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ABSTRACT.	 Salmonella enterica serovar Gallinarum biovar Gallinarum (S. Gallinarum) is a host-
specific pathogen causing systemic infection in poultry, which leads to significant economic losses 
due to high mortality. However, little is known about the dynamic process of systemic infection 
and pathogenic characteristics of S. Gallinarum in chickens. In the present study, we developed an 
oral infection model that reproduces the pathology of S. Gallinarum and clarified the host immune 
response of the infected chickens. Chickens at 20 days of age orally inoculated at a dose of 108 
colony forming unit (CFU) showed typical clinical signs of fowl typhoid and died between 6 and 10 
days post infection. The inoculated S. Gallinarum rapidly disseminated to multple organs and the 
bacterial counts increased in the liver and spleen at 3 days post infection. Pathological changes 
associated wirh inflammation in the liver and spleen became apparent at 4 days post infection, 
and increased expression of interferon (IFN)-γ and interleuikin (IL)-12 in the liver and spleen did 
not observed until 3 days post infection. These results indicate that S. Gallinarum rapidly spread 
to entire body through intestine, and the low-level of inflammatory responses in the liver during 
the early stage of infection may contribute to rapid, systemic dissemination of the bacteria. Our 
infection model and findings will contribute to the better understanding of the pathogenic 
mechanism of S. Gallinarum, and provide new insights into the prevention and control of fowl 
typhoid.
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Salmonella enterica serovar Gallinarum biovar Gallinarum (S. Gallinarum) is an important Gram-negative rod that causes a 
systemic infection called fowl typhoid in poultry and other birds, which leads to substantial economic losses due to high mortality 
[11, 15, 19, 28]. Although fowl typhoid has been eradicated or markedly controlled amongst commercial poultry in developed 
countries, it is still common in many developing countries, mainly including some countries in Central and South America, Africa 
and South-East Asia [3, 29]. To promote effective breeding of poultry flocks and their global trade, more effective control of fowl 
typhoid worldwide is one of the challenges to be solved. Vaccination is one of the control strategies against fowl typhoid. Some 
attenuated strains of S. Gallinarum have been used as a live vaccine for prevention of the disease [12, 34]. However, the protective 
effect of the vaccines is not yet completely satisfactory, and the retaining some virulence is still an important problem [10, 23]. Better 
understanding of the pathogenesis and infective mechanism of S. Gallinarum is necessary to develop more effective and safe vaccine.

S. Gallinarum is a host-specific bacterium that produces a severe, septicaemic, often fatal, systemic infectious disease in both 
chicks and adults of poultry [33]. Chickens are the natural hosts for S. Gallinarum. Unlike S. Typhimurium which is a broad host 
range serovar and produces mainly gastraintestinal infection in many kinds of animals and birds, S. Gallinarum dose not cause 
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severe systemic disease in mice or other laboratory mammals and has only rarely been reported to cause enteritis in humans [2, 
15, 25]. Although the mechanism of S. Typhimurium causing enteritis in mammals and typoid-like diseases in mice have been 
extensively studied, little is known about the host-specific mechanism of S. Gallinarum and the process of the lethal systemic 
infection in chicken. To shed some light on the pathogenic mechanism and process of systemic infection in chickens, in this study, 
we investigeted the dynamic process and pathogenic characteristics of S. Gallinarum systemic infection in vivo that mimics the 
natural infection in chickens. In this study, chickens were orally infected with different doses of S. Gallinarum, and the mortality, 
clinical signs, bacterial counts in organs, histopathological changes, and host immune responses were evaluated. Our results 
demonstrate that oral inoculation of chickens with S. Gallinarum causes rapid spread of the bacteria to the whole body through the 
intestine, and the low-level of cytokine production and inflammatory response in the early stage of infection may contribute to the 
rapid, systemic dissemination of the orally infected S. Gallinarum and led to the host death.

MATERIALS AND METHODS

Bacterial strains
S. Gallinarum 287/91, a spontaneous nalidixic acid-resistant strain [1], and Salmonella enterica serovar Typhimurium (S. 

Typhimurium) SL1344 were grown in heart infusion broth (HIB) (Eiken Chemical, Tokyo, Japan) at 37°C with shaking (at 150 
rpm). For experimental infection in chickens, the strains were cultured at 37°C in HIB to logarithmic phase, and then collected by 
centrifugation and washed twice with sterile 0.01 M phosphate-buffered saline (PBS). The washed bacteria were suspended with 
PBS, adjusted spectrophotometrically at 600 nm to reach 1 × 109 CFU/ml, and then were 10-fold serially diluted to 1 × 105 colony 
forming unit (CFU)/ml.

Chickens and experimental infection
Conventional female Boris Brown chickens, originated from Rhode Island Red chicken, which is well known to be susceptible 

to salmonellosis [30], were obtained from commercial farm. They were housed and provided water and food ad libitum. In order 
to ensure whether the chickens were free from Salmonella, fecal swabs were taken from the transport box for the bacteriological 
detection of Salmonella before experimental infection. For oral infection, each chicken was inoculated by oral gavage either with 
1 × 105 to 109 CFU of S. Gallinarum or S. Typhimurium in a volume of 1.0 ml at 20 days old. After inoculation, chickens were 
reared for 14 days and observed twice a day for monitoring their clinical signs and mortality. To analyze the bacterial counts and 
host responses in tissues of the chickens post infection, chickens were inoculated by oral gavage with 108 CFU of S. Gallinarum 
or S. Typhimurium as described above and were euthanized on 1, 2, 3, 4, 5 or 6 days post infection. Five chickens in each group 
were euthanized at each time point. The cecal contents, cecal tonsil, liver and spleen were collected aseptically for determination 
of viable Salmonella, pathological examination and quantitative real-time RT-PCR analysis of cytokines. Animal experimentation 
protocol was approved by the President of Kitasato University through the judgment by Institutional Animal Care and Use 
Committee of Kitasato University (Approval no. 19-140 and 20-055).

Isolation and enumeration of Salmonella
For detecion of Salmonella in the infected chickens, the samples of cecal tonsil were washed three times in sterile PBS to 

remove as much of the intestinal contents and tissue surface bacteria as possible. These samples were then incubated for 30 min 
at 37°C with gentamicin (200 µg/ml) to kill any remaining tissue surface bacteria. The samples were washed with sterile PBS to 
remove residual gentamicin, homogenized, then treated with 0.5% Triton-X 100 to lyse epithelial cells and release intracellular 
bacteria. The collected cecal contents, liver and spleen were homogenized in 9 volume of HIB, serially diluted 10-fold with 
HIB and spread on desoxycholate-hydrogensulfide-lactose agar plates (DHL) containing 25 µg/ml nalidixic acid. After 24 hr of 
incubation at 37°C, colonies on the plates were counted as colony forming unit (CFU).

Clinical evaluation and histopathological examination
The clinical changes in chickens infected with S. Gallinarum or S. Typhimurium were observed and evaluated for onset of 

systemic infection. Clinical signs, redness, and discoloration of the comb and feathers were observed and recorded. Monitoring of 
chickens for morbidity and mortality was carried out up to 14 dpi. Five chickens in each group were euthanized at 1 to 6 days after 
infection and investigated for the extent of inflammation, by observing redness, swelling, congestion, bleeding, and discoloration of 
the tissues.

To estimate the inflammation levels and histological changes, the tissues, cecal tonsil, liver and spleen of each group were 
collected and fixed in 10% neutral buffered formalin for 24 hr, before being processed with an automatic tissue processor, and was 
embedded in paraffin wax. Sections were cut at three levels to a thickness of 4 µm and stained by the haematoxylin-eosin (HE) 
staining. Histological changes such as infiltration of inflammatory cells and tissue damages were recorded for each section.

Quantitative real-time RT-PCR analysis
Each tissue sample was immersed separately in 0.5 ml of RNAlater (Invitrogen, Carlsbad, CA, USA) and stored at −80°C 

until use. Total RNA was extracted from 5 mm × 5 mm of the tissue using RNA iso Plus (TaKaRa, Kusatsu, Japan) according 
to the manufacturer’s instructions. The quantity and quality of RNA were determined by spectral analysis (NanoDrop 2000, 
Thermo Fisher Scientific, Waltham, MA, USA). The RNA samples with purity of 2 for A260/A280 ratio and above 2 for 
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A260/A230 ratio were used. After being treated with DNase, RNA was transcribed to complementary DNA (cDNA) using 
the ReverTra Ace® qPCR RT Master Mix (Toyobo, Osaka, Japan) following the manufacturer’s instructions. Expression of 
mRNA for interleuikin (IL)-12 and interferon (IFN)-γ in the tissues was measured using quantitative real-time RT-PCR. Primer 
sequences of chicken IL-12, IFN-γ and GAPDH are as follows: IL-12 forward, 5′-AAGTAGACTCCAATGGGCAAATG-3′, 
IL-12 reverse, 5′-ACGTCTTGCTTGGCTCTTTATAGC-3′; IFN-γ forward, 5′-ATGTAGCTGACGGTGGACCT-3′, IFN-γ reverse, 
5′-CCAAGTACATCGAAACAATCTGGC-3′; GAPDH forward, 5′-GGCACTGTCAAGGCTGAGAA-3′, GAPDH reverse, 
5′-TGCATCTGCCCATTTGATGT-3′. Twenty µl reaction mixture, which contained 2.0 µl cDNA, 10 µl THUNDERBIRD® 
SYBR® qPCR Mix, 0.6 µl of each primer (at 10 µM), 0.4 µl 50×ROX reference dye and 6.4 µl Nuclease-free water, were 
prepared using the THUNDERBIRD® SYBR® qPCR Mix (Toyobo). Duplicate reactions were set up for each sample. Quantitative 
real-time RT-PCR was performed on StepOnePlus Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) with 
the following reaction profile: one cycle at 95°C for 20 sec, and 40 cycles at 95°C for 3 sec and 60°C for 30 sec. To check the 
specificities of amplified products, the melt-curve mode was used (one cycle at 95°C for 15 sec, 60°C for 1 min, and 95°C for 
15 sec) after amplification. The expression of the target genes was determined using the cycle threshold value relative to that of 
the housekeeping gene GAPDH. The results were expressed as fold-changes in corrected target gene expression in the infected 
chickens relative to the uninfected controls.

Statistical analysis
The bacterial counts were converted logarithmically and the differences between means obtained for each day were analyzed 

using one-way ANOVA analysis followed by Tukey’s multiple comparison test. For analysis of cytokine expressions, statistical 
comparison was made by Student’s t test compared with uninfected control group. Both analyses were performed using GraphPad 
Prism 8.43 (GraphPad Software, San Diego, CA, USA), and the P values of <0.05 were considered statistically significant.

RESULTS

Systemic infection and mortality of chickens infected with S. Gallinarum
We firstly investigated the mortality and clinical symptoms in chickens inoculated with different doses of S. Gallinarum or S. 

Typhimurium. Chickens inoculated with 109 CFU of S. Gallinarum showed a mortality rate of 100% and died on days 4 to 7 post 
infection (Fig. 1A). The chickens died on day 4 post infection had no obvious clinical symptoms. The group infected with 108 CFU 
S. Gallinarum showed mortality rate of 90% and died between 6 and 10 days post infection. The groups infected with 107 and 106 
CFU of S. Gallinarum showed mortality rates as 70% and 40%, respectively, and most of the chickens died between 6 and 12 days 
post infection (Fig. 1A). The chickens that died after 4 days of infection showed significant clinical symptoms of fowl typhoid, 
such as feather disturbance and depression. In contrast, in the chickens that infected with S. Typhimurium, there were no death and 
no significant clinical changes even at the dose of 109 CFU of S. Typhimurium (Fig. 1B).

Enumeration of Salmonella in the infected chickens
To investigate the spreading and proliferation of S. Gallinarum in the infected chickens, we detected the bacterial burdens in the 

cecal contents, cecal tonsils, liver and spleen of chickens on 1 to 6 days after oral infection with 108 CFU of S. Gallinarum or S. 
Typhimurium. The results showed that the numbers of bacteria in the cecal contents and cecal tonsils of chickens infected with S. 
Gallinarum were lower compared with that infected with S. Typhimurium. In contrast, the bacterial counts of S. Gallinarum in the 
liver and spleen were higher than those of S. Typhimurium and continued to increase up to 6.0 log10 CFU/g significantly (P<0.05) 
from day 2 to 6 post infection, indicating that orally infected S. Gallinarum rapidly spread to the the systemic sites through the 
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Fig. 1.	 Survival of chickens infected with Salmonella Gallinarum and Salmonella Typhimurium. Chickens were orally inoculated with 
105 to 109 colony forming unit (CFU) of S. Gallinarum (A) or 107 to 109 CFU of S. Typhimurium (B). The clinical symptoms and 
survival of chickens were monitored and recorded for 14 days post infection.
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intestine (Fig. 2A). In contrast, S. Typhimurium showed higher bacterial numbers in the cecal contents and cecal tonsils but lower 
in the liver and spleen, and did not increase significantly during the observation (Fig. 2B).

Pathological findings and histological changes in the infected chickens
In the natural infection of S. Gallinarum, hypertrophy, white lesions, and small necrotic foci are observed in the liver, which 

are the most characteristic pathological lesions of fowl typhoid [6, 7]. These lesions were also obseved in our infection model. 
In particularly, these lesions become detectable at 4 days after infection in the chickens infected with 108 and 107 CFU of S. 
Gallinarum (Fig. 3A). The lesions were characterized by marked infiltration of heterophils and lymphocytes with degeneration and 
necrosis of hepatocytes (Fig. 3B). The angiectasis and vacuolar degeneration of hepatocytes were observed at 5 days after infection 
(Fig. 3C). In contarast, no significant pathological change was observed in the liver of S. Typhimurium-infected chickens (data not 
shown).

For histological changes in the cecal tonsils, the infiltration of heterophils in the lamina propria was found on day 1 and 3 post 
infection (Fig. 3D and 3E). Dehydration of epithelial cells and a starry sky appearance in lymphoid follicles were observed on days 
3 and 5 after infection (Fig. 3E). In the spleen, no tissue damage and inflammation were observed even at 6 days after infection, 
but extramedullary hematopoiesis of the red pulp was observed 5 days after infection (Fig. 3F).

Expression of immune genes in the organs of S. Gallinarum-infected chickens
To further analyze the immune responses in the systemic level of the chickens infected with S. Gallinarum, we determined 

the expression of selected cytokine genes of IFN-γ and IL-12, as markers of immue responses for elimination of intracellular 
bacteria, in cecal tonils, liver and spleen on days 1 to 6 after infection (Fig. 4A and 4B). S. Gallinarum infection did not increase 
the expression of IL-12 and IFN-γ in the cecal tonsils of the infected chickens with no significant difference compared to the 
uninfected controls. The expression of IFN-γ and IL-12 in the liver and spleen showed no differences in the first 3 days and started 
to increase at day 4 post infection, which were significantly higher than those of uninfected chickens between days 4 and 6 after 
infection (P<0.05). Upregulation of IFN-γ, but not IL-12, in the spleen of infected chickens was also observed between days 4 and 
6 post infection. The delayed expression of cytokines is consistent with the onset of the inflammatory response in the tissues which 
became apparent at 4 days after infection (Fig. 3).
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Fig. 2.	 Viable bacterial counts in the organs of chickens infected with Salmonell Gallinarum or S. Typhimurium. Chickens were orally inocu-
lated with 108 colony forming unit (CFU) of S. Gallinarum (A) or S. Typhimurium (B). The numbers of the bacteria in the cecal contents, 
cecal tonsil, liver and spleen were determined on days 1 to 6 post infection. The data are means ± standard deviations based on five chickens 
per group at each time point. Statistical comparison was made using one-way ANOVA followed by Tukey’s multiple comparison test.  
The significant difference was shown as *P<0.05, **P<0.01.
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DISCUSSION

S. Gallinarum is a intrinsically aflagellate Salmonella that causes serious systemic infection, affecting domestic fowl of all ages 
and leading to high mortality [5, 9, 28]. In order to reveal the pathogenic mechanism and process of systemic infection in chickens, 
we investigated the dynamic process and pathogenic characteristics of S. Gallinarum systemic infection in vivo that mimics the 
natural infection in chickens. In the oral infection model, S. Gallinarum was rapidly disseminated to the systemic sites, with a 
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Fig. 3.	 Pathological finding and histological lesions in Salmonella Gallinarum-infected chickens. Chickens were inoculated orally with 108 
colony forming unit (CFU) of S. Gallinarum and the cecal tonsil, liver and spleen were collected at 1 to 6 days post infection (DPI). The organs 
of uninfected chickens were used as the controls. Paraffin sections of the organs were prepared and stained with hematoxylin and eosin. Gross 
pathological changes (A) and microscopic lesions (B, magnification ×400) in the livers, (C) is an enlarged photo from (B); histopathological 
changes and microscopic lesions in the cecal tonsils (D and E, magnification ×400); histopathological changes and microscopic lesions in the 
spleens (F, magnification ×400), and the arrow shows extramedullary hematopoiesis of the red pulp in the spleen.
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marked increase in the number of bacteria in the liver and spleen, which led to high mortality and severe pathological changes in 
the liver of infected chickens. The expression of IFN-γ and IL-12 in the liver and spleen was initially unchanged, but increased 
after 4 days post infection when inflammatory response in the tissues began to become apparent. These results suggest that S. 
Gallinarum spread rapidly from the intestinal tract to the systemic sites after oral infection, and that the low-level of cytokine 
production and inflammatory responses in the early stage of infection may lead to systemic infection and death of the infected 
chickens.

A previous study has reported that orally infected S. Typhimurium reaches the intestinal tract, adheres to and passes through the 
intestinal epithelium, and then reaches the lamina propria, where it replicates or penetrates into deeper tissues [32]. In the present 
study, the bacterial counts in the cecal contents and cecal tonsils of S. Gallinarum infected chickens were lower than those of the 
chickens infected with S. Typhimurium (Fig. 2). In contrast, bacterial counts in the liver and spleen of the chickens infected with 
S. Gallinarum increased markedly from 2 to 6 days after infection, which was not observed in S. Typhimurium-infected chickens 
(Fig. 2). Previous studies have reported that the flagella of Salmonella can activate Toll-like receptor (TLR)-5 in intestinal epithelial 
cells, and the resulting host immune responses are important for defense against Salmonella infection. [26, 31]. In this study, S. 
Gallinarum, a non-flagellated Salmonella, is conductive to systemic spread of the bacteria in the early stage of infection because 
the lack of flagella does not activate TLR-5 in the intestinal epithelial cells [3, 35, 36]. Although infiltration of heterophils in 
the lamina propria of cecal tonsil were observed on 1 day post infection, this immune response did not reduce the spread of S. 
Gallinarum to systemic organs. These results suggest that S. Gallinarum can invade and rapidly reach systemic organs from the 
intestine, and the first 3 days post infection are the critical period for the proliferation of S. Gallinarum in the infected chickens. 
In addition, our results showed that in the liver of S. Gallinarum-infected chickens, inflammation, tissue damages and lesions such 
as white foci developed following the increase of the number of the bacteria, suggesting that the liver is the pivotal organ with 
the most significant changes in bacterial invasion and host immune responses (Fig. 3A–C). Hematopoiesis in the spleen was also 
observed at 5 days post infection (Fig. 3F), which might be a response to hemolytic anemia caused by S. Gallinarum [6]. Previous 
reports have shown that histopathological changes such as necrosis occured in the liver and spleen in S. Gallinarum-infected 
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Fig. 4.	 Expression of cytokines in chickens infected with Salmonella Gallinarum. Chickens were inoculated orally with 108 colony forming 
unit (CFU) of S. Gallinarum. The cecal tonsil, liver and spleen of the chickens were collected and the expression of interferon (IFN)-γ 
(A) and interleuikin (IL)-12 (B) were determined by quantitative RT-PCR on days 1 to 6 post infection. Data were expressed as means 
± standard deviations of fold-changes in gene expression in the cecal tonsil, liver and spleen from infected groups relative to those from 
uninfected control group (five chickens per group at each time point). Statistical analysis was performed using the Student’s t test to 
compare infected chickens with uninfected controls. The significant difference was shown as *P<0.05, **P<0.01. C: uninfected controls.
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chickens [6, 33]. These results indicate that pathological changes and viable counts of S. Gallinarum in the liver and spleen can be 
parameters for assessing the extent of systemic infection [15, 33]. Liver is considered to be a functional organ for innate immune 
defense, with kupffer cells which are liver-specific macrophages, and pit cells which are liver-specific natural killer cells [20, 
39]. Da Silva et al. has reported that acetylcholinesterase activity in the liver from S. Gallinarum-infected laying hens decreased 
compared with uninfected laying hens, suggesting that reduced acetylcholinesterase activity in the liver decreases the induction 
of pro-inflammatory cytokines and inhibits the immune responses in S. Gallinarum-infected hens [7, 8]. Together with our results, 
it is indicated that the induction of pro-inflammatory cytokines and acetylcholinesterase activity in liver may be important for the 
defense against S. Gallinarum infection in chickens.

Salmonella, especially for serovars having broad host range such as S. Typhimurium, invades the chicken intestine and 
induces an inflammatory process, resulting in the expression of pro-inflammatory cytokines and chemokines [24, 27, 37, 38]. The 
outcome of this innate immune activation is an initial major infiltration of heterophils to the intestine, thereby limiting bacterial 
invasion [4, 21, 22]. In the present study, intriguingly, the expression of IFN-γ and IL-12 in the cecal tonsil, liver and spleen 
in the chickens infected with a highly host-restricted serovar S. Gallinarum did not increase until 4 days post infection, and the 
inflammatory response in the tissues began to become apparent after 4 days post infection. Previous reports have shown that 
IFN-γ and IL-12 as the important factors to eliminate Salmonella in the cecal tonsil, liver and spleen, and lack of these cytokines 
resulted in high susceptibility to Salmonella and Mycobacterium [16, 18]. Huang et al. reported that S. Gallinarum-infected chicken 
macrophage cell line, HD11, exhibited lower induction of pro-inflammatory cytokine IL-1β, CXCLi1 and CXCLi2 compared to 
S. Typhimurium- and S. Dublin-infected cells [13, 14]. Recently, Kaiser et al. described that S. Gallinarum infection induces low 
inflammatory response in vitro compared with S. Typhimurium and S. Enteritidis, which seldom cause clinical disease in poultry 
[17]. The present study demonstrated that the low-level of cytokine production and inflammatory responses in the organs during 
the early stage of infection may be permissive for systemic spread of S. Gallinarum, which could cause typhoid-like disease 
with considerable mortality in the infected chickens. Further studies on the interactions between S. Gallinarum and host immune 
responses in the cecal tonsil and liver of infected chickens will be contribute to the better understanding of the host-specific 
mechanism in the pathogenesis of fowl typhoid, and provide new insights into the prevention and control of this disease.

CONFLICT OF INTEREST. The authors declare no competing interests.

REFERENCES

	 1.	 Alves Batista, D. F., de Freitas Neto, O. C., Maria de Almeida, A., Maboni, G., de Carvalho, T. F., de Carvalho, T. P., Barrow, P. A. and Berchieri, A. 
2018. Evaluation of pathogenicity of Salmonella Gallinarum strains harbouring deletions in genes whose orthologues are conserved pseudogenes in 
S. Pullorum. PLoS One 13: e0200585. [Medline]  [CrossRef]

	 2.	 Barrow, P. A., Huggins, M. B. and Lovell, M. A. 1994. Host specificity of Salmonella infection in chickens and mice is expressed in vivo primarily 
at the level of the reticuloendothelial system. Infect. Immun. 62: 4602–4610. [Medline]  [CrossRef]

	 3.	 Barrow, P. A. and Freitas Neto, O. C. 2011. Pullorum disease and fowl typhoid-new thoughts on old diseases: a review. Avian Pathol. 40: 1–13. 
[Medline]  [CrossRef]

	 4.	 Berndt, A., Wilhelm, A., Jugert, C., Pieper, J., Sachse, K. and Methner, U. 2007. Chicken cecum immune response to Salmonella enterica serovars 
of different levels of invasiveness. Infect. Immun. 75: 5993–6007. [Medline]  [CrossRef]

	 5.	 Chappell, L., Kaiser, P., Barrow, P., Jones, M. A., Johnston, C. and Wigley, P. 2009. The immunobiology of avian systemic salmonellosis. Vet. 
Immunol. Immunopathol. 128: 53–59. [Medline]  [CrossRef]

	 6.	 Christensen, J. P., Barrow, P. A., Olsen, J. E., Poulsen, J. S. and Bisgaard, M. 1996. Correlation between viable counts of Salmonella Gallinarum 
in spleen and liver and the development of anaemia in chickens as seen in experimental fowl typhoid. Avian Pathol. 25: 769–783. [Medline]  
[CrossRef]

	 7.	 Da Silva, A. S., Boiago, M. M., Bottari, N. B., do Carmo, G. M., Alves, M. S., Boscato, C., Morsch, V. M., Schetinger, M. R., Casagrande, R. A. 
and Stefani, L. M. 2016. Hepatic cholinesterase of laying hens naturally infected by Salmonella Gallinarum (fowl typhoid). Microb. Pathog. 98: 
93–97. [Medline]  [CrossRef]

	 8.	 Das, U. N. 2007. Acetylcholinesterase and butyrylcholinesterase as possible markers of low-grade systemic inflammation. Med. Sci. Monit. 13: 
RA214–RA221. [Medline]

	 9.	 de Freitas Neto, O. C., Setta, A., Imre, A., Bukovinski, A., Elazomi, A., Kaiser, P., Berchieri, A. Jr., Barrow, P. and Jones, M. 2013. A flagellated 
motile Salmonella Gallinarum mutant (SG Fla+) elicits a pro-inflammatory response from avian epithelial cells and macrophages and is less virulent 
to chickens. Vet. Microbiol. 165: 425–433. [Medline]  [CrossRef]

	10.	 de Oliveira G. H., Berchieri, A. and Junior, Fernandes, A. C. 2005. Experimental infection of laying hens with Salmonella enterica serovar 
Gallinarum. Braz. J. Microbiol. 36: 51–56.  [CrossRef]

	11.	 Foley, S. L., Johnson, T. J., Ricke, S. C., Nayak, R. and Danzeisen, J. 2013. Salmonella pathogenicity and host adaptation in chicken-associated 
serovars. Microbiol. Mol. Biol. Rev. 77: 582–607. [Medline]  [CrossRef]

	12.	 Gordon, R. F., Garside, J. S. and Tucker, J. F. 1959. The use of living attenuated vaccines in the control of fowl typhoid. Vet. Rec. 71: 300–330.
	13.	 Huang, K., Herrero-Fresno, A., Thøfner, I., Skov, S. and Olsen, J. E. 2019. Interaction differences of the avian host-specific Salmonella enterica 

serovar Gallinarum, the host-generalist S. Typhimurium, and the cattle host-adapted S. Dublin with chicken primary macrophage. Infect. Immun. 87: 
e00552–e19. [Medline]  [CrossRef]

	14.	 Huang, K., Fresno, A. H., Skov, S. and Olsen, J. E. 2020. Dynamics and outcome of macrophage interaction between Salmonella Gallinarum, 
Salmonella Typhimurium, and Salmonella Dublin and macrophages from chicken and cattle. Front. Cell. Infect. Microbiol. 9: 420. [Medline]  
[CrossRef]

	15.	 Jones, M. A., Wigley, P., Page, K. L., Hulme, S. D. and Barrow, P. A. 2001. Salmonella enterica serovar Gallinarum requires the Salmonella 
pathogenicity island 2 type III secretion system but not the Salmonella pathogenicity island 1 type III secretion system for virulence in chickens. 

1147–1154, 2021

http://www.ncbi.nlm.nih.gov/pubmed/30028856?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0200585
http://www.ncbi.nlm.nih.gov/pubmed/7927727?dopt=Abstract
http://dx.doi.org/10.1128/IAI.62.10.4602-4610.1994
http://www.ncbi.nlm.nih.gov/pubmed/21331943?dopt=Abstract
http://dx.doi.org/10.1080/03079457.2010.542575
http://www.ncbi.nlm.nih.gov/pubmed/17709416?dopt=Abstract
http://dx.doi.org/10.1128/IAI.00695-07
http://www.ncbi.nlm.nih.gov/pubmed/19070366?dopt=Abstract
http://dx.doi.org/10.1016/j.vetimm.2008.10.295
http://www.ncbi.nlm.nih.gov/pubmed/18645897?dopt=Abstract
http://dx.doi.org/10.1080/03079459608419180
http://www.ncbi.nlm.nih.gov/pubmed/27377431?dopt=Abstract
http://dx.doi.org/10.1016/j.micpath.2016.06.034
http://www.ncbi.nlm.nih.gov/pubmed/18049445?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23664623?dopt=Abstract
http://dx.doi.org/10.1016/j.vetmic.2013.04.015
http://dx.doi.org/10.1590/S1517-83822005000100011
http://www.ncbi.nlm.nih.gov/pubmed/24296573?dopt=Abstract
http://dx.doi.org/10.1128/MMBR.00015-13
http://www.ncbi.nlm.nih.gov/pubmed/31548317?dopt=Abstract
http://dx.doi.org/10.1128/IAI.00552-19
http://www.ncbi.nlm.nih.gov/pubmed/31998655?dopt=Abstract
http://dx.doi.org/10.3389/fcimb.2019.00420


S. OJIMA ET AL.

1154J. Vet. Med. Sci. 83(7):

Infect. Immun. 69: 5471–5476. [Medline]  [CrossRef]
	16.	 Jouanguy, E., Döffinger, R., Dupuis, S., Pallier, A., Altare, F. and Casanova, J. L. 1999. IL-12 and IFN-γ in host defense against mycobacteria and 

salmonella in mice and men. Curr. Opin. Immunol. 11: 346–351. [Medline]  [CrossRef]
	17.	 Kaiser, P., Rothwell, L., Galyov, E. E., Barrow, P. A., Burnside, J. and Wigley, P. 2000. Differential cytokine expression in avian cells in response 

to invasion by Salmonella typhimurium, Salmonella enteritidis and Salmonella gallinarum. Microbiology (Reading) 146: 3217–3226. [Medline]  
[CrossRef]

	18.	 Kaiser, P. and Staeheli, P. 2014. Avian cytokines and chemokines. pp. 189–204. In: Avian Immunology, 2nd ed. (Schat K. A., Kaspers, B., and 
Kaiser, P. eds.), Academic Press, London.

	19.	 Kim, N. H., Ha, E. J., Ko, D. S., Lee, C. Y., Kim, J. H. and Kwon, H. J. 2019. Molecular evolution of Salmonella enterica subsp. enterica serovar 
Gallinarum biovar Gallinarum in the field. Vet. Microbiol. 235: 63–70. [Medline]  [CrossRef]

	20.	 Kmieć, Z. 2001. Cooperation of liver cells in health and disease. Adv. Anat. Embryol. Cell Biol. 161: III–XIII, 1–151. [Medline]
	21.	 Kogut, M. H., McGruder, E. D., Hargis, B. M., Corrier, D. E. and DeLoach, J. R. 1995. In vivo activation of heterophil function in chickens 

following injection with Salmonella enteritidis-immune lymphokines. J. Leukoc. Biol. 57: 56–62. [Medline]  [CrossRef]
	22.	 Kogut, M. H., Chiang, H. I., Swaggerty, C. L., Pevzner, I. Y. and Zhou, H. 2012. Gene expression analysis of Toll-like receptorpathways in 

heterophils from genetic chicken lines that differ in their susceptibility to Salmonella enteritidis. Front. Genet. 3: 121. [Medline]  [CrossRef]
	23.	 Kwon, H. J. and Cho, S. H. 2011. Pathogenicity of SG 9R, a rough vaccine strain against fowl typhoid. Vaccine 29: 1311–1318. [Medline]  

[CrossRef]
	24.	 Matulova, M., Varmuzova, K., Sisak, F., Havlickova, H., Babak, V., Stejskal, K., Zdrahal, Z. and Rychlik, I. 2013. Chicken innate immune response 

to oral infection with Salmonella enterica serovar Enteritidis. Vet. Res. (Faisalabad) 44: 37. [Medline]  [CrossRef]
	25.	 Pascopella, L., Raupach, B., Ghori, N., Monack, D., Falkow, S. and Small, P. L. 1995. Host restriction phenotypes of Salmonella typhi and 

Salmonella gallinarum. Infect. Immun. 63: 4329–4335. [Medline]  [CrossRef]
	26.	 Salazar-Gonzalez, R. M. and McSorley, S. J. 2005. Salmonella flagellin, a microbial target of the innate and adaptive immune system. Immunol. 

Lett. 101: 117–122. [Medline]  [CrossRef]
	27.	 Setta, A. M., Barrow, P. A., Kaiser, P. and Jones, M. A. 2012. Early immune dynamics following infection with Salmonella enterica serovars 

Enteritidis, Infantis, Pullorum and Gallinarum: cytokine and chemokine gene expression profile and cellular changes of chicken cecal tonsils. Comp. 
Immunol. Microbiol. Infect. Dis. 35: 397–410. [Medline]  [CrossRef]

	28.	 Shivaprasad, H. L. 2000. Fowl typhoid and pullorum disease. Rev. Sci. Tech. 19: 405–424. [Medline]  [CrossRef]
	29.	 Shivaprasad, H. L. and Barrow, P. A. 2008. Pullorum disease and fowl typhoid. pp. 620–636. In: Diseases of Poultry, 12th ed. (Saif, Y.M. ed.), 

Wiley-Blackwell Publishing, Ames.
	30.	 Smith, H. W. 1956. The susceptibility of different breeds of chickens to experimental Salmonella gallinarum infection. Poult. Sci. 35: 701–705.  

[CrossRef]
	31.	 Steiner, T. S. 2007. How flagellin and toll-like receptor 5 contribute to enteric infection. Infect. Immun. 75: 545–552. [Medline]  [CrossRef]
	32.	 van Hemert, S., Hoekman, A. J., Smits, M. A. and Rebel, J. M. 2007. Immunological and gene expression responses to a Salmonella infection in the 

chicken intestine. Vet. Res. 38: 51–63. [Medline]  [CrossRef]
	33.	 Wigley, P., Hulme, S. D., Bumstead, N. and Barrow, P. A. 2002. In vivo and in vitro studies of genetic resistance to systemic salmonellosis in the 

chicken encoded by the SAL1 locus. Microbes Infect. 4: 1111–1120. [Medline]  [CrossRef]
	34.	 Wigley, P. 2017. Salmonella enterica serovar Gallinarum: addressing fundamental questions in bacteriology sixty years on from the 9R vaccine. 

Avian Pathol. 46: 119–124. [Medline]  [CrossRef]
	35.	 Winter, S. E., Raffatellu, M., Wilson, R. P., Rüssmann, H. and Bäumler, A. J. 2008. The Salmonella enterica serotype Typhi regulator TviA reduces 

interleukin-8 production in intestinal epithelial cells by repressing flagellin secretion. Cell. Microbiol. 10: 247–261. [Medline]
	36.	 Winter, S. E., Winter, M. G., Godinez, I., Yang, H. J., Rüssmann, H., Andrews-Polymenis, H. L. and Bäumler, A. J. 2010. A rapid change in 

virulence gene expression during the transition from the intestinal lumen into tissue promotes systemic dissemination of Salmonella. PLoS Pathog. 
6: e1001060. [Medline]  [CrossRef]

	37.	 Withanage, G. S., Kaiser, P., Wigley, P., Powers, C., Mastroeni, P., Brooks, H., Barrow, P., Smith, A., Maskell, D. and McConnell, I. 2004. Rapid 
expression of chemokines and proinflammatory cytokines in newly hatched chickens infected with Salmonella enterica serovar typhimurium. Infect. 
Immun. 72: 2152–2159. [Medline]  [CrossRef]

	38.	 Withanage, G. S., Wigley, P., Kaiser, P., Mastroeni, P., Brooks, H., Powers, C., Beal, R., Barrow, P., Maskell, D. and McConnell, I. 2005. Cytokine 
and chemokine responses associated with clearance of a primary Salmonella enterica serovar Typhimurium infection in the chicken and in 
protective immunity to rechallenge. Infect. Immun. 73: 5173–5182. [Medline]  [CrossRef]

	39.	 Zaefarian, F., Abdollahi, M. R., Cowieson, A. and Ravindran, V. 2019. Avian liver: The forgotten organ. Animals (Basel) 9: 63. [Medline]  
[CrossRef]

1147–1154, 2021

http://www.ncbi.nlm.nih.gov/pubmed/11500419?dopt=Abstract
http://dx.doi.org/10.1128/IAI.69.9.5471-5476.2001
http://www.ncbi.nlm.nih.gov/pubmed/10375558?dopt=Abstract
http://dx.doi.org/10.1016/S0952-7915(99)80055-7
http://www.ncbi.nlm.nih.gov/pubmed/11101679?dopt=Abstract
http://dx.doi.org/10.1099/00221287-146-12-3217
http://www.ncbi.nlm.nih.gov/pubmed/31282380?dopt=Abstract
http://dx.doi.org/10.1016/j.vetmic.2019.05.019
http://www.ncbi.nlm.nih.gov/pubmed/11729749?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7829972?dopt=Abstract
http://dx.doi.org/10.1002/jlb.57.1.56
http://www.ncbi.nlm.nih.gov/pubmed/22783275?dopt=Abstract
http://dx.doi.org/10.3389/fgene.2012.00121
http://www.ncbi.nlm.nih.gov/pubmed/21134445?dopt=Abstract
http://dx.doi.org/10.1016/j.vaccine.2010.11.067
http://www.ncbi.nlm.nih.gov/pubmed/23687968?dopt=Abstract
http://dx.doi.org/10.1186/1297-9716-44-37
http://www.ncbi.nlm.nih.gov/pubmed/7591067?dopt=Abstract
http://dx.doi.org/10.1128/IAI.63.11.4329-4335.1995
http://www.ncbi.nlm.nih.gov/pubmed/15975666?dopt=Abstract
http://dx.doi.org/10.1016/j.imlet.2005.05.004
http://www.ncbi.nlm.nih.gov/pubmed/22512820?dopt=Abstract
http://dx.doi.org/10.1016/j.cimid.2012.03.004
http://www.ncbi.nlm.nih.gov/pubmed/10935271?dopt=Abstract
http://dx.doi.org/10.20506/rst.19.2.1222
http://dx.doi.org/10.3382/ps.0350701
http://www.ncbi.nlm.nih.gov/pubmed/17118981?dopt=Abstract
http://dx.doi.org/10.1128/IAI.01506-06
http://www.ncbi.nlm.nih.gov/pubmed/17156737?dopt=Abstract
http://dx.doi.org/10.1051/vetres:2006048
http://www.ncbi.nlm.nih.gov/pubmed/12361910?dopt=Abstract
http://dx.doi.org/10.1016/S1286-4579(02)01635-0
http://www.ncbi.nlm.nih.gov/pubmed/27791403?dopt=Abstract
http://dx.doi.org/10.1080/03079457.2016.1240866
http://www.ncbi.nlm.nih.gov/pubmed/17725646?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20808848?dopt=Abstract
http://dx.doi.org/10.1371/journal.ppat.1001060
http://www.ncbi.nlm.nih.gov/pubmed/15039338?dopt=Abstract
http://dx.doi.org/10.1128/IAI.72.4.2152-2159.2004
http://www.ncbi.nlm.nih.gov/pubmed/16041035?dopt=Abstract
http://dx.doi.org/10.1128/IAI.73.8.5173-5182.2005
http://www.ncbi.nlm.nih.gov/pubmed/30781411?dopt=Abstract
http://dx.doi.org/10.3390/ani9020063

