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Abstract Riemerella anatipestifer (RA) infections cause
major economic losses in the duck industry. In this study,
an immunogenic protein, chaperonin GroEL (GroEL), was
identified from the outer membrane of RA strain WJ4 by
immunoproteomic assay based on matrix-assisted laser
desorption/ionization time of flight mass spectrometry.
The complete sequence of the encoding gene, chaperonin
groEL (groEL) was amplified and determined to be 1,629
base pairs in length. groEL was then cloned into expression
vector pGEX-6P-1, and the expression of the recombinant
GroEL (rGroEL) in Escherichia coli strain BL21 was
confirmed by sodium dodecyl sulfate polyacrylamide gel
electrophoresis and Western blotting analysis. Immuniza-
tion assay showed that ducklings or rabbits immunized with
purified rGroEL generated 53- or 160-fold more anti-

GroEL antibodies than those with no immunization.
Importantly, bactericidal assay showed that rabbit anti-
GroEL serum killed 30.0–57.3% of bacteria representing
different serotypes, while rabbit anti-bacterin serum killing
activity exhibits large serotype-dependent variations be-
tween 0.2% and 63.6%. Animal challenge experiment
showed that ducklings immunized with rGroEL were
50%, 37.5%, and 37.5% protected from the challenge with
RA strains WJ4 (serotype 1), Th4 (serotype 2), and YXb-2
(serotype 10), respectively. In addition, groEL from 34
additional RA strains was amplified by polymerase chain
reaction (PCR), and products from nine were sequenced.
groEL is highly conserved among RA strains, as the DNA
sequence identity was over 97.5% between WJ4 and the
nine additional strains. Our results suggest that GroEL may
be a good candidate for new RA vaccine development.
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Introduction

Riemerella anatipestifer (RA), a Gram-negative, nonmotile,
and nonspore forming rod-shaped bacterium, is the causa-
tive agent of an epizootic disease in poultry, especially in
ducks (Pathanasophon et al. 2002). Endemic RA infections
are usually restricted to commercial duck and turkey flocks,
but other poultry species such as chicken and geese are also
susceptible to the infection (Cooper 1989; Helfer and
Helmboldt 1977). For ducks under about 8 weeks of age,
RA infection is often acute, with the mortality rate usually
between 10% and 30%, though mortality of as high as 75%
has been recorded in infected duck farms (Subramaniam et
al. 2000). Up to date, 21 serotypes of RA have been
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identified (Kardos et al. 2007; Pathanasophon et al. 2002).
The occurrence of different serotypes has been reported in
RA field cases, but serotypes 1, 2, and 10 are responsible
for most of the major outbreaks in China (Hu et al. 2010).

Vaccines based on inactivated bacteria confer some
protection against infection with homologous strains or
serotypes, but showed no significant cross-protection
against heterologous strain challenges (Sandhu 1979).
Outer membrane protein A (OmpA) and a 41-kDa partial
protein (P45N′) of RA have been characterized to be
immunogenic proteins; however, the established subunit
vaccine does not provide an effective protection against
heterologous strain challenges either (Huang et al. 2002;
Subramaniam et al. 2000). Immunoproteomics is a mass-
spectrometry-based method to study the proteins involved
in immune response (Aebersold and Mann 2003). With the
significant recent advances in proteomics technology
(Aebersold and Mann 2003; Han et al. 2008), immunopro-
teomics has become widely used as a powerful means to
discover new immunogenic proteins (Zhang and Lu 2007).
In this study, we identified chaperonin GroEL (GroEL) as a
novel immunogenic protein of RA by immunoproteomics.
GroEL of other bacteria has been reported to be a protective
immunogenic protein (Sinha and Bhatnagar 2010; Khan et
al. 2009). Strain WJ4 was chosen for the study because of
its favorable antigenicity based on our previous study. The
immunogenicity of the recombinant GroEL (rGroEL),
bactericidal activity of the anti-serum, and the protection
rate of the immunized ducklings were also investigated.

Materials and methods

Bacterial strains and growth conditions

Thirty-one RA strains (DY-1, CH3, CH1, WJ4, Th4, YXb12,
NJ-2, CQ2, CQ3, CQ4, NJ-4, JY-4, YXb14, FXb6, Yb2, Yb3,
JY-1, JY-2, NJ-3, SC1, SC2, SC3, SC4, HXb2, YXb11,
YXb1, R20, YXb13, YXb15, YXD1, and JY-6) were isolated
from infected duck farms in China between 1997 and 2009
(Hu et al. 2010). Four RA serotype reference strains (P2123,
D26220, 8785, and D743) were donated generously by Dr.
Guoqiang Zhu and Dr. Zhizhong Cui. Strain WJ4 was
deposited in China General Microbiological Culture Collec-
tion Center (CGMCC no. 5264) and chosen for immuno-
proteomics study because of its favorable antigenicity.

RA strains were cultured on tryptic soy agar (TSA, Difco,
Detroit, MI, USA) or in tryptic soy broth (TSB, Difco) at 37°C
with 5% CO2. Escherichia coli strains DH5α (Invitrogen,
Carlsbad, CA, USA) and BL21 (DE3, Stratagene, La Jolla,
CA, USA) were grown on Luria–Bertani (LB) agar plates or
broth at 37°C, and transformants were selected on media
supplemented with 100 μg/mL ampicillin.

General DNA reagents and methods

Taq DNA polymerase, DNA restriction endonucleases, and
T4 DNA ligase were purchased from Fermentas (Hanover,
MD, USA). TA Cloning Kit was purchased from Invitrogen
(Carlsbad, CA, USA). Bacterial chromosomal DNA was
isolated using Wizard Genomic DNA Purification Kit
(Promega, Madison, WI, USA) according to the manufac-
turer’s protocol. DNA nucleotide sequences were obtained
via 3070xl DNA analyzer (Applied Biosystems, Foster
City, CA, USA) and analyzed with DNASTAR software
(DNASTAR Inc., Madison, WI, USA). DNA manipulations
and general molecular biology techniques were performed
according to standard procedures (Cullen et al. 2002; Sinha
et al. 2005). Oligonucleotides used in this study are listed in
Table 1.

Preparation of bacterial outer membrane proteins and rabbit
anti-serum against RA

The outer membrane proteins of RA strain WJ4 were
extracted as described (Cullen et al. 2002; Sinha et al.
2005) with minor modifications. Briefly, bacteria were
grown in TSB to mid-exponential phase (OD600=0.8) and
centrifuged at 10,000×g for 20 min at 4°C. The pelleted
bacteria were suspended in 12 mL of buffer A (80 mM
Tris–HCl, pH 7.4, 1.2 M NaCl) and briefly sonicated on ice
(5 s for 80 times at 400 W, with 10-s intervals between
repeats, Scientz, JY92-IIN). The solution was then centri-
fuged at 3,000×g for 10 min at 4°C. The supernatant was
transferred to 4 mL of buffer B [40 mM Tris–HCl, pH 7.4,
600 mM NaCl, 4% (v/v) Triton X-114] and stirred at 4°C
for 1 h to extract the membrane proteins. After being
centrifuged at 10,000×g for 10 min at 4°C, the supernatant
was incubated at 30°C for 3 min, and then centrifuged at
2,000×g for 20 min at 25°C. Upper (aqueous) phase was
removed and lower (detergent) phase was collected.
Proteins in the detergent phase were recovered by overnight
precipitation at −40°C with 10 volumes of acetone and
subsequent centrifugation at 10,000×g for 30 min at 4°C.
The protein pellet was stored at −80°C.

To prepare rabbit anti-serum against RA bacterin
(inactivated whole-cell bacteria), two New Zealand White
rabbits (female, 2–3 kg) were injected subcutaneously with
0.5 mL of 109 formaldehyde inactivated WJ4 whole cells
(0.04% v/v at 4°C for 24 h) in Montanide ISA 50V
(SEPPIC, France) adjuvant three times at 4-week intervals.
Blood samples were collected 2 weeks after the third
injection. The antiserum was isolated and tested for
enzyme-linked immunosorbent assay (ELISA) titers as
described (Silva et al. 1998). A titer above 1:10,000
qualifies the antiserum to be used in Western blotting and
bactericidal assay.

1198 Appl Microbiol Biotechnol (2012) 93:1197–1205



Two-dimensional gel electrophoresis and Western blotting

Two-dimensional gel electrophoresis (2-DE) was performed
in duplicates for Coomassie Brilliant Blue G-250 staining
and Western blotting procedures. The acetone-precipitated
proteins were suspended in 0.5 mL of re-swelling buffer
[8 M urea, 2% CHAPS, 2% v/v immobilized pH gradient
(IPG) buffer, pH 4–7, 20 mM DTT, and 0.002% bromophe-
nol blue] and quantified by 2-D Quant Kit (GE Healthcare,
Piscataway, NJ). Isoelectric focusing (IEF) in the first
dimension was performed with IPG strips (11 cm, pH 4–7;
Bio-Rad, Hercules, CA, USA) and PROTEAN IEF cell (Bio-
Rad). After rehydration of 350 μg proteins at 50 V for 12 h,
IEF was conducted at a constant temperature of 20°C at
250 V for 1 h, 500 V for 1 h, 1,000 V for 1 h, 8,000 V for
4 h, and finally reached a total of 40,000 Vh. Then, the IPG
strips were equilibrated for 15 min in equilibration buffer
(50 mM Tris–HCl, pH 8.8, 6 M urea, 30% v/v glycerol, 2%
w/v sodium dodecyl sulfate (SDS), 0.002% bromophenol
blue, and 10 mg/mL dithiothreitol), followed by 15 min in
above equilibration buffer containing 25 mg/mL of iodoace-
tamide. SDS polyacrylamide gel electrophoresis (SDS-
PAGE) in the second dimension was carried out using 12%
polyacrylamide gels. After 2-DE, one gel was stained with
Coomassie Brilliant Blue G-250 (0.1% CBB G-250, 34%
methanol, 17% ammonium sulfate, and 3% orthophosphoric
acid) and scanned with Image Scanner (Amersham Pharma-
cia Biotech) to visualize 2-DE profiles, while the other gel
was used for Western blotting with rabbit antiserum against
RA bacterin to identify immunogenic proteins.

For Western blotting, the proteins on the gel were
transferred onto polyvinylidene fluoride (PVDF) membranes
(Millipore, Billerica, MA, USA) by semi-dry blotting with
blotting buffer (100 mM borate, 20% methanol, pH 9.0) for
2 h at 1 mA/cm2. The membrane was blocked with blocking
buffer [5% skim milk, 0.05% Tween-20 in phosphate-

buffered saline (PBS)] for 2 h at room temperature, washed
with PBST, and then incubated with rabbit anti-serum
against RA bacterin (1:1,000) for 1 h followed by horserad-
ish peroxidase (HRP)-labeled anti-rabbit IgG (1:5,000, GE
Healthcare) for 1 h. The membrane was washed with PBST,
equilibrated in 50 mM Tris–HCl buffer (pH 7.4) and then
developed with 3,3′-diaminobenzidine (DAB, Sigma, St.
Louis, MO, USA) until optimum color development was
observed. All samples were performed in triplicate.

MALDI-TOF-MS and database searches

The Coomassie-stained protein spots corresponding to the
spots on theWestern blottingmembraneweremanually excised
from the gel and transferred to a V-bottom 96-well plate for
tryptic in-gel digestion. After digestion, the peptide mixtures
were suspended in matrix solution [0.5 g/L alpha-cyano-4-
hydroxy-cinnamic acid in ethanol–acetone solution (2:1 in
v/v)], spotted on the matrix-assisted laser desorption/ionization
(MALDI) plate and then analyzed by a 4700 MALDI time of
flight (MALDI-TOF) Proteomics Analyzer (Applied Biosys-
tems). Mass accuracy for peptide mass fingerprint (PMF) was
searched in MASCOT (http://www.matrixscience.com).
Theoretical isoelectric point (pI) and molecular weight
(MW) for confident spots were calculated using the ExpaSy
Protparam tool (http://www.expasy.org/tools/). Protein with a
score >75 was valued as significant (p<0.05). Lower scoring
proteins were either verified manually or rejected. NCBI
(http://www.ncbi.nlm.nih.gov) database and Sanger database
(http://www.sanger.ac.uk) searches were conducted to obtain
the corresponding DNA sequences.

groEL amplification by genome walking

Chromosomal DNA from RA strain WJ4 was isolated
using Wizard Genomic DNA Purification Kit according to

Table 1 Oligonucleotides used
in this study

aV=A/G/C, N=A/G/C/T, R=A/
G, Y=C/T
bBamHI site underlined
cSalI sites underlined

Oligonucleotides Sequences (5′ to 3′)

GroEF1 GGTGACGGTACVACNACa

GroER1 ACGATRCCTTCYTCRACCGC

SP1 GGCGACTGATAACCTCTGTCAAAC

SP2 AGCGATAAGGCTACCTATTGCATC

SP3 ATTGGCTAAATTAGCTGGTGGTGTAGC

SP4 GATAGAGTAGATGACGCATTGCATGCT

Adapter GTAATACGACTCACTATAGGGCACGCGTGGTGGC
3′-NH2-GCACCACCG-p-5′

WP-1 GTAATACGACTCACTATAGGGC

WP-2 ACTATAGGGCACGCGTGGT

GroEL-Fb CGCGGATCCATGGCAAAAGATATTAAATTTGA

GroEL-Rc CGCGTCGACTTACATCATACCTGGCATTCC
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the manufacturer’s protocol. Primers GroEF1 and GroER1
used to amplify the partial sequence of the gene were
designed by DNASTAR software based on the homologous/
consensus sequence of groEL in GenBank (NC_002663,
NC_003155, NC_009838, NC_006155, NC_010698, and
NC_000964). The PCR products were cloned into TA-
cloning vectors and sequenced.

The whole gene sequence for WJ4 groEL was obtained
by genome walking as described (Siebert et al. 1995) with
modifications. Specifically, four gene-specific primers SP1,
SP2, SP3, and SP4 were synthesized according to the
known partial sequence of WJ4 groEL. Genome Walker
Adaptor and adaptor primers WP1 and WP2 were designed
as described with minor modifications (Siebert et al. 1995,
Table 1). To prepare the adaptor-ligated DNA, five
restriction digestions were set up, where 2.5 μg of isolated
genomic DNA was digested overnight at 37°C in a 100 μL
reaction volume containing 1 U/μL of either EcoRV, PvuII,
ScaI, StuI, or SmaI. Each batch of digested genomic DNA
was cleaned up with GeneJETTM PCR Purification Kit
according to the manufacturer’s protocol (Fermentas), then
ligated separately to the Genome Walker Adaptor by
mixing 1 μg digested genomic DNA, 5 μM adaptor and
0.5 U/μL T4 DNA ligase in a total volume of 20 μL and
then incubating overnight at 16°C. Ligation only worked
for EcoRV digested genomic DNA so the EcoRV digested
and adaptor ligated DNA library was used as the Genome
Walker library for the subsequent PCR-based walking
reactions. The 5′ and 3′ walking procedures were performed
separately using the Genome Walker Library as the
template for primary PCR reactions and the primary PCR
products as the templates for the secondary PCR reactions.
For 5′ walking, gene-specific primer SP1 and adaptor
primer WP1 were used for the primary reaction; nested
gene-specific primer SP2 and adaptor primer WP2 were
used for the secondary reaction. For 3′ walking, gene-
specific primer SP3 and adaptor primer WP1 were used for
the primary reaction; nested gene-specific primer SP4 and
adaptor primer WP2 were used for the secondary reaction.
The cycle parameters for both primary and secondary
reactions were as the following: (94°C–25 s, 72°C–
3 min)×7 cycles, (94°C–25 s, 67°C–3 min)×32 cycles,
72°C–7 min. The secondary PCR products for 5′ and 3′
walking were sequenced.

Expression and purification of WJ4 GroEL

The groEL gene in WJ4 was amplified by PCR using
oligonucleotides GroEL-F and GroEL-R (Table 1). The
resulting PCR product was digested with endonucleases
SalI and BamHI and cloned into SalI/BamHI-digested
expression vector pGEX-6P-1 to construct pGEX-GroEL.
E. coli BL21 was transformed with pGEX-GroEL and the

expression of recombinant GroEL (rGroEL) was induced
by 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG.).
rGroEL expression was analysed by SDS-PAGE and
Western blotting as described above. rGroEL expressed in
E. coli BL21 were further purified using GST Bind
Purification Kit (Merck, San Diego, CA, USA) according
to manufacturer’s protocol.

Immunization assay

Immunogenicity of rGroEL was examined in both duck-
lings and rabbits. Forty-eight 10-day-old Cherry Valley
ducklings were divided into six groups of eight. The
ducklings in groups 1, 3, and 5 received two subcutaneous
injections on the neck of saline in Montanide ISA VG
(SEPPIC) adjuvant as negative controls; other ducklings in
group 2, 4, and 6 received two subcutaneous injections on
the neck of 250 μg purified rGroEL in Montanide ISAVG
(SEPPIC) adjuvant. The two injections were given 2 weeks
apart, and all ducklings were bled at 10 days after the
second injection to test the ELISA titers.

Two New Zealand rabbits were injected twice subcuta-
neously with 1 mg purified GroEL in Montanide ISA 50V
(SEPPIC) adjuvant for each time. The two injections were
given 2 weeks apart. Blood samples were collected before
injection and 10 days after the second injection, and anti-
sera were isolated to test the ELISA titers and bactericidal
activities.

Care and maintenance of all animals were in accordance
with the Institutional Animal Care and Use Committee
guidelines set by Shanghai Veterinary Research Institute,
Chinese Academy of Agricultural Sciences.

Serum anti-GroEL ELISA units were detected using
purified rGroEL as a coating antigen. Specifically, 96-well
ELISA plates were overnight coated with 1 μg/well sample
of rGroEL in 100 μL bicarbonate buffer (pH 9.6). The
plates were overnight blocked with 5% skim milk power
(w/v) in PBS at 4°C. The duckling or rabbit anti-sera were
diluted in 2-fold steps from 1:500 to 1:16,000 with PBST;
100 μL of each diluted anti-sera was added to the well for
2 h incubation at 37°C. Two wells per plate with no
addition of anti-serum were used as the negative control.
After extensive washing with PBST, the plates were
incubated with 100 μL/well of HRP-conjugated goat anti-
duck IgG antisera (1:5,000, Sigma) or HRP-conjugated
anti-rabbit IgG antisera (1:4,000, Sigma) for 1 h at 37°C for
respective detection of duckling or rabbit anti-sera. The
reaction were developed with 100 μL of tetramethyl
benzidine substrate solution (Sigma) for 20 min of
incubation at 37°C and terminated with 50 μL 2 M
H2SO4, the OD450 of each well was read on an ELISA
reader (Biotek, USA). The highest dilution of the sera with
their OD450 value of >2.1 times than negative control wells
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were valued as the ELISA titers. The geometric mean
ELISA titer of the negative control sera from ducklings in
groups 1, 3, and 5 or rabbits before injection was assigned 1
as the ELISA unit. The ELISA units of the anti-sera were
calculated as geometric mean ELISA titer of anti-sera/
geometric mean ELISA titer of negative control sera. All
the samples were performed in triplicate.

Bactericidal assay

Rabbit pre-serum (before injection) and rabbit anti-sera
against rGroEL or RA bacterin were inactivated at 56°C for
30 min and tested for the bactericidal activity against RA
strains with different serotypes using a microbactericidal
assay as described (Yu and Gu 2005) with modifications.
Specifically, each well of a 96-well plate contained 50 μL
of rabbit anti-sera or pre-serum; then, 30 μL of bacterial
suspension (104 CFU/mL in Dulbecco’s PBS containing
calcium, magnesium, and 0.1% gelatin, DPBSG) and 20 μL
of rabbit complement sera (1:5 in DPBSG; Sigma) were
added. After incubation at 37°C for 60 min, 50 μL of the
mixture was plated onto TSA plates. The plates were
incubated at 37°C overnight with 5% CO2, and the colonies
were counted. A total of six RA strains were tested, and
experiments for each strain were performed in triplicates.
The killing percentage was obtained by calculating the
geometric mean value of [1−(CFU from anti-serum/CFU
from pre-serum)]×100 from the three trials.

Animal challenge experiment

RA serotype 1 strain WJ4, serotype 2 strain Th4, and
serotype 10 strain YXb-2 were used for the animal
challenge experiment. Before challenge, the median lethal
dose (LD50) for each strain was measured as described (Hu
et al. 2010). On day 14 after two immunizations of 250 μg
purified rGroEL in Montanide ISAVG (SEPPIC) adjuvant,
ducklings of groups 1 and 2 were challenged with strains
WJ4, group 3s and 4 were challenged with strains Th4, and
groups 5 and 6 were challenged with strains YXb-2,
respectively, at a challenge dose of 3 LD50 to evaluate the
protection of rGroEL against RA challenge.

PCR amplification and sequence analysis for groEL
in the 34 additional RA strains

Chromosomal DNAs from the 34 RA strains other than
WJ4 were prepared using Wizard Genomic DNA Purifica-
tion Kit. The groEL sequences were amplified by PCR with
primers GroEL-F and GroEL-R according to the following
cycle parameters: 94°C–4 min, (94°C–40 s, 50°C–30 s, 72°
C–1 min)×30 cycles, 72°C–10 min. PCR products were
analyzed by electrophoresis on 1% agarose gels and groEL

from nine RA strains (8785, D743, D26220, HXb-2, JY-1,
NJ-2, NJ-3, P2123, and R20) were sequenced. Sequence
homology among the ten groELs (including WJ4 groEL)
was analyzed with DNASTAR software.

Statistical analysis

Antibody levels are expressed as the geometric mean
ELISA units of n independent observations±standard
deviation. Significance was determined with the two-tailed
independent Student’s t test, and p<0.05 were considered
significant. Protection from animal challenge is expressed
as the protection rate. Significance was determined with
chi-square test with SPSS 16.0, and p<0.05 were consid-
ered significant, otherwise, the p values were indicated.

Results

Identification of the immunogenic outer membrane proteins
in WJ4

2-DE was performed to separate the proteins in the sample.
Coomassie-staining showed dozens of spots on the gel
(Fig. 1a). Western blotting with rabbit anti-serum against
RA bacterin showed four DAB-stained immunogenic
proteins on the PVDF membrane (Fig. 1b). Locations
corresponding to these four spots were marked as 1, 2, 3,
and 4 on the Coomassie-stained gel (Fig. 1a).

Coomassie-stained spots 1–4 were excised and analyzed
by MALDI-TOF mass spectrometry (MALDI-TOF-MS).
According to the PMF and MASCOT search results, spots
1–3 were identified as OmpA precursor (protein score=
411), OmpA (protein score=285), and putative GroEL
(protein score=126), respectively. OmpA precursor and
OmpA appeared as distinct spots on the 2-DE gels because
OmpA precursor contains a signal polypeptide with
different pI and MW from those of mature OmpA.
Theoretical pI and MW for WJ4 GroEL were calculated
to be 4.93 and 57 kDa, respectively. Spot 4 has not to be
characterized yet since its protein score was below 75.

Expression, purification and immunization of WJ4 GroEL

A 968-bp DNA fragment was amplified from WJ4 genomic
DNAwith primers GroEF1 and GroER1. Genome walking in
attempt to obtain the full-length groEL, rendered a 1.8-kb
fragment upstream and a 0.9-kb fragment downstream of the
partial WJ4 groEL sequence. With the newly obtained 5′ and
3′, WJ4 groEL sequence was aligned with other bacterial
groEL sequences obtained from GenBank using DNASTAR
software. The full-length WJ4 groEL gene was determined to
be 1,629 bp long, encoding 543 amino acids. The nucleotide
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sequence has been deposited in the GenBank database under
accession number GU060633. With basic local alignment
search tool analysis, the deduced RA GroEL amino acid
sequence exhibits 91% or 90% amino acid identity with the
GroEL in Chryseobacterium gleum (ATCC 35910) or
Flavobacteriaceae bacterium (3519-10), respectively, and
>80% amino acid identity with other GroEL sequences, such
as Flavobacteria bacterium (MS024-3 C), Gramella forsetii
(KT0803), Kordia algicida (OT-1), Robiginitalea biformata
(HTCC2501), etc. It indicated that GroEL protein of RA had
extensive homology with that of other bacteria.

The recombinant expression vector pGEX-GroEL was
transformed into E. coli BL21. rGroEL expression was
analyzed by SDS-PAGE and Western blotting. After SDS-
PAGE, the gel was stained with Coomassie Brilliant Blue
G-250. E. coli BL21 transformed with pGEX-GroEL
showed a band of rGroEL with glutathione sulfatransferase
(Fig. 2a, lane 1), while E. coli BL21 did not (Fig. 2a, lane

2). Western blotting showed blot band at the corresponding
location with the expression of rGroEL for transformed E.
coli BL21 (Fig. 2b, lane 1). The results revealed the rGroEL
was successfully expressed in E. coli BL21. Furthermore,
rGroEL was purified from 2,000 mL of log-phase cultured
E. coli BL21 transformed with pGEX-GroEL. A total of
36 mg of rGroEL was obtained for immunization assay.
After two injections, anti-GroEL antibodies in immunized
ducklings or rabbits were 53- or 160-fold higher, respec-
tively, than in their non-immunized counterparts (Table 2).

Bactericidal activity of rabbit anti-sera

The anti-sera against GroEL of RA showed 30.0–57.3%
cross-killing of RA strains containing different serotypes,
whereas the anti-serum against bacterin of RA showed 0.2–
63.6% killing of these strains, exhibited much greater
variations to different serotype strains (Table 3).

Fig. 1 Coomassie-stained 2-DE
gel profile for outer membrane
proteins of RA strain WJ4 and
Western blotting. a Coomassie-
stained 2-DE gel profile. Spots
marked with 1, 2, 3, and 4
represent the spots that were
immunoblotted with rabbit anti-
serum against RA on Western
blotting membrane. b Western
blotting profile. Spots 1, 2, 3,
and 4 were immunoblotted

a b

Fig. 2 The expression of rGroEL
in E. coli BL21. a Coomassie-
stained SDS-PAGE profiles.
b Western blotting profile. Lane
M Prestained protein ladder
(Fermentas, SM6071). Lanes 1
E. coli BL21 transformed with
expression vector pGEX-GroEL.
Lanes 2 E. coli BL21. Lane 3
Purified rGroEL. Arrows denote
the expression of rGroEL
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Animal experiment

The LD50 of strains WJ4, Th4, and YXb-2 were 5.43×108,
6.35×107, and 3.54×106, respectively. After challenge, the
death of duckling was recorded daily for a period of 7 days.
The result showed that the ducklings immunized with
rGroEL were 50%, 37.5%, and 37.5% protected from the
challenge with WJ4, Th4, and YXb-2, respectively (Table 4).

Homology analysis of groEL in different serotype of RA
strains

PCR using WJ4 primers successfully amplified groEL from
all 34 RA strains tested, a first indication that the gene is
highly conserved. groEL from nine RA strains with
different serotypes were chosen for sequencing. DNA
sequence analysis showed that the sequence identity of
groEL between WJ4 and the nine additional strains was

more than 97.5% despite their different serotypes (Fig. 3). It
is inferred that such high conservation also applies to groEL
from the other 25 strains, so they were not sequenced.

Discussion

In the present study, we performed immunoproteomics to
search for more immunogenic proteins of RA for potential

Table 2 Immunization assay

Animals Injection number Geometric mean ELISA units (SD)b

Duckling –a 1

Duckling 2 53 (30–74)*c

Rabbit – 1

Rabbit 2 160 (160–160)*

a Ducklings were injected with saline in Montanide ISA VG adjuvant
and rabbit samples were collected before injections
b The ELISA units of anti-GroEL antibody were based on duckling
reference serum injected with saline in Montanide ISAVG adjuvant or
rabbit reference serum before injections, using purified rGroEL as a
coating antigens

*P<0.01 compared with the corresponding group injected with saline
in Montanide ISA VG adjuvant or before injections

Table 3 Bactericidal activity of rabbit anti-sera against R. anatipes-
tifer strains

Strains Serotypes Geometric mean killing
by serum 1b (% ±SD)

Geometric mean killing
by serum 2c (% ±SD)

WJ4a 1 53.6±2.83 d 55.8±3.64

CH3 1 34.9±3.06 63.6±1.05*

Th4 2 57.3±5.89 0.9±0.06*

JY-1 2 45.6±2.02 53.2±1.85

YXb11 10 38.0±1.15 0.2±0.01*

HXb-2 10 30.0±1.44 52.7±3.70

a The homology strain from which rGroEL was expressed and used for
immunization
b Serum 1 represents rabbit anti-serum against rGroEL of RA
c Serum 2 represents rabbit anti-serum against inactivated whole cell
bacteria of RA
dData are presented as the means±SD (n=3)

*P<0.01 compared with the rabbit anti-serum against rGroEL of RA

Table 4 Animal challenge experiment

Groups a Immunization Challenge
RA strainsd

Number of
death
ducklings

Protection
rate (%)e

1 −b WJ4 (serotype 1) 8 0

2 +c WJ4 (serotype 1) 4 50*

3 − Th4 (serotype 2) 8 0

4 + Th4 (serotype 2) 5 37.5**

5 − HXb11
(serotype 10)

8 0

6 + HXb11
(serotype 10)

5 37.5**

a Each group contains eight ducklings
b The ducklings were injected with saline in Montanide ISA 70VG
adjuvant
c The ducklings were immunized with RA rGroEL in Montanide ISA
70VG adjuvant
d Ducklings were challenged subcutaneously with 3 LD50 of each RA
bacteria in 0.5 mL saline on day 10 after second immunization
e The protection rate was calculated as: [1−(death ducklings per
group/total ducklings per group)]×100

*p<0.05, compared with the corresponding group 1; **p=0.055,
compared with respective corresponding group 3 or 5

Fig. 3 Percent identity and divergence analysis of RA groELs by
DNASTAR software. The sequences of groEL from 10 RA strains
with different serotypes were analyzed for percent identity and
divergence. The homology of the sequences was >97.5%. The
sequences of groEL from 8785, D743, JY-1, NJ-2, NJ-3, P2123, and
WJ4 showed 100% identities
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vaccine candidates and identified a 57-kDa GroEL as a
novel one, which provided 37.5–50% protection for
immunized ducklings from the challenge of both homolo-
gous and heterogeolous serotypes of RA strains.

GroEL belongs to the chaperonin family of molecular
chaperones; it is highly conserved among prokaryotic and
eukaryotic cells. The exact function of GroEL has not been
precisely determined. Some GroEL proteins have been
studied for their chaperone function in protein processing
and assembly or for their cooperation with other chaperones
(particularly GroES) (Tang et al. 2006; Wang et al. 1998).
Other GroEL proteins are thought to protect intracellular
pathogens against the hostile environment of host phago-
cytic cells (Fields et al. 1986). GroEL proteins are also
reported to be potent immunogens in a number of
infections. Using immunoproteomics, GroEL of Neospora
caninum has been identified to be immunogenic protein
(Shin et al. 2004). Immunization with GroEL of Bacillus
anthracis provides 100% protection against Bacillus
anthracis infection in BALB/c mice (Sinha and Bhatnagar
2010). Mice immunized with Salmonella GroEL produced
a significant increased antibody titers, passive immuniza-
tion with anti-GroEL sera protected 50% mice against lethal
Salmonella infection (Khan et al. 2009). GroEL has also
shown immunogenicity and protection against Streptococ-
cus pneumoniae, Burkholderia pseudomallei, and Franci-
sella tularensis infections (Hartley et al. 2004; Woo et al.
2001). There is no report concerning RA GroEL protein
and its encoding gene yet, although large numbers of other
bacteria GroELs have been reported (Zeilstra-Ryalls et al.
1991). In order to investigate the immunological character-
istics of RA GroEL, immunization assay, bactericidal assay
and animal challenge experiment were performed. As
shown in “Results,” purified RA rGroEL elicited significant
higher level of antibodies against rGroEL in both ducklings
and rabbits. Importantly, bactericidal assay showed that the
rabbit anti-serum against rGroEL killed 30.0–57.3% of RA
strains with different serotypes 1, 2, and 10, whereas the
rabbit anti-serum against RA bacterin showed a huge
variation in killing of strains with different serotypes. Here,
killing percentages ranged from 0.2% to 63.6%. This
indicates that the anti-rGroEL serum kills a broad range
of RA serotypes in a more consistent fashion than anti-
bacterin serum that is more serotype-dependent. Animal
challenge experiment with RA serotype 1, 2, or 10 strains
showed that the immunized ducklings were 50%, 37.5%,
and 37.5% protected, respectively, the similar broad range
protection as that in bactericidal assay. Although the
protection rate is not as high as that of inactivated bacterin
(>80% protection, data not shown), rGroEL of RA did
show some extent protection and cross-protection against
the challenge of RA strains presenting different serotypes.
To our knowledge, this is the first report regarding the

cross-protection of RA immunogenic protein, which might
contribute to the GroEL is the most conserved proteins
known. The further study may lead to making RA GroEL a
potential vaccine candidate against RA infections.
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