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Abstract Riemerella anatipestifer infection causes high mor-
tality for ducks which results in major economic losses in the
duck industry. In this study, we identified a mutant strain RA-
M1 by Tn4351 transposon mutagenesis, in which the
M949_1603 gene encoding glycosyl transferase was
inactivated. PCR analysis revealed that M949_1603 gene is
specifically existed in R. anatipestifer serotype 1 strains. RA-
M1 presented no reactivity to the anti-lipopolysaccharide
(LPS) MAb in an indirect ELISA. Sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) followed by
Western blotting demonstrated that RA-M1 LPS had a defi-
ciency in ladder-like binding pattern to rabbit antiserum against
R. anatipestifer serotype 1 strain CH3, indicating that the O-
antigen structure of RA-M1 was changed. RA-M1 showed
significant attenuated virulence in ducks and higher sensitivity
to normal duck serum, compared with its parent strain CH3.
Furthermore, cross-protection of RA-M1 for R. anatipestifer
serotypes 1, 2, and 10 strains was evaluated. Ducks that re-
ceived two immunizations with inactivated RA-M1 vaccine
were 100 % protected from challenge with R. anatipestifer
serotype 1 strain WJ4, serotype 2 strain Yb2, and serotype
10 strain HXb2. No changes were observed in the liver, heart,
or spleen samples from the protected ducks during autopsy and

histological examination. Furthermore, vaccination generated
high antibody titers of 1:12,800 against serotypes 1, 2, and 10
strains and enhanced production of interleukin 2 (IL-2) and IL-
4 in ducks. These results suggested that M949_1603 gene is
associated with serotype 1 O-antigen biosynthesis, and mutant
RA-M1 could be used as a novel cross-protection vaccine can-
didate to protect ducks against R. anatipestifer infection.
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Introduction

Riemerella anatipestifer is a gram-negative, non-motile, non-
spore-forming, rod-shaped bacterium that causes duck infec-
tion, accounts for major economic losses to the duck industry
worldwide through poor feed conversion and high mortality
rates. Infected ducks show clinical signs containing fibrinous
pericarditis, perihepatitis, and meningitis (Sandhu and Rimler
1997; Segers et al. 1993). R. anatipestifer primarily affects
young ducks under 8 weeks of age, less frequently, geese
(Pierce and Vorhies 1973) and turkeys (Helfer and Helmboldt
1977). Once the bacteria infect a duck flock, it can become
endemic and eradication can be difficult with repeated infec-
tious episodes possible. Up to date, 21 serotypes of
R. anatipestifer have been identified with no significant
cross-protection reported (Loh et al. 1992; Pathanasophon
et al. 1995; Pathanasophon et al. 2002). R. anatipestifer sero-
types 1, 2, and 10 strains are responsible for most of the major
outbreaks in China (Hu et al. 2010).

Lipopolysaccharide (LPS) is an essential component in the
outer membrane and provides the structural integrity of the
outer membrane in most gram-negative bacteria (Nikaido and

Electronic supplementary material The online version of this article
(doi:10.1007/s00253-015-6848-y) contains supplementary material,
which is available to authorized users.

* Shengqing Yu
yus@shvri.ac.cn

1 Shanghai Veterinary Research Institute, Chinese Academy of
Agricultural Sciences, 518 Ziyue Road, Minhang District,
Shanghai 200241, China

Appl Microbiol Biotechnol (2015) 99:10107–10116
DOI 10.1007/s00253-015-6848-y

http://dx.doi.org/10.1007/s00253-015-6848-y
http://crossmark.crossref.org/dialog/?doi=10.1007/s00253-015-6848-y&domain=pdf


Vaara 1985). LPS is a major virulence factor of most gram-
negative bacteria which consists of lipid A, O-antigen,
and core oligosaccharide, of which O-antigen is highly
immunogenic and varies among different subgroups.
Genes for synthesis of LPS have been characterized in
several species of bacteria (Brown et al. 2012; Aquilini
et al. 2014; Perepelov et al. 2014). In R. anatipestifer,
however, only the AS87_04050 gene was characterized to
be responsible for LPS synthesis (Wang et al. 2014). In
this study, M949_1603 gene deletion R. anatipestifer
mutant RA-M1 was characterized as a LPS-deficient
strain, and the cross-protection among R. anatipestifer se-
rotypes 1, 2, and 10 strains was also evaluated. Our data
suggest that RA-M1 could be used as a novel cross-
protection vaccine candidate to protect ducks against
R. anatipestifer infection.

Materials and methods

Bacterial strains, plasmids, and culture conditions

The bacterial strains and plasmids used in this study are listed
in Table S1. R. anatipestifer CH3 is the wild-type strain used
in this study, and the mutant strain RA-M1 was derived from
the random tranposon mutant library for the defective in the
reactivity with anti-LPS MAb in an indirect ELISA. Strains
CH3 and RA-M1 were deposited in China General
Microbiological Culture Collection Center with the numbers
of CGMCC 10683 and CGMCC 10147, respectively). The
library containing 2520 random Tn4351 transposon mutants
was constructed previously in our laboratory by biparental
mating with BW19851 (pEP4351) and R. anatipestifer strain
CH3 (Hu et al. 2012). Biparental mating was performed as
described previously (Bagdasarian et al. 1981) with modifica-
tions. R. anatipestifer strains were grown on tryptic soy agar
(TSA, Difco, USA) or tryptic soy broth (TSB, Difco) at 37 °C
in 5 % CO2. Antibiotics were used at the given concentrations
when needed: ampicillin (100 μg/ml), chloramphenicol
(30 μg/ml), erythromycin (0.5 μg/ml), kanamycin
(50 μg/ml), and cefoxitin (5 μg/ml).

Development of anti-LPS MAb

R. anatipestifer strain CH3 was cultured to logarithmic phase
and inactivated with formalin as described (Liu et al. 2013).
BALB/c mice were immunized with the inactivated bacterial
cells at 1×108 colony-forming units (CFUs) for three times.
Hybridoma technique was performed, and single clones were
screened using an indirect ELISA, which plates were coated
with purified CH3 LPS (10 μg/well). Positive clone 8A9 was
subjected to subclone for three times and used for MAb
production.

Characterization of R. anatipestifer mutant strain RA-M1

R. anatipestifermutant strain RA-M1 was obtained by screen-
ing the library with anti-LPS MAb 8A9. Southern blot analy-
sis was used to identify the insertion of Tn4351 in the mutants
as described (Hu et al. 2010). The plasmid pEP4351 and ge-
nomic DNA of wild-type strain CH3 were also subjected to
hybridization analysis, which were used as the positive and
negative control, respectively. The site of transposon insertion
in the mutant strain was determined with a genome walking
kit (TaKaRa) using four random primers (AP1, AP2, AP3,
AP4) provided in the kit and three specific primers (SP1,
SP2, and SP3), according to the manufacturer’s instructions.
Polymerase chain reaction (PCR) amplified gene was inserted
to T-vector pMD19 (TaKaRa). DNA sequencing was per-
formed by Shanghai HuaGene Biotech Co., Ltd. The identi-
fied gene sequence was searched for homologous sequences
and putative functions on the BLAST from National Center
for Biotechnology Information (NCBI) website (http://www.
ncbi.nlm.nih.gov/BLAST/).

Real-time RT-PCR was performed to measure expres-
sions of Tn4351-disrupted upstream and downstream
genes at transcriptional level. Gene-specific primers
were designed using primer3 online software v.0.4.0
(http://bioinfo.ut.ee/primer3-0.4.0/) and described in
Table S1. The expression of M949_1603 gene, its up-
stream gene M949_1602, and downstream gene M949_
1604 were measured using primer pairs M949_1603
F/M949_1603 R, M949_1602 F/M949_1602 R, and
M949_1604 F/M949_1604 R, respectively (Table S1),
and the expression of 16S rRNA was used as an inter-
nal control. Reactions were performed in triplicate and
run on the Mastercycler ep realplex4 apparatus (Eppendorf,
Germany).

To detect the distribution of M949_1603 gene among
R. anatipestifer serotype 1, 2, and 10 strains, serotype 1 strains
CH1, WJ4, JY4, and CQ5; serotype 2 strains Yb2, NJ3, Th4,
GD5, and YXb1; and serotype 10 strains HXb2 and YXb11
were cultured for PCR amplification using primers
M949_1603 ORF-F/M949_1603 ORF-R. CH3 and the mu-
tant strain RA-M1 were used as positive control and negative
control, respectively.

The growth curves of wild-type strain CH3 and mutant
strain RA-M1 were determined as described previously (Hu
et al. 2002). Briefly, equal amount of each bacterial culture
was transferred into fresh TSBmedium at a ratio of 1:100 (v/v)
for further growing at 37 °C for 10 h with shaking. The bac-
terial growth was measured by monitoring the optical density
at 600 nm (OD600) at 1-h intervals using a spectrophotometer
(Bio-Rad, USA). The statistical significance of the data was
determined by one-way ANOVA in Graphpad Prism 6 soft-
ware (GraphPad Software, Inc., CA, USA). A p value of
<0.05 was considered to be statistically significant.
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Serum killing assays

Normal duck serum was collected from 10 healthy 17-day-old
Cherry Valley ducks without anti-R. anatipestifer antibody,
pooled, and filter-sterilized (0.22 mm). The bactericidal assay
was performed in a 96-well plate as described previously with
modifications (McQuillen et al. 1994). Duck serum was dilut-
ed to 5, 12.5, 25, 50, and 100 % in pH 7.2 PBS. The bacterial
suspension containing 106 CFU in 10 μl PBS were added into
190 μl of the diluted serum, 100 % heat-inactivated serum, or
PBS alone and then incubated at 37 °C for 30 min. The bac-
teria in the wells were 10-fold serial diluted and plated onto
TSB plates. Colonies were counted after 28-h incubation.

Adhesion and invasion capacities to Vero cells

Bacterial adherence and invasion assays were performed on
Vero cells (ATCC CCL-81) as described (Hu et al. 2011).
Briefly, Vero cells were seeded to the wells in 24-well tissue
culture plates in Dulbecco’s modified Eagle medium
(DMEM) (Biowest, France) containing 10 % fetal bovine se-
rum 1 day before infection. The cells of each well were infect-
ed with CH3 and RA-M1 at 50 multiplicity of infection. The
plates were incubated at 37 °C for 1.5 h and washedwith PBS;
0.1 % trypsin (100 μl/well) was then added and incubated at
37 °C for 10 min. The cell suspensions were 10-fold diluted
and plated onto TSA plates for bacterial counting. For
the invasion assay, the extracellular bacteria were killed
by incubation with DMEM medium supplemented with
100 μg/ml gentamicin for an additional 1 h, following
the incubation with bacteria and three washes with PBS.
All of the above assays were performed in triplicate and
replicated three times.

Determination of bacterial median lethal dose (LD50)

Bacterial LD50 was measured as described (Hu et al. 2010).
Briefly, for each strain, 17-day-old Cherry Valley ducks were
divided evenly into five groups (eight ducks/group). The
ducks were injected intramuscularly with bacteria at 106,
107, 108, 109, or 1010 CFU, respectively. Moribund ducks
were killed humanely and counted as dead. Dead ducks were
subjected to R. anatipestifer identification. The mortality of
the ducks was recorded daily for a period of 7-days post in-
fection. LD50 was calculated using the Reed–Muench method
(Reed and Muench 1938).

Extraction, purification, and quantification of LPS

LPSs of wild-type strain CH3 and mutant RA-M1 were ex-
tracted using phenol-water method as described (Gu et al.
1998). The protein and nucleic acid contents in the LPS were
determined less than 2 % (Smith et al. 1985; Warburg and

Christian 1942). Purified LPS was identified using sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) followed by Coomassie blue staining and Western
blotting. Coomassie blue staining was used to exclude the
contamination of protein in purified LPS. Western blotting
was conducted to verify the binding activity of LPS with
anti-LPS MAb and anti-CH3 rabbit serum. Briefly, purified
LPS (100 μg/ml) was suspended in digestion buffer (1 M Tris
[pH 6.8], 2 % SDS, 4 % 2-mercaptoethanol, 10 % glycerol,
and 0.004 % bromophenol blue), and boiled at 100 °C for
10 min. Then, 10 μl of the sample was added to the well
and subjected to SDS-PAGE on a Mini Protein II gel system
(Bio-Rad, Richmond, CA, USA) with 15% polyacrylamide in
the separating gel. After electrophoresis (100 V, 2 h), purified
LPSs of CH3 and RA-M1 were separated on a 15 % Bis-Tris
gel (Invitrogen Life Technologies) using electrode buffer,
transferred to nitrocellulose membranes (Millipore), and
blocked with PBS-5 % skim milk at 4 °C overnight.
Membranes were then incubated at 37 °C with anti-LPS
MAb (1 μg/ml in PBS-0.05 % Tween 20) for 2 h. Goat anti-
rabbit IgG (LI-COR) was used as the secondary antibody. The
binding was shown using Odyssey infrared imaging system
(Gene Company Limited).

Preparation of inactivated RA-M1 and trivalent
R. anatipestifer vaccines

To investigate whether mutant strain RA-M1 could be used as
a vaccine candidate, inactivated RA-M1 and trivalent
R. anatipestifer vaccines were prepared for immunization.
Briefly, RA-M1 bacteria were cultured in TSB at 37 °C for
16 h with shaking. Bacterial CFU was measured by detecting
the optical density at 600 nm (OD600) (an OD600 of 1 equals
2.5×109 CFU of bacteria according to our calculations) and
adjusting to 4×109 CFU/0.3 ml. The bacteria were then
inactivated with 0.4 % (v/v) formalin at 37 °C for 16 h.
Inactivated RA-M1 vaccine was made by blending 3 volumes
of inactivated RA-M1 and 7 volumes of Montanide ISA 70
VG adjuvant (Seppic Special Chemical Corporation,
Shanghai, China) according to the manufacturer’s protocol.
Serotype 1, 2, and 10 trivalent R. anatipestifer vaccine was
prepared as described previously (Liu et al. 2013).

Immunization, sample collection, and challenge
experiment

Twelve treatment groups, eight ducks each, were given two
immunizations (subcutaneous injection on the neck) with
inactivated RA-M1 vaccine (groups 1–4), trivalent
R. anatipestifer vaccine (groups 5–8), or saline in adjuvant
(groups 9–12). Blood samples from groups 1, 5, and 9 were
collected at day 7, 14, 28, and 42 post second immunization
for antibody and cytokine determination.

Appl Microbiol Biotechnol (2015) 99:10107–10116 10109



To test the protection of vaccination, immunized ducks in
groups 2, 6, and 10 were challenged with R. anatipestifer
serotype 1 strain WJ4; ducks in groups 3, 7, and 11 were
challenged with serotype 2 strain Yb2, and ducks in groups
4, 8, and 12 were challenged with serotype 10 strain HXb2 at
10 LD50 at day 14 post second immunization, which challenge
doses were 3.25×109, 1.07×106, and 820 CFU/ml, respec-
tively, as described previously (Liu et al. 2013). Ducks were
monitored daily for clinical symptoms and death until 7 days
post challenge. Furthermore, liver, heart, and spleen were col-
lected for histological examinations from died ducks instantly
or healthy ducks at day 7 post challenge.

Determination of serum antibody titers

The antisera were collected on day 7, 14, 28, and 42 post
second vaccination to examine the antibody titers against
R. anatipestifer strains WJ4, Yb2, and HXb2 with an indirect

ELISA, as described previously (Liu et al. 2013). Briefly, 96-
well ELISA plates were coated with 5×106 CFU/well of each
strain in 50 μl bicarbonate buffer (pH 9.6) and heat-dried over-
night at 50 °C. The duck sera were diluted in 2-fold steps from
1:100 to 1:25,600 for the experiment. The resulting OD450 was
obtained with a plate reader (Synergy 2; BioTek). The highest
dilution of the sera with an OD450 value over 2.1 times of the
negative control wells was valued as the ELISA titers. All the
samples were performed in triplicate. Data are presented as the
means of three independent experiments.

Determination of cytokine production

Production of interleukin 2 (IL-2), IL-4, and interferon γ
(IFN-γ) in the serum was measured at day 7 post second im-
munization using ELISA kits (Hermes Criterion Biotechnology,
Elixir Canada Medicine Company, Ltd., Vancouver, BC,
Canada) according to the manufacturer’s instructions. The
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Fig. 1 a Southern blot analysis of the transposon Tn4351 insertion. Lane
1, 10 μg of pEP4351 digested with XbaI (positive control). Lane 2, 10 μg
of chromosomal DNA from wild-type strain CH3 digested with XbaI
(negative control). Lane 3, 10 μg of chromosomal DNA from mutant
strain RA-M1 digested with XbaI. Each digested sample was resolved
on a 0.7 % agarose gel, and Southern blot was performed using a TnDIG
labeled probe. b Real-time PCR analysis of the gene expression. The
mRNA level of upstream M949_1602 gene and the downstream M949_
1604 gene wasmeasured. The changes of mRNAs were expressed as fold
expression and calculated using the comparative CT(2

−ΔΔCT) method.

Data were normalized to the housekeeping gene 16S rRNA and
expressed as fold changes. The expression of M949_1603 in mutant
strain RA-M1 was disrupted. Error bars represent standard deviations
from three replicates. c Determination of the bacterial growth curves.
Strains CH3 and RA-M1 were grown in TSB at 37 °C with shaking
respectively, and the OD600 values were measured at 1-h intervals. This
experiment was repeated three times, and the data were presented as the
means. Error bars represent standard deviations. No significant
difference was observed
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serum samples were diluted in 5-fold steps in PBS-0.5%Tween
20 (PBST) for the detections. The OD490 value was read with a
plate reader (BioTek) within 15 min. PBST was used as the
negative control. All experiments on standard dilutions, con-
trols, and experimental samples were carried out in triplicate
on the same plate, and each reaction plate contained the standard
curve for the cytokine in the same preparation.

Statistical analysis

Statistical analyses were carried out using the GraphPad
Software (La Jolla, CA, USA). One-way analysis of variance
(ANOVA) was used for analyses of growth curves, serum
bactericidal efficiency, adhesion capacity and invasion, serum
antibody levels and cytokine production data, and two-way
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Fig. 2 aWestern blotting analysis of the LPS binding patterns. Each lane
was sampled with 1 μg purified LPS and detected using rabbit serum
against CH3. Lane 1: CH3 LPS and lane 2: RA-M1 LPS. b PCR
analysis of the distribution of M949_1603 gene in Riemerella
anatipestifer serotypes 1, 2, and 10 strains. Lane M: DM2000 DNA
Marker (CWBIO, Beijing, China). Lanes 1–4: A 873-bp fragment was
amplified from R. anatipestifer serotype 1 strains CH1, WJ4, JY4, and

CQ5 using primer pairs M949_1603 ORF-F/M949_1603 ORF-R. Lanes
5–9: NoM949_1603 gene was amplified from R. anatipestifer serotype 2
strains Yb2, NJ3, Th4, GD5, and YXb1. Lanes 10–11: No M949_1603
gene was amplified from R. anatipestifer serotype 10 strains HXb2 and
YXb11. Lane 12: positive control of CH3; lane 13: negative control of
RA-M1
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Fig. 3 a Bacterial serum
resistance assay. Bacteria were
incubated with the normal duck
sera at different dilution at 37 °C
and were enumerated at 30-min
incubation. A significant reduced
resistance of RA-M1 to the
normal duck sera than that of
CH3 was shown. ***p<0.01.
b–c Bacterial adherence and
invasion assays. Strains CH3 and
RA-M1 were tested on Vero cells.
b Adherence assay. c Invasion
assay. The data represent the
number of bacteria bound to or
invaded into Vero cells in each
well of 24-well plate. The error
bars represent mean±standard
deviations from three independent
experiments. The capacities of
both adherence and invasion for
RA-M1 mutant were significantly
increased in comparison with its
wild-type strain CH3
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ANOVAwas performed for analysis of the qRT-PCR results.
The mean values are shown in the figures. Statistical signifi-
cance was established at p<0.05.

Results

Identification of the mutant strain RA-M1

The mutant strain RA-M1 defected in reaction with anti-LPS
MAb 8A9 was screened from the transposon insertion mu-
tants using an indirect ELISA. Southern blot confirmed only
one insertion of transposon Tn4351 in RA-M1 genome

(Fig. 1a). The transposon-inserted gene was identified to be
M949_1603 by genome walking as described previously
(Hu et al. 2010) which is 873 nucleotides in length and codes
for glycosyl transferase family 2 consisting of 290 amino
acids. The insertion site was located at 197 bp of
M949_1603 gene in wild-type strain CH3.

As shown in Fig. 1b, the mRNA level of upstream
gene M949_1602, which encodes hypothetical protein
and the downstream gene M949_1604, which encodes
glycosyl transferase family 1 showed no significant
changes compared with wild-type strain CH3 by qRT-PCR.
The transcription of M949_1603 gene was disrupted in the
mutant strain RA-M1.

The growth curves of the wild-type strain CH3 and the
mutant strain RA-M1 showed no significant difference during
culture in TSB (Fig. 1c).

M949_1603 gene is involved in CH3 LPS synthesis
and exists in R. anatipestifer serotype 1 strains

Western blotting confirmed that the binding activity of RA-
M1 to rabbit anti-CH3 antiserum was changed. As shown in
Fig. 2a, a deficiency in ladder-like binding pattern of CH3
LPS, which represents repeating units present in the O chain
of LPS, was found in RA-M1. Furthermore, PCR amplifica-
tion showed that the M949_1603 gene was lacked in
R. anatipestifer serotype 2 and 10 strains detected (Fig. 2b),
indicating that M949_1603 gene is type-specific for
R. anatipestifer serotype 1 strains.

Table 1 Animal protection experiment

Immunization Challenge
strainsa

Protection
rate

Inactivated RA-M1 vaccine WJ4 8/8

Yb2 8/8

HXb2 8/8

Inactivated trivalent R. anatipestifer vaccine WJ4 8/8

Yb2 8/8

HXb2 8/8

Non-vaccinated WJ4 0/8

Yb2 0/8

HXb2 0/8

a Challenge dose was 10 LD50 for each strain

A

B

C

D

Liver                     Heart                      SpleenFig. 4 Gross lesion observation.
Row A samples collected from
non-vaccinated ducks without
challenge, normal control.
Row B samples collected from
non-vaccinated ducks with
challenge of Yb2. Row C samples
collected from vaccinated ducks
without challenge. Row D
samples collected from
vaccinated ducks at 7 days post
challenge of Yb2. Typical gross
lesions of R. anatipestifer
infection containing serositis,
perihepatitis, fibrinous
pericarditis, and marble-like lines
in the spleen were shown in row
B, while no pathological lesions
in rows A, C, and D
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Inactivation of M949_1603 gene reduced bacterial
virulence and resistance to normal duck serum

The bacterial virulence of mutant strain RA-M1was measured
using Cherry Valley ducks. The results showed that the LD50

of RA-M1 was higher than 1010 CFU, more than 50 times
attenuated virulence than the wild-type strain CH3, of which
LD50 was 2×10

8 CFU.
The serum bactericidal assay was carried out to compare the

ability of the mutant strain RA-M1 to resist the complement-
mediated killing with its wild-type strain CH3. As shown in
Fig. 3a, a 12.5% serumwas effective in killing the mutant strain
RA-M1, which displayed higher sensitive to serum killing than
the wild-type strain CH3, which was killed with 100 % serum.

Deletion of M949_1603 gene increased the bacterial
adherence and invasion abilities

To determine whether deletion of M949_1603 gene affects the
bacterial adherence and invasion activity, CH3 and RA-M1

were tested on Vero cells. When infected at 50 multiplicity of
infection, the RA-M1 bacterial numbers accounted for adher-
ence is 3,633,333±700,000 CFU/well, 10 times higher than
that of wild-type strain CH3 (358,889±48,889 CFU/well)
(p<0.001) (Fig. 3b). After an additional 1 h of incubation with
gentamicin (100 mg/ml), the RA-M1 bacterial counts for inva-
sion were 1,457,778±251,111 CFU/well, which were signifi-
cantly increased in comparison with 111,778±8111 CFU/well
of wild-type strain CH3 (p<0.001) (Fig. 3c).

Cross-protection for R. anatipestifer serotypes 1, 2, and 10
strains of inactivated RA-M1 vaccination

At day 14 post second vaccination, RA-M1 vaccinated ducks
were challenged with virulent R. anatipestifer serotype 1
strain WJ4, serotype 2 strain Yb2, and serotype 10 strain
HXb2 at 10 LD50, respectively. The results showed that RA-
M1 vaccinated ducks were totally protected, which matched
the efficiency level of the trivalent R. anatipestifer vaccine
(Table 1). One week after challenge, ducks in immunized
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Fig. 5 Determination of antibody ELISA titers. a Antibody titers to
strain WJ4. b Antibody titers to strain Yb2. c Antibody titers to strain
HXb2. Data were converted and expressed as log titers. The logarithmic

mean antibody titers (mean±SD) are from one representative experiment
with eight animals (n=8). **p<0.01; *p<0.05
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group remained healthy while ducks in control group ap-
peared with clinical symptoms including apathy, loss of appe-
tite, serositis, fibrinous pericarditis, perihepatitis, and necrosis
foci in the spleen, as shown in Fig. 4.

Determination of serum antibody levels

The antibodies against strains WJ4, Yb2, and HXb2 were
tested at day 7, 14, 28, and 42 post second immunization.
The sera isolated from normal ducks before immunization
were used as negative controls. As shown in Fig. 5, the anti-
bodies against the three strains were all significantly enhanced
post second immunization and maintained at high levels
up to day 42.

Cytokine expressions

Cytokine production in the sera of vaccinated ducks was de-
tected by an ELISA kit at day 7 post second immunization. As
shown in Fig. 6, the vaccinated ducks produced significantly
larger amounts of IL-2 and IL-4 but lower amounts of IFN-γ,
compared with the control group (p<0.05).

Discussion

In the present study,M949_1603 gene deletion R. anatipestifer
mutant RA-M1 was characterized and the cross-protection for
serotype 1, 2, and 10 strains was evaluated. The mutant does
not bind to anti-LPS MAb in an indirect ELISA. Western

blotting indicated an obvious missing of ladder-like pattern in
RA-M1 LPS, compared to those in CH3 LPS. Deletion of
M949_1603 gene in RA-M1 leads to significant attenuated
virulence in duckmodel and increased sensitive to normal duck
serum. Sequence analysis revealed that the transposon was
inserted into the M949_1603 gene at 197 bp in strain CH3
(Wang et al. 2015).

The M949_1603 gene encodes a glycosyl transferase, be-
longing to glycosyl transferase family 2. The specificity of
glycosyl transferases contributes to O-antigen specificity in
gram-negative bacteria. For example, in Escherichia coli
O114, the second step of the repeating-unit assembly is cata-
lyzed by α β-1,3-glycosyl transferase (β3-GalT) of transfer-
ase family 2 (Zhou et al. 2013). The M949_1603 gene exists
in R. anatipestifer serotype 1 strains only, indicating that its
encoding product is a type-specific glycosyl transferase. The
ladder-like bands of bacterial LPS reflect the number of re-
peating units present in the O chain of LPS (Fomsgaard et al.
1990). The defect in ladder-like pattern of mutant LPS indi-
cated that theM949_1603 gene is associated with the biosyn-
thesis of intact O-antigen in R. anatipestifer.

O-antigen plays a key role in protecting bacteria from
complement-mediated killing (Grozdanov et al. 2002). In
this study, inactivation of the M949_1603 gene resulted
in significantly increased sensitivity to normal duck se-
rum killing, which is similar to results of other O-antigen
deletion mutants (Wang et al. 2014). Innate immune re-
sponse is believed to be the first step for host to elimi-
nate invasive bacteria, and O chain is required for resis-
tance to complement-mediated bactericidal activities. The

Fig. 6 Cytokines induced by
vaccine immunization. Serum
IL-4, IL-2, and IFN-γ were
detected by an ELISA kit. The
bars show the means±SD from
eight animals (n=8). **p<0.01;
*p<0.05
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attenuated virulence of RA-M1 (more than 50 times
attenuated in comparison with its wild-type strain CH3,
based on LD50 evaluation) may be caused by the defect in
O-antigen.

In an effort to explore the role of O-antigen in the interac-
tion between R. anatipestifer and epithelial cells, we have
investigated the adherence and invasion capability of mutant
strain RA-M1 on Vero cells as described previously (Hu et al.
2011). The results confirmed that about 10-fold increased
numbers of adhesion and invasion of mutant strain RA-M1
than that of wild-type strain CH3. That is to say, O-antigen
mutant strain RA-M1 changed the phenotype of CH3 and take
different way to adherent and invade cells as reported for
Brucella abortus (Pei and Ficht 2004).

Animal experiments demonstrated that inactivated RA-M1
vaccine was effective in protecting the ducks from challenge
with serotype 1, 2, and 10 strains, which protection index was
similar with the trivalent vaccine. Therefore, RA-M1 vaccine
may act as a substitute for the trivalent R. anatipestifer vaccine
for its simple manufacture process in the future study.
Conserved LPS epitope(s) can exist among different strains,
species, and genera of non-enteric gram-negative human path-
ogens (Campagnari et al. 1990). One explanation is that the
deletion of the M949_1603 gene resulted in the exposure of
the highly conversed epitope on the RA-M1 LPS by eliminat-
ing the latent steric effect, which may be concealed in the
parent strain CH3. However, based on these data alone, it is
not clear which moiety of LPS would serve as a conserved
antigen among different R. anatipestifer serotype strains; fur-
ther analysis of LPS structure is needed. At least, our current
data revealed that deficiency of the type-specific O chain con-
tributes to forming a highly conserved epitope among differ-
ent serotype strains. Inactivated RA-M1 vaccine with cross-
protection for R. anatipestifer strains WJ4 (serotype 1), Yb2
(serotype 2), and HXb2 (serotype 10) was successfully devel-
oped. Animal experiments demonstrated that the protective
rate of the RA-M1 vaccine reached as high as 100 % after
the second immunization. In addition, RA-M1 vaccine in-
duced high levels of antibodies in ducks against
R. anatipestifer serotype 1, 2, 10 strains, and high levels of
cytokines IL-2 and IL-4 as the trivalent R. anatipestifer-
inactivated vaccine did post second immunization.
Cytokines play an important role in the activation of adaptive
immune response toward a Th1- or Th2-type response, indi-
cating that inactivated RA-M1 vaccine can induce both hu-
moral and cellular immunity. The production of IFN-γ, how-
ever, was decreased post immunization with both inactivated
RA-M1 and trivalent vaccine. IFN-γmainly promotes cellular
immunity, decreased IFN-γ level means that induced immune
response of inactivated vaccine focus mainly on humoral im-
munity to develop long-term memory B cells. IFN-γ was
consistently a subdominant effector response with many im-
munizations (Orr et al. 2015).

In summary, we have identified the mutant strain RA-M1, in
which the O-antigen was defected due to the knockout of
M949_1603 gene. Our study demonstrated that inactivated
RA-M1 vaccine protected ducks from challenge with
R. anatipestifer serotype 1, 2, and 10 strains. Therefore, RA-
M1 can be further investigated as a vaccine candidate against
R. anatipestifer for clinical applications. This study has impor-
tant implications for the effective control of R. anatipestifer
infections in China.
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