Safety and protective efficacy of Salmonella Pullorum spiC and rfaH deletion
rough mutant as a live attenuated DIVA vaccine candidate
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ABSTRACT  Salmonella enterica serovar Pullorum (S.
Pullorum) causes pullorum disease (PD), which is an
acute systemic disease, in chickens, and leads to serious
economic losses in many developing countries because of
its high morbidity and mortality rate in young chicks.
The live-attenuated vaccine is considered to be an effec-
tive measure to control the Salmonella infection. In addi-
tion, the DIVA (differentiation of infected and
vaccinated animals) feature without the interference of
serological monitoring of Salmonella infection is an
important consideration in the development of the Sal-
monella vaccine. In this study, we evaluated the immuno-
genicity and protective efficacy of a S. Pullorum rough
mutant S06004AspiCArfaH as a live attenuated DIVA
vaccine candidate in chickens. The S06004AspiCArfaH
exhibited a significant rough lipopolysaccharides (LPS)
phenotype which was agglutinated with the acriflavine,
not with the Og mono antibody. Compared to the wild-
type, 50% lethal dose (LDsg) of the rough mutant
increased 100-fold confirmed its attenuation. The mutant
strain also showed a decreased bacterial colonization in

the spleen and liver. The immunization with the mutant
strain had no effect on the body weight and no tissue
lesions were observed in the liver and spleen. The high
level of the S. Pullorum-specific IgG titers in the serum
indicated that significant humoral immune responses
were induced in the immunization group. The cellular
immune responses were also elicited from the analysis of
lymphocyte proliferation and expression of cytokines in
the spleen. In addition, the S06004AspiCArfaH immu-
nized group exhibited a negative response for the serologi-
cal test, while the wild-type S06004 infection group was
strongly positive for the serological test showing a DIVA
capability. The survival rates in the vaccinated chickens
were 87% after intramuscular challenge with wild-type S.
Pullorum, while the survival rates were 20% in the con-
trol groups. Overall, these results have demonstrated
that the rough mutant S06004AspiCArfaH strain can be
developed as an efficient live attenuated DIVA vaccine
candidate to control the systemic S. Pullorum infection
without the interference of salmonellosis monitoring pro-
gram in poultry.
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INTRODUCTION

Salmonella enterica serovar Pullorum (S. Pullorum)
is highly adapted to avian species, and is the causative
agent of the pullorum disease (PD) (Barrow et al.,
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2012). PD is an acute systemic disease and can cause
high morbidity and mortality in young chicks that are
less than 2 to 3 wk old. The adult chickens are often
asymptomatic carriers of the bacteria throughout their
lives. Additionally, S. Pullorum infection can transmit
vertically to chicks through eggs (Barrow and Freitas
Neto, 2011; Lu et al., 2020). The PD has been eradi-
cated from commercial poultry in many developed
countries, owing to the introduction of pullorum-
typhoid programs based on detection and elimination
of the affected birds (Barrow and Freitas Neto, 2011).
However, the PD remains a big threat to the poultry
industry in developing countries and causes serious
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economic loss every year (Eriksson et al.,
Zhou et al., 2020).

Although identification and culling of infected birds
were effective measures for the eradication of the PD,
the expensiveness of these measures restricts their appli-
cations in many developing countries (Penha Filho
et al., 2010). In addition, considering the emergence of
the multidrug-resistant problem accompanied with anti-
microbial therapy strategy, it is an urgent need to search
an efficient approach to control the S. Pullorum infec-
tion (Pan et al., 2009; Jibril et al., 2021). Vaccination of
chickens is an alternative effective and economic strat-
egy to control the Salmonella infections in poultry
(Desin et al., 2013). Both humoral and cellular immu-
nity are required for ideal Salmonella vaccines
(Mastroeni et al., 2001; Zhao et al., 2021). Attenuated
live vaccine can effectively induce strong humoral and
cellular immunity (Penha Filho et al., 2010). Vaccina-
tion should not interfere with the salmonellosis monitor-
ing program. To distinguish vaccinated animals from
naturally infected ones, the DIVA (differentiating
infected from vaccinated animals) strategy is considered
in vaccine development (Gil et al., 2020). To date, some
S. Pullorum vaccines have been developed and used in
poultry (Silva et al., 1981; Griffin and Barrow, 1993;
Shah et al., 2007). For example, the administration of
the Salmonella gallinarum 9R vaccine has decreased the
incidence of S. Pullorum infection in poultry (Wig-
ley, 2017). However, PD remains endemic in many parts
of the world. New vaccines are still needed to be devel-
oped and prevent the infection and the spread of S.
Pullorum in the poultry industry.

SpiC was the first SPI2-encoded protein identified and
secreted by the Spi/Ssa T3SS2 system into the cytosol of
macrophage (Uchiya et al., 1999). Our previous studies
confirmed that the deletion of the spiC gene has signifi-
cantly decreased the Salmonella virulence in chickens
(Geng et al., 2014; Cheng et al., 2016; Wang et al.,
2021). And, the spiC gene deleted S. Pullorum mutant
strain has been evaluated as a potential vaccine candi-
date in chickens (Geng et al., 2014; Wang et al., 2021).
However, the spiC gene deleted S. Pullorum vaccine can-
didate could not efficiently differentiate the vaccinated
chickens from the naturally infected chickens and inter-
fered with the salmonellosis monitoring program. A
transcriptional antiterminator, RfaH, is required for the
expression of O antigen and core sugar components of
the lipopolysaccharides (LPS) (Santangelo and Rob-
erts, 2002). The deletion of the rfaH gene produced trun-
cated LPS and modified the smooth LPS to rough LPS
(Lindberg and Hellerqvist, 1980). The rough LPS did
not react with the antibodies against the O antigen and
therefore, it can be used as the DIVA strategy with the
available diagnostic serological tests (Bearson et al.,
2014). Therefore, the rfaH gene can be chosen as a target
gene for the construction of DIVA vaccine candidates
based on spiC gene deleted S. Pullorum mutant strain.

In the present study, we aimed to construct the spiC
and rfaH deletion mutant of the §. Pullorum
(S06004AspiCArfaH) and determine its biological

2018;

characteristics including growth characteristics, bio-
chemical properties, and the LPS phenotype. Then, we
planned to evaluate the safety and protective efficacy of
the S06004AspiCArfaH as a live attenuated vaccine for
the PD by virulence analysis, monitoring the changes in
the body weight and clinical symptoms, as well as deter-
mining bacterial persistence, immune response, and pro-
tective effects in chickens. In addition, we proposed to
evaluate the DIVA capability of S06004AspiCArfaH
using serological methods, slide agglutination test or a
commercial Biocheck Salmonella group D Antibody
ELISA test to detect the LPS-specific serum antibody.

MATERIALS AND METHODS
Chickens and Ethics Statement

The specific-pathogen free (SPF) Hyline White chick-
ens were bought from Jinan Spafas Poultry CO., Ltd.
(Jinan, Shandong, China). Three-day-old chicks were
confirmed free from Salmonella infection by serum detec-
tion using Og De-ELISA (Xia et al., 2020) and the bacte-
riological examination. All chickens were housed in
separate rearing isolators by group and fed with a patho-
gen-free drinking water and commercial diet. All the ani-
mal experiments were approved by the Animal Welfare
and Ethics Committees of Yangzhou University and
complied with the Ethics Committee of Laboratory Ani-
mals and the guidelines of the Institutional Administra-
tive Committee (SYXK|[Su|2016-0020).

Bacterial Strains and Construction of
Salmonella Pullorum Mutant Strain
S06004AspiC ArfaH

The S. Pullorum S06004 strain, a nalidixic acid-resis-
tant (Nal™) clinical isolate was obtained from the chickens
with pullorum disease in the Jiangsu Province of China
(Geng et al., 2014). It is a wild-type virulent strain and is
used as the challenge strain. The §S. Pullorum
S06004AspiC strain, a spiC' gene deletion mutant strain
(Geng et al., 2014), was used as the background strain for
the construction of the S06004AspiCArfaH. The plasmid
pGMB152 and the bacterial Escherichia coli X7213 used
for gene deletion were stored in our lab (Geng et al.,
2016). The S. Pullorum S06004AspiCArfaH, an LPS
rough mutant, was constructed by the deletion of the
rfaH gene in the SO6004 A spiC'strain using the suicide vec-
tor pGMB152 based on the homologous recombination as
described previously (Geng et al., 2016). Briefly, the
upstream fragment of the rfaH gene was amplified using
PCR with primers: forward primer, 5-CCCCCCCTG
CAGGTCGACCCAGGTTTTGCCGTTCTTTG-3;
reverse primer, 5’-CAGATGCCAACGCCAGAACCT-
GACTCTTATCCGCTTGTTC-3'. The downstream
fragment of the rfaH gene was amplified using primers:
forward primer, 5-GAACAAGCGGATAAGAGT-
CAGGTTCTGGCGTTGGCATCTG-3; reverse primer,
5-CTTATCGATACCGTCGACGTCGGGGCATTCA
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TTGTGGG-3'. The PCR products were purified using
the TaKaRa MiniBEST Agarose Gel DNA Extraction
Kit Ver 4.0 (TaKaRa Biotechnology Co. Ltd., Dalian,
Liaoning, China). The pGMB152 plasmid was digested by
the restriction endonucleases Sal | (TaKaRa) and purified.
The purified plasmid and upstream and downstream frag-
ments were fused using the ClonExpress MultiS One Step
Cloning Kit (Vazyme Biotechnology Co., Ltd., Nanjing,
Jiangsu, China). The recombinant plasmids were trans-
ferred into the X7213 cells and sequenced. The single-
crossover mutants were obtained by conjugal transfer of
the recombinant suicide plasmids into the S06004AspiC
strain. The rfaH gene deletion mutant was screened on
10% sucrose Luria-Bertani (LB) plates. The open reading
frame (ORF) of the rfaH gene was completely deleted,
and this was confirmed by sequencing and PCR analysis
(primers: forward primer, 5-ATGCAATCCTGGTATT-
TACTG-3'; reverse primer, 5- CTAAATCTTGCGA
AAACCGG-3’). Subsequently, the S. Pullorum
S06004 A spiCArfaH strain was used as the DIVA vaccine
candidate in this study.

Biological Characteristics Test of the
S06004AspiC ArfaH In Vitro

The biochemical properties of S. Pullorum mutant
S06004AspiCArfaH were tested using an API20E
plate (BioMérieux, Marcy-l'etoile, France) according
to the manufacturer's instructions, including glucose,
maltose, sucrose, mannose, mannitol, lactose, dulcitol,
adonitol, sorbitol, malonate, lysine decarboxylase,
ornithine decarboxylase, urea, H,S, and so on. These
results were compared with wild type S. Pullorum
S06004. The in vitro growth characteristics analysis
of the mutant and wild-type strains was performed
by measuring the optical density (ODgoy) of each
strain cultured in 20 mL of LB broth at 37°C with
shaking at 180 rpm as previously described
(Jiao et al., 2017). The ODgoy was determined every
hour and the monitoring was continued for 16 h. The
LPS rough phenotype of the S06004AspiCArfaH was
identified by slide agglutination test using Og mono-
clonal antibody (Og MADb) developed in our labora-
tory and acriflavine (Sigma-Aldrich, MO, St. Louis,
MO) agglutination test (Jiao et al., 2018).

Assessment of Bacterial Virulence

The virulence of S. Pullorum S06004 A spiCArfaH and
S06004 was evaluated in chickens by determining the
50% lethal doses (LDjp). One hundred and thirty 3-day
old chickens were used in this experiment. Sixty chickens
for each strain were randomly assigned into 6 groups
(n = 10). Each group was injected intramuscularly with
a 10-fold dilution (1 x 10° to 1 x 10'® CFU) dose of the
S06004 A spiCArfaH or S06004. Ten chickens were inoc-
ulated with 100 uL of phosphate-buffered saline (PBS)
via the same route as the control group. Chicken deaths
were monitored daily for 3 wk postinfection. The LDs,

was calculated using the Reed—Muench method

(Reed and Muench, 1938).

Changes of Body Weight and Clinical
Symptoms After Inmunization

A total of seventy-five 3-day old chickens were ran-
domly divided into 3 groups (n = 25) and administered
intramuscularly with 1 x 10° CFU S06004A spiCArfaH,
1 x 10" CFU S06004 as the positive control, and 100 uL
of PBS as blank control. The body weights of these
chickens were measured at 1, 7, 14, 21, and 28 d postim-
munization (DPI). Mortality and clinical signs includ-
ing anorexia, diarrhea, and depression were monitored
daily after the administration.

Bacterial Colonization and Persistence
Assay

Bacterial colonization and persistence in the internal
organs of the chickens were evaluated. The liver and
spleen samples from 5 chickens in each group were asep-
tically collected at 1, 7, 14, 21, and 28 DPI which immu-
nized as above description. Then, the samples were
weighed and homogenized in 1 mL of PBS. The homoge-
nates were diluted 10-fold serially and subsequently
inoculated onto the LB agar plates (containing 40 ug/
mL Nal) at 37 °C for 12 to 16 h. The bacterial colonies
were calculated as log;o CFU/g.

Histological Analysis

The sections of the spleen, liver, and cecum were col-
lected from the chickens immunized with the
S06004AspiCArfaH or PBS at 14 DPI. Then, these tis-
sue samples were fixed in 10% neutral-buffered formalin.
After fixation, the tissues were embedded in paraffin
using the conventional method and then stained with
H&E as previously described (Kang et al., 2016). Histo-
pathological analyses were performed under a light
microscope (Nikon Eclipse Ci-L, Nikon, Tokyo, Japan).

Serum IgG Test

The S. Pullorum-specific IgG antibody titers in the
serum were determined by enzyme-linked immunosor-
bent assay (ELISA) as previously described
(Wang et al., 2021). The heat-killed whole bacteria
(S06004 strain) were suspended to a density of approxi-
mately 1.0 x 10* CFU/mL with carbonate coating buffer
and used as coating antigen on 96-well plates (50 uL per
well). The serum samples were collected from the immu-
nized chickens at 7, 14, 21, and 28 DPI and then serially
2-fold diluted (starting from 1:50) for the primary anti-
body. The horseradish peroxidase (HRP)-labeled goat
antichicken IgG antibody (1:10,000 dilution, Sigma-
Aldrich) was used as the secondary antibody. The HRP
activity was determined using 3,3',5,5'-tetramethylbenzi-
dine substrate solution (Solarbio, Beijing, China). The
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reaction was stopped by 2 M H,SO,, and the OD 59 was
measured using an automated microplate reader (BioTek
Instruments, Winooski, VT).

Lymphocyte Proliferation Assay

The peripheral blood mononuclear cells (PBMCs)
were used for the proliferation assay as previously
described (Rana and Kulshreshtha, 2006). The PBMCs
were isolated from the whole chicken blood at 7 and 14
DPI using Histopaque-1083 (Sigma-Aldrich) as per the
manufacturer's instructions. The soluble antigen was
prepared from the wild type S. Pullorum strain S06004
and used as a specific stimulator. The PBMCs (1 x 10°
cells/100 puL/well) were seeded onto 96-well plates and
stimulated with 10 pg/mL soluble antigen at 41°C for
72 h. The cell proliferation was evaluated using an
ELISA-BrdU kit (Roche, Basel, Switzerland) according
to the manufacturer's instructions. The cell proliferation
was expressed as the stimulation index (SI) and calcu-
lated using the following equation: SI = (OD450—ODggq
of the antigen-stimulated cells)/(OD450—ODggp of the
unstimulated cells) (Song et al., 2018).

The Expression of Cytokines in the Spleen

The mRNA levels of the splenic cytokines IL-2, 11.-4,
and IFN-y were evaluated at 3, 7, and 14 DPI using the
quantitative real-time PCR (qRT-PCR). The total
RNA was extracted from the spleen by using the total
RNeasy Plus Mini kit (Qiagen, Hilden, Germany), and
the ¢cDNA was synthesized using the PrimeScript RT
reagent Kit (TaKaRa, Dalian, China) according to the
manufacturer’s instructions. The qRT-PCR was per-
formed using the Fsu SYBR Green Master (Roche) in
an ABI PRISM 7500 Real-Time PCR System (Applied
Biosystems, Foster, CA). The primers used for the qRT-
PCR are shown in Table 1. The expression level of cyto-
kines was normalized to the internal control GAPDH
and calculated using the 2722°T method (Livak and
Schmittgen, 2001).

DIVA Capability Assessment for the
S06004AspiC ArfaH

The DIVA capability of the S06004AspiCArfaH was
evaluated using the serological method to detect the
LPS-specific serum antibody by a slide agglutination

Table 1. Primers used for the qRT-PCR in this study.

test or a commercial ELISA Kit. The serum was col-
lected from the chicken immunized with the
S06004AspiCArfaH, S06004, or PBS at 14 DPI, and
used for the detection of the LPS antibody. The slide
agglutination test was performed using the S. Pullorum
antigens obtained from Zhonghai Biotech Co., Ltd. (Bei-
jing, China) according to the manufacturer’s instruc-
tions. The ELISA was performed using the Salmonella
group D Antibody test kit (BioCheck, San Francisco,
CA) according to the manufacturer’s instructions.

Immune Protection Assessment for the
S06004AspiC ArfaH

The protective efficacy of the S06004AspiCArfaH was
evaluated in chickens by intramuscular vaccination.
Thirty 3-day-old chicks were randomly divided into 2
groups (n = 15) and designated as vaccinated group and
nonvaccinated group. They were immunized intramuscu-
larly with 1 x 10 CFU of S06004AspiCArfaH or 100 L
of PBS. In addition, another 10 chicks without vaccination
and challenge were used as the blank group. At 14 DPI,
the vaccinated group and nonvaccinated group were chal-
lenged with 2 x 10° CFU of the wild-type strain S06004
by intramuscular injections. Deaths and clinical symptoms
were recorded daily for 21 d after the challenge.

Statistical Analysis

All experimental data were analyzed by an unpaired
Student’s t-test using Prism 5.0 software (GraphPad
Inc., San Diego, CA). The values were expressed as the
meant SEM, and the significant differences were
assigned to P values < 0.05, < 0.01 and < 0.001 denoted
by *, ** and ***  respectively.

RESULTS

S06004AspiC ArfaH Construction and
Biological Characteristics

The S06004AspiCArfaH mutant was constructed
using the homologous recombination method. Our PCR
results showed that both spiC and rfaH gene were
deleted in the S06004AspiCArfaH mutant (Figure S1).
The biological properties of the S06004AspiCArfaH
were analyzed. Growth curve analysis revealed no signif-
icant differences between the S06004AspiCArfaH

Amplified genes Gene accession Primer name Primer sequences (5-3) Size (bp)

GAPDH NM_ 204305.2 GAPDH-F GGTGGTGCTAAGCGTGTTAT 264
GAPDH-R ACCTCTGTCATCTCTCCACA

IL-2 AF000631.1 IL-2-F ATCTTTGGCTGTATTTCGGTAG 163
IL-2-R ACTCCTGGGTCTCAGTTGGTG

1L-4 AJ621249.1 IL-4-F CCAGCACTGCCACAAGAA 169
IL-4-R AGCTAGTTGGTGGAAGAAGG

IFN-y NM_ 205149.1 IFN-y-F AGCTGACGGTGGACCTATTATT 259
IFN-y-R GGCTTTGCGCTGGATTC
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Figure 1. Biological characteristics test of the S06004AspiCArfaH. (A) Growth curves of the S06004AspiCArfaH mutant. The
S06004A spiCArfaH and S06004 were grown in the LB broth at 37°C with shaking at 180 rpm for 16 h, and the ODgq values were determined every
hour. (B) Rough phenotype characteristics of the S06004A spiCArfaH mutant. Agglutination assay was performed using the Og MADb and acrifla-

vine. Images were taken within 5 min.

mutant and wild-type S06004 when cultured in the LB
liquid medium at 37°C (Figure 1A). The biochemical
test results showed that all tested biochemical indicators
were the same between the mutant and wild-type strains
(Table S1). Both S06004 A spiCArfaH and S06004 decar-
boxylated the amino acids lysine and ornithine, and fer-
mented glucose and mannose (Table S1). The slide
agglutination result showed that the mutant
S06004AspiCArfaH was not agglutinated with the Og
Mab, however, the S06004 was agglutinated with the Oq
Mab (Figure 1B). The acriflavine agglutination result
showed that the acriflavine was strongly agglutinated
with the S06004AspiCArfaH strain rather than the
wild-type strain (Figure 1B). Both results of slide agglu-
tination and acriflavine agglutination suggested that the
mutant strain displayed a rough-phenotype whereas the
wild-type strain displayed a smooth-phenotype.

The S06004AspiC ArfaH Exhibits Reduced
Virulence in a Chicken Model

The virulence of the S06004AspiCArfaH and S06004
strains was evaluated in 3-day-old Hyline White chick-
ens after intramuscular immunization. As shown in
Table 2, the LD, of S06004AspiCArfaH was 2.0 x 10°
CFU, which was 100-fold higher than that of the wild-

Table 2. The LDy, of the S. Pullorum S06004 and
S06004AspiCArfaH in chickens.
Number of deaths/

Challenge Total number
Strains dose (CFU)  of chickens LDs, (CFU)
S06004 1x 10 10/10 2.0 x 107

1 x 10° 10/10

1 x 108 7/10

1x 107 4/10

1% 10° 1/10

1x10° 0/10
S06004AspiCArfaH 1 x 10 8/10 2.0 x 10°

1% 10° 4/10

1x 108 0/10

1x 107 0/10

1 x 10° 0/10

1x10° 0/10
Blank PBS 0/10 /

type S06004 (2.0 x 107 CFU). The result indicated that
the virulence of the S06004AspiCArfaH was attenuated
compared to the wild-type strain.

Changes in Body Weight and Clinical
Symptoms After Vaccination

The changes in body weight of chickens immunized
with the S06004 A spiCArfaH, S06004 (positive control),
and PBS (blank control) are shown in Figure 2. No sig-
nificant difference in the body weight was observed
between the S06004AspiCArfaH immunized group and
the blank control. The body weight of the chickens in
the S06004 group was significantly decreased compared
to that of the S06004AspiCArfaH group and blank con-
trol at 21, and 28 DPI. No clinical symptom changes
were observed in the S06004AspiCArfaH group and the
blank control. But the S06004 group showed severe clini-
cal signs, including slight and temporary lethargy,
anorexia, white diarrhea, and mortality.

3007 @3 Blank
E=9 S06004AspiCArfaH
E3 S06004

250+
2004

Body weight (g)
S @
T 9

o
e

Hlllllllllllllllllllll‘li

o

Days post immunization

Figure 2. The bodyweight of chickens after the immunization.
Groups of 3-day-old chickens were intramuscularly immunized with
1 x 107 CFU S06004AspiCArfaH, S06004, and the blank control group
received 100 puL of PBS. The body weights of these chickens were
recorded at 1, 7, 14, 21, and 28 DPI. Data are presented as mean =+
SEM. "P < 0.01, ™ P < 0.001 compared with the body weight of the
blank control group chickens.
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Figure 3. Salmonella colonization and persistence in the liver and spleen after the immunization. The bacterial colonization and persistence in
the liver (A) and the spleen (B) were determined at 1, 7, 14, 21, and 28 DPI. The number of bacteria was expressed as log;oCFU/g. Data are pre-
sented as mean £ SEM. ™ P < 0.01, ™" P < 0.001 compared with S06004 immunized group chickens.

Colonization and Persistence of the
S06004AspiC ArfaH in Liver and Spleen

The results of bacteria colonization and persistence in
the liver and spleen are shown in Figure 3. All the liver
and spleen samples from the blank control group were neg-
ative for Salmonella recovery. The S06004AspiCArfaH
colonization was significantly decreased compared to the
S06004 both in the liver and spleen at 1, 7, 14, 21, and 28
DPI. The persistence of the strains declined gradually over
the course of the experiment. The viable counts in the liver
and spleen from the S06004 A spiCArfaH group were nega-
tive starting from 21 DPI. But, the samples from the
S06004 group still detected the Salmonella at 28 DPI.

Histological Analysis After Inmunization
With the S06004AspiC ArfaH

The histological analysis of the spleen, liver, and
cecum was performed using the H&E staining at 14
DPI. The histological examination result showed that

S06004A4spiCArfaH

Blank control

no obvious lesions were detected in the spleen, liver, and
cecum from the S06004 A spiCArfaH group than those in
the blank control group (Figure 4).

Immune Response Induced by the
S06004AspiC ArfaH Immunization

The humoral immune response in chickens following
the S06004 A spiCArfaH immunization was evaluated by
determining the serum S. Pullorum-specific IgG anti-
body. As shown in Figure 5, the IgG antibody against
the S. Pullorum in the S06004AspiCArfaH immunized
group was detected at 7 DPI and increased dramatically
at 14, 21, and 28 DPI. The S06004AspiCArfaH group
had significantly higher S. Pullorum specific IgG anti-
body titers than those of blank control group at 14, 21,
and 28 DPI.

The cellular immune response induced by the
S06004AspiCArfaH was evaluated by peripheral lym-
phocyte proliferation assay and the determination of the
cytokines’ expression in the spleen. The SI values of the

Spleen Cecum

Figure 4. The histological analysis after the S06004A spiCArfaH immunization. The histopathological changes in the liver, spleen, and cecum of
chickens were examined by H&E staining at 14 DPI. The results were observed at 200 x magnification using an optical microscope.
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Figure 5. Determination of the serum IgG antibody titers. The IgG
antibody against the S. Pullorum in the serum of chickens at 7, 14, 21,
and 28 DPI were measured by ELISA. Data are presented as mean =+
SEM. P < 0.01, ™ P < 0.001 compared with blank control group
chickens.

PBMCs from S06004AspiCArfaH group were signifi-
cantly higher than those of the control blank group after
the stimulation with the S. Pullorum soluble antigen at
7 and 14 DPI (Figure 6). The qRT-PCR analysis of the
cytokine expression levels in the spleen is shown in
Figure 7. The S06004AspiCArfaH group has signifi-
cantly higher IL-2 and IFN-y levels than the blank con-
trol group at 3, and 7 DPI. The expression of IL-4 in the
S06004AspiCArfaH group was higher than that in the
blank control group at 14 DPI.

The DIVA Capability of the
S06004AspiC ArfaH

The DIVA capability of the S06004AspiCArfaH was
evaluated using slide agglutination test or Biocheck Sal-
monella group D Antibody ELISA test to detect the

41 EB S06004AspiCArfaH
» | B PBS o
X 34 T
()]
© g
= i o
§?% == o
E Qalaaaaledede] e
EN b =~ =
»

0 | C = | T T

7 14

Days post immunization

Figure 6. The stimulation index (SI) of the PBMCs proliferation
assay. The cell proliferation was determined by ELISA-BrdU at 7 and
14 DPI. The SI was calculated using the following equation:
SI = (OD450—0ODggy of the antigen-stimulated cells) / (OD 50—ODggg
of the unstimulated cells). Data are presented as mean = SEM. *P <
0.05, **P < 0.01, compared with the blank control group chickens.

LPS-specific serum antibodies. The slide agglutination
test showed that the serum samples from the chicken
immunized with the S06004AspiCArfaH was failed to
agglutinate with the commercial S. Pullorum antigens
at 14 DPI (Figure 8A). However, the serum samples
from the chicken infected with the wild-type S06004
strain were obvious agglutinated with the S. Pullorum
antigens (Figure 8A). In addition, the Biocheck Salmo-
nella group D Antibody ELISA test showed that all the
serum samples (10/10) from the chicken infected with
the wild-type strain were positive, while all the serum
samples (10/10) from the chicken immunized with the
S06004AspiCArfaH were negative (Figure 8B).

Immune Protection by the
S06004AspiC ArfaH Vaccination Against
Virulent S. Pullorum Challenge

The survival percentages in the chickens vaccinated
intramuscularly with the S06004AspiCArfaH followed
by the challenge with the virulent S. Pullorum are
shown in Table 3. Two chickens died in the vaccinated
group, whereas 12 out of 15 chickens in the control group
died after the challenge. The clinical symptoms includ-
ing high morbidity and mortality, anorexia, diarrhea,
and depression in the vaccinated group were slight and
temporary after challenged compared to the nonvacci-
nated group.

DISCUSSION

Pullorum disease, avian systemic salmonellosis,
caused by S. Pullorum, causes high morbidity and mor-
tality in chickens. It still remains responsible for the
huge economic losses in the poultry industry of the
developing countries (Zhang et al., 2018). In addition to
good farming practices, appropriate management, and
strict biosecurity measures, the vaccination of chickens
is a useful strategy to control and prevent Salmonella
infections in poultry flocks (Revolledo and Ferre-
ira, 2012). The live attenuated vaccines are more effec-
tive than the killed or subunit vaccines in inducing an
immune response against Salmonella infection (Bar-
row, 2007). A live Salmonella vaccine should be attenu-
ated, immunogenicity, protective while the vaccinated
chickens can be differentiated from the naturally
infected flocks (Adriaensen et al., 2007). In this study,
we evaluated the safety, protective efficacy, and the
DIVA capability of the spiC and rfaH deleted rough
mutant of the S. Pullorum S06004 strain as a live atten-
uated DIV A vaccine candidate.

For the live attenuated Salmonella vaccine, it should
be avirulent. Our previous study has confirmed that a
single deletion of the spiC gene in the S. Pullorum can
raise about 126-fold LDj, compared with that of the
wild-type strain and significantly decrease the bacterial
virulence (Wang et al., 2021). In this study, we con-
structed a double-gene deletion mutant of S. Pullorum,
which combined the spiC-deleted strain with the rfaH
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deletion  (S06004AspiCArfaH). The LDs, of the
S06004AspiCArfaH was 100-fold higher than that of
the wild-type S06004 suggesting that the virulence of
the S06004AspiCArfaH was significantly attenuated
compared to that of the wild-type strain S06004. It indi-
cated that the deletion of the rfaH in the S06004AspiC
did not decrease its virulence. The result is consistent
with a study reporting that the modified expression of
the rfaH did not affect the virulence of the S. Gallinarum
(Mitra et al., 2013). Despite the attenuation, the
S06004AspiCArfaH maintained its capacity to invade
the host organism (Figure 3). The S06004AspiCArfaH
mutant strain was recovered from the liver and spleen
until 14 DPI, while the wild-type strain was recovered
from these organs during the whole sampling period.
Moreover, the mutant strain was recovered in lower
numbers throughout the sampling period, compared to
the wild-type strain. The result is in accordance with the
previous reports on the deletion of the spiC gene in the
S. Pullorum or S. Enteritidis (Li et al, 2019;
Wang et al., 2021). In addition to being attenuated, the
live attenuated Salmonella vaccine should have no side
effects in the poultry flocks (Yin et al., 2015). Here,
the body weight of the chicken immunized with the
S06004 A spiCArfaH was not significantly different from
that of the control blank group and no clinical symptoms
and histopathological changes were observed after

the immunization. These results indicate that the
S06004AspiCArfaH has a very good safety profile and is
attenuated to a sufficient degree to enable its use as a
live Salmonella vaccine.

The live-attenuated vaccine strain should maintain its
immunogenicity =~ while  reducing its  virulence
(Revolledo and Ferreira, 2012). We measured the levels
of Salmonella specific antibodies in the serum and moni-
tor the humoral immune responses. The chickens from
the immunized group had significantly higher serum IgG
titers compared with the blank control group. This
result indicated that the S06004AspiCArfaH could
induce a strong humoral immune response and have
good immunogenicity in chickens. However, the cellular
immune response is more important than the humoral
response to eradicate the intracellular Salmonella
(Mastroeni et al., 1993). The cellular immune response
corresponds to the protection against Salmonella chal-
lenge (Rana and Kulshreshtha, 2006). The cellular
immune response is especially important for the clear-
ance of S. Pullorum because the S. Pullorum induces a
response that is more Th2-like than the Thl-type
response, which is more normally associated with the S.
Typhimurium or S. Enteritidis (Tang et al., 2018). In
this study, the cellular immune response was examined
by a lymphocyte proliferation assay (Rana and Kul-
shreshtha, 2006). The significant increases of the SI
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ratio of >0.5 was considered positive and < 0.5 was considered negative.

values in the mutant immunized group indicated that
the S. Pullorum-specific lymphocyte proliferation was
produced in the immunized chickens. The activation of
the cellular immune response could induce the Th1/Th2
T lymphocytes to secrete cytokines, such as IFN-y and
IL-4 (Mastroeni and Rossi, 2020). In the present study,
the immunized groups exhibited high IL-2 and IFN-y
(Th1 cytokines) mRNA expression levels in the spleen at
3, and 7 DPI, and high IL-4 (Th2 cytokines) mRNA
expression levels in the spleen at 14 DPI. The result indi-
cated that S06004 A spiCArfaH vaccination could induce
Thl (cellular immune) and Th2 (humoral immune)
responses, which is consistent with the results of the
lymphocyte proliferation assay and serum antibody
measurement. Overall, the S06004 A spiCArfaH induced
a robust humoral immune response as well as an effec-
tive cellular immune response.

If a Salmonella vaccine cannot differentiate the vacci-
nated and infected animals, it will interfere with the

established serological monitoring programs (Latasa
et al., 2016). Thus, the Salmonella DIVA vaccine has
more prospects for use in chickens. The DIVA rationale
is that the lack of specific antigens or epitopes allows the
use of a serological test to discriminate the infected birds
from the vaccinated birds. The LPS is a major virulence
factor, and the O-antigen is the immunodominant anti-
gen in the serological diagnosis tests (IKong et al., 2011).
Truncating the LPS is a method for the use of Salmo-
nella as a DIVA vaccine candidate. Few Salmonella
DIVA vaccines based on the LPS have been constructed
including Salmonella Typhimurium and Pullorum
(Leyman et al., 2011; Bearson et al., 2016; Guo et al.,
2017). In this study, the S06004AspiCArfaH showed an
LPS rough phenotype after the deletion of the rfaH gene
which is involved in the LPS synthesis. This result is con-
sistent with a report on the rfaH deletion in the Salmo-
nella Typhimurium (Leyman et al., 2011). The rfaH
deletion in the Salmonella Typhimurium mutant has

Table 3. The protective efficacy of the S06004 A spiCArfaH after intramuscular vaccination.

Vaccination

Challenge

Survivors/ Survival
Strain Route Dose (CFU) Number Strain Route Dose (CFU) Total rate (%)
S06004AspiCArfaH Intramuscularly 1 x 107 15 S06004 Intramuscularly 2 x 10° 13/15 87
PBS Intramuscularly - 15 S06004 Intramuscularly 2 x 10° 3/15 20
PBS Intramuscularly - 10 PBS Intramuscularly - 10/10 100
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been evaluated as a DIVA vaccine in the pig. Here, the
slide agglutination test or Biocheck Salmonella group D
Antibody ELISA test, the most common sero-diagnostic
test for the detection of anti-Salmonella antibodies, was
used to evaluate the DIVA capability of the
S06004AspiCArfaH. The S06004AspiCArfaH immu-
nized group exhibited negative for the serological test,
while the wild-type S06004 infection group showed
strong positive for the serological test. These results indi-
cated that the S06004AspiCArfaH vaccination can dis-
criminate the infected birds from the vaccinated birds,
and has the potential to use as a DIV A-strategy vaccine.

S. Pullorum deleted with one or several effectors
encoding genes provided the efficacious protection
against the wild-type S. Pullorum challenge in chickens
(Geng et al., 2014; Yin et al., 2015; Guo et al., 2017). In
our study, we evaluated the protective efficacy of the
candidate vaccine against intramuscular challenge with
the wild-type S. Pullorum. The survival rates in the vac-
cinated chickens were 87% after the challenge, while the
survival rates were 20% in the control groups. The result
is consistent with our previous study reporting that sur-
vival rates of chickens immunized with the S. Pullorum
SpiC mutant were 90% followed by challenge with the
parent strain (Geng et al., 2014). These results showed
that the S06004AspiCArfaH can afford effective protec-
tion for acute systemic PD and can be used as a live
attenuated vaccine candidate.

In conclusion, we constructed a rough S. Pullorum
mutant S06004A spiCArfaH. The data demonstrated that
the vaccination of the rough mutant had a very good safety
profile, and strongly elicited both humoral and cellular
immune responses. The rough mutant could provide effi-
cient protection for the systemic S. Pullorum infection by
intramuscular vaccination. In addition, the vaccination of
S06004A spiCArfaH could discriminate the infected birds
from the vaccinated birds by the serological test. Thus, the
S. Pullorum S06004 A spiCArfaH has the potential of being
a safe, immunogenic, and DIV A vaccine candidate to con-
trol Salmonella infection without the interference of the
salmonellosis monitoring program in poultry.
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