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Salmonellosis in the United States is one of the most costly foodborne diseases. Given that Salmonella can originate from a wide
variety of environments, reduction of this organism at all stages of poultry production is critical. Salmonella species can encounter
various environmental stress conditions which can dramatically influence their survival and colonization. Current knowledge of
Salmonella speciesmetabolism and physiology in relation to colonization is traditionally based on studies conducted primarily with
tissue culture and animal infectionmodels. Consequently, while there is some information about environmental signals that control
Salmonella growth and colonization, much still remains unknown. Genetic tools for comprehensive functional genomic analysis of
Salmonella offer new opportunities for not only achieving a better understanding of Salmonella pathogens but also designing more
effective intervention strategies. Now the function(s) of each single gene in the Salmonella genome can be directly assessed and
previously unknown genetic factors that are required for Salmonella growth and survival in the poultry production cycle can be
elucidated. In particular, delineating the host-pathogen relationships involving Salmonella is becoming very helpful for identifying
optimal targeted gene mutagenesis strategies to generate improved vaccine strains.This represents an opportunity for development
of novel vaccine approaches for limiting Salmonella establishment in early phases of poultry production. In this review, an overview
of Salmonella issues in poultry, a general description of functional genomic technologies, and their specific application to poultry
vaccine developments are discussed.

1. Introduction

Salmonella induced gastroenteritis is the result of consump-
tion of contaminated food and subsequent local infection in
the gastrointestinal tract leading to symptoms of diarrhea,
abdominal pain, and fever within 12 to 72 hours that can
persist up to a week and in rare cases become fatal [1].
Salmonella infections are the leading cause of hospitalizations
and deaths due to foodborne illness [2, 3]. Consequently,
foodborne disease resulting from exposure to serovars of
Salmonella continues to be a major human health concern
resulting in billions of dollars in annual costs [3]. Salmonella
comes in contact with food production and preparation from
a wide range of sources including animal and pet feed,
during food processing, at retail establishments and in the
homeduringmeal preparation [1, 4–12]. Salmonellosis occurs
worldwide and can originate from a wide range of raw food

vehicles includingmost animal redmeat, swine, poultry, eggs,
vegetables, and produce as well as ready-to-eat foods [7, 12–
21]. Of these food sources, raw poultry products and eggs
are considered a primary contributor to human exposure to
foodborne Salmonella serovars with numerous salmonellosis
cases attributed to these sources [2, 17, 18, 20–22].

Enteric or typhoid fever in humans occurs from water-
borne exposure to serovars S. Typhi and Paratyphi, while sev-
eral of the other S. enterica serovars are responsible for food-
borne nontyphoidal salmonellosis [1]. Several Salmonella
serovars have been associated with nontyphoidal human
illness, but Salmonella enterica serovar Typhimurium along
with S. Enteritidis, S. Newport, and S. Heidelberg have been
the most commonly associated serovars with documented
outbreaks [18, 20]. In outbreaks directly linked to poultry
S. Typhimurium and S. Enteritidis have been the most
commonly identified serovars [20].
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Salmonella serovars are able to survive under various
niches ranging from diverse animal hosts, fruits, and vegeta-
bles to various livestock and food production environments;
this ability has made the control of Salmonella colonization
and transmission difficult [7–9, 14].The important character-
istics of these serovars are that they can be harbored subclin-
ically in livestock and poultry as asymptomatic commensal
microorganisms, persist in the environment for long periods
of time, and are thus difficult to control in the absence of
a detailed knowledge of these organisms in that particular
niche [7, 17, 18, 23]. Awide variety of experimental techniques
and strategies have been applied to develop the level of
understanding of the ability of Salmonella to survive and cross
contaminate multiple environments. Bacterial characteristics
required for being able to exist in these environments have
been studied extensively with a combination of laboratory
and animal infection models. However, the availability of
molecular technologies including sequencing and targeted
mutagenesis has enabled the development of comprehen-
sive functional genomics-based approaches to delineate the
genetic requirements for Salmonella colonization, infec-
tion, and survival under environmental conditions that the
microorganism is exposed to. The development and appli-
cation of such novel functional genomics tools may reveal
previously unknown vulnerabilities that can be explored
to develop novel interventions and break the Salmonella
transmission chain [24]. The objectives of this review are
to discuss Salmonella occurrence in poultry production and
the wide range of experimental methods that have been
historically applied to understanding how Salmonella persists
in poultry. The remainder of the review will be focused
on more recent developments in functional genomics and
their potential for general application to interventions and
specific vaccine construction strategies to limit Salmonella
establishment in poultry production.

2. Salmonella in Broiler and Egg Production

2.1. Postharvest Contamination Routes: BroilerMeat. Salmonella
contamination in poultry production continues to be an
ongoing problem both in laying hens and in broiler produc-
tion [1, 20–22]. In broiler meat processing, multiple mechan-
ical steps are involved in converting a live bird into a chicken
carcass including scalding and subsequent removal of feath-
ers, evisceration of intestinal organs, and eventual immersion
in a chiller tank.There are a variety of opportunities for intro-
duction and subsequent cross contamination of Salmonella
spp. during poultry processing and these have been dis-
cussed in detail in previous comprehensive reviews [10, 19].
However, a number of factors contribute to the difficulties
associated with establishing consistent patterns of frequency
and prevalence of Salmonella in these environments and on
the carcasses themselves. For example, there may not only be
differences in the frequency of Salmonella on carcasses but
attachment sites on the carcass may also be variable which
in turn could influence recovery when carcasses are rinsed
for microbial analyses [25–27]. Early work suggested that
prolonged immersion of chicken carcasses tended to enhance
attachment of Salmonella [28–30]. In followup studies,

Lillard [30] demonstrated that prolonged water immersion of
chicken skin enhanced transfer of Salmonella from the sur-
face film outside the skin into the skin. Specific mechanisms
had been proposed as being involved in bacterial attachment
such as the presence of flagella and fimbrae, electrostatic
attraction, or uptake of water but over time these were
ruled out as primary mechanisms for Salmonella attachment
[27–29, 31–34]. Based on several studies utilizing electron
microscopy to examine chicken carcass tissue topography
[32, 34–36] it was concluded by Lillard [27, 34] that some
Salmonella may in fact become lodged in the crevices and
ridges of poultry skin and thus are not only protected to some
extent from application of disinfectants but less recoverable
for detection based on carcass rinse sampling methods [25–
27]. In addition, after conducting multiple carcass rinses
during various stages of processing, Lillard [26, 27] concluded
that bacteria become firmly attached to carcasses prior to the
birds being processed. More recently, approaches such as on-
line reprocessing involving inside-outside bird washers have
been shown to be very efficient in removing pathogens from
carcasses and have been incorporated into U.S. Food Safety
and Inspection Service policy [20, 37].

Based on the difficulty of removal of Salmonella from
carcass surfaces, Lillard [27] suggested that while process-
ing interventions can reduce cross contamination, further
reduction of Salmonella carcass contamination in individual
birds may require interventions during live bird production.
However, part of the problem associated with assessment
of postharvest contribution to contamination is that the
preharvest origins of Salmonella can be fairly varied with
primary sources being the fecal and alimentary tract contents
(crop, cecal, and intestines) which in turn can contaminate
the carcass during processing, particularly if one of the
organs ruptures at some point [38–40]. Implementation of
feed withdrawal prior to transportation to the processing
plant was initiated as a means to decrease the total volume
of the alimentary tract including contents thus reduce fecal
contamination on carcasses, but this can lead to increases
of Salmonella in the crops of chickens and potential for
increased contamination at the processing plant [38–40].This
has been difficult to establish for a variety of reasons. First
of all, most of the data that are generated from these types
of samples are more along the lines of prevalence rather
than quantitative estimations of resident populations [10].
In addition, the linkages between farm contaminations and
processing plant levels are not well established and only
recently have in-depth enumeration studies been conducted
that have established a positive correlation between farm
environmental levels of Salmonella and contamination at the
processing plant [41]. However, as these authors [41] pointed
out, this relationship decreased significantly as carcasses
progressed through the processing plant with only 2.4% of
the postchill carcasses positive for Salmonella. Such studies
suggest that there is clearly a need to construct larger
comprehensive data sets that rely not only on quantitation
of Salmonella populations during the various phases of
processing but more detailed characterization of the serovars
involved. This will become more critical as regulatory and
economic pressures continue to build towards lowering
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acceptable levels of Salmonella on chicken products [42].
Although improvements in molecular detection technolo-
gies have certainly benefited from advances in Salmonella
genomics and sequence information, fundamental problems
of cost, sampling, sensitivity, and practicality for routine
analysis remain as barriers for implementation [10, 16, 27, 43–
46]. However, if more precise salmonellosis attributable to
poultry or any other food source is to be achieved these
barriers will need to be overcome [10, 16].

2.2. Postharvest Contamination Routes: Eggs. While routes
for S. Enteritidis contamination of table eggs have also
been extensively documented in numerous reviews there
is evidence that other serovars are associated with eggs as
well [21, 23, 47–50]. Likewise, the majority of the focus on
Salmonella contamination in eggs has focused on transo-
varian vertical infection mostly by serovar Enteritidis of
laying hens during egg production [9, 22, 23, 50–56] and
there has been less emphasis in recent times on external
shell horizontal contamination during egg processing. This
is in part due to the advancements in understanding the
mechanisms for external contamination by spoilage bacteria
and Salmonella in hatching and table eggs from fundamental
research on both types of eggs along with the subsequent
improvementsmade in table egg processing over the past half
century in the U.S. and elsewhere [21–23, 57–65].

Messens et al. [66] classified the factors associated with
Salmonella penetration through the egg shell as either intrin-
sic (presence of cuticle on egg, shell quality, and membrane
characteristics) or extrinsic (exposure to bacterial levels and
types, and physical treatment of eggs such as temperature,
moisture, and storage conditions). Certainly the presence
of egg shell defects and cracks that occur either during
processing or as a result of exposure to eggwashing chemicals
is conducive to egg contamination and the associated risks
have been documented accordingly [65, 67–69].However, the
necessity for an intact cuticle which can be easily damaged
and at least partially removed during egg processing is less
clear cut although this may change now that proteomic anal-
ysis has revealed the presence of several antibacterial proteins
in the cuticle [66, 70]. As more has become known on
the impact of environmental conditions, several suggestions
have been made to design egg washing approaches that limit
available iron, maintain alkaline pH, and administer wash
waters held within a certain temperature range above the egg
temperature at all times followed by cold storage of eggs in
retail markets [22, 58, 63, 66, 71–75].These conditions appear
to be critical in commercial operations as Salmonella has been
isolated on eggs from egg processing plants when pH of the
egg wash water was less alkaline [63, 76]. However, both egg
washing and subsequent refrigeration of stored eggs are not
practiced uniformly worldwide and remain controversial in
some countries [22, 63].

Risk of Salmonella external contamination of eggs dur-
ing egg processing does still exist in the U.S. and other
developed countries. In-line egg processing facilities where
the egg processing facilities are physically connected to the
egg layer operation, off-line operations where they are not
physically connected, and mixed-line operations that include

a combination of in-line processing as well as externally
shipped in eggs have been shown in several studies to be
a source of Salmonella contamination with or without egg
washing [76–78]. In addition, numerous opportunities for
general microbial cross contamination occur in these types
of operations as the eggs move through the processing
facilities [79, 80]. In a series of studies on mixed-line and off-
line egg processing facilities, Musgrove and coworkers [78,
81] demonstrated that metal carts with unpainted plywood
shelves, commonly referred to as nest run carts could serve
as sources of microbial cross contamination.

Cross contamination can apparently occur from the
farm to the egg packing plant as well. Characterization of
Salmonella cross contamination of eggs transported from
farms to whole sale and retail markets located in North
India recovered S. Typhimurium as the predominant serovar
with a higher incidence occurring in eggs collected from
markets compared to fresh eggs from the farms [82]. This
led them to conclude that surface contamination must have
occurred during handling, storage, and transportation of the
eggs from the farms to the market [82]. This was supported
by earlier work [83] where Salmonella spp. were recovered
from egg shells, egg contents, and egg trays in South India
retail markets and these authors concluded that reused egg
trays were a potential risk for exposure to Salmonella. A
comprehensive study on Salmonella frequency in samples
collected from eggshells, egg contents, reusable egg trays, and
associated environments in Thailand egg farms and markets
suggested reusable egg trays as a potential source of hori-
zontal transmission [84]. It appears that further Salmonella
cross contamination can occur from conveyors, rollers, and
associated equipment in egg packing plants such as those
in the UK where egg washing is not practiced which would
represent additional risk to egg retail markets [77].

A final consideration is the changing nature of egg retail
markets. In a review of the current literature Holt et al.
[85] pointed out that a movement away from caged laying
house systems to enriched cage or cage free systems must
be evaluated for their impact on food safety. This would be
true for any alternative egg production systems such as free
range (hut-paddock system), cage-free, and organic based
operations that have been described in previous studies [86,
87]. Likewise with more commercial emphasis on local egg
marketing in the U.S. some of these issues will need to be
reexamined with the restrictions unique to these systems.

2.3. Preharvest Contamination Routes: Broilers. Numerous
factors contribute to continued exposure of birds to Salmonella
from the environment during the production cycle [8, 10, 88,
89]. Carriers for Salmonella during the conventional poultry
production cycle can include a wide variety of sources includ-
ing rodents and cats as well as insects which when present in
poultry houses can serve as infected or mechanical carriers
and potential sources of this pathogen to susceptible birds [5,
8, 90, 91]. Less conventional poultry production facilities such
as organic, pasture, or free range raised poultry where birds
have more outdoor exposure represent potential contact with
an even wider range of vectors and environmental sources
[92, 93]. In addition to Salmonella vectors, environmental
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transmission routes (aerosols, water) and reservoirs such as
litter and feed play a key role in this dissemination. Aerosols
in particular have been identified in several studies as a
transmission route not only in broiler and layer houses but
in hatcheries as well [94–98]. Part of the issue with these
sources is the ability of Salmonella to survive for fairly long
periods of times in some of the reservoirs that vectors and
other carriers such as aerosols carrying Salmonella come
in contact with. For example, Salmonella spp. have been
demonstrated to survive several weeks in low water activity
poultry feeds and litter [4, 6, 99–104]. As a result there is a
multitude of sustained opportunities for birds to encounter
Salmonella over fairly long time periods and some sources
such as contaminated feed and litter could impact poultry
throughout the production cycle including the breeder flocks
[6, 8, 105].

2.4. Preharvest Contamination Routes: Layer Hens. While in
broilers several serovars have been isolated, S. Enteritidis has
been the serovar most commonly associated with shell egg
production and products containing eggs as a food ingredient
[20, 21, 49, 64, 106, 107]. S. Enteritidis has continued to
persist with periodic increases and decreases in frequency
as a primary table egg associated serovar identified with
foodborne salmonellosis outbreaks [49, 108, 109]. Although
other serovars such as S. Typhimurium and S. Heidelberg
have been identified with egg contamination, S. Enteritidis
has received most of the research attention because it appears
to possess unique traits that make it particularly trophic
towards physiological processes and reproductive tissues
associated with the generation of the shell egg in the laying
hen [21, 22, 48, 49, 53, 56, 64]. Consequently considerable
effort has been made to document and describe the role
that preharvest egg production plays in the generation of
contaminated eggs and how this impacts commercial egg
production.

A brief assessment of the routes of exposure of laying hens
to S. Enteritidis during egg production is warranted to help
understand the apparent association between this particular
serovar and table eggs. While laying hen susceptibility to S.
Enteritidis varies with age and physiological status, there are
numerous opportunities for these birds to become exposed
to S. Enteritidis not only during the egg laying cycle, but also
prior to that during the growth and maturing of the laying
hen from hatch onwards [48, 50–56]. This is in part due to
ongoing environmental exposure, housing, and presence of
numerous vectors well known for carrying S. Enteritidis such
as insects, mice, rats, and other persistent pests in laying
houses [8, 22, 85, 110–115]. In addition, poultry feed has
been speculated over the years to be an important source for
Salmonella spp. exposure to chickens at various stages of live
production including breeder flocks [4, 6, 105–121]. Conse-
quently, interest in more rapid detectionmethods specifically
suitable for poultry feed matrices that can not only detect
Salmonella spp. but potentially quantitate population levels
have continued to be pursued over a number of years [24, 46,
105, 122–127].

Nutritional management of laying hens during egg pro-
duction can also be a major contributor to risk of exposure

of susceptible birds to S. Enteritidis. Although it varies
somewhat depending upon the balance between the price
of eggs and the costs associated with egg production, egg
laying flocks in the U.S. typically are maintained for more
than one egg laying cycle [50, 128–132]. In order to initiate
an additional egg laying cycle, laying hen egg production
is terminated by physiologically inducing a molt onto the
hens giving the reproductive tract a resting period where
eggs are no longer produced and the reproductive tract is
essentially dormant followed by a restart of egg production
[129, 130].These physiological changes that occur duringmolt
are manifested not only in the reproductive tract but also in
feathers as a changeover, alteration of bonemetabolismdue to
fluctuations in calciumdemand, and shifts inmetabolism and
immune responses that have been described in comprehen-
sive detail in several reviews and will not be discussed further
here [50, 130–134]. To achieve management controlled egg
production by physiological manipulation of the reproduc-
tive tract in laying hens is usually done via alteration of the
nutritional status and lighting schedule of the bird to cause
overall physiological and hormonal shifts that signal a need
to rest egg synthesis [130, 133, 135, 136].

Historically, molting was induced by simply removing
all feed from the laying hen for a period of time until egg
production was stopped for several days and subsequently
egg production was restarted by bringing feed back to the
hens [129, 130, 137]. Although this approach was a very
effective means for providing the appropriate signals to the
bird to physiologically respond and cease egg production,
the emptying of the gastrointestinal tract in these birds was
demonstrated in experimental challenge studies to cause
them to be susceptible to colonization and infection by S.
Enteritidis [54–56]. In this series of experimental challenge
trials it was well documented that birds undergoing feed
withdrawal after just a few days were easily colonized by S.
Enteritidis and extensive organ invasion occurred including
the ovaries [9, 56, 138]. Further investigation revealed that
the conditions of the empty gastrointestinal tract and ceca
were conducive to increased expression of S. Enteritidis vir-
ulence genes which aligned with increased host invasion and
decreased fermentation activity and in some cases reduced
levels of indigenous gastrointestinal tract bacteria [9, 56,
138–140]. Due to animal welfare concerns, feed withdrawal
molting is not allowed in the UK and Europe [137]. More
recently in the USA, the United Egg Producers (UEP) no
longer permit feed withdrawal molting and the UEP has
led the effort to develop alternative molting approaches that
do not involve complete removal of feed [137]. This will be
discussed in a later section.

3. Interventions to Limit Salmonella
Establishment in Poultry Production

3.1. Postharvest Interventions. Historically, much of the
emphasis for limiting Salmonella contamination in poultry
production resided in identification and management of
poultry processing plant sites wheremicrobial contamination
wasmost likely to occur as well as application of interventions
during the various stages of processing. Hazard Analysis of
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Critical Control Points (HACCP) programs were designed
and implemented to systematically identify critical control
points where microbial contamination occurs during pro-
cessing and subsequently prevent and control that contam-
ination to reduce foodborne pathogen risk associated with
raw poultry product [141]. Since that time, considerable effort
has been continued to refine hazard identification in the
context of risk assessment of likelihood of exposure from
consumption of food product and level of disease attributable
to the foodborne pathogen [11, 142]. Specific targets identified
as important contributors to risk have included the level of
fecal contaminationwhich in turn led to concerted regulatory
efforts to encourage and implement approaches for reducing
the level of fecal contamination on carcasses [37].

During postharvest poultry production there is poten-
tial for variable survival and physiological responses of
Salmonella spp. to environmental conditions that are both
inherent with the processing plant as well as via various
antimicrobial interventions applied during processing. Cer-
tain antimicrobials such as short-chained organic acid based
compounds are known to elicit tolerance mechanisms in
Salmonella spp. if they have been exposed to sublethal con-
centrations [143, 144]. Organic acid resistance in Salmonella
spp. can also lead to cross protection and subsequent resis-
tance to other antimicrobial compounds [145]. This becomes
more of a challenge in organic poultry processing where
only a limited range of antimicrobials are approved for
use [146, 147]. Consequently, systems incorporating multiple
antimicrobials also known as “multiple hurdle” approaches
have been proposed to prevent buildup of resistance in
pathogens to one particular antimicrobial [148–150]. Theo-
retically, this has been believed to be an optimal approach but
it remains unclear how to routinely design such approaches
to work in a multitude of environments. Part of the problem
is assessing what levels of antimicrobial exposure actually
occurs in the environment.Therefore, even though numerous
laboratory-based studies have demonstrated the potential
for resistance development, it is much more difficult to
determine how much development of certain antimicrobial
resistances occurs under processing plant conditions.

It isanticipatedthatasmoremolecularprofilingof Salmonella
responses are conducted experimentally there will be oppor-
tunities to further elucidate mechanisms that contribute to
the ability of Salmonella to persist in processed poultry and
poultry processing environments [24, 150]. For example,
transcriptomic work involving S. Typhimurium microarrays
has revealed that combinations of thermal and organic acids
are synergistic in inhibiting Salmonella and may involve
membrane damage followed by the inability of Salmonella to
mount a heat shock response [151, 152]. Chemical composi-
tion of the food matrix may also be important. Chalova et
al. [153] demonstrated that the formation of specific Maillard
products in a simulated low water activity environment
generated a transcriptomic response in S. Typhimurium that
reflected bacterial cells experiencing starvation conditions.
However, using molecular genomic screening methodology
directly on surfaces such as chicken carcass surfaces remains
problematic due to the difficulty of extracting enough nucleic
acid material for conducting the analyses [154].

For postharvest interventions on shell egg production,
efforts have mostly been focused on elimination of microbial
and Salmonella contamination on the shell surfaces of eggs.
Interventions have typically involved the application either as
a spray, dip or in some cases as a foam in combination with
some type of chemical sanitizer candidate that is known to
possess antimicrobial properties. While there is considerable
overlap between the choices of sanitizers used for hatching
eggs versus table shell eggs, the evaluation criteria for accept-
ability differ with impact on mortality and hatchability being
critical for hatching eggs, whereas table eggs are destined
for human consumption and therefore any sanitizer used for
these types of eggs must meet those standards. Historically, a
wide range of chemical-based sanitizers have been screened
for efficacy as potential control measures to limit Salmonella
and microbial contamination of both table and hatching
egg shell surfaces [21, 155, 156]. Although an incomplete
list, sanitizer chemicals that have been screened as egg
disinfectants over the years have included such compounds as
cetylpyridinium chloride, chlorine, chlorine dioxide, hydro-
gen peroxide, n-alkyl dimethyl benzyl ammonium chlo-
ride, peroxyacetic acid, phenol, polyhexamethylenebiguanide
hydrochloride, sodium hypochlorite, quaternary ammonium
compounds, and trisodium phosphate just to name a few that
have been experimentally tested [21, 22, 63, 67, 155–160].

As additional emphasis has been placed on limit-
ing microbial and pathogen contamination on shell eggs,
research efforts have become focused on potential alterna-
tives that may offer unique mechanisms to achieve efficacy.
More novel sanitizer approaches that may serve as poten-
tial control agents for reducing microbial and Salmonella
populations on shell and hatching eggs include electrolyzed
oxidized water solutions, peroxidase catalyzed sanitizers that
generate bactericidal levels of iodine, chitosan-based egg shell
coatings, and application of plant-derived antimicrobials
[161–172]. Nonchemical-based interventions have focused on
approaches such as exposure of intact table and hatching
eggs to ultraviolet light irradiation, ozone, pulsed light,
and gas plasma [22, 173–180]. Interest has also grown in
applying biologically active agents that can, not only directly
and specifically interact with the target pathogen such as
Salmonella, but also completely eliminate the organism.
Bacteriophages, historically, were considered an effective
antimicrobial against most pathogenic bacteria and renewed
interest has emerged as conventional antimicrobials have
fallen out of favor in the public health sector. Bacterio-
phages are essentially viral particles capable of attaching
and inserting their nucleic acid information into the bac-
terial cell via a series of proteins specifically designed to
accomplish this multistep process. Once the viral genetic
material has entered the bacterial cells they insert phage
DNA into the bacterial chromosome ultimately using the
bacterial replication mechanisms to produce multiple copies
of the phage for further replication, subsequent lysis of the
bacterial cell, and infection of neighboring bacterial cells.
Obviously this ability of an antimicrobial agent to replicate
and ultimately destroy a bacterial population offers numerous
opportunities for practical application in the food industry.
For use in eggs to limit Salmonella contamination, lytic
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S. Enteritidis bacteriophage single isolates or cocktails of
several isolates have beenmostly applied to fresh table eggs to
eliminate the presence of the pathogen or administered in the
gastrointestinal tract of young chicks to reduce colonization
by this pathogen but some researchers have also examined
the possibility of using bacteriophage to reduce S. Enteritidis
in fertile eggs [181–186]. However, limits to this approach
remain including the specificity of the bacteriophage to a
fairly narrowgenetic range of serovars and the inherent ability
of the host bacterial cell to develop resistance to a respective
phage which can become problematic with continued use.

Ultimately, developing more effective postharvest control
measures for egg processing and Salmonella contamination
will depend on achieving a better understanding of the
interactions between Salmonella spp. and their association
with the egg structure and composition. A few limited studies
have been conducted to identify potential Salmonella genes
that might be directly involved in shell egg contamination.
Kwon et al. [187] using a transposon Tn5-based footprinting
was able to identify several S. Typhimurium mutants that
were unable to survive on the surface of shell eggs after
incubation at 37∘C for 24 hr. Lu et al. [188] screened a
genomic S. Enteritidis library and isolated the yafD gene
which appeared to impart enhanced survivability in the egg
albumen. Although unable to define yafD’s function they
speculated that its putative protein sequence similarity to
known exonuclease-endonuclease-phosphatase enzyme fam-
ilies may enable S. Enteritidis to repair DNA after exposure to
the egg albumen nucleases. More recently, Shah et al. [189]
screened a S. Enteritidis transposon insertion library and
noted that mutants that had reduced invasiveness in Caco-
2 mammalian cells also exhibited diminished survivability in
egg albumen.

Clearly, more studies need to be done to develop a more
complete picture of not only the mechanisms involved in S.
Enteritidis penetration and survival in shell eggs but to estab-
lish the sequence of events that occur during this process.
Now that proteomics-based methods are being used to study
components of the egg such as the cuticle as discussed earlier,
the possibility to expand this type of approach to changes that
occur during exposure of shell eggs to bacterial pathogens
may reveal unique interactions that occur between the egg
and the respective pathogen. This may help to develop better
control measures as well as predicting when contamination
is more likely to occur. This could be important for further
assessing risk. Much of the risk modeling that has been done,
thus far, has identified terminal egg product processes such as
rapid cooling and liquid whole egg pasteurization as having
a major impact on substantially reducing the outbreaks
associated with S. Enteritidis contaminated eggs [190, 191].
However, asmore detailed biological information is obtained,
the possibility exists of deriving more comprehensive risk
models that can be used to predict and factor in when and
how much Salmonella contamination may occur during egg
production and processing.

3.2. Preharvest Interventions. The exposure of chickens dur-
ing egg production and broiler grower cycles to Salmonella
is considered to be quite complex since the susceptibility

of birds to Salmonella infection varies over the course of
the production cycle thus altering the infectious dose of
Salmonella in exposed birds. More specifically, it is fairly
well established that young newly hatched birds that have
minimally developed gastrointestinal tract microflora are
highly susceptible to colonization and infection by Salmonella
in low numbers [192–195]. Given the vulnerability of young
chicks, it is not surprising that many of the preharvest
intervention approaches have focused on minimizing their
exposure. For example, numerous control measures have
been suggested for poultry feeds over the years including
acids and other antimicrobial additives that can be directly
added into the feed as well as physical processing such
as irradiation and thermal exposure [6, 118, 119, 144, 196–
198]. Ensuring Salmonella free-feed would be considered a
fairly expensive avenue in general broiler and layer flock
populations but might make economic sense at more critical
junctures of vertically integrated poultry production such as
the breeder and parent stocks [105].

Interventions administered to chicks soon after hatch
have also been used as a rationale for introduction of
probiotics and competitive exclusion cultures to accelerate
development of gastrointestinal tract microflora that might
serve as a barrier to Salmonella establishment [199–208]. Pro-
biotic cultures have been examined in numerous studies for
control and prevention of Salmonella establishment in poul-
try and the development of these cultures has been reviewed
extensively elsewhere and will only be briefly discussed here
[204, 206–210]. As expected, most of the focus in poultry
was historically on administration of cultures in young newly
hatched broiler chickens to limit S. Typhimurium [201, 203,
211–214]. In general, probiotic cultures appear to be effective
for S. Typhimurium although other serovars have not been
examined nearly as extensively. However, some of these same
types of cultures and approaches do appear to be effective in
limiting S. Enteritidis colonization in either broiler or layer
chicks [202, 215–219]. As probiotic cultures have evolved,
the trend has moved away from the more complex multi-
bacterial species based probiotic cultures to simpler single
species-based approaches that have been shown to be easier
to administer commercially and more robust for practical
management purposes. In particular, Bacillus spore-based
probiotic cultures have recently become attractive due to their
potential ability to withstand heat processing associated with
feed preparation [208].

However, under certain circumstances adult birds can
become easily infected as well. For example, as discussed
earlier, when egg laying hens were induced to molt via com-
plete removal of feed over several days, this was eventually
demonstrated to be problematic for enhancing coloniza-
tion of S. Enteritidis [56]. The concept that the resulting
changes in the layer hen gastrointestinal tract from feed
removal altered the microbial gastrointestinal tract ecology
sufficiently that the birds were more systemically infected
by S. Enteritidis intuitively led to the idea that retaining
some sort of fermentable matrix in the gut lumen might
prevent this [56, 131, 138, 220]. Consequently, a series of
studies demonstrated that decreased colonization occurs only
when some sort of molt feed mixture or dietary supplement
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was provided to sufficiently support the fermentative gas-
trointestinal tract population [9, 56, 131, 135–140, 221–225].
It was concluded that formulating a nutritional balance in
the laying hen diet between providing sufficient substrates
for the gastrointestinal microflora but still physiologically
shift the hen into a reproductive resting state was necessary.
This, in turn, led to the development of a multitude of
dietary strategies that would still induce an effective molt
but retain sufficient gastrointestinal microbial activity [50,
56, 131]. Dietary approaches that limited S. Enteritidis and
induced molt have been described and discussed extensively
elsewhere but typically included manipulation of nutrient
content, alterations in mineral content such as addition
of zinc, or increasing the level of fiber in the diet using
ingredients such as alfalfa alone or in some cases combined
with prebiotics or lactose [50, 55, 56, 130–132, 135, 136, 139,
140, 220, 222, 224–230]. Ultimately, these dietary strategies
were attempts to target the hen physiologically while avoiding
extensive disruption of the gastrointestinal microflora.

In summary, there are a variety of strategies and
approaches either currently employed or potentially available
to limit Salmonellapreharvest establishment in egg laying and
broiler flocks. As with most food animal production systems
implementation of multiple interventions and management
choices would appear to provide the best opportunities
for limiting dissemination of Salmonella both among birds
within a flock as well as across multiple flocks. Likewise,
early prevention of Salmonella establishment in breeder
flocks prior to hatching of chicks and during early stages of
chick growout for either broilers or layer hen replacement
would represent a highly effective means to limit vertical
dissemination of this pathogen in commercial poultry flocks.
Strategies have been explored in attempts to either prevent
establishment of Salmonella in laying hens at various stages
of the production cycle or eliminate already established
Salmonella. Attempts have beenmade to protect birds against
Salmonella using a variety of live and attenuated vaccines that
were specifically designed to limit Salmonella colonization
and infection in young birds via resistance immunologically
[231–233]. As more emphasis is being placed on preharvest
prevention of Salmonella colonization there will be further
need to develop and expand preventative interventions such
as vaccines.However, thiswill require not only a better under-
standing of the mechanisms involved in Salmonella infection
of birds but also more precise experimental approaches for
defining host pathogen relationships. The following sec-
tions address current experimental methods for assessing
Salmonella infection of poultry, followed by the use of
functional genomics to delineate phenotype responses in
Salmonella and finally the specific application of functional
genomics and targeted mutagenesis to the evolution of
vaccine development.

4. Assessment of Salmonella Establishment
in Poultry Production

Assessing effective control measures and impact of expo-
sure to Salmonella in poultry is further complicated due
to the complex nature of Salmonella pathogenesis. In vivo

Salmonella infection models involving the use of a marker
strain that carries gene encoding an easily selectable pheno-
type such as a unique antibiotic resistance profile have been
routinely used in both laying hens as well as broilers for a
wide range of applications [8, 9, 138, 139, 201, 203, 220, 222–
225, 229, 230, 234]. Essentially the use of such genetically
modified strains of Salmonella allow for ease of recovery
in selective media against a highly complex background
of non-Salmonella microflora by simply incorporating the
corresponding antibiotics in the selective media. This is
critical if quantitation of the Salmonella strain recovered
from the infected bird is needed to estimate colonization
impact and assess the effectiveness of potential interventions.
However there are limitations with such studies not only in
terms of availability of marker strains for different serotypes
but also a more general concern as to whether antibiotic
resistance could influence or alter the marker strain’s infec-
tivity compared to the corresponding wildtype isolate. To
circumvent some of these limitations numerous attempts
have been made over the years to create appropriate in
vitro experimental models to simulate in vivo Salmonella
pathogenesis. Anaerobic growth cultures that use either
a batch or continuous incubation system have been used
to assess Salmonella response to the presence of poultry
cecal organisms but some type of marker strain is needed
to estimate the Salmonella populations from these mixed
culture backgrounds [212, 213, 235]. Pure culture studies
involving either batch or continuous culture systems have
also been conducted with Salmonella to delineate certain
physiological factors but these do not precisely replicate the
background matrices that Salmonella would be exposed to in
the gastrointestinal tract [9, 236–242]. Tissue culture has been
historically useful to identify key virulence genes associated
with attachment, invasion, and intracellular pathways as well
as factors that influence these properties. However, it is
difficult to screen a large number of variables and there
remains some question as to whether tissue culture studies
can serve as exact models for in vivo conditions [243–250].

As genetic techniques have developed, more detailed
answers to Salmonella pathogenesis from both in vitro and
in vivo systems have emerged. The ability to construct gene
reporter fusion systems by combining key regulatory genes
with structural genes encoding 𝛽-galactosidase, luciferase,
or fluorescent green proteins has allowed for quantitative
expression assessment when Salmonella strains carrying the
reporter-fusion gene were exposed to different external and
environmental conditions [251–261]. While there are some
constraints with 𝛽-galactosidase fusion strains when used
in certain backgrounds where non-Salmonella bacteria may
also possess 𝛽-galactosidase genes, the luciferase and flu-
orescent green protein-based fusion Salmonella strains are
usually detectable in most environmental settings. However,
in general all of these strains are limited by the availability
of fusion constructs that represent the spectrum of possible
genetic elements involved in the virulence process. More
recently quantitative polymerase chain reaction (PCR) assays
have greatly expanded the ability to assess a wider range of
genes in vivo and have been used in several poultry-based
studies to determine virulence gene expression [126, 139, 262].
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This information still represents a limited idea of overall
Salmonella genetic capacity to respond to differing conditions
in poultry production. For instance, during the poultry
production cycle, Salmonella could encounter osmotic stress,
temperature and pH fluctuations, desiccation, and starvation
as well as exposure to high pressure and chemical decon-
taminants such as organic acids [6, 10, 88, 144, 146–149].
Considering overlapping stress signals that exist in both host
environments and food production systems, there should
be common pathways in bacterial cells that are essential
for survival in both food environments and human hosts.
However, factors uniquely associatedwith food environments
more than likely also exist. Developing a detailed under-
standing of the unique genetic pathways essential for survival
of Salmonella and other foodborne pathogenic bacteria in
all phases of food production systems has the potential to
provide the basis for the development of target-specific and
more effective preventative and intervention strategies.

Traditionally, the development of intervention agents has
been based mainly on screening for natural compounds
exhibiting antibacterial properties. However, such broad cell-
based screening usually does not provide information on the
respective biochemical targets, which in turn hinders efforts
to optimize each compound on the basis of structure-activity
relationships [263]. To overcome this obstacle, the phar-
maceutical industry redirected its antibacterial discovery
approach in the early 1980’s from screening for antibacterial
activity to inhibiting specific biochemical targets [264]. The
molecular targets ofmost antibiotics developed bywhole cell-
based screening are the essential gene products, which still
remain important targets for development of novel antibi-
otics. Inhibition of those essential functions usually leads to
eradication of the bacteria in the infected hosts. However,
the bactericidal activity in those antibiotics is also a major
factor in the emergence of antibiotic resistance bacteria in
recent years [264]. In an effort to reduce the rate of resistance
development, the bacterial genes that are not essential for
in vitro growth but required for survival in infected host
tissues have been suggested as alternative targets. Such in vivo
essential gene products are more likely to provide a relatively
narrow therapeutic range, thereby decreasing the likelihood
of selection for broad antibiotic resistance.

In addition, there are not only different serotypes that
can emerge but even subtle strain and serovar differences in
stress response and virulence gene expression which in turn
could cause shifts in Salmonella prevalence and subsequent
emergence of new isolates [17, 18, 265–268]. Not only is
this an issue from a detection and surveillance standpoint
but it may also represent sufficient changes in virulence and
physiological properties that alter risk, impede traceability,
and negatively influence intervention strategies. Sorting out
and perhaps predicting evolution of such isolates requires a
much more comprehensive analysis of the respective genetic
sequences of many more strains and isolates [269]. For
Salmonella this remains somewhat of a challenge because as
Becker et al. [270] have pointed out Salmonella is difficult
to target for antibiotic therapy due to the high degree of
redundancy in metabolic pathways in conjunction with its
infection cycle occurring in nutrient rich host environments.

This redundancymay in turn allow formultiple parallel path-
ways for the pathogen to simultaneously disseminate in an
infected animal via different host tissues [271]. Consequently,
identifying unique genetic factors in Salmonella essential for
counteracting stresses at different stages of poultry produc-
tion might be needed to overcome this metabolic resiliency.
However, this would involve designing more precise inter-
vention strategies that employ antimicrobial agents or com-
binations of agents that target specific cellular components
that render the organism highly vulnerable and less likely
to recover. Functional genomics offers up a potential means
to accomplish this as Rohmer et al. [272] have suggested
that genome analysis focus could be more directed toward
metabolic genes associated with host-pathogen relationships
and inhibition of virulence factors could serve as possible
therapeutic targets to avoid selection for resistance.

This paradigm is similar to current human clinical
research strategies involving the development of new antibi-
otics for emerging pathogens by focusing on extensive search-
ing for novel ecological sources for natural antimicrobial
products as well as redesigning/modifying core structures of
known antibiotics [273, 274]. Continued advances in a variety
of genetic functional screening techniques coupled with high
throughput sequencing approaches have now made it possi-
ble to contemplate a much more comprehensive resolution
to understanding the complex nature of biological systems
such as Salmonella-host relationships [272, 275–278]. These
approaches should help uncover some of the more subtle
nuances in pathogenesis mechanisms and in turn achieve
a better understanding of how Salmonella interacts with its
poultry host [278, 279]. The following sections will discuss
these developments in general terms and how they might be
used for understanding foodborne Salmonella functionality
and subsequent application in vaccine development.

5. Functional Genomics and
Applications in Salmonella

5.1. General Concepts. Genomic expression analyses can
identify genes expressed under certain conditions but cannot
define and/or identify genes that are required for survival
in that particular niche. Therefore, a more direct way of
finding the required genes is the use of genetic mutagenesis-
based approaches that directly screen the genome to identify
functionality with specific open reading frames on the chro-
mosome.This type of functional genomics can be pursued by
either forward or reverse genetic approaches [280]. Forward
genetics essentially involves generation of randommutations
in the organism of interest by a mutagenesis agent or
biological mutagenic entity such as transposons, profiling
the resulting mutants for detectable phenotype changes and
identifying the gene(s) encoding the phenotype via location
of the mutation [280]. Reverse genetics takes advantage of
the increasing availability of large scale sequences of bacterial
genomes to provide a platform for targeting a specific genetic
change at a particular site in the genome via gene inactivation
or deletion and assessing potential phenotype responses [280,
281].
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Many of the more recent molecular applications in
Salmonella associated with poultry have involved use of tar-
geting specific genes to generate mutants that lack certain key
functions related to their ability to establish in birds. Much
of this effort has been directed specifically towards designing
Salmonella vaccine strains which can successfully initiate
an optimal immune response resulting in an immunized
bird that resists future infections by nonvaccine Salmonella
isolates. Historically, there have been a number of gene
candidates that were believed to be appropriate targets, but as
functional genomics and targeted mutagenesis methods have
become more sophisticated better targets have been identi-
fied.These efforts have becomemore critical as the preharvest
controlmeasures have been identified as one of the avenues to
be emphasized by theU.S. Food Safety and Inspection Service
agency for overall control of Salmonella in poultry [282].
Of the preharvest approaches that have been characterized
in the United Kingdom, O’Brien [283] concluded that the
mass poultry Salmonella vaccination programs appeared to
be the greatest contributor to the impressive fall in the
number of cases occurring in that country since the late
1990’s. Consequently, there is renewed commercial interest in
the further development of more effective Salmonella vaccine
strains. Some of these developments and the application
of targeted mutagenesis will be described in the following
sections.

5.2. Targeted Mutagenesis and Salmonella Vaccine Develop-
ment in Poultry. In addition to conducting fundamental
reverse genetic studies to achieve a better understanding of
the specific phenotype response that an organism such as
Salmonella might elicit after targeting a particular region of
the chromosome more specific applications such as opti-
mizing vaccine strain construction are possible. In poultry,
Salmonella vaccination programs to limit the dissemination
of foodborne serotypes have been developed over a number
of years using either inactivated (killed) Salmonella or atten-
uated Salmonella strains [233, 284, 285]. Barrow et al. [285]
summarized the properties of an ideal Salmonella vaccine that
should include among other characteristics: (1) prevention of
establishment of Salmonella, (2) minimization of persistence
of Salmonella excretion and avoiding carriers (3) possession
of ease of administration; (4) stimulation of immunity against
target Salmonella and related serovars and the resulting
immune resistance be passed onto the progeny; (5) exhibition
of genetic stability of the live attenuated vaccines, and (6) no
deleterious side impact on the host. Historically, heat killed
Salmonella vaccines have been shown to provide protection
but with somewhat variable results [285]. This may in part
be due to their inability to trigger a cell-mediated immune
response by the host as well as the destruction of some of the
more fragile antigens during the heating process [233, 285].

Live Salmonella vaccine preparations have enjoyed
widespread use and possess several advantages over their
dead counterparts including their ability to elicit cellular
and humoral immune responses in the host and when
administered orally, engage mucosal immunity similar to
what the host encounters with the corresponding foodborne
pathogen [233, 286–288]. The key to optimizing live

vaccine effectiveness in the respective host is to reduce
(attenuate) virulence while retaining the immunogenicity
by constructing a vaccine strain with decreased ability to
grow in the host but still replicate sufficiently to persist long
enough to trigger protective immunity [289]. Attenuation is
typically achieved by mutagenesis of metabolic biosynthetic
pathways such as those encoding synthesis of amino acids
and purines or deletion of genes encoding specific virulence
factors that limit the ability of the resulting mutant to
survive for sustained periods of time but remain capable of
inducing a sufficient immune response from the host animal
to perpetuate immunity [233, 286, 289–291]. Historically,
chemical or ultraviolet light inducedmutagenesis approaches
were used to generate these types of mutants but much more
precise biological recombinant mutagenesis techniques are
now employed to target specific gene sites [286, 289].

More recently Bohez et al. [292, 293] used the lambda
Red approach described by Datsenko and Wanner [294]
to promote recombination and generation of S. Enteritidis
deletion mutants in hilA and sipA genes, respectively in
Salmonella Pathogenicity Island (SPI-1) and the ssrA gene in
SPI-2. Bohez et al. [293] selected these genes for potential
vaccine development based on their decreased ability to
colonize host tissues. This fits with their functionality in
virulence expression as HilA is one of the important tran-
scriptional activators responsible for coordinating regulation
of invasion by environmental and regulatory factors, SipA
is an actin-binding protein which stabilizes actin polymers
at the interface with host cells, and SsrA is the sensor of
the two-component secretion regulator protein for SPI-2
[251, 276, 295–297].When young chickenswere administered
sipA and ssrA mutants, less internal organ colonization
occurred versus wildtype while gut colonization remained
consistent throughout the trials, and prevention of cecal
colonization and internal organ infection after a wildtype
S. Enteritidis challenge was maintained over the six-week
period. Bohez et al. [293] concluded that the inability of these
mutants to be cleared would be impractical for commercial
application. However, the hilAmutant showed more promise
as it was cleared from the gut after 4 weeks and although
protection from gut colonization by the challenge strain was
maintained for only 9 days, prevention of internal organ
infection occurred over the entire 6-week period [293]. In
a followup trial, long term (6 weeks) reduction in pathogen
transmission among seeder birds (5 birds inoculated with the
challenge wildtype S. Enteritidis) and contact birds (20 birds
not inoculated with the challenge wildtype S. Enteritidis) was
also demonstrated after birds had initially received the hilA
mutant strain [298].

Karasova et al. [299] also used a PCR inactivation
approach to conduct a comparative analysis of S. Enteritidis
mutants generated for all 5 SPIs for vaccine potential using
mice and concluded that all SPI-1 mutants generated (hilA,
sipA, sipB, and avrA) as well as other mutants identified with
epithelial cell invasion (sopB and sopA) remained virulent
in mice, while htrA appeared to be an optimal candidate
due to its balance between attenuation and immunogenicity.
This approach was taken a step further in chickens, where
S. Enteritidis mutants were generated, each missing one of
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the 5 SPIs, as well as a mutant missing all 5 SPIs [300]. They
demonstrated that even in the absence of all 5 major SPIs the
resulting mutant could still become established in the ceca
but systemic infection of internal organs (liver and spleen)
required both SPI-1 and SPI-2. Dieye et al. [301] generated
similar deletion mutants for S. Typhimurium SPI-1 and 2 and
infected one-week-old chickens with either a mixture of the
two mutants or mixtures of the respective mutant and the
wildtype strain. They [301] concluded that that while SPI-1
could be identifiedwith colonization of the cecumand spleen,
SPI-2 was only associated with spleen infection and not cecal
colonization. They also noted that, in the absence of SPI-1,
SPI-2 inhibited cecal colonization and that SPI-1 appeared to
be more of a contributor to spleen infection, which, as they
also pointed out, differed from mice studies where SPI-2 is
considered to be more critical for systemic infection. Based
on these results and previous research by others Dieye et
al. [301] speculated that these differences in hosts may be
related to the severity of the disease and the extent of systemic
infection versus infections that only result in asymptomatic
carriage.

It is conceivable that both serovar and host are impor-
tant contributors to the resulting respective virulence gene
involvement. Evidence of this has been generated from both
in vivo and in vitro studies. Karasova et al. [302] reported
that when genes sodCl and spvBC, associated with highly
invasive Salmonella serotypes, were deleted in S. Enteritidis,
virulence of the resulting mutants were reduced in mice
but not chickens. They confirmed that this was consistent
with serotypes S. Infantis, S. Hadar, and S. Agona which
do not possess genes sodCl and spvBC. Using porcine cell
lines Volf et al. [303] demonstrated that incubation of
cells with either wildtype S. Typhimurium or a SPI-2 ssrA
mutant induced cytokine response when quantified by real
time (RT)-PCR, but the cytokine was not induced for the
SPI-1 hilA mutant. When examining chicken macrophage
cells, He et al. [304] observed suppression of nitric oxide
production by S. Typhimurium and S. Enteritidis but not
S. Heidelberg, S. Kentucky, and S. Senftenberg even though
all 5 serotypes are commonly isolated from poultry. Strain
and isolate differences in virulence properties have also been
noted for both S. Typhimurium and S. Enteritidis serovars
[305–307]. When these studies are considered collectively,
there are implications for further refinement in vaccine devel-
opment as the respective animal models used will probably
continue to reveal further nuances both in the host defense
mechanisms as well as the complexity of Salmonella virulence
counterresponses and suggest additional potential vaccine
targets [308–311].

5.3. Targeted Mutagenesis and Salmonella Carrier Vaccine
Development in Poultry. As an understanding of Salmonella
pathogenesis and host immune responses evolved and vac-
cines specifically targeting Salmonella achieved more sophis-
tication it became clear that multivalent vaccines could be
genetically constructed to generate host immunity not only
to Salmonella antigens but also to non-Salmonella antigens
[286]. The ability of Salmonella to colonize the gastroin-
testinal tract, cross gastrointestinal tract epithelial mucosal

barriers, and interact intracellularly in host cells makes it
an ideal carrier for presentation of heterologous antigens to
the target host’s immune system [312–316]. Many of the early
Salmonella heterologous vaccine constructs involved use
of Salmonella biosynthetic gene mutants transformed with
external genetic elements such as antibiotic resistant plasmids
carrying genes encoding amyriad of non-Salmonella antigens
that were of interest for targeting the immune system of
the host [317–320]. However, several problems emerged with
these approaches for vaccine administration. The primary
concern was the use of antibiotic resistance as a means to
retain the plasmid under these conditions where it may
be a risk for dissemination of antibiotic resistant bacteria
in the environment and thus would be considered a reg-
ulatory issue [284, 320–323]. In response to this concern,
nonantibiotic markers have been developed for Salmonella
vaccine strains carrying plasmids as well as balanced lethal
plasmid stabilization by constructing a plasmid containing
not only the heterologous antigen encoding gene(s) but also a
biosynthetic gene that complements an auxotrophic gene on
the chromosomal gene [324–329]. To optimize heterologous
antigen expression in Salmonella vaccine strains, varying the
copy number of the expression plasmid has been employed
[330, 331]. However, it has been pointed that a vaccine strain
carrying plasmids is not only vulnerable due to the metabolic
burden/reduced fitness of the organism when introduced to
a relatively hostile gastrointestinal tract environment but this
may in turn serve as selective pressure to enhance the likely
loss of the plasmid [321, 322, 330, 332].

Toavoidplasmid vehicles for heterologous antigen expres-
sion altogether requires insertion directly into the chromo-
some in such a fashion that the resulting gene encoding the
heterologous antigen is expressed optimally and stably to
ensure a sufficient host immune response. Strugnell et al.
[333] demonstrated that an E. coli cloning vector containing
a S. Typhimurium aroC gene fragment with several unique
restriction sites allowed expression of heterologous antigen
encoding genes once inserted into the S. Typhimurium
chromosome via homologous recombination. Over a decade
later, significant improvements on this approach occurred
when the bacteriophage-encoded recombinase systems were
developed for directing homologous recombination and sub-
sequently were utilized for a variety of mutational manipula-
tions and genetic analyses of Salmonella [334, 335]. Husseiny
and Hensel [328, 336] further modified the Red recombinase
approach initially developed by Datsenko and Wanner [294]
to construct functional expression cassettes that included
either constitutive or in vivo activated promoters to direct het-
erologous protein encoding genes after simulataneous inser-
tion in theSalmonella chromosome and simultaneous deletion
of chromosomal genes. However, Husseiny and Hensel [336]
concluded that constitutive expression of heterologous anti-
gen could cause stability issues with the respective Salmonella
carrier vaccine as well as overattenuation leading to an
overall poor host immune response. Instead, they proposed
development of promoters that controlled synthesis of the
heterologous antigen only after induction at the target cell.
The concept of enhancing host immune response to in vivo
induced foreign antigens had been previously shown to
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increase IgG antibody levels only in mice immunized with a
S.Typhimuriummutant carrying an inducible Pag-C alkaline
phosphatase fusion protein encoding gene in the chromo-
some but not the constitutive carrying mutant [322, 337].
Husseiny and Hensel, [336] focused on the SPI-2 sse genes
which encode proteins that are part of the type III secretion
system responsible for survival of intracellular bacteria in
the surrounding host cell [296]. They immunized mice
and observed that the intracellular sseA promoter activated
mutant strain when compared to its constitutive counterparts
enhanced secreted and serum antibodies, increased T-cell
proliferation as well as providing protection against Listeria
monocytogenes infection. Stratford et al. [322] also reported
increased antigen specific IgG responses in mice inoculated
with an ssaG promoter S. Typhi mutant but not when this
promoter was replaced with a constitutive promoter.

As more is understood on the complexity of the immune
system it is becoming clear that there is a need for more
precisely defined heterologous antigen Salmonella vaccine
carriers and that multiple antigens may need to be targeted
to optimize and sustain the host immune response. Likewise
accurate expression of foreign protein antigens during the
immune response is critical if immunization is to be suc-
cessful against the respective targeted infective agent. When
Datsenko andWanner [294] developed the Red recombinase
system to disrupt and insert DNA into target host’s chro-
mosome the subsequent removal of the antibiotic resistance
or FRT sequences leaves a residual sequence or “scar” in
the target sequence. They pointed out that such remaining
sequences would be problematic because of unintentional
consequences such as recombination of a new PCR fragment
with the FRT scar site rather than the newly targeted gene
could occur given the limited requirement for homology.
These residual or scar sequences represent other potential
issues as well such as intereference with gene expression
under certain conditions [338]. Several scarless strategies
have been developed to resolve this including using marked
cassettes for positive or negative selection which can be
counter selected with markerless linear DNA via a second
round of recombination [339–342]. Alternatively, a counter-
selection cassette containing an inducible gene encoding I
Sce-I endonuclease and its recognition site along with an
antibiotic gene can be used in the initial recombination event
with the chromosomal target site, followed by induction of
the endonuclease and generation of a double stranded break
that serves as the site for the second round of recombination
with amarkerless homologous PCR fragment [338, 343–345].

Cox et al. [346] adapted these approaches to develop a
scarless, site directed mutagenesis method for S. Enteritidis
where longer sequence homologies of 100 to 1000 bp appear
to be required for efficient recombination versus 36 to
50 bp for E. coli [188, 294]. They combined an overlapping
extension PCR, the Red recombinase system, along with
the intermediary insertion of the I-SceI endonuclease as a
counter selection marker to mediate the recombination of
linear DNA with long flanking homology (200 to 300 bp)
to S. Enteritidis genome sequences. The S. Enteritidis muta-
tion by this system was a two-step process with homolo-
gous recombination of the linear DNA cassette containing

the I-SceI site and kanamycin resistance gene undertaken
in the first step. This was followed in the second step by
replacement of this inserted fragment with a PCR fragment
with a targeted insertion sequence along with a chloram-
phenicol resistant containing plasmid encoding the I-SceI
endonuclease to cut the chromosome at the I-SceI and final
selection of S. Enteritidis recombinant isolates that were
chloramphenicol resistant and kanamycin sensitive. This
method was applied to a series of studies designed to develop
effective Salmonella foreign antigen carrier vaccines for lim-
iting avian influenza and to serve as a polyvalent vaccine
for multiple Salmonella serotypes in chickens and turkeys.
Layton et al. [347] constructed a recombinant S. Enteritidis
strain expressing the avian influenza M2e membrane protein
and the CD154 peptide found on the surface of T cells
that are involved in activation of antigen-presenting immune
cells and used these to orally immunize day old chicks on
day of hatch followed by a booster on day 21. Vaccinated
chickens produced higher levels ofM2e specific IgG that were
increased further when also exposed to the expressed CD-154
peptide but were only protected when challenged with a low
pathogenic avian influenza strain but not a highly pathogenic
strain.

O’Meara et al. [348] reported that by day 21, turkeys
immunized with various S. Enteritidis M2e/CD-154 com-
binations (CD154 peptides: turkey, human, and chicken)
exhibited a higher M2e specific antibody level than negative
(sterile saline) and positive (S. Enteritidis wildtype) control
birds but no M2e antibody differences were observed among
the vaccine strains expressing the different CD154 peptides.
Wolfendren et al. [349] reported that a S. Enteritidis recom-
binant expressing the CD154 peptide antigen along with a
Salmonella flagellar filament protein (fliC) did not protect
against a heterologous S.Typhimuriumchallenge in chickens.
When M2e-fliC carrier vaccines were used to immunize
turkeys, increases in M2e antibodies compared to the nega-
tive and positive controls occurred, but no differences among
the S. Enteritidis vaccine treatments were observed [350].

Although numerous Salmonella-based vaccines devel-
oped for administration to poultry have been generated,
consistent effectiveness remains somewhat elusive. Several
issues remain including the ongoing need for multivalent
Salmonella vaccines that are effective against a multitude of
Salmonella serotypes [351]. This is somewhat difficult since
serotypes continue to emerge and become predominant only
to be replaced by another serotype. Consequently, achieving
cross protection among serotypes remains an elusive target
[233, 351]. However, perhaps a better strategy may be to use
the host animal as a means to screen for immune signals that
are common signatures to systemic infection of Salmonella
in chickens as has been done recently in murine and human
Salmonella systemic infections [352, 353]. Improvements in
design of Salmonella carrier vaccines are also emerging that
induce greater immune responses by using regulated in vivo
attenuation as well as regulated delayed in vivo antigen
synthesis [323].
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6. Conclusions

Substantial advances have been made in the understanding
of Salmonella spp. establishment and cross contamination in
food system environments including poultry [5, 8, 19, 354].
Likewise stresses occurring in the gastrointestinal tract that
Salmonella is known to respond to have been identified [9,
246, 272, 314, 354, 355] and the concept that pathogenesis
may be driven by nutrient scavengingmay help to understand
additional gastrointestinal cues [272]. However, as genetic
analyses has becomemore sophisticated a better fundamental
understanding has emerged on different aspects of the phys-
iological ability of Salmonella to respond to environmental
stresses during its entire life cycle [297, 315, 316, 356, 357].
For example, it is now becoming apparent that even fairly well
characterized stress responses such as acid tolerance may in
fact be further complicated as more pathways for adaptation
have been identified, responses to different acids may differ,
and not all Salmonella serovars may be either equally acid
resistant and/or mount similar virulence responses in the
presence of different acids [265–268, 358–364]. It is likely that
such nuances and complexities will probably come to light
for nonacid stress responses as more details become known
about Salmonella physiology and functional genomics.

Salmonella can also use its ownmetabolism tomanipulate
its surrounding environment. Salmonella has been shown
to change the environment in the gastrointestinal tract in
an attempt to overcome colonization barriers by literally
inducing inflammation to generate metabolities that alter
energy metabolism in such a way that it can outcompete
the fermentative gastrointestinal microbial consortium [365–
368]. Likewise, the ability of Salmonella to form biofilms
complicates the development of intervention strategies since
the biofilm matrix can be protective against environmen-
tal stresses as well as antimicrobials [19, 369]. Formation
of biofilms by Salmonella is believed to be mediated by
chemical compounds which function as quorum sensing
signal molecules that serve as communication signals among
bacterial populations by being released by some cells and
subsequently internalized by other cells [370–372]. Biofilms
can form on a multitude of hard surfaces such as glass and
stainless steel [369]. It is unclear how important quorum
sensing and biofilm formation are in food systems although
several compounds have been isolated that are antagonistic
to quorum sensing compounds [373]. For example, poul-
try meat-derived fatty acids have been identified as being
inhibitory to a quorum sensor autoinducer [374]. The preva-
lence in food matrices of these inhibitors and their subse-
quent impact in biofilm formation remain to be determined.
However, Salmonella biofilm formation does appear to be
involved in adhesion on epithelial cells and is mediated by
exopolysaccharide composition [369, 375, 376]. Conversely,
the presence of the autoinducer AI-2 actually decreased S.
Typhimurium in vitromousemacrophage invasiveness [377].
A further complication may be the possible Salmonella strain
variability influence on biofilm formation [378]. As more
becomes known about the factors that influence biofilm
formation, the role(s) these formations play in surviving envi-
ronmental stresses as well as initial colonization in various
niches will become clearer.

In poultry, more is now known about what factors
influence the ability of Salmonella to colonize the bird’s
gastrointstinal tract and trigger systemic invasion [17, 18,
22, 354]. More recently, the interactions between the host’s
immune system and pathogens such as Salmonella are
becoming better understood and thus predictable [278, 281].
As more has become known regarding these different aspects
of the dynamic Salmonella-host interface interactions, devel-
opment of more effective intervention measures has become
possible. However, despite these technological advances
foodborne Salmonella occurring in poultry continues to be
a potential source of foodborne disease in the public sector.
Although a wide range of interventions have been developed,
limitations remain in their effectiveness. Certainly some of
this is attributable to the ability of Salmonella spp. to express
resistancemechanisms and overcome individual intervention
hurdles. However, there also appears to be differences in
response to certain antimicrobials and environmental condi-
tions, among not only serovars but also strains and isolates
within serovars as well. In addition, historically it appears
that different Salmonella serovars have emerged to become
predominant and that this evolution of serovars may be an
ongoing process in poultry production.This not only presents
a challenge for development of detection technologies, but
also makes it more difficult to design interventions that will
broadly limit most Salmonella spp.

Advances in molecular-based research should provide
some insight to differences at the genomic level that are
responsible for Salmonella isolates and strains that are sub-
tly distinguishable at the phenotype level. The number of
Salmonella isolates that have been sequenced continues to
grow and adding this information to the genomic data base
for individual Salmonella serovars will certainly be helpful
for resolving detection and intervention issues when only
subtle differences exist among strains and isolates. However,
sequencing a wide range of Salmonella genomes is only the
beginning. Assessing genomic functionality beyond just the
sequence is becomingmore important to not only understand
factors responsible for the complex interaction between the
chicken host and the invading Salmonella but also to delin-
eate what host characterstics trigger initiation of Salmonella
pathogenesis and how Salmonella overcomes and/or circum-
vents host defenses. Such approaches represent a much more
comprehensive strategy for not only studying Salmonella
overall responses but also readily exploring complex genetic
mechanisms of this important foodborne pathogen to survive
and persist in poultry production as well as human food
chains in general. These approaches also have utility for
designing interventions. This becomes particularly critical
when constructing more advanced vaccine strategies where
a balance between maximum stimulation of the immune
system and consistent removal of the candidate vaccine
strain is required. High-resolution functional screening of
the respective Salmonella genomes offers the opportunity to
identify distinct genetic components responsible for different
virulence mechanisms involved in the pathogenic pathway
and precisely identify individual genes for targeted mutagen-
esis. Such approaches are nowbeingmore routinely employed
and it is anticipated that understanding the genetic factors
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and survival mechanisms will continue to provide valuable
insights for development of effective strategies to reduce
Salmonella in poultry and poultry products.
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to become a top model: impact of animal experimentation on
human Salmonella disease research,” Infection and Immunity,
vol. 79, no. 5, pp. 1806–1814, 2011.

[312] S. H. E. Kaufmann, B. Raupach, and B. Brett Finlay, “Intro-
duction: microbiology and immunology: lessons learned from
Salmonella,” Microbes and Infection, vol. 3, no. 14-15, pp. 1177–
1181, 2001.

[313] E. Medina and C. A. Guzmán, “Use of live bacterial vaccine
vectors for antigen delivery: potential and limitations,” Vaccine,
vol. 19, no. 13-14, pp. 1573–1580, 2001.

[314] K. Hallstrom and B. A. McCormick, “Salmonella interaction
with and passage through the intestinal mucosa: through the
lens of the organism,” Frontiers in Microbiology, vol. 2, article
88, 2011.

[315] P. Malik-Kale, C. E. Jolly, S. Lathrop, S. Winfree, C. Luterbach,
and O. Steele-Mortimer, “Salmonella—at home in the host cell,”
Frontiers in Microbiology, vol. 2, article 125, 2011.

[316] T. Dandekar, A. Fieselmann, J. Popp, and M. Hensel,
“Salmonella enterica: a surprisingly well-adapted intracellular
lifestyle,” Frontiers in Microbiology, vol. 3, article 164, 2012.

[317] S. K. Hoiseth and B. A. D. Stocker, “Aromatic-dependent
Salmonella typhimurium are non-virulent and effective as live
vaccines,” Nature, vol. 291, no. 5812, pp. 238–239, 1981.

[318] S. K. Hoiseth and B. A. D. Stocker, “Genes aroA and serC
of Salmonella typhimurium constitute an operon,” Journal of
Bacteriology, vol. 163, no. 1, pp. 355–361, 1985.

[319] N. C. Molina and C. D. Parker, “Murine antibody response to
oral infection with live aroA recombinant Salmonella dublin
vaccine strains expressing filamentous hemagglutinin antigen
from Bordetella pertussis,” Infection and Immunity, vol. 58, no.
8, pp. 2523–2528, 1990.

[320] K. Linde, G. C. Fthenakis, and A. Fichtner, “Bacterial vac-
cines with graded level of attenuation achieved by antibiotic
resistance mutations: transduction experiments on the unit
of resistance, attenuation and further accompanying markers,”
Veterinary Microbiology, vol. 66, pp. 121–134, 1998.

[321] L. N. Calhoun and Y.-M. Kwon, “Salmonella-based plague
vaccines for bioterrorism,” Journal of Microbiology, Immunology
and Infection, vol. 39, no. 2, pp. 92–97, 2006.

[322] R. Stratford, N. D. McKelvie, N. J. Hughes et al., “Optimization
of Salmonella enterica serovar TyphiΔaroCΔssaV derivatives as
vehicles for delivering heterologous antigens by chromosomal
integration and in vivo inducible promoters,” Infection and
Immunity, vol. 73, no. 1, pp. 362–368, 2005.

[323] S. Wang, Q. Kong, and R. Curtiss III, “New technologies in
developing recombinant attenuated Salmonella vaccine vec-
tors,”Microbial Pathogenesis, vol. 58, pp. 17–28, 2013.

[324] R. Curtiss III, J. E. Galan, K. Nakayama, and S. M. Kelly,
“Stabilization of recombinant avirulent vaccine strains in vivo,”
Research in Microbiology, vol. 141, no. 7-8, pp. 797–805, 1990.

[325] J. E. Galán, K. Nakayama, and R. Curtiss III, “Cloning and
characterization of the asd gene of Salmonella typhimurium: use
in stable maintenance of recombinant plasmids in Salmonella
vaccine strains,” Gene, vol. 94, no. 1, pp. 29–35, 1990.

[326] D.W. Pascual,D.M.Hone, S.Hall et al., “Expression of recombi-
nant enterotoxigenicEscherichia coli colonization factor antigen
I by Salmonella typhimurium elicits a biphasic T helper cell
response,” Infection and Immunity, vol. 67, no. 12, pp. 6249–6256,
1999.

[327] H. V. McNeill, K. A. Sinha, C. E. Hormaeche, J. J. Lee, and C.
M.A. Khan, “Development of a nonantibiotic dominantmarker
for positively selecting expression plasmids in multivalent
Salmonella vaccines,” Applied and Environmental Microbiology,
vol. 66, no. 3, pp. 1216–1219, 2000.

[328] M. I. Husseiny and M. Hensel, “Rapid method for the con-
struction of Salmonella enterica serovar Typhimurium vaccine
carrier strains,” Infection and Immunity, vol. 73, no. 3, pp. 1598–
1605, 2005.

[329] N. Walters, T. Trunkle, M. Sura, and D. W. Pascual, “Enhanced
immunoglobulin A response and protection against Salmonella
enterica serovar Typhimurium in the absence of the substance
P receptor,” Infection and Immunity, vol. 73, no. 1, pp. 317–324,
2005.

[330] J. E. Galen, J. Nair, J. Y. Wang et al., “Optimization of plas-
mid maintenance in the attenuated live vector vaccine strain
Salmonella typhi CVD 908-htrA,” Infection and Immunity, vol.
67, no. 12, pp. 6424–6433, 1999.

[331] K. Panthel, K. M. Meinel, V. E. S. Domènech et al., “Salmonella
pathogenicity island 2-mediated overexpression of chimeric
SspH2 proteins for simultaneous induction of antigen-specific
CD4 and CD8 T cells,” Infection and Immunity, vol. 73, no. 1, pp.
334–341, 2005.

[332] J. E. Galen and M. M. Levine, “Can a “flawless” live vector
vaccine strain be engineered?” Trends in Microbiology, vol. 9,
no. 8, pp. 372–376, 2001.

[333] R. A. Strugnell, D.Maskell, N. Fairweather et al., “Stable expres-
sion of foreign antigens from the chromosome of Salmonella
typhimurium vaccine strains,” Gene, vol. 88, no. 1, pp. 57–63,
1990.

[334] I. Hautefort, M. J. Proença, and J. C. D. Hinton, “Single-
copy green fluorescent protein gene fusions allow accurate
measurement of Salmonella gene expression in vitro and during



24 Advances in Biology

infection of mammalian cells,” Applied and Environmental
Microbiology, vol. 69, no. 12, pp. 7480–7491, 2003.

[335] S. Uzzau, N. Figueroa-Bossi, S. Rubino, and L. Bossi, “Epitope
tagging of chromosomal genes in Salmonella,” Proceedings of the
National Academy of Sciences of theUnited States of America, vol.
98, no. 26, pp. 15264–15269, 2001.

[336] M. I. Husseiny and M. Hensel, “Evaluation of an intracellular-
activated promoter for the generation of live Salmonella recom-
binant vaccines,” Vaccine, vol. 23, no. 20, pp. 2580–2590, 2005.

[337] E. L. Hohmann, C. A. Oletta, W. P. Loomis, and S. I.
Miller, “Macrophage-inducible expression of amodel antigen in
Salmonella typhimurium enhances immunogenicity,” Proceed-
ings of the National Academy of Sciences of the United States of
America, vol. 92, no. 7, pp. 2904–2908, 1995.

[338] B. K. Tischer, J. von Einem, B. Kaufer, and N. Osterrieder,
“Two-step Red-mediated recombination for versatile high-
efficiency markerless DNA manipulation in Escherichia coli,”
BioTechniques, vol. 40, no. 2, pp. 191–196, 2006.

[339] K. Kaniga, I. Delor, and G. R. Cornelis, “A wide-host-range
suicide vector for improving reverse genetics in Gram-negative
bacteria: inactivation of the blaA gene ofYersinia enterocolitica,”
Gene, vol. 109, no. 1, pp. 137–141, 1991.

[340] Y. Zhang, F. Buchholz, J. P. P. Muyrers, and A. Francis Stewart,
“A new logic for DNA engineering using recombination in
Escherichia coli,” Nature Genetics, vol. 20, no. 2, pp. 123–128,
1998.

[341] S. Warming, N. Costantino, D. L. Court, N. A. Jenkins, and N.
G. Copeland, “Simple and highly efficient BAC recombineering
using galK selection,”Nucleic Acids Research, vol. 33, article e36,
2005.

[342] Q. N. Y. Wong, V. C. W. Ng, C. C. M. Lin, H. F. Kung, D. Chan,
and J. D. Huang, “Efficient and seamless DNA recombineering
using a thymidylate synthase A selection system in Escherichia
coli,” Nucleic Acids Research, vol. 33, article e59, 2005.
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