extensively distribute and be highly
conserved in Gram-negative bacteria (Hubert et al. 2013).
Finally, it should have strong antigenic specificity and immu-
noreactivity. To date, several outer membrane proteins of
E. coli have been identified as potential vaccine candidates
against colibacillosis because members of this family of pro-
teins possess the above-mentioned characteristics
(Khushiramani et al., 2007; Liu et al. 2012; Guan et al.
2015; Wang et al. 2015). These merits or advantages from
novel universal protein vaccine are obvious with regard to

practical importance when compared with the commercial
inactivated vaccines during epidemic prevention by immuni-
zation in animal husbandry in China. This is why we have
tried to exploit OmpA (Guan et al. 2015), OmpC (Wang
et al. 2015) in previous work, and BamA in this work as the
novel universal protein vaccine candidates against E. coli.

In the light of our previous experience in E. coli vaccine
development (Guan et al. 2015; Wang et al. 2015), it seems
that construction of universal vaccines based on outer mem-
brane proteins against different pathogenic bacteria is possi-
ble. In present study, the BamA protein was firstly analyzed
for conservative property, physicochemical properties, struc-
ture, and immunogenicity in silico. Sequence homology anal-
ysis revealed that the BamA protein from E. coli CVCC 1515
was highly conserved among E. coli, Salmonella, and
Shigella, except for Pseudomonas species (Fig. 1). It suggests
that antibody induced by BamA may have a high affinity for
E. coli, Salmonella, and Shigella species, but not for
Pseudomonas strains. It means that the antigen could be
targeted as a universal vaccine candidate in controlling dis-
eases caused by E. coli, Salmonella, and Shigella species.

In general, the protein regions predicted to be present in the
periplasm would be more likely to be involved in immunoge-
nicity than the regions present within the inner membrane of
the bacteria (Harland et al. 2007). Immunodominance of anti-
gens was determined by location of this epitope in antigen
molecules (Hiszczyńska-Sawicka et al. 2014). Epitope predic-
tion was mainly based on primary structure such as hydrophi-
licity, accessibility, antigenicity, and flexibility, or secondary
structure such as α-helix and β-turn (Ferrante 2013; Yao et al.
2013). In this study, the predicted epitopes at position 448–
810 aa in BamAwere distributed in periplasm and extracellu-
lar domains of E. coli (Fig. 2). The cDNA sequence was
cloned and expressed at a size of approximately 41 kDa by
SDS–PAGE (Fig. 3a). Immunoassay results showed that the
rBamA protein is immunogenic in mice. Titers of the rBamA
sera against rBamAwere higher than those of against E. coli
(Fig. 4a). Cross-reactivity data further revealed that the
rBamA sera reacted with the whole cell of E. coli, Shigella,
and Salmonella species, but did not with Pseudomonas strains
(Fig. 4b), which is in good agreement with above-predicated
results (Fig. 1). The results suggest that the rBamA antigen
could be targeted as a universal vaccine candidate in control-
ling diseases caused by E. coli, Salmonella, and Shigella spe-
cies. Colony count of E. coli in rBamA group (41.68 %) re-
markably decreased compared with that in PBS group
(81.74 %), revealing that phagocytosis of neutrophils was sig-
nificantly enhanced in the presence of specific rBamA anti-
body. Moreover, mice vaccinated with rBamA were well
protected when challenged with E. coli CVCC 1515, and the
survival rate of mice was up to 80 % (Fig. 5), whereas the
majority PBS-immunized mice succumbed within 36 h after
infection (20 % survival rate), indicating that the potent

Fig. 5 Survival percent of the mice immunized with rBamA or PBS.
Mice immunized with rBamA or PBS (control) were intraperitoneally
injected with log-phase E. coli CVCC 1515 (108 CFU) and observed
for 180 h after challenge
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immune protection was provided by rBamA immunization
against E. coli infection. Moreover, it was speculated that
vaccination with rBamA maybe induce a humoral immune
response capable of recognizing the native membrane protein
located on the E. coli cell surface, in accordance with the
viewpoint proposed by Su et al. (Su et al. 2010).

In conclusion, the BamA protein was highly conserved
among E. coli, Salmonella, and Shigella, except for
Pseudomonas. Linear epitopes and discontinuous B cell epi-
topes were distributed in periplasm and extracellular domains
of E. coli. After expression and purification, rBamAwas used
for immunization of mice. The rBamA sera had a high affinity
to rBamA and E. coli, a strong cross reactivity with
Salmonella and Shigella strains, and enhanced the phagocytic
activity of neutrophils. Mice immunized with rBamA antigens
were potently protected against lethal challenge with E. coli.
We believe the technical protocol based on this work would
provide the more feasible solutions with advantage of
performance-cost ratio over other products during struggle
for control of key pathogenic E. coli, Salmonella, and
Shigella in practice of animal husbandry, and thus the proto-
col’s methodology would be much more important than this
universal vaccine itself when applied to similar work.

Acknowledgments This study was supported by the National Natural
Science Foundation of China (No. 31372346, No. 31302004, No.
31572444, and No. 31572445), the Project of the National Support
Program for Science and Technology in China (No. 2013BAD10B02),
the Special Fund for Agro-scientific Research in the Public Interest in
China (No. 201403047), and the AMP Direction of National Innovation
Program of Agric Sci & Technol in CAAS (CAAS-ASTIP-2013-FRI-02).

Compliance with ethical standards

Conflict of interest The authors declare that they have no competing
interests.

Ethical approval The animal protocol for the present study was ap-
proved by the Animal Care and Use Committee of the Feed Research
Institute, Chinese Academy of Agricultural Sciences (Beijing, China),
and all mice involved were cared for in accordance with the institutional
guidelines from the above committee.

References

Ababneh M, Harpe S, Oinonen M, Polk RE (2012) Trends in aminogly-
coside use and gentamicin-resistant gram-negative clinical isolates
in US academic medical centers: implications for antimicrobial
stewardship. Infect Control Hosp Epidemiol 33(6):594–601

Albrecht R, Schütz M, Oberhettinger P, Faulstich M, Bermejo I, Rudel T,
Diederichs K, Zeth K (2014) Structure of BamA, an essential factor
in outer membrane protein biogenesis. Acta Acta Crystallogr D Biol
Crystallogr 70(Pt 6):1779–1789

Bennion D, Charlson ES, Coon E, Misra R (2010) Dissection of β-barrel
outer membrane protein assembly pathways through characterizing
BamA POTRA 1mutants of Escherichia coli. Mol Microbiol 77(5):
1153–1171

Diaz AA, Tomba E, Lennarson R, Richard R, Bagajewicz MJ, Harrison
RG (2010) Prediction of protein solubility in Escherichia coli using
logistic regression. Biotechnol Bioeng 105(2):374–383

Ferrante A (2013) For many but not for all: how the conformational
flexibility of the peptide/MHCII complex shapes epitope selection.
Immunol Res 56(1):85–95

Foster TJ, Geoghegan JA, Ganesh VK, Höök M (2014) Adhesion, inva-
sion and evasion: the many functions of the surface proteins of
Staphylococcus aureus. Nat Rev Microbiol 12(1):49–62

Gatzeva-Topalova PZ, Walton TA, Sousa MC (2008) Crystal structure of
YaeT: conformational flexibility and substrate recognition. Structure
16(12):1873–1881

Grundt A, Findeisen P, Miethke T, Jäger E, Ahmad-Nejad P, Neumaier M
(2012) Rapid detection of ampicillin resistance in Escherichia coli
by quantitative mass spectrometry. J Clin Microbiol 50(5):1727–
1729

Guan Q, Wang X, Wang X, Teng D, Mao R, Zhang Y, Wang J (2015)
Recombinant outer membrane protein A induces a protective im-
mune response against Escherichia coli infection in mice. Appl
Microbiol Biotechnol 99(13):5451–5460

Harland DN, Chu K, Haque A, Nelson M, Walker NJ, Sarkar-Tyson M,
Atkins TP,Moore B, Brown KA, Bancroft G, Titball RW, Atkins HS
(2007) Identification of a LolC homologue in Burkholderia
pseudomallei, a novel protective antigen for melioidosis. Infect
Immun 75(8):4173–4180

Hiszczyńska-Sawicka E, Gatkowska JM, Grzybowski MM, Długońska
H (2014) Veterinary vaccines against toxoplasmosis. Parasitology
141(11):1365–1378

Holmgren J, Bourgeois L, Carlin N, Clements J, Gustafsson B, Lundgren
A, Nygren E, Tobias J, Walker R, Svennerholm AM (2013)
Development and preclinical evaluation of safety and immunoge-
nicity of an oral ETEC vaccine containing inactivated E. coli bacte-
ria overexpressing colonization factors CFA/I, CS3, CS5 and CS6
combined with a hybrid LT/CT B subunit antigen, administered
alone and together with dmLT adjuvant. Vaccine 31(20):2457–2464

Hsieh WS, Yang YY, Yang HY, Huang YS, Wu HH (2014) Recombinant
outer membrane protein A fragments protect against Escherichia
coli meningitis. J Microbiol Immunol Infect. doi:10.1016/j.jmii.
2014.07.012

HuR, Fan ZY, Zhang H, Tong CY, Chi JQ,Wang N, Li RT, Chen L, Ding
ZF, Chen LX, Tang W, Zhou X, Pu LJ, Zhu ZB, Cui YD (2013)
Outer membrane protein A (OmpA) conferred immunoprotection
against Enterobacteriaceae infection in mice. Israel J Vet Med
68(1):48–55

Hubert K, Devos N, Mordhorst I, Tans C, Baudoux G, Feron C, Goraj K,
Tommassen J, Vogel U, Poolman JT, Weynants V (2013) ZnuD, a
potential candidate for a simple and universalNeisseria meningitidis
vaccine. Infect Immun 81(6):1915–1927

Khushiramani R, Girisha SK, Karunasagar I, Karunasagar I (2007)
Cloning and expression of an outer membrane protein ompTS of
Aeromonas hydrophila and study of immunogenicity in fish. Protein
Expr Purif 51(2):303–307

Kringelum JV, Lundegaard C, Lund O, Nielsen M (2012) Reliable B cell
epitope predictions: impacts of method development and improved
benchmarking. PLoS Comput Biol 8(12):e1002829

Larsen JE, Lund O, Nielsen M (2006) Improved method for predicting
linear B-cell epitopes. Immunome Res 2:2

Lemaître C, Mahjoub-Messai F, Dupont D, Caro V, Diancourt L, Bingen
E, Bidet P, Bonacorsi S (2013) A conserved virulence plasmidic
region contributes to the virulence of the multiresistant
Escherichia coli meningitis strain S286 belonging to phylogenetic
group C. PLoS One 8(9):e74423

Li C, Ye Z,Wen L, Chen R, Tian L, Zhao F, Pan J (2014) Identification of
a novel vaccine candidate by immunogenic screening of Vibrio
parahaemolyticus outer membrane proteins. Vaccine 32(46):6115–
6121

Appl Microbiol Biotechnol (2016) 100:5089–5098 5097

http://dx.doi.org/10.1016/j.jmii.2014.07.012
http://dx.doi.org/10.1016/j.jmii.2014.07.012


Liu YF, Yan JJ, Lei HY, Teng CH, Wang MC, Tseng CC, Wu JJ (2012)
Loss of outer membrane protein C in Escherichia coli contributes to
both antibiotic resistance and escaping antibody-dependent bacteri-
cidal activity. Infect Immun 80(5):1815–1822

Lu X, Skurnik D, Pozzi C, Roux D, Cywes-Bentley C, Ritchie JM,
Munera D, Gening ML, Tsvetkov YE, Nifantiev NE, Waldor MK,
Pier GB (2014) A poly-N-acetylglucosamine-Shiga toxin broad-
spectrum conjugate vaccine for Shiga toxin-producing Escherichia
coli. MBio 5(2):e00974–14

Lundgren A, Leach S, Tobias J, Carlin N, Gustafsson B, Jertborn M,
Bourgeois L, Walker R, Holmgren J, Svennerholm AM (2013)
Clinical trial to evaluate safety and immunogenicity of an oral
inactivated enterotoxigenic Escherichia coli prototype vaccine con-
taining CFA/I overexpressing bacteria and recombinantly produced
LTB/CTB hybrid protein. Vaccine 31(8):1163–1170

Marchler-Bauer A, Derbyshire MK, Gonzales NR, Lu S, Chitsaz F, Geer
LY, Geer RC, He J, Gwadz M, Hurwitz DI, Lanczycki CJ, Lu F,
Marchler GH, Song JS, Thanki N, Wang Z, Yamashita RA, Zhang
D, Zheng C, Bryant SH (2015) CDD: NCBI’s conserved domain
database. Nucleic Acids Res 43 (Database issue): D222–6

Mehla K, Ramana J (2016) Identification of epitope-based peptide vac-
cine candidates against enterotoxigenic Escherichia coli: a compar-
ative genomics and immunoinformatics approach. Mol BioSyst 12:
890–901

Ponomarenko JV, Bourne PE (2007) Antibody-protein interactions:
benchmark datasets and prediction tools evaluation. BMC Struct
Biol 7:64

Ron EZ (2006) Host specificity of septicemic Escherichia coli: human
and avian pathogens. Curr Opin Microbiol 9(1):28–32

Saha S and Raghava GP (2006) AlgPred: prediction of allergenic proteins
and mapping of IgE epitopes. Nucleic Acids Res 34 (Web Server
issue): W202–9

Saleem M, Moore J, Derrick JP (2012) Expression, purification, and
crystallization of neisserial outer membrane proteins. Methods
Mol Biol 799:91–106

Sincock SA, Hall ER, Woods CM, O’Dowd A, Poole ST, McVeigh AL,
Nunez G, Espinoza N, Miller M, Savarino SJ (2016)
Immunogenicity of a prototype enterotoxigenic Escherichia coli
adhesin vaccine in mice and nonhuman primates. Vaccine 34(2):
284–291

Studier FW (2005) Protein production by auto-induction in high-density
shaking cultures. Protein Expr Purif 41(1):207–234

Su YC, Wan KL, Mohamed R, Nathan S (2010) Immunization with the
recombinant Burkholderia pseudomallei outer membrane protein
Omp85 induces protective immunity in mice. Vaccine 28(31):
5005–5011

Takeyama N, Yuki Y, Tokuhara D, Oroku K, Mejima M, Kurokawa S,
KurodaM, Kodama T, Nagai S, Ueda S, Kiyono H (2015) Oral rice-
based vaccine induces passive and active immunity against entero-
toxigenic E. coli-mediated diarrhea in pigs. Vaccine 33(39):5204–
5211

Tobias J, Kassem E, Rubinstein U, Bialik A, Vutukuru SR,
Navaro A, Rokney A, Valinsky L, Ephros M, Cohen D,
Muhsen K (2015) Involvement of main diarrheagenic
Escherichia coli, with emphasis on enteroaggregative E. coli,
in severe non-epidemic pediatric diarrhea in a high-income
country. BMC Infect Dis 15:79

Wang X, Guan QF, Wang XM, Teng D, Mao RY, Yao JH, Wang
JH (2015) Paving the way to construct a new vaccine against
Escherichia coli from its recombinant outer membrane pro-
tein C via a murine model. Proc Biochem 50:1194–1201

Yao B, ZhengD, Liang S, Zhang C (2013) Conformational B-cell epitope
prediction on antigen protein structures: a review of current algo-
rithms and comparison with common binding site prediction
methods. PLoS one 8(4):e62249

Yu S, Zhang Q, Shui X, Yu Z, Zhao B (2008) Cloning, expression and
immunity of pilA gene and ompC gene from avian pathogenic
Escherichia coli. Sheng Wu Gong Cheng Xue Bao 24(9):1561–
1567(in Chinese)

5098 Appl Microbiol Biotechnol (2016) 100:5089–5098


	In silico analysis and recombinant expression of BamA protein as a universal vaccine against Escherichia coli in mice
	Abstract
	Introduction
	Materials and methods
	Bacterial strains and mice growth conditions
	Sequence homology analysis of BamA
	Physicochemical properties analysis of BamA
	Allergenicity prediction of the BamA protein
	B cell epitope prediction of the BamA protein
	Expression and purification of &ldquo;Surf_Ag_VNR&rdquor; domain of the BamA protein
	Western blotting analysis of rBamA
	Immunization protocols
	BamA detection by the enzyme-linked immunosorbent assay (ELISA)
	Bacterial cell detection by ELISA
	Opsonophagocytosis assay
	Challenge assay
	Statistical analysis

	Results
	Homology and phylogenesis analysis
	Structure and physicochemical properties analysis of the BamA protein
	Allergenic prediction of the BamA protein
	B cell epitope prediction of the BamA protein
	Expression, purification, and Western blotting analysis of the BamA protein
	Strong antibody induced by immunization with rBamA
	Cross reactivity and phagocytosis of the rBamA sera in vitro
	Protective efficacy of the rBamA sera against E. coli in vivo

	Discussion
	References


