
Evaluation of the Salmonella enterica Serovar Pullorum Pathogenicity
Island 2 Mutant as a Candidate Live Attenuated Oral Vaccine

Junlei Yin, Zhao Cheng, Xiaochun Wang, Lijuan Xu, Qiuchun Li, Shizhong Geng, Xinan Jiao

Jiangsu Key Laboratory of Zoonosis, Jiangsu Co-innovation Center for Prevention and Control of Important Animal Infectious Diseases and Zoonoses, Yangzhou
University, Yangzhou, Jiangsu, People’s Republic of China

Salmonella enterica serovar Pullorum (S. Pullorum) is a highly adapted pathogen that causes pullorum disease (PD), an impor-
tant systemic disease of poultry that causes severe economic losses in developing countries. In the interests of developing a safe
and immunogenic oral vaccine, the efficacy of a Salmonella pathogenicity island 2 (SPI2)-deleted mutant of S. Pullorum
(S06004�SPI2) was evaluated in chickens. S06004�SPI2 was severely less virulent than the parental wild-type strain S06004 as
determined by the 50% lethal dose (LD50) for 3-day-old chickens when injected intramuscularly. Two-day-old chickens immu-
nized with a single oral dose of S06004�SPI2 showed no differences in body weight or clinical symptoms compared with those in
the negative-control group. S06004�SPI2 bacteria were not isolated from livers or spleens of immunized chickens after a short
period of time, and specific humoral and cellular immune responses were significantly induced. Immunized chickens were chal-
lenged with S. Pullorum strain S06004 and Salmonella enterica serovar Gallinarum (S. Gallinarum) strain SG9 at 10 days postim-
munization (dpi), and efficient protection against the challenges was observed. None of the immunized chickens died, the clini-
cal symptoms were slight and temporary following challenge in immunized chickens compared with those in the control group,
and these chickens recovered by 3 to 5 dpi. Overall, these results demonstrate that S06004�SPI2 can be used as a live attenuated
oral vaccine.

S almonella enterica serovar Pullorum (S. Pullorum) is a highly
adapted pathogen that causes pullorum disease (PD) in poul-

try. PD is an acute systemic disease with high morbidity and mor-
tality in young chicks, and causes weight loss, decreased fertility
and hatchability, lesions (peritonitis, perihepatitis, and so on),
diarrhea, and reproductive tract abnormalities in infected adults.
In addition, S. Pullorum can be transmitted to chicks through eggs
(1, 2). PD is rare in most developed countries because of modern
poultry-rearing facilities and well-established disease control pro-
grams, but in recent years, its incidence has been frequently re-
ported in developing countries (3). Salmonella enterica serovar
Gallinarum (S. Gallinarum) causes the severe systemic disease
fowl typhoid (FT) in young and adult chickens, and multilocus
enzyme electrophoresis and comparative sequence analyses show
it is closely related to S. Pullorum (4–6). Although largely eradi-
cated in several countries, FT still causes significant morbidity and
mortality worldwide, which results in substantial economic losses
(7).

Several strategies have been used to prevent and control these
diseases, such as antimicrobial therapy, biosecurity practices, and
effective vaccination programs. Antimicrobial therapy can result
in multidrug-resistant bacteria in poultry. In addition, these mul-
tidrug-resistant pathogens can be transmitted to humans via the
food chain (8, 9). Vaccination is one of the most effective methods
of preventing Salmonella infections (10). Killed vaccines are the
most commonly used commercially available vaccines, as only a
few Salmonella live vaccines are registered. These live vaccines
offer more effective protection than killed vaccines because they
can induce more comprehensive cellular immune responses (10).

Salmonella pathogenicity island 2 (SPI2) can encode type III
secretion system 2 (T3SS2) and is a major virulence determinant
of Salmonella species. T3SS2 is very important for the ability of
Salmonella to survive and replicate inside host cells and plays an
important role in systemic disease development (11). There are

many papers describing the function of SPI2 and the vaccine po-
tential of live SPI2 mutant strains for preventing Salmonella infec-
tions (12, 13), but there is no report on the vaccine potential of an
SPI2 mutant strain of S. Pullorum.

In this study, we preliminarily evaluated the feasibility of an
SPI2-deleted S. Pullorum mutant strain (S06004�SPI2) for use as
a live attenuated oral vaccine based on the virulence, changes in
body weight and clinical symptoms, bacterial persistence, im-
mune responses, and protective effects in susceptible HY-Line
white chickens.

MATERIALS AND METHODS
Bacterial strains and growth conditions. S. Pullorum S06004 (GenBank
accession no. CP006575.1) is a virulent nalidixic acid-resistant (Nalr) clin-
ical isolate obtained in 2006 from chickens with pullorum disease in the
Jiangsu Province of China and stored in our laboratory (8). The virulent S.
Gallinarum SG9 (Nalr) strain was supplied by P. A. Barrow (14).
S06004�SPI2 (Nalr), the whole SPI2-deleted (�40 kb) mutant of S. Pul-
lorum S06004, was constructed using the one-step inactivation method
described by Datsenko and Wanner and stored in our laboratory (15, 16).
Luria-Bertani (LB) broth, LB agar medium (containing 1.5% [wt/vol]
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agar), and XLT4 agar (Difco) were used for culturing bacteria at 37°C.
When needed, nalidixic acid was added to the medium at a final concen-
tration of 40 �g/ml.

Chickens. HY-Line white chicken eggs were hatched, and neither clin-
ical symptoms of enteric disease nor Salmonella was detected in the chick-
ens. All chickens were maintained in wire cages and reared with commer-
cial feed and drinking water. Experiments were undertaken with the
permission of the Animal Care and Ethics Committee of Yangzhou Uni-
versity.

Virulence assessment. To investigate the virulence of mutant
S06004�SPI2 in 3-day-old chickens, 60 chickens were randomly assigned
into six groups (n � 10). Each group was inoculated intramuscularly with
10-fold dilutions of the mutant strain, from 1 � 1010 to 1 � 105 CFU, in
100 �l of phosphate-buffered saline (PBS). Another 60 chickens were
injected with the same doses of the parental strain S06004. Ten control
chickens received 200 �l of PBS via the same route. Chickens that died or
were killed humanely were recorded over the 3-week experimental period.
The 50% lethal dose (LD50) was calculated using the Karber and Behrens
method (17).

Changes in body weight and clinical symptoms. Sixty 2-day-old
chickens were randomly divided into 3 groups of 20. The infected group
received 2 � 108 CFU of S06004 in 100 �l of PBS orally, the vaccinated
group received an equal dose of S06004�SPI2 (2 � 108 CFU), and the PBS
group received 100 �l of PBS as a negative control. The body weights of
these chickens were recorded at 5, 12, and 19 days postinoculation (dpi),
and clinical symptoms were observed daily from 1 to 19 dpi.

Colonization and persistence assay. To evaluate bacterial persistence
in the internal organs of chickens following oral immunization, four
chickens from each group (infected group, vaccinated group, and PBS
group) were euthanized at 5, 7, 10, 14, and 21 dpi, and liver and spleen
samples were aseptically collected. Samples were weighed, suspended in 1
ml of PBS, and homogenized individually. One hundred microliters of
serial 10-fold dilutions of the homogenates was plated onto XLT4 agar
containing 40 �g/ml nalidixic acid and then incubated at 37°C for 20 h.
Bacteria were counted and expressed as log10 CFU/g. Negative samples
were indicated as 0 CFU/g.

Enzyme-linked immunosorbent assay (ELISA) for serum IgG. Se-
rum samples were collected from four chickens of each group at 3, 7, 14,
and 21 dpi. Specific antibody levels were assessed by ELISA, using heat-
killed whole S. Pullorum bacteria as the coating antigen, as previously
described (18). Briefly, 96-well plates were coated with 50 �l of antigen
(1 � 108 CFU/ml) in PBS overnight at 4°C. Plates were washed three times
with PBS containing 0.02% Tween 20 and blocked for 2 h with 100 �l of
10% fetal calf serum in PBS at 37°C. To determine specific serum IgG,
serum samples (diluted 1:50) were used as the primary antibody. Horse-
radish peroxidase (HRP)-conjugated rabbit anti-chicken IgG (diluted
1:10,000) was used as the secondary antibody. The bound HRP activity
was determined using o-phenylenediamine dihydrochloride (Sigma), and
the absorbance was measured at 492 nm using an ELISA reader after the
reactions were stopped by the addition of 2 M H2SO4.

Lymphocyte proliferation assay. Peripheral lymphocytes were sepa-
rated from the blood of four chickens per group using Histopaque-1077
(Sigma) at 7, 14, and 21 dpi. Cell viability was determined using trypan
blue dye exclusion. The lymphocyte proliferation assay was performed
with specific antigens prepared from the wild-type S. Pullorum S06004
strain as described previously (19, 20). Briefly, a viable mononuclear cell

suspension (100 �l) at 1 � 105 cells/ml in RPMI 1640 medium (contain-
ing 10% fetal calf serum, 2 mM L-glutamine, 50 U/ml of penicillin, and 50
�g/ml of streptomycin) was incubated in triplicate in 96-well tissue cul-
ture plates with 50 �l of medium alone or with medium containing 4
�g/ml of soluble antigen at 41°C in a humidified 5% CO2 atmosphere for
72 h. Lymphocyte proliferation activity was measured using ATP biolu-
minescence with a ViaLight Plus kit (Lonza, Rockland, ME, USA). The
blastogenic response for the assay was expressed as the mean stimulation
index (SI), as previously described (19).

Protection assessment. To examine the protective efficacy of mutant
S06004�SPI2, 50 two-day-old chickens were randomly divided into 5
groups of 10 chickens (groups A to E). Groups A and C were immunized
orally with 2 � 108 CFU of S06004�SPI2 in 100 �l of PBS, while groups B,
D, and E received 100 �l of PBS. After 10 days, groups A and B were
challenged intramuscularly with 1 � 109 CFU of strain S06004 in 100 �l of
PBS. Groups C and D received equal amounts of SG9. Group E received
100 �l PBS as a negative control. The surviving chickens were counted at
21 days postchallenge, and clinical symptoms (including anorexia, diar-
rhea, depression, high morbidity, and mortality) were recorded daily
from 1 to 35 dpi.

Statistical analysis. All data are expressed as mean � standard error of
the mean (SEM) unless otherwise specified. All statistical analyses were
performed using GraphPad Prism. P values of �0.05 were considered
significant when using one-way analysis of variance.

RESULTS
Virulence of S. Pullorum mutant S06004�SPI2. The virulence of
parental and mutant strains was evaluated in 3-day-old HY-Line
white chickens. The LD50 of the S. Pullorum mutant S06004�SPI2
(2.08 � 109 CFU) was 208-fold higher than that of the wild-type
parental strain S06004 (1.00 � 107 CFU), indicating that the vir-
ulence of the S. Pullorum mutant S06004�SPI2 was attenuated.

Changes in body weight and clinical symptoms following im-
munization. The mean body weights of chickens in the three
treatment groups (infected group, vaccinated group, and PBS
group) at 5, 12, and 19 dpi are shown in Table 1. No statistically
significant differences were observed between the three groups,
although the body weights in the vaccinated group and PBS group
were slightly higher than those in the infected group. Clinical signs
of disease, including slight and temporary lethargy, anorexia, and
diarrhea, were observed in chickens from the infected group, but
these clinical symptoms were absent in chickens of the vaccinated
and PBS groups.

Bacterial colonization and persistence in internal organs. All
liver and spleen samples from the negative-control group (PBS
group) were negative for bacterial recovery. As shown in Fig. 1, the
viable counts in organs from chickens inoculated with the wild-
type parent strain S06004 (infected group) were higher than those
from chickens inoculated with the S. Pullorum mutant
S06004�SPI2 (vaccinated group). Of the four examined livers of
the vaccinated group, one and two samples were negative at 7 and
10 dpi, respectively, and no colonies were recovered at 14 dpi. In
contrast, three and two liver samples were positive in the infected

TABLE 1 Mean body weights of chickens following immunization

Group

Immunization Mean body wt (g) per chicken at:

Strain or control Route Dose (CFU) 5 dpi 12 dpi 19 dpi

Infected S06004 Oral 2 � 108 62.79 � 0.36 110.22 � 0.51 181.35 � 0.55
Vaccinated S06004�SPI2 Oral 2 � 108 66.43 � 0.29 114.55 � 0.49 186.05 � 0.12
PBS PBS 66.80 � 0.11 115.12 � 0.23 185.17 � 0.26
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group at 14 and 21 dpi, respectively. From the four examined
spleens of the vaccinated group, one and two samples were nega-
tive at 10 and 14 dpi, respectively, and no colonies were recovered
from any animal at 21 dpi. However, all four spleen samples from
the infected group were positive at 21 dpi.

Determination of serum IgG by ELISA. To evaluate the hu-
moral immune response following immunization, serum IgG lev-
els were examined using indirect ELISA. Chickens inoculated with
the wild-type parent strain S06004 (infected group) and the S.
Pullorum mutant S06004�SPI2 (vaccinated group) showed sig-
nificantly elevated levels of serum IgG at 3, 7, 14, and 21 dpi (Fig.
2). The considerably elevated serum IgG levels of the infected and
vaccinated groups were continuously observed through 21 dpi.

Lymphocyte proliferation assay. To evaluate cellular immune
responses following immunization, a peripheral lymphocyte pro-
liferation assay was performed using soluble antigen. As shown in
Fig. 3, the SI values of chickens inoculated with mutant
S06004�SPI2 (vaccinated group) were 2.711 � 0.152, 2.959 �
0.156, and 1.778 � 0.203 at 7, 14, and 21 dpi, respectively, and the
values of chickens inoculated with strain S06004 (infected group)
were 2.755 � 0.102, 3.131 � 0.257, and 2.861 � 0.184 at the same
respective dpi. The SI values of the infected and vaccinated groups
were significantly increased at 7, 14, and 21 dpi, and the SI value of
the infected group was also significantly higher than that of the
vaccinated group at 21 dpi. Sequential monitoring of lymphocyte
responses revealed considerably elevated SI values in the infected
and vaccinated groups; significantly elevated SI values in the in-

fected and vaccinated groups were observed at 14 dpi but were
reduced at 21 dpi.

Evaluation of immune protection. The percentage of survival
in chickens orally vaccinated with the S. Pullorum mutant
S06004�SPI2, followed by intramuscular challenge with the par-
ent S. Pullorum strain S06004 or S. Gallinarum strain SG9, at 10
dpi is shown in Table 2. None of the immunized chickens died,
whereas four chickens died in control group B following challenge
with S06004, and seven chickens died in control group D follow-
ing challenge with SG9. The clinical symptoms in the immunized
chickens were slight and temporary following challenge, com-
pared with those of the blank control group (group E), and the
chickens had recovered by 3 to 5 days postchallenge, indicating the
protection was effective. The classical clinical symptoms, such as
anorexia, diarrhea, depression, high morbidity, and mortality,
were observed in groups B and D.

DISCUSSION

PD and FT are two important systemic diseases in poultry that are
caused by S. Pullorum and S. Gallinarum, respectively. They re-
main common and can result in substantial economic losses in
many countries (2). Thus, effective measures are needed to pre-
vent and control the diseases, and vaccination may be a viable
choice. Many live attenuated Salmonella vaccines have been de-
scribed and are generally more efficacious than killed vaccines (21,
22).

SPI1 and SPI2 mutants were identified as having vaccine po-
tential in Salmonella enterica serovar Enteritidis (S. Enteritidis),
Salmonella enterica serovar Typhimurium (S. Typhimurium), and
Salmonella enterica serovar Typhi (S. Typhi) (23, 24). In this
study, we evaluated the efficacy of a candidate live-attenuated oral
vaccine, S06004�SPI2, for PD and FT based on the virulence,
changes in body weight and clinical symptoms, colonization, se-
rum IgG response, peripheral lymphocyte proliferation response,
and protective efficiency in susceptible HY-Line white chickens.

The ideal vaccine should be avirulent, and this is especially
important for live vaccines. SG9R has been used for nearly 50 years
as an S. Gallinarum vaccine for FT, but it is not an optimal vaccine
strain because of its residual virulence and controversial protec-
tion (25). S. Enteritidis and S. Typhimurium mutants with dele-
tion of SPI2 or other key genes located within the pathogenicity
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island display decreased virulence in poultry, pigs, cattle, mice,
and humans (13, 24, 26–29). Compared with that of the parental
wild-type strain S06004, the virulence of S. Pullorum mutant
S06004�SPI2 was attenuated, as demonstrated by the LD50 of
3-day-old chickens inoculated by intramuscular injection. We
next evaluated the effects of S06004�SPI2 on chicken growth by
recording body weight and observing clinical symptoms following
oral immunization, which showed that S06004�SPI2 has almost
no side effects in terms of growth performance in chickens.

T3SS2 is necessary for maintenance of infection and, hence,
persistence. Salmonella lacking a functional T3SS2 is cleared from
the host more rapidly than the parental wild-type strain, and some
studies have failed to detect SPI2 mutant strains in the liver and
spleen following oral inoculation (7, 14, 30). Our results showed
that mutant S06004�SPI2 can persist for a short time in chicken
liver and spleen, but it was more rapidly cleared from these organs
than parent strain S06004 after oral inoculation. This may be re-
lated to the inoculation dose and the breed of chicken.

It is crucial that live attenuated Salmonella vaccines stimulate
the humoral and the cellular immune responses in the host (10).
Determination of the specific serum IgG antibody level by indirect
ELISA showed that a strong humoral antibody response was in-
duced, and antibodies were detectable at 7 dpi. Chickens inocu-
lated with S06004�SPI2 showed significantly higher levels of se-
rum IgG and levels similar to those of chickens inoculated with
S06004. A previous report showed that an S. Enteritidis SPI2 mu-
tant also leads to a significant antibody increase in chickens (13).
Salmonella is a facultative intracellular pathogen, meaning that
cellular immune responses are required for adequate host defense,
which can only be induced by live Salmonella (31). As avian lym-
phocytes are mostly composed of T cells, we can evaluate cellular
immune responses using a peripheral lymphocyte proliferation
assay. In the present study, cellular immune responses were clearly
observed in the vaccinated chickens. The SI value of the vaccinated
group was significantly lower than that of the infected group at 21
dpi; this may be related to bacterial colonization and persistence in
internal organs (32, 33).

Live Salmonella enterica vaccines can confer cross-protection
immunity to different pathogenic Salmonella serotypes (34). To
evaluate the protective efficacy of the candidate vaccine, we
determined protection rates and observed clinical symptoms
following intramuscular challenge with strains S06004 and
SG9. None of the immunized chickens died, which demon-
strated that the candidate vaccine S06004�SPI2 provides high
levels of protection in HY-Line white chickens. Clinical symp-
toms in immunized chickens following challenge were slight,
temporary, and resolved quickly, but classical clinical symp-
toms were observed in control groups (groups B and D). These

results showed that S06004�SPI2 can offer efficient protection
against acute systemic PD and FT infection.

In conclusion, the present study demonstrated that the live
vaccine candidate S06004�SPI2 can induce acquired immunity,
including humoral and cellular immune responses, and can pro-
vide efficient protection against systemic PD and FT infection.
Furthermore, vaccinated chickens did not display adverse side ef-
fects. Taken together, these data showed that S06004�SPI2 can be
used as a novel live attenuated oral vaccine, although further trials
are needed.
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