
 INTRODUCTION 

Salmonella enterica infects different hosts 
and is one of the most common causes of food 
poisoning in humans and a wide variety of ani-
mals. Food animals in particular have been iden-
tified as reservoirs for nontyphoid Salmonella
infections. in poultry, host-specific Salmonella
infections cause systemic disease and are pri-
marily caused by Salmonella enterica serovar 
Gallinarum and serovar Pullorum, which cause 
fowl typhoid and pullorum disease, respectively 
[1], and are often avirulent in mammals. These 

diseases have been eradicated in many devel-
oped countries, but they remain responsible for 
economic losses in the poultry industry in de-
veloping countries. By contrast, non-host-spe-
cific Salmonella are commensal in poultry and 
can persist in the gastrointestinal tract. They 
are mainly asymptomatic but are associated 
with widespread human illness. Food vehicles 
such poultry, eggs, and poultry by-products are 
among the most common sources of Salmonella
infections [2–4]. Contaminated poultry meat 
has been implicated as a major vehicle for the 
transmission of the bacteria to humans [5, 6]. 
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  SUMMARY 

  Salmonellosis is one of the most prevalent foodborne diseases worldwide. Food animals 
have been identified as reservoirs for nontyphoid Salmonella infections. in poultry, host-spe-
cific Salmonella infections cause fowl typhoid and pullorum diseases that produce economic 
losses in different parts of the world. Several measures have been used to prevent and control 
Salmonella infections in poultry, and vaccination is the most practical measure because it avoids 
contamination of poultry products and by-products and prevents disease in humans. Salmonella
vaccines can decrease public health risk by reducing colonization and organ invasion, including 
invasion of reproductive tissues, and by diminishing fecal shedding and environmental contam-
ination. We review available information on the host-specific and non-host-specific Salmonella
serotypes found in poultry and the improved understanding of the pathogenesis of and immune 
responses to infection. We also include some approaches based on updated publications regard-
ing killed and live attenuated vaccines and their immune mechanisms of protection. 
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There is continuing interest in finding ways 
of preventing flock infection and, hence, con-
tamination of poultry products with Salmonella 
enterica. Control measures are difficult to use 
effectively because numerous potential sources 
of Salmonella infection and product contami-
nation exist in an integrated poultry enterprise 
[7]. Control of Salmonella infections in poultry 
farms needs to begin with good farming prac-
tices and appropriate management associated 
with strict sanitary measures. Preventive and 
curative strategies have been widely applied to 
reduce the incidence of Salmonella coloniza-
tion in chickens at the farm level [8]. various 
prophylactic measures have been used to pre-
vent and control Salmonella infection in poultry 
production, and vaccination is the most practi-
cal measure to avoid contamination of poultry 
products and by-products and to prevent the 
disease in humans. Killed and live attenuated 
products have been used for controlling Sal-
monella in poultry production, and vaccination 
with live attenuated products has proved to be 
effective [9]. This review is a brief overview fo-
cusing on Salmonella in chickens, vaccines, and 
immune mechanisms of protection.

SALMONELLA SEROTYPES FOUND 
IN POULTRY

Host-Specific Salmonella

Salmonella Gallinarum is different from the 
rest of the known Salmonella serovars; it is the 
only serovar (including the 2 biovars Gallina-
rum and Pullorum) that is highly specific to fowl 
[10]. avian systemic salmonellosis fowl typhoid 
and pullorum diseases are widely distributed 
throughout the world and have been eradicated 
from commercial poultry in many developed 
countries in Western europe, the United States, 
Canada, Japan, and australia [11], but they re-
main of high economic importance in the poul-
try industry in South america and asia [12]. 
although many countries have succeeded in 
eradicating both diseases by tests and slaughter 
on infected farms, developing countries often 
use other strategies for eradication, including 
the use of vaccines and prophylactic treatment 
with antibiotics.

Non-Host-Specific Salmonella

different serotypes of Salmonella that infect 
a wide range of hosts have been reported world-
wide in poultry and poultry products, as shown 
in Table 1. Some of these serotypes appear for 
a short time and then disappear. others become 
established in the “Salmonella circle” and are 
found in a wide variety of poultry products and 
by-products. Contamination of eggs may occur 
by direct transmission from an infected ovary 
or oviduct, or by contamination of the egg-
shell. different serotypes of Salmonella present 
in feces can penetrate the interior of eggs and 
grow during storage [13], and some have been 
isolated from the ovaries of naturally infected 
chickens [14].

PATHOGENESIS IN POULTRY

Most of the known Salmonella serotypes 
are pathogenic to humans, animals, or both. al-
though Salmonella pathogenesis has been well 
characterized in the mammalian model [15], 
information is limited on specific mechanisms 
in avian species [2]. Poultry species can be in-
fected by host-specific and non-host-specific 
Salmonella serotypes.

Host-Specific Salmonella

Salmonella Gallinarum and Salmonella Pul-
lorum cause severe disease and death of birds 
compared with other known Salmonella sero-
types. Chadfield et al. [16] suggested that Sal-
monella Gallinarum invades the bursa, but the 
process is not time dependent, and they demon-
strated no selectivity for a potential port of entry 
for the host-specific serotype. avian systemic 
salmonellosis has 3 phases: invasion, systemic 
infection, and the resolution of the infection [4]. 
The third phase can have 3 results: the clear-
ance of the bacteria, death of the birds resulting 
from infection, and partial clearance of the bac-
teria, which leads to a subclinical carrier state, 
as shown in Figure 1. The biology of pullorosis 
is markedly different when compared with fowl 
typhoid, which causes high mortality. Pullorosis 
induces an increase in Salmonella in the spleen, 
resulting in an infection of the reproductive tract 
[17].
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Table 1. Non-host-specific Salmonella isolated from poultry or poultry products worldwide 

Group Serotype Source(s) Reference(s)

o:4 agona Chickens [58]
Geese [59]
Turkeys [60]
Pheasants [61]
Frozen chicken, frozen duck [62]

Brandenburg Turkeys [63]
Bredeney Chickens [64]
Chester Turkeys [65]
derby Chickens [59, 66]

Frozen duck [62]
Haifa Chickens [67, 68]
Hato Chickens [69]
Heidelberg Breeders [70]

eggs [13]
Chicken meat [71]

indiana Geese and ducks [72]
Turkey and chicken meat [60, 71]

Kiambu Chickens [73]
Backyard ducks [74]

Kingston Chicken meat [71]
Paratyphi B Chickens [75, 76]
Reading Turkey [77]
Saint-Paul Chickens [78]

Turkeys [79]
Turkey and chicken meat [71]

Sandiego Turkeys [65]
Chickens [60]

Schleissheim Chickens [68]
Schwarzengrund Chickens [64, 80]
Stanley Chickens [79]

Turkeys [75, 81]
Frozen duck [62]

Typhimurium eggs [70]
ostriches [82]
Quail [83]

o:7 augustenborg Chickens [68]
Bareilly Chickens [65]
djugu Chickens [69]
infantis Chickens [65]

Turkey [79]
isangi Chickens [60]
lille Chickens [81, 84]
livingstone Chickens [64]

ostriches [82]
lomita Chickens [67]
Mbandaka Chickens [69, 73, 85]
Mikawasima laying hens [86]
Montevideo Chickens and turkeys [79]
ohio Chickens [59]
oranienburg Quail [87]
Rissen Poultry [66]
Singapore Chickens [88]
Tennessee Chickens [60]

Frozen duck [62]
Thompson Chickens [65]

Chickens and ducks [60]

Continued
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Table 1 (Continued). Non-host-specific Salmonella isolated from poultry or poultry products worldwide

Group Serotype Source(s) Reference(s)

virchow Chickens [79]
Turkeys [81]
Quail [89]

o:8 albany Poultry [66]
Bardo Chickens [59]
Blockley Chickens [64, 66]

Turkey and chicken meat [71]
Bovismorbificans Chickens [67]
Chincol Chickens [67]
emek Poultry [66]
Hadar Chickens [64, 72]

Quail [83]
Frozen chicken, frozen duck, turkey and chicken meat [62, 71]

istanbul Chickens [68]
Kentucky layers [90]
Kottbus ducks [60]
litchfield Processing plant [91]
Muenchen Chickens [67]

ostriches [82]
newport Turkeys [65]

Chickens [58, 75]
emus and rheas [82]
Frozen duck [62]

Tallahassee Poultry [66]
o:9 Berta Poultry products [92]

enteritidis eggs [70]
Quail eggs [93]

Javiana Turkeys [65]
Moscow ducklings [94]
Panama Turkeys [65]

ostriches [82]
Frozen duck [62]

o:3,10 amsterdam Frozen duck [62]
anatum Chickens [65]

Turkeys [64]
ostriches [82]

london Poultry [66]
newlands Chickens [60]
orion Backyard ducks [74]
Uganda Backyard ducks [74]
Weltervreden Chickens [67]

Frozen duck [62]
Zanzibar Chickens [60]

o:1,3,19 niloese Poultry [95]
Parkroyal Chickens [60]
Senftenberg Frozen duck [62, 90]
Taksony Broiler parent stock [96]

o:6,14 Fischerkietz Turkeys [60]
o:11 Rubislaw Rheas [82]
o:13 Kedougou Chickens [97]

Havana Chickens [88]
Poona Retail chicken carcasses or products [98]

o:18 Cerro Chickens [85]
o:30 Godesberg ostriches [82]
o:35 alachua Chickens [99]
o:40 Johannesburg Chickens [99]
o:41 Waycross Chickens [75]
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Non-Host-Specific Salmonella

Salmonella infects poultry and other animals 
by the oral route. non-host-specific Salmonella 
in poultry is frequently involved in food poison-
ing in humans. in chickens, it produces systemic 
disease in some special cases, such as during 
the laying period, in chicks in the first 2 wk of 
life, or after viral diseases. The pathogenesis 
of non-host Salmonella serotypes in poultry is 
summarized in Figure 1. Salmonellae are not na-
tive members of the gut microbiota, but young 
chicks are readily colonized, and the organisms 
may persist in the host for some weeks or dur-
ing the entire rearing period [7]. They become 
localized in the cecal tonsils and can occur in 
the upper part of the small intestine and in the 
gizzard and proventriculus [18]. Because most 
birds infected with salmonellae become symp-
tomless carriers, they constitute a reservoir of 
the organisms, which is a potential human health 
hazard. additionally, by contaminating the envi-

ronment, these birds are responsible for increas-
ing the number of infected individuals [7].

IMMUNE RESPONSES AGAINST 
SALMONELLA INFECTION

The immune response to Salmonella infec-
tions is very complicated and involves the in-
teraction of many components of the immune 
system, including the innate and the adaptive 
immune systems [19]. although progress has 
been made in understanding immune responses 
against Salmonella infections, further research is 
needed to understand the complete roles of hu-
moral and cell-mediated immunity because until 
now, no consistent pattern has been observed. 
Pathogenic bacteria have evolved mechanisms 
to invade the epithelial cell barrier and survive 
within host tissues. Salmonella maintains genes 
organized within pathogenicity islands that en-
code virulence factors that allow adherence, 
invasion, and dissemination in the host [20]. 

Figure 1. Salmonellosis in poultry, showing differences between host-specific and non-host-specific Salmonella.
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Toll-like receptors (TLR) are cell receptors 
that recognize structural motifs on pathogens 
and initiate signaling cascades controlling the 
development of innate immune response [21]. 
These receptors contribute to host resistance to 
microbial pathogens and can drive the evolution 
of virulence mechanisms [22] and can promote 
adaptive immunity through control of dendritic 
cell maturation [23]. The consequences of Sal-
monella infection on the expression of the dif-
ferent TlR, and particularly TlR4, have been 
widely studied [24].

Salmonella Gallinarum does not induce an in-
flammatory response and may not be limited by 
the immune system, leading to severe systemic 
disease [25]. invasion of Salmonella Gallinarum 
results in little or no production of il-6, suggest-
ing that the pathogenesis and host specificity of 
Salmonella Gallinarum infection in the chicken 
may be related, to some extent, to the lack of an 
inflammatory response in the early stages of the 
infection in the gut [25].

Chickens infected with enteric Salmonella 
serovars show high levels of specific antibodies, 
a T-cell response, cytokines, and chemokines. 
Within cell populations, their function can be 
further discriminated by the presence of cel-
lular determinants, such Cd4+ (T helper cells) 
and Cd8+ (T cytotoxic cells), which are asso-
ciated with helper and cytotoxic functions, re-
spectively [26]. The local immune response in 
the gut has been shown to be more effectively 
involved in the clearance of Salmonella enter-
itidis from the gastrointestinal tract than in the 
systemic response [27]. an important role of 
local cell-mediated immunity in the defense of 
chickens against Salmonella exposure has been 
suggested [28], describing that modifications of 
T-cell populations, especially Cd8+TcR1+(γδ) 
cells (T-cell receptor-bearing cells) in ceca, oc-
cur a few days after the inoculation of 1-d-old 
chickens with the serovar Typhimurium.

it has been suggested that intestinal secretory 
iga (SIgA) responses partially contribute to the 

Figure 2. Immune responses when using an inactivated or live Salmonella vaccine. Th = T helper cells; SG 9R = 
Salmonella Gallinarum 9 rough strain; APC = antigen-presenting cells; MHC = major histocompatibility complex; 
TLR5 = Toll-like receptor 5.
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later elimination of Salmonella enteritidis from 
the gut, and the humoral systemic and local im-
mune responses seem to be related to the cecal 
colonization [29]. Cell-mediated immunity is 
responsible for tissue clearance, but how this 
mechanism could be responsible for intestinal 
clearance remains unclear [30]. The role of T-
cell responses in the clearance of enteric sal-
monellae has not been proven. However, in the 
absence of an essential role for B cells (bursa-
derived cells) and with faster clearance of in-
fection as a secondary challenge, the responses 
are likely to be important evidence of immune 
memory [31].

in recent studies of cytokine and chemokine 
expression in vitro, previous work has been 
confirmed, showing that paratyphoid species 
stimulate significant mRna expression levels 
of proinflammatory il-6, inducible nitric oxide 
synthase, and chemokines [32]. it was suggested 
that host gene expression and differences be-
tween chicken lines in host responses toward the 
Salmonella infection are host dependent [33].

it is interesting that Berndt et al. [34] evalu-
ated the chicken cecum immune response and 
reported that low quantities of enteric bacteria 
were present inside the macrophages. Therefore, 
paratyphoid Salmonella serovars can enter and 
invade the cecal mucosa, affecting the level and 

character of the immune response. The expres-
sion of IL-12, IL-18, tumor necrosis factor α, 
and inducible nitric oxide synthase in the cecum 
was correlated with the invasiveness of serovars 
in the lamina propria. in contrast, il-2 mRna 
expression and changes in the numbers of T-cell 
receptor 2 and Cd4+ cells seem to be more de-
pendent on the infection of intestinal epithelial 
cells [34]. Crhanova et al. [24] found that chick-
ens respond to natural colonization of cecum 
by an increased expression of il-8 and il-17 
in the first week of life. These authors reported 
that chickens infected with Salmonella enteriti-
dis before, during, and after the il-8 and il-17 
induction responded through Th1 (T helper cell 
subset 1) inducing il-8 and il-17, whereas birds 
infected after this point responded more through 
the Th17 (T helper cell subset 17) branch of the 
immune response. Therefore, the gut microbiota 
and expression of some cytokines increase the 
resistance to Salmonella enteritidis infection.

VACCINES AGAINST SALMONELLA: 
IMMUNE MECHANISMS  

OF PROTECTION

The regulation and effectiveness of the avian 
acquired immune response is comparable with 
that in mammals [35]. For a better understand-

Table 2. Salmonella strain vaccines in poultry 

Salmonella serotype Strain vaccine Reference

Salmonella Gallinarum Semirough lipopolysaccharide structure [100]
aroA mutant [101]
nuoG mutant [102]
crp mutant [103]
metC mutant [104]
cobS and cbiA mutants [105]

Salmonella enteritidis auxotrophic double-marker mutant (chemical mutagenesis) [106, 107]
Metabolic drift mutation [45]
aroA mutant [108, 109]
outer membrane protein (ompR) [110, 111]
iron restricted [112]
Temperature-sensitive spontaneous mutant [9]
cya crp mutants [113]

Salmonella Typhimurium auxotrophic double-marker mutant (chemical mutagenesis) [106, 107]
Metabolic drift mutants [45]
aroA mutant [114]
galE mutant [115]
dam mutant [116]
phoP rpoS double deletion [117]
cya crp mutants [118]
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ing of these mechanisms, an extensive review of 
vaccines, protection, and the immune dynamics 
of the avian digestive system is available [15, 
36]. in chickens, vaccines should prevent intes-
tinal and cecal colonization, resulting in dimin-
ished fecal shedding, and should be effective 
against systemic infection, preventing vertical 
transmission and egg contamination. vaccina-
tions with either inactivated or live products 
have been applied to reduce the susceptibility 
of poultry to Salmonella infections [37]. Both 
inactivated and live vaccines are used to protect 
against Salmonella challenge; however, killed 
products increase humoral immunity and reduce 
Salmonella prevalence but do not significantly 
decrease Salmonella in the farm environment 
[38].

vaccines based on dead Salmonella bacteria 
have been used to protect poultry and their prog-
eny against field challenges. However, there are 
2 remaining problems with these products when 
they are administered parenterally. They fail to 
elicit a cell-mediated immune response, which 
is considered the most important for clearing 
the intracellular pathogen [39], and they do not 
stimulate Siga responses at mucosal surfaces, 
which is the key for protection against intestinal 
colonization [9]. Figure 2 shows the steps in the 
immune response of an immune system activa-
tion using dead Salmonella bacteria.

live and attenuated vaccines have been used 
worldwide, and their efficacy has been demon-
strated in challenge trials [40, 41]. The objective 
in using a live attenuated vaccine should be to 
reduce the bacterial virulence while maintain-
ing its immunogenicity. attenuation frequently 
involves the mutation of genes encoding meta-
bolic enzymes or the deletion of essential viru-
lence factors. The inactivation of the metabolic 
gene has the advantage that the bacteria still 
express virulence determinants that play a key 
role in eliciting a protective immune response 
[42]. The intestinal epithelial surface is a physi-
cal barrier and represents the key in controlling 
the gut immune response to antigens delivered 
by oral administration.

it is important to evaluate the behavior of the 
attenuated bacteria strains in the environment, 
focusing on the attenuated strain obtained by 
gene deletions, because they can acquire genes 

from other microorganisms and recover their 
virulence. The Salmonella Gallinarum 9 rough 
strain (SG 9R) vaccine strain still results in sys-
temic disease, with pathology in the liver and 
spleen, and bacteria persist for several weeks 
at these sites [43]. a lipopolysaccharide defect 
may be one of the major mechanisms of SG 9R 
attenuation [44], but this defect could induce 
partial recognition by Toll-like receptor (TLR) 
4. Possession of intact SPi-2 (Salmonella patho-
genicity island 2) and spv (Salmonella plasmid 
virulence) C, B, A, and R virulence genes may 
be associated with residual SG 9R virulence 
[44] Mutations should be introduced to increase 
safety by reducing the risk of reversion [45].

vaccines should establish a long-lasting im-
munity by manipulating the cytokine milieu to 
induce the appropriate effector mechanisms for 
each particular pathogen and by creating a large 
pool of long-lived memory cells [46]. vaccines 
used in poultry against Salmonella infections 
have been effective, but they were empirically 
designed and are not based on detailed infor-
mation about the immune responses of protec-
tion because efficacy is frequently evaluated in 
challenge trials. Table 2 shows some of the most 
important host-specific and non-host-specific 
strains that are tested as vaccine candidates in 
poultry.

an important difference must be established 
in Salmonella attenuated vaccines regarding the 
immune response, and that is the administration 
route. Parenteral vaccines stimulate a strong 
humoral response, whereas oral live attenuated 
vaccines generate both mucosal and systemic 
immunity [47, 48], as shown in Figure 2. Muco-
sal memory T-cell phenotypes differ substantial-
ly depending on the regimen of immunization, 
with a secondary response resulting in prefer-
ential accumulation of memory T cells in the 
lamina propria after mucosal vaccination [14].

The first step in initiating an immune re-
sponse in the gut surface by oral vaccines is 
based on the signals sent by receptors for patho-
gen-associated molecular patterns via pathogen 
recognition receptors such as TlR. The TlR in 
chickens are very similar to those in mammals; 
however, some differences in recognition pat-
terns related to TlR5, which recognize flagel-
lin, are observed in host-specific and non-host-
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specific Salmonella strains [49]. in response to 
the flagellin lamina propria dendritic cell, the 
differentiation of naïve B cells into iga plasma 
cells occurs via a mechanism that is independent 
of the gut-associated lymphoid tissue [50]. Rec-
ognition of Salmonella Typhimurium is largely 
mediated by TlR2, TlR4, and TlR5 [51, 52], 
and TlR9 is involved in regulating the replica-
tion of the bacterium. lipopolysaccharide of 
Salmonella is recognized by TlR4 expressed at 
the surface of the immune cells and in the cy-
toplasm of intestinal epithelial cells [24]. The 
second step in the immune response is related to 
the ability of the antigen to cross the epithelial 
barrier and to be presented to antigen-presenting 
cells, especially dendritic cells. Mucosal den-
dritic cells play a central role in the induction 
of protective immunity against invasive patho-
gens. Unique dendritic cell subsets are respon-
sible for antigen presentation after mucosal vac-
cination [53]. in the chicken, multiple lymphoid 
follicles exist, and they are made up of B cells 

embedded in a network of follicular dendritic 
cells [54]. The chicken epithelial barrier can be 
crossed using 3 mechanisms: endocytosis in the 
intestinal epithelial cells, transcytosis crossing 
M cells (microfold cells), and directly through 
the intraepithelial lymphocytes. The third step 
in the immune response produced by oral vac-
cines is the processing by the dendritic cells and 
the presentation to the T cells. dendritic cells 
in the gut can be activated by epithelial cells, 
which produce cytokines based on the invasive-
ness of the bacteria, and directly by noninvasive 
bacteria [55]. Salmonella vaccines administered 
orally must induce Th1 and Th2 (T helper cell 
subset 2) responses, stimulating cell-mediated 
immunity and B-cell activation to produce Siga 
(Figure 3), which blocks the attachment of the 
bacteria to mucosal surfaces. To achieve protec-
tion, it is important that memory cells are gener-
ated in sufficient numbers and persist as a func-
tional long-lived population [46]. according 
to some authors, it would seem crucial that the 

Figure 3. Mucosal immune response after oral attenuated live Salmonella vaccine administration. Th1 = T helper 
cell subset 1; MHC = major histocompatibility complex. Color version available in the online PDF.
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vaccine strains retain the capacity of invasive-
ness to stimulate sufficient immunity to be pro-
tective [15, 56]. However, the immune response 
in the intestinal mucosa has revealed new pos-
sibilities because oral antigens induce effector 
and memory cells that express certain receptors 
only on lymphocytes of intestinal mucosa [20]. 
These cells might be exploited to develop new 
live attenuated vaccines, inducing a broad reper-
toire of immune responses against intracellular 
pathogens [57].

CONCLUSIONS AND APPLICATIONS
 1.  vaccines against Salmonella infections 

in chickens and other food-producing 
animals require protection at both the lo-
cal and systemic levels. The ideal prod-
uct should be administered via drinking 
water to mimic natural infection and 
stimulate both the mucosal and systemic 
immune responses.

 2.  vaccination is becoming the best way 
to prevent these bacteria in food ani-
mals. Chicks should be vaccinated in the 
hatchery or at hatch, obtaining protec-
tion against Salmonella field challenges 
in the first weeks of life.

 3.  The additional advantage of oral admin-
istration in poultry production is sup-
ported by the fact that oral vaccination 
also contributes to the quality assurance 
programs related to animal welfare and 
decreases the vaccination cost factor.

 4.  Multivalent vaccines might be con-
structed based on the knowledge of Sal-
monella interactions with specific hosts 
because the expression and virulence of 
each strain depends on the host.

 5.  Further research is needed to evaluate 
immunological interactions among the 
host and Salmonella, avoiding empirical 
methods in developing new vaccines and 
investigating ways to prevent the infec-
tion. new design and delivery strategies 
for eliciting mucosal and systemic im-
mune responses are needed to develop 
more efficacious vaccines against Sal-
monella for preventing infection in poul-
try and contamination in poultry prod-
ucts.
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