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Preface

In his preface to the proceedings of an international conference in 1984, Dr. Glenn 
Snoeyenbos noted that “raw foods of animal origin are frequently contaminated by 
salmonellae and serve as a major source of human infection” (Snoeyenbos, 1984). 
However, textbooks on poultry science or food microbiology that were published 
before the 1980s typically contained only very brief considerations of eggs as poten-
tial sources of food-borne illness, as “the contents of normal fresh eggs are, as a 
rule, sterile” (Nesheim et al., 1972). Although eggs were long known to be subject to 
external bacterial contamination of shells, occurring as they pass through the same 
exit portal of the chicken as voided feces, the edible contents were likely to become 
contaminated only in cracked or dirty eggs. Elimination of these from table egg mar-
ket channels, along with the institution of consistently dependable pasteurization 
standards for liquid egg products, reduced the association of eggs with disease to 
negligible levels for many years.

The international emergence of Salmonella Enteritidis as a leading cause 
of human illness in the mid-1980s represented a major turning point in the  
history of egg safety. Within a few years, this serovar became a preeminent food-
borne disease agent in many countries, and eggs were consistently identified as 
the principal source of these infections. Considerable investments of public and 
private resources were directed toward this problem, in terms of government 
regulatory programs, risk reduction practices for egg producers, and research to 
develop improved tools for disease control. All of these efforts have achieved 
tangible positive results, but the continuing occurrence of egg-transmitted illness 
around the world calls for an ongoing commitment to finding better solutions to 
this problem.

This volume explores several of the most important categories of issues that still 
confront us regarding Salmonella contamination of eggs. The first section reviews 
the nature of this problem as it is seen in a variety of individual nations or regions 
around the world. This geographical presentation of the problem represents an effort 
to define its scope and ongoing significance, and identifies important international 
similarities and distinctions in both epidemiology and control practices. The sec-
ond section seeks to explore the mechanisms by which egg contamination occurs 
as a consequence of infections of laying hens with salmonellae, and assesses cur-
rent efforts to harness this information for implementing effective control programs. 
The third section presents a wide range of ideas and concepts being pursued by 
researchers with the goal of improving our ability to prevent Salmonella infection 
in egg-laying chickens, to prevent the production of contaminated eggs, or to elimi-
nate contaminants after they are deposited on or inside eggs. Although it is not yet 
possible to identify a single treatment or practice that is likely to serve as a unilateral 
or complete solution to disease transmission via contaminated eggs, the sustained 
application of a coordinated and comprehensive control program with multiple risk 
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reduction components offers much promise. We are grateful to the numerous authors 
from around the world who have contributed their expertise to this book. We hope 
that it will be the basis for a continuing dialogue and many further explorations about 
this still evolving topic.

Steven C. Ricke  
Richard K. Gast

May 2016
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CHAPTER

Of Mice and Hens—
Tackling Salmonella in 
Table Egg Production in 
the United Kingdom and Europe

Francesca Martelli, Andrew Wales, Rob Davies
Animal and Plant Health Agency (APHA), Addlestone, United Kingdom

1. � SALMONELLA CONTROL IN TABLE EGG  
PRODUCTION IN EUROPE

In the European Union in 2014, 44% of the human cases of salmonellosis associ-
ated with a known food source were linked with eggs and egg products (EFSA, 
2015). In Europe, the two Salmonella serovars that are specifically regulated in 
laying flocks in all Member States are Enteritidis and Typhimurium (EC, 2003), 
but in the Nordic Countries all serovars in poultry are subject to a slaughter 
policy, and Salmonella Kentucky, which has been spreading rapidly in poultry 
in some countries and is highly resistant to fluoroquinolones, has been added 
to National Control Programmes (NCPs) in France. The European Union level 
of prevalence of adult laying hen flocks that tested positive for Salmonella in 
2014 was 2.54%. Salmonella Enteritidis was isolated from 0.7% of laying hen 
flocks and Salmonella Typhimurium from 0.2% (EFSA, 2015). S. Enteritidis has 
a special ability to colonize the ovary/oviduct of laying hens for long periods and 
therefore to internally contaminate eggs, and has been the most frequent serovar 
associated with egg-related foodborne outbreaks in Europe since the mid-1980s 
(Thorns, 2000). S. Typhimurium is a common cause of foodborne outbreaks 
in humans worldwide originating predominantly from cattle, pigs, and poultry 
(EFSA, 2010). Foodborne outbreaks related to the consumption of S. Enteritidis-
contaminated eggs have been widely reported in Europe (Gormley et al., 2012; 
Harker et al., 2014; Liu et al., 2012; Zenner et al., 2013; Zielicka-Hardy et al., 
2012), but have been decreasing since the introduction of harmonized monitoring 
and control programs in laying hens across Europe in 2008.

The role of S. Typhimurium in egg-related foodborne infections appears to be 
less significant than the one of S. Enteritidis (Martelli and Davies, 2011; Wales and 
Davies, 2011), except in Australia, where S. Enteritidis never became established in 
laying hens, since no infected primary breeding or parent stock was imported from 
either Europe or the United States.

1
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Other Salmonella serovars can be linked to poultry products, egg contamination, 
and foodborne outbreaks (Okamura et al., 2001). For example, in the United States, 
Salmonella Heidelberg and S. Kentucky are frequently associated with eggs, broilers, 
turkeys, and poultry products and have resulted in large product recalls and outbreaks 
of food poisoning in the human population (Foley et al., 2011; Reddy et al., 2016).

S. Enteritidis has been reported to have a greater ability to colonize avian 
reproductive organs and contaminate eggs than other zoonotic serovars (e.g.,  
S. Typhimurium, Salmonella Infantis, Salmonella Hadar, S. Heidelberg, Salmonella 
Montevideo) in intravenously infected laying hens (Okamura et al., 2001). This abil-
ity to vertically transmit into the contents of forming eggs is shared with both biovars 
of Salmonella Gallinarum, which are derived from a common S. Enteritidis ancestor 
(Yao et al., 2016).

S. Enteritidis is often persistent in cage layer holdings where cleaning and dis-
infection procedures are not carried out appropriately and where there is a resident 
infected rodent population (Snow et al., 2010). This can also happen in large non-
cage units, but is less common. Flocks infected with S. Enteritidis produce a variable 
proportion of contaminated eggs, depending on the strain, level of contamination 
of the flock, and time of the production period in which the eggs are laid (Braden, 
2006). In a study conducted in France, S. Enteritidis was detected on up to 8.6% of 
the shells of eggs produced by an infected flock (Chemaly et al., 2009). In a study 
conducted in the United States, the estimated overall prevalence of egg contents 
from flocks infected with S. Enteritidis was 2.64/10,000 eggs (varying from 0 to 
62.5/10,000) (Henzler et al., 1998). In both studies, a positive correlation between 
the level of environmental contamination and the proportion of positive eggs was 
noted (Chemaly et al., 2009; Henzler et al., 1998).

Salmonella serovars differ in their ability to cause contamination on the eggshell 
or the egg contents. In one study, a significant difference was found in the rate of egg 
contamination between serovars, with S. Enteritidis causing a higher rate of contami-
nation of egg contents and a lower rate of contamination of eggshells per infected hen 
(0.32% and 0.34%, respectively) compared with S. Typhimurium (0.23% and 0.94%, 
respectively) and non–S. Enteritidis non–S. Typhimurium serovars (0.23% and 2.5%, 
respectively) (Arnold et al., 2013).

NCPs for the control of Salmonella in commercial scale flocks have been imple-
mented in the European Union since 2008 (as detailed in regulations EC 2160/2003 
and EC 517/2011). Flocks of layers on holdings with more than 1000 birds (National 
Regulations specify smaller numbers in some countries, e.g., 350 birds in the United 
Kingdom) are sampled at day old and 2 weeks before they are moved to the lay-
ing phase or laying unit and every 15 weeks during the laying phase. NCPs include 
operator sampling by means of boot swabs (two pairs per flock) or naturally pooled 
feces (300 g) during the period of egg production of each holding, supplemented by 
official sampling of one flock per holding of more than 1000 birds per year, carried 
out by agents of the competent authority, using the same method plus one additional 
dust or fecal/boot swab sample. Official samples are collected by employees of the 
competent authority or independent control bodies (in the United Kingdom only), 
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who also check movement records, medical records, and sampling records at the time 
of their visit (Gosling et al., 2014). The introduction of yearly official sampling of 
one random flock of adult laying hens per holding and operator sampling within the 
NCP testing scheme provides a more detailed picture of the Salmonella prevalence 
in laying hen flocks as the pre-NCP voluntary surveillance data had very low sen-
sitivity (Arnold et al., 2010). After detection of S. Enteritidis and S. Typhimurium, 
the eggs produced by the positive flock can be sold only after heat treatment, dra-
matically reducing their commercial value. This commercial incentive leads many 
producers (all producers in Great Britain) to slaughter confirmed S. Enteritidis- or 
Typhimurium-positive flocks, therefore reducing the possibility of perpetuating resi-
dent environmental contamination or infecting other flocks on site. Early removal of 
infected flocks also gives plenty of downtime to facilitate effective pest control and 
cleaning and disinfection. Official sampling of new flocks placed in a previously 
positive house is also carried out to identify potential carryover of infection at an 
early stage.

The efficiency of sampling programs has a large effect on the detection of  
Salmonella and therefore estimations of prevalence (Fletcher, 2006) and it is diffi-
cult to design an optimal sample size when the within-flock prevalence and number 
of organisms is unknown (Altekruse et  al., 2003). It is recognized that thorough 
environmental sampling is usually the most effective way to detect Salmonella in 
a poultry flock (Aho, 1992; Johansson et al., 1996; Musgrove and Jones, 2005) and 
normally the occurrence of Salmonella in the occupied part a house reflects infection 
in the flock (Arnold et al., 2009). Dust is a useful sample for identifying previous 
excretion of Salmonella by a poultry flock (Riemann et al., 1998). It is normally best 
to take both fresh fecal and dust samples (Davies and Wray, 1996) to help compen-
sate for variable detection in either sample.

Since rodents within a poultry house can carry Salmonella at a higher prevalence 
than birds, the monitoring on trapped and poisoned rodents and their droppings can also 
help to assess risk (Lapuz et al., 2012). Egg collection trays and equipment can also be 
a useful indicator of likely contamination (Davies and Breslin, 2001).

2. � INFECTION DYNAMICS AND RISK FACTORS FOR 
ACQUISITION/PERSISTENCE OF SALMONELLA IN  
LAYING HEN FARMS

Several factors can affect Salmonella colonization in poultry, such as age and genetic 
susceptibility of the birds, stress, level of exposure to the pathogen, and Salmonella 
serovar and strain (Foley et al., 2011). Several risk factors have been associated with 
the introduction of Salmonella in a flock of laying hens. Breeding flocks, feed mills 
(S. Enteritidis and S. Typhimurium do occasionally contaminate feed and mash for 
layer breeders or laying hens that are not normally heat treated, but other serovars 
are much more commonly found) and hatcheries (S. Enteritidis and S. Typhimurium 
only rarely contaminate hatcheries in the absence of an infected breeding flock) act 
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as focal points of general Salmonella contamination. Salmonella normally enters 
the hatchery through contaminated fertilized eggs, usually on the shells, and may 
subsequently become a resident contaminant in the ventilation systems, where clean-
ing and disinfection is less easy to carry out (Davies and Breslin, 2004b). Some 
Salmonella serovars (e.g., Salmonella Senftenberg) are able to persist in hatcheries 
longer than others, probably as a result of their ability to form biofilms (Mueller-
Doblies et al., 2013). Hatchery-acquired Salmonella substantially reduces the effec-
tiveness of interventions on farm aimed at preventing Salmonella from colonizing 
young chicks (Chao et al., 2007). It has been speculated that the S. Enteritidis pan-
demic in the 1980s was caused by vertical transfer of the bacterium from infected 
primary breeding flocks via international trade in hatching eggs and chicks (Cogan 
and Humphrey, 2003; Thorns, 2000). In most of Europe, since the introduction of 
the NCPs, the isolation of S. Enteritidis or Typhimurium from breeding flocks is 
a rare event, often relating to monophasic S. Typhimurium contamination of feed 
resulting from environmental occurrence of the organism that is disseminated from 
the pig reservoir into the wider environment via manure, run-off, and infection of 
wildlife (Wright et al., 2016). Such infections are normally stamped out effectively in 
European Union Member States, but there may be issues in other Eastern European 
countries (EFSA, 2015).

Previous Salmonella infection in the farm has been strongly associated with 
the contamination of the laying hen environment and infection of follow-on flocks  
(Chemaly et al., 2009; Schulz et al., 2011). Fecal shedding of Salmonella by infected 
hens is an important source of environmental contamination and can result in contami-
nation of floors, manure belts, egg belts, feeders, and drinkers (Dewaele et al., 2012). 
Dust is an important medium for the survival and persistence of Salmonella between 
flocks of laying hens, and Salmonella can be isolated from dust samples for long peri-
ods, often years (Gole et al., 2014). Infection of flocks can therefore occur months or  
years after a previous infection if contaminated dust is dislodged from wall or roof 
spaces during building projects, such as installation of solar panels. The persistence 
of Salmonella infection after cleaning and disinfection in a poultry house previously 
occupied by an infected flock can also be facilitated by the presence of rodents, 
red mites, and flies that are able to carry Salmonella (Carrique-Mas et al., 2009a; 
Holt et al., 2007; Moro et al., 2007). The presence of rodents is strongly associated 
with the Salmonella contamination of laying hen farms (Carrique-Mas et al., 2009a; 
Garber et al., 2003; Snow et al., 2010). Flock size has also been related to the level 
of Salmonella contamination (Huneau-Salaun et al., 2009; Snow et al., 2010). The 
size of the farm can be linked with hygiene practices as large farms are more likely 
to only be dry cleaned, rather than washed and disinfected, between flocks (Aimey 
et al., 2013). High stocking densities are also associated with the suppression of both 
cellular and humoral immunity, which can lead to increased systemic invasion by  
S. Enteritidis (Gomes et al., 2014). The effect of housing types on Salmonella infection 
in laying hens has been evaluated in several studies (Denagamage et al., 2015). Some  
studies have observed an increased risk of Salmonella infection in flocks housed 
in cage systems, particularly in the presence of large populations of rodents  
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(EFSA, 2007; Namata et al., 2008; Snow et al., 2010; Van Hoorebeke et al., 2010b). 
Other studies have reported a higher frequency of transmission in noncage systems 
(De Vylder et al., 2011; Hannah et al., 2011), whereas no difference between the two  
systems was observed by others (Jones et al., 2012; Siemon et al., 2007). A ban on 
conventional cages has been in place in the European Union since January 2012, 
and this has led to the conversion of old cage systems to enriched colony cages. This 
required removal of all battery-style cages and elimination of deep pits, provided the 
opportunity to deep clean houses and eliminate rodents, and has been a major factor 
in the successful control of resident S. Enteritidis in the European egg industry. In 
the enriched cage system, groups of 30–80 birds are housed in a larger cage that pro-
vides more space (laying hens have at least 750 cm2 of cage area per hen), perches, 
and a “nest-box” area (Council directive 1999/74/EC). Studies comparing traditional 
cage systems with conventional cage systems did not find differences between the 
two with regards to environmental contamination and frequency of transmission  
(De Vylder et al., 2009; Gast et al., 2014a,b; Van Hoorebeke et al., 2011). One study 
found that the frequency of positive fecal cultures after experimental infection of 
laying hens with S. Enteritidis was significantly greater for conventional cages than 
for enriched colony cages (Gast et al., 2015). Multiage management has also been  
identified as a risk factor for Salmonella contamination in the laying hen environ-
ment (Huneau-Salaun et al., 2009; Snow et al., 2010). Susceptibility to Salmonella 
infection and likelihood of establishment of a persistent colonization decrease with 
age, but sometimes fecal shedding in older birds continues for an extended interval 
of time (Li et al., 2007). If young chicks become infected with S. Enteritidis, the 
colonization of their intestinal tract can persist until maturity (Gast and Holt, 1998). 
The age of the poultry house is also a significant risk factor since most S. Enteritidis 
infections have persisted in laying farms for decades after the original introduction 
with birds from infected breeding flocks (Van Hoorebeke et al., 2010a).

Once Salmonella is introduced into a flock of laying hens, further transmission 
occurs via contact with infected individuals, ingestion of fecally contaminated mate-
rials (Holt et  al., 1998), feed and water (Holt, 1995; Nakamura et  al., 1997), and 
through aerosols and dust (Baskerville et al., 1992; Gast and Holt, 1998; Holt, 1995; 
Nakamura et al., 1997). The potential for contact transmission of Salmonella may 
be greater when birds are subjected to stress, especially induced molting (Gomes 
et  al., 2014; Holt et  al., 1998). In particular, young pullets that are moved to the 
laying houses just before the onset of lay are more susceptible. Stress related to 
transport and handling and relocation/remixing stress at a time of hormonal changes 
associated with the onset of lay can increase susceptibility to infection (Line et al., 
1997). The introduction of susceptible young pullets in contaminated laying houses 
can result in the infection of the flock, followed by an early peak of infection within 
3 weeks of housing (Gradel et al., 2002). Most hens stop shedding Salmonella after 
approximately 3 weeks, but a proportion of the flock may remain active or latent car-
riers of Salmonella for their whole life (Gast et al., 2005; Shivaprasad et al., 1990). 
However, if the hens are under stress, they may resume shedding, either as a result 
of reactivation of shedding in latent carriers or because of increased susceptibility 
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to reinfection from the environment (Barrow, 1992; Skov et al., 2002). In addition 
to the early peak soon after introduction of birds into the laying house, the level of 
infection is commonly higher at the end of the laying period (Garber et al., 2003; van 
de Giessen et al., 2006; Wales et al., 2007). However, some studies have not found 
an association between prevalence of Salmonella and flock age (Schulz et al., 2011) 
or have reported a decline in Salmonella prevalence as the birds aged (Gole et al., 
2014). This variability can be influenced by flock size and management, the type of 
housing, and the efficiency of vaccination.

3. � FOCAL POINTS OF CONTROL FOR SALMONELLA IN  
LAYING HEN FARMS

To tackle Salmonella infection in laying flocks, effective rodent control and decon-
tamination between crops is essential. Furthermore, vaccines against S. Enteritidis 
and S. Typhimurium are available and the implementation of more effective vaccina-
tion programs has been key in the reduction of the burden of infection. In the follow-
ing paragraphs, a detailed description of these intervention measures is presented.

3.1 � RODENT CONTROL
Laying houses and free-range units are prone to intractable problems with rodent 
control by virtue of several factors. These include numerous inaccessible niches 
within and around cages, banks of autonests, mini-pits, etc., and within and beneath 
the fabric of buildings and sheds, especially when there has been damage allowing 
access by rodents to voids and insulation. Open feeders, poorly secured feed hoppers, 
and spillages arising from feeding and from feed conveyers can provide readily avail-
able food sources for rodents and other wildlife, whereas the long production cycles 
associated with egg laying flocks prevent frequent and thorough cleaning, and can 
hinder repairs to building structures, allowing rodents to access wall and roof spaces, 
damaging insulation and threatening the integrity of electrical wiring in the process.

There is a strong association between Salmonella in the stock and environ-
ment of laying units and Salmonella in associated mice (Davies and Wray, 1995a;  
Henzler and Opitz, 1992; Kinde et  al., 1996; Nahms, 2000; Wales et  al., 2006b). 
This is particularly so for S. Enteritidis; in poultry units with infected stock, a high 
proportion of mice have also been found to carry the same serovar as the infected 
chickens (Davies and Wray, 1995a; Guard-Petter et al., 1997). Findings in smaller 
noncage laying units in the United States concur (Wallner-Pendleton et al., 2014). It 
has been shown that indistinguishable subtypes of Salmonella serovars Enteritidis 
and Infantis are shared between the laying farm environment and resident rodents 
(Lapuz et al., 2008, 2012).

Wild mice can become systemically infected and shed S. Enteritidis for weeks to 
several months after a single oral exposure, or following cross-contamination between 
colonies of mice (Davies and Wray, 1995a). This same study also demonstrated there 
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was little resistance of mice to reinfection, and that growing chickens were readily 
infected by S. Enteritidis shed in mouse droppings. Similarly, Japanese roof rats from 
a laying farm and naturally infected with Salmonella serovars Infantis and Enteriti-
dis shed highly similar strains of S. Infantis intermittently for up to 43 weeks after 
trapping, with between 102 and 108 colony-forming units per dropping (Umali et al., 
2012). In the same study S. Enteritidis was shed less frequently, but still for up to 
33 weeks.

European Union survey data indicate that poultry house mouse feces occasion-
ally contains a high density of Salmonella cells (Davies and Wray, 1995a; Wales 
et al., 2006b), and supports the experimental findings that rodents can become colo-
nized and systemically infected for many months (Rabie et al., 2010). Moreover, the  
Salmonella density in viscera from laying house mice can be similar to, or some-
times well above, that of other sample types (Davies and Wray, 1995b; Wales et al., 
2006b), and mouse passage may select isolates of S. Enteritidis that show more viru-
lence and invasiveness for chickens and a greater ability to contaminate forming eggs  
(Guard-Petter, 2001; Guard-Petter et al., 1997).

Thus, rodent infestations appear to act to sustain and intensify environmental 
contamination of laying houses by Salmonella, with perhaps a particularly signifi-
cant interaction for S. Enteritidis. This is a serovar that was historically associated 
with mice (Edwards and Bruner, 1943) before its epidemic rise within egg produc-
tion, and it may be that S. Enteritidis is particularly well adapted for maintenance, 
multiplication, and spread within a rodent reservoir. Similarly, on Japanese poultry 
farms there may be a particular epidemiological link between the frequent problems 
of S. Infantis contamination and roof rat infestation (Umali et al., 2012). In this con-
text, the tendency for rodents to seek out feed destined for the laying hens, in hop-
pers, troughs, etc., and to defecate in the feed (Daniels et al., 2003), provides a ready 
route for multiplying and distributing Salmonella within, or sometimes between,  
laying houses.

Field studies indicate that the biological interactions between Salmonella and 
rodents on egg laying premises, as previously outlined, are indeed significant in 
respect to persistent flock infections and environmental contamination by S. Enter-
itidis (Denagamage et al., 2015). A European Union-wide baseline study of environ-
mental Salmonella contamination among laying flocks of at least 1000 hens (EFSA, 
2007) provided data for an epidemiological investigation in the United Kingdom 
(Snow et al., 2010). This indicated that a lower frequency of rodent sightings was 
partially protective for S. Enteritidis flock infection, with significant independent 
findings for either rats or mice. Another study in the United Kingdom concluded 
that excellent or improved rodent control was significantly associated with the 
elimination of S. Enteritidis during the life of a flock from laying houses holding  
S. Enteritidis-vaccinated laying hens (Carrique-Mas et  al., 2009a). This was not 
the case with most other serovars. This finding, in 2007, was highly instrumental 
in convincing the egg industry that very intensive rodent control, including crating 
baiting ports with wall and roof spaces, was worthwhile, since elimination of S. 
Enteritidis infection (verified by intensive sampling) before the end of lay reduced 
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the need for costly and complex intensive cleaning and disinfection between flocks 
(ACMSF, 2016).

A 1999 national survey of table egg laying birds in the United States, using envi-
ronmental swabs, identified risk factors for S. Enteritidis-positive flock status that 
included wildlife vector access to feed and a relatively higher intensity of rodent 
infestation (Garber et al., 2003). Rodents also proved to be a risk factor for S. Enter-
itidis-positive premises status in a large Californian study of 133 laying flocks, using 
feces drag swabs (Castellan et al., 2004; Kinde et al., 2004), and similarly in the 
most recent US national laying hen survey, using varied environmental samples 
(Nahms, 2014).

Therefore, excellent rodent control is considered to be an important element in 
protecting laying flocks from Salmonella infection, or in moving toward Salmonella-
free status. This is particularly the case for S. Enteritidis in regions where this serovar 
is endemic. Furthermore, given that total and permanent elimination of all rodents is 
not usually feasible on the premises, the protection of feed supplies from rodent and 
other wildlife incursions that might reestablish breeding populations on site should 
also be a high priority. Periods of depopulation offer additional opportunities for 
intensive baiting and for repairs to buildings that deny rodents access to the inside 
and the fabric of structures, but modern colony cage houses include a network of 
manure belts that must be protected against rodents by frequent placement of palat-
able fresh bait at their entry points into houses. Similarly, bait should be present at 
all potential entry points to the houses and must be palatable for the specific rodent 
populations present. In practice, it is often most successful to place a variety of baits, 
such as cut wheat, canary seed, pasta/peanut oil, or wax block formulations simul-
taneously if a significant infestation is present. Whole wheat should not be used 
for mice if more palatable poultry feed is present and care must be taken to bait 
very intensively and effectively, as suboptimal baiting over a long period selects for 
rodents that become behaviorally less likely to take bait. Baits that kill with a single 
feed are preferable if this is a severe infestation but should not be continued indefi-
nitely unless resistance to other second-generation anticoagulants is present. Alpha-
chloralose (an anesthetic compound also used as a rodenticide) baits can be useful 
in cold empty houses and trapping can be used to supplement baiting and to monitor 
progress in reducing rodent populations. Contact rodenticides can also be useful but 
cats cannot deal with established rodent populations within their protective harbor-
age, although they may act as a deterrent to initial entry of rodents (and wild birds) 
to a pest-free site. Cats can also become infected with Salmonella and represent a 
reservoir of infection between flocks on the farm (Snow et al., 2010).

3.2 � CLEANING AND DISINFECTION
In many laying flocks, Salmonella infections with non-Enteritidis serovars will 
resolve within the lifetime of a flock, especially if the source is transient, such as a 
contaminated batch of feed. However, S. Enteritidis typically is more persistent, and 
prevention of carryover to the next flock usually requires removal of environmental 
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contamination during depopulation (Carrique-Mas et al., 2009a). Therefore, effec-
tive cleaning and disinfection is of major importance, as illustrated by a large-scale 
study in the United States indicating that failing to clean and disinfect between flocks 
was associated with S. Enteritidis-positive flock status (Garber et al., 2003). Another 
large US study (Nahms, 2014) showed a similar effect for units having a depopulated 
downtime of 10 days or less, which may indicate poorer decontamination regimens 
among other factors such as rodent control. When cleaning and disinfection of laying 
houses was verified by bacteriological sampling, effective removal of Salmonella 
proved to be positively associated with clearance of Salmonella infection between 
successive laying flocks in a study of 60 houses (Carrique-Mas et al., 2009b). Similar 
findings were reported for turkey facilities (Mueller-Doblies et al., 2010).

S. Enteritidis can survive for at least 1 year in poultry accommodations after 
depopulation, having been found in feed troughs, nest boxes, unbedded floor areas, 
and dust from sheds and free-range houses (Davies and Breslin, 2003b; Davies and 
Wray, 1996). This environmental resilience of Salmonella, coupled with the long 
production cycles of laying hens, leads to the accumulation of the organism in pro-
tected microenvironments including dust, organic soil, and spilled feed.

The intermittent detection of the same Salmonella serovar on poultry premises 
suggests that it may be present continuously, despite cleaning and disinfection. 
This view is supported by longitudinal studies involving detailed subtyping of S. 
Senftenberg isolates, which showed that the same subtypes persisted on the farm 
(Pedersen et al., 2008). When cleaning and disinfection of poultry houses, includ-
ing those of laying flocks, has been objectively assessed by detailed sampling, there 
have often been only modest reductions, or occasionally even increases, observed 
in environmental contamination by Salmonella and coliforms (Davies and Breslin, 
2003b; Davies and Wray, 1995b; Mueller-Doblies et al., 2010; Wales et al., 2007). 
Particular problem areas in laying houses include feeders, drinkers, nest boxes, and 
cage furniture (Wales et al., 2006a), all of which are in close contact with new flocks, 
thus potentially exposing newly placed pullets to early challenge by Salmonella.  
Ventilation ducting may also remain contaminated unless suitable cleaning towers 
and angled lances are used.

There are a number of practical and technical issues that together pose a severe 
challenge for effective cleaning and disinfection of laying flock accommodation, not 
the least of which are the multiple (often inaccessible) surfaces and niches. Difficul-
ties with sealing ventilation systems for thermal fogging can be another obstacle 
to comprehensive coverage of microbicidal treatment. Large-scale field survey data 
from 2004 to 2005 indicated that caged flocks in the United Kingdom and Belgium 
were at higher risk of being S. Enteritidis- and Salmonella-positive, respectively, 
compared with noncaged flocks, independent of flock size (Namata et  al., 2008; 
Snow et al., 2010). This may in part be because of challenges in effective cleaning 
and disinfection of cages.

Wet cleaning may cause increased mobilization and activation of Salmonella 
(Davies and Wray, 1995b), and bacteria in wet matter may benefit from increased pro-
tection against penetration by disinfectants, or indeed may multiply if in a favorable 
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matrix such as feed residue. Field studies show that starting with wet cleaning can be 
associated with a poorer overall Salmonella reduction in laying houses than an initial 
dry clean if subsequent disinfection is insufficiently robust (Wales et  al., 2006a), 
but that omitting dry cleaning before washing can be a risk factor for shedding of 
S. Enteritidis or S. Typhimurium by laying hens (Van Hoorebeke et al., 2010a). It is 
therefore necessary to carry out each stage: dry cleaning, washing, and disinfection 
effectively or the whole process may be undermined.

The protective effect of organic residues, plus survival features of Salmonella 
including oxidative resistance and biofilm formation commonly render disinfec-
tants less effective than laboratory assessments may predict (McLaren et al., 2011; 
Stringfellow et  al., 2009). This may be compounded by the use of inappropriate 
disinfectant dilutions, loss of disinfectant potency during storage, interfering sub-
stances in diluent water, and inadequate application technique (Davies and Wray, 
1995b; Huneau-Salaün et al., 2010; Stringfellow et al., 2009). Different disinfectant 
preparations are affected to differing degrees by the conditions of application such 
as deviations from optimal dilution, residual soil, surface materials, etc. (McLaren 
et al., 2011; Russell, 2003). Thus, field experience and assessment using simulated 
“in use” conditions are important elements in predicting efficacy. Some field and 
laboratory investigations in the United Kingdom and Denmark have indicated that 
aldehyde- and phenolic compound–based preparations appear to be more consis-
tently efficacious (Berchieri and Barrow, 1996; Davies and Wray, 1995b; Gradel 
et al., 2004; McLaren et al., 2011). However, availability and licensing of disinfec-
tant components varies between territories.

Success in cleaning and disinfection is greatly aided by a rigorous and thorough 
approach, plus careful attention to the details of technique and to the selection and 
application of agents. Power washing of houses with 10% formalin solution at high 
pressure has proved to be the most effective program for persistently infected cage 
laying houses, and this can be effective even when thorough cleaning before disin-
fection is difficult, but good safety precautions, including breathing apparatus, are 
needed for this. In the European Union, formaldehyde has been classified as a class 
1 carcinogen and its agricultural use is under threat. Glutaraldehyde is the next most 
effective agent, but this does depend on a good standard of cleaning before use. The 
available evidence strongly indicates that for persistent serovars such as S. Enteriti-
dis, effective cleaning and disinfection is an essential element for timely elimination 
of flock infections, as well as having allied benefits in the control of other contami-
nant organisms and pests.

3.3 � VACCINATION OF FLOCKS
Vaccination of chickens, together with other control measures as part of a compre-
hensive Salmonella control program, is an important component of strategies to pre-
vent infection and reduce the prevalence of Salmonella in poultry flocks (Desin et al., 
2013). Vaccination of laying hens against S. Enteritidis and S. Typhimurium has been 
shown to confer protection against Salmonella infection and to decrease the level of 
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on-farm contamination (Van Immerseel et al., 2005). Vaccination of flocks of laying 
chickens started in some countries during the 1990s in response to the S. Enteritidis 
pandemic (Thorns, 2000), and was linked to a decrease in human cases of salmonel-
losis related to S. Enteritidis infections in the United Kingdom (O’Brien, 2012).

As S. Enteritidis and S. Typhimurium are considered to be the most important 
serovars for public health in Europe, existing commercially available live and inac-
tivated Salmonella vaccines for poultry are intended for use against one or both of 
these serovars. There is little evidence of cross-protection between Salmonella sero-
groups in chickens (Curtiss and Hassan, 1996) but a partial cross-immunity effect 
between serogroups B (S. Typhimurium) and D (S. Enteritidis) has been suggested 
(Parker et al., 2001; Springer et al., 2011). After the introduction of large-scale vacci-
nation using live S. Enteritidis vaccine in poultry breeding farms (layers and broilers) 
the detection of both S. Enteritidis and S. Typhimurium was reduced considerably 
(EFSA, 2004).

In some European countries (Austria, Belgium, the Czech Republic, Germany, 
and Hungary) vaccination of laying flocks is compulsory, in others vaccination is 
permitted and recommended (Bulgaria, Belgium, Cyprus, Estonia, France, Greece, 
Italy, Latvia, Lithuania, The Netherlands, Poland, Portugal, Romania, Slovakia,  
Slovenia, Spain, and the United Kingdom), whereas in others it is banned (Denmark,  
Finland, Sweden, and Ireland) (Galis et  al., 2013). In the United Kingdom, most 
commercial scale egg producers subscribe to the British Egg Industry Council 
(BEIC) Quality Assurance Scheme that provides a code of practice (Lion Code) on 
farm hygiene and welfare standards. Vaccination against Salmonella began in broiler 
breeding flocks in 1994 (it was never routinely used for layer breeder flocks) and in 
laying flocks in 1998 for farms that subscribe to the BEIC Lion Code Scheme (Cogan 
and Humphrey, 2003; O’Brien, 2012; Ward et al., 2000). In the United Kingdom, five 
live vaccines and two killed vaccines are currently available (Clifton-Hadley et al., 
2002; Gantois et al., 2006; Springer et al., 2011). Table 1.1 summarizes the vaccines 
available for poultry in Europe. These vaccines are used singly or combined and a 
three-dose course of one of the live S. Enteritidis vaccines has also been licensed for 
protection against S. Typhimurium. To maximize protection, vaccination programs 
that combine live and killed vaccines are often used. Within these programs, oral vac-
cines are administered as three doses during the rearing period of the pullets and this 
is complemented by one or, rarely, two injections of killed vaccine (normally close 
to point of lay) (EFSA, 2004).

Because of the intracellular location of part of the Salmonella population within 
infected animals, it is believed that Salmonella vaccines must have the potential to 
induce a cell-mediated response, which is more achievable with potent live vaccines 
(Gantois et al., 2006) and most live vaccines have to be extremely attenuated because 
of concerns about safety and environmental persistence. Killed vaccines have been 
shown to be partially protective against Salmonella challenge in poultry (Clifton-
Hadley et al., 2002; Feberwee et al., 2000). An inactivated bivalent S. Enteritidis and 
S. Typhimurium vaccine was able to reduce the number of internal organs colonized, 
the number of ceca colonized, and the level of shedding in an experimental seeder 
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challenge model (Clifton-Hadley et al., 2002). Killed vaccines have been shown to 
be effective in preventing the exacerbation of S. Enteritidis infection within infected 
flocks, if administered premolting (Nakamura et al., 2004).

Vaccination is used to prevent systemic infection (and localization in the repro-
ductive tract) and to reduce fecal shedding (and consequently carcass and/or egg 
contamination). Vaccination is regarded only as an additional measure to increase 
resistance of chicks against Salmonella, especially if the flock prevalence is already 
high. Vaccination reduces the risk of inter- and intra-flock Salmonella contamination 
but it must be combined with other measures (such as rodent control and effective 
cleaning and disinfection) to effectively prevent perpetuation of infection on the farm 
(Davies and Breslin, 2003a; Woodward et al., 2002). In the presence of high lev-
els of environmental contamination, hens may ingest high numbers of salmonellae 
and vaccination can be insufficient to provide protection (Atterbury et al., 2009; De 
Buck et al., 2005; Woodward et al., 2002). Vaccinated hens can become infected with  
S. Enteritidis and the bacteria can be found in their ceca up to the end of the laying 
period (Dewaele et al., 2012). In the field, poor injection technique in the case of live 
vaccines and failure to ensure sufficient uptake of the vaccine by the birds, proper 

Table 1.1  Vaccines Currently Available for Chicken Layers in Europe

Name
Type of 
Vaccine

Administration 
Route Timing Notes

Salenvac Ta Killed SE/ST IM injection 12 weeks (w)  
& 16 w

Alhydrogel adju-
vant, high circu-
lating/maternal 
antibody

Avipro Salmo-
nella Vac Eb

Live SE Water Day old (D.O.); 
7 w; 3 w prelay

Metabolic drift 
mutant

Avipro Salmo-
nella Vac Tb

Live ST Water D.O.; 7 w; 3 w 
prelay

Metabolic drift 
mutant

Avipro Duob Live SE/ST 
mix

Water/(spray) D.O.; 7 w; 3 w 
prelay

Metabolic drift 
mutants

Gallivac SE 
(2-dose course 
versus normal 
challenge)c

Live SE Water/(spray) D.O.; +2 w Auxotrophic 
mutant

Gallivac SE 
(3-dose course 
versus high 
challenge/ST)c

Live SE Water/(spray) D.O.; 2 w; 3 w 
prelay

Auxotrophic 
mutant

Gallimune 
SE + ST c

Killed SE/ST IM injection From 6 w, & 
16 w

Mineral oil 
adjuvant

IM, Intramuscular; SE, Salmonella Enteritidis; ST, Salmonella Typhimurium.
aIntervet UK Ltd. Walton Manor, Walton, Milton Keynes MK7 7AJ.
bLohmann Animal Health GmbH, Heinz-Lohmann-Straße 4, 27,472 Cuxhaven, Germany.
cMerial GmbH, Am Söldnermoos 6, 85,399 Hallbergmoos, Germany.
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distribution of the full dose of live vaccines throughout drinker lines and its uptake by 
birds within a 2-h window before deterioration of viability of the vaccine is a further 
impediment to efficacy.

Although vaccination is not fully protective, especially in the case of laying hens 
placed in a previously contaminated laying house that contains infected rodents, it 
is likely to reduce fecal shedding, ovarian transmission, and the within-flock prev-
alence, thereby reducing contamination of table eggs and the environment. Most 
importantly, the use of vaccination against S. Enteritidis and S. Typhimurium results 
in lower internal-egg contamination levels thereby directly contributing to public 
health even when flocks remain infected, as with most large cage flocks in Europe 
before the introduction of NCPs (Davies and Breslin, 2004a; Gantois et al., 2006). 
Vaccination was effective in reducing the number of internally contaminated eggs 
and eggshells produced by hens experimentally challenged with S. Enteritidis, S. 
Typhimurium, and monophasic S. Typhimurium variants (Arnold et  al., 2014). In 
the European Union-wide baseline study conducted in 2004–5, vaccination of lay-
ing flocks was found to decrease the risk of S. Enteritidis infection when compared 
with unvaccinated flocks. Vaccination was demonstrated to be particularly effective 
in Member States with high holding prevalence (>15%) of Salmonella infection 
(EFSA, 2007).

There is some indication in the literature that eggs laid by chickens vaccinated 
with killed vaccines may be more resistant to Salmonella contamination and fur-
ther multiplication, as maternal anti-Salmonella antibodies can be present in the egg 
(Hassan and Curtiss, 1996). In a study conducted in broilers, the samples collected 
from flocks that were progeny of vaccinated broiler breeders had a 62% lower chance 
of being Salmonella positive than chicks collected from equivalent flocks that were 
progeny of unvaccinated breeders (Berghaus et al., 2011).

4. � CONCLUDING REMARKS
Tackling Salmonella infection in laying hen flocks can prove challenging, especially 
in the presence of rodents. It is essential to control rodent populations on farm, as 
mice and rats can amplify the infection and favor carryover between flocks. If breed-
ing populations of rodents are eliminated and flocks are vaccinated, S. Enteritidis 
or S. Typhimurium infections can disappear (or at least become undetectable by 
repeated intensive sampling) over a period of weeks or months. This was the most 
important finding of research on Salmonella control in the United Kingdom and led 
to the successful efforts toward the current status of virtual eradication of S. Enteriti-
dis in poultry and the conclusion that infection was more a problem of rodents than 
birds all along. There are still issues in people, due to foreign travel and imported 
foods, and occasionally in imported broiler hatching eggs from those countries that 
have diverted table eggs from infected flocks for heat treatment rather than slaugh-
tering the flocks as in United Kingdom and Nordic countries. Imported infection 
is therefore a constant threat that necessitates continuation of vaccination and high 
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farm standards despite the current absence of S. Enteritidis infection in commercial 
scale laying flocks. Vaccination and effective cleaning and disinfection are important 
for infection control, but their effect can be undermined by the presence of rodents 
and poor vaccination technique. Effective sampling strategies are important to detect 
infection in flocks. In the European Union, a combination of these approaches 
including legislation penalizing the sale of eggs from infected flocks has resulted in 
a progressive decrease of prevalence of S. Enteritidis and S. Typhimurium in laying 
hen flocks, accompanied by a concomitant reduction of human cases related to the 
consumption of nonimported chicken eggs. The European experience demonstrates 
that the control of Salmonella in laying hens flocks is possible, in particular in the 
context of national control programs that introduce effective sampling schemes and 
financial penalties related to noncompliance with the requirements of the programs.
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CHAPTER

Microbiology of Shell Egg 
Production in the United 
States

Richard K. Gast
US National Poultry Research Center, Athens, GA, United States

1. � INTRODUCTION: SALMONELLA AND EGGS: A PUBLIC 
HEALTH AND ECONOMIC PROBLEM

Despite ambitious public health goals for the first decade of the 21st century, the inci-
dence of human Salmonella infections remained nearly constant and a 44% increase was 
reported for infections with Salmonella enterica subspecies enterica serotype Enteritidis 
(Centers for Disease Control and Prevention, 2011; Chai et al., 2012). Since the 1980s, 
a high international prevalence of Salmonella Enteritidis infections has been principally 
linked to the consumption of contaminated eggs (Braden, 2006; Jackson et al., 2013; 
Pires et al., 2014). On the basis of both retrospective epidemiological analysis and active 
disease surveillance, the incidence of human salmonellosis has been strongly associ-
ated with the prevalence of S. Enteritidis in commercial flocks of egg-laying chickens 
(Havelaar et al., 2013; Arnold et al., 2014a). For example, a study involving 24 European 
nations (De Knegt et al., 2015) identified laying hens as the leading reservoir of human 
salmonellosis, responsible for 42% of all cases (and 96% of these were caused by S. 
Enteritidis). Human salmonellosis in the United States has been estimated to have costs 
to society, industry, and government as high as $11 billion per year for medical treatment, 
lost wages, legal actions, market restriction and reduced product value, risk reduction 
efforts, and regulatory programs (Scharff, 2012). Federal egg safety regulations (U.S. 
Food and Drug Administration, 2009) suggested that provisions to control S. Enteritidis 
would cost the egg industry approximately $81 million annually, but could reduce human 
health costs (due to 79,000 egg-related illnesses) by $1.4 billion.

2. � SALMONELLA ENTERITIDIS AND LAYING HENS: INFECTION 
AND EGG CONTAMINATION

2.1 � INTESTINAL COLONIZATION AND FECAL SHEDDING
The exposure of highly susceptible young chicks to S. Enteritidis can result in 
the establishment of intestinal tract colonization, which continues until maturity  

2
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(Gast and Holt, 1998; Van Immerseel et  al., 2004). Intestinal colonization by 
Salmonella usually declines steadily following the exposure of mature chickens 
(Gast et  al., 2005, 2011b), but infection can sometimes persist for an extended 
period of time (Li et al., 2007; Gast et al., 2009). Bacterial persistence in even a 
small percentage of hens could prolong opportunities for horizontal transmission 
within flocks. The horizontal dissemination of Salmonella in laying flocks depends 
directly on both the frequency and the duration of infection in individual hens.

Fecal shedding of salmonellae is an important consequence of their ability to 
adhere to cells of the avian intestinal tract and can be a prominent source of bacte-
rial contamination of the poultry housing environment (Trampel et al., 2014). Both 
the frequency and duration of fecal shedding are directly correlated with the oral 
exposure dose (Gast and Holt, 2000a; Gast et al., 2011b). Mature hens infected with 
large doses can sometimes shed S. Enteritidis in their feces for several months (Gast 
et al., 2013b). The prevalence of fecal shedding of S. Enteritidis in commercial laying 
flocks may fluctuate over time (Wales et al., 2007; Schulz et al., 2011), but appears 
to peak just before egg laying commences and gradually declines thereafter (Li et al., 
2007; Gole et al., 2014). Persistent fecal shedding of S. Enteritidis does not necessar-
ily predict the likelihood of systemic infection or egg contamination (Gast and Holt, 
2000a; Gast et al., 2005).

2.2 � INTERNAL ORGAN COLONIZATION
Within only a few hours after laying hens are orally inoculated, S. Enteritidis can 
invade beyond the intestinal tract to colonize the liver and spleen (He et al., 2010). 
The frequency of S. Enteritidis isolation from the internal organs of mature birds 
declines steadily over the first few weeks following oral exposure (Gast et  al., 
2007b, 2011a), but infection is sometimes persistent in individual birds (Gast 
et al., 2009). The deposition of S. Enteritidis inside the edible interior contents of 
eggs is a consequence of reproductive organ colonization in systemically infected 
hens (Gantois et al., 2009; Gast et al., 2011a). However, the invasion of repro-
ductive tissues at high frequencies or involving large loads of Salmonella cells 
does not always lead to a similarly high incidence of egg contamination (Gast 
et al., 2004, 2007b, 2011c). Both the ovary (where yolks mature before release) 
and oviduct (where albumen is secreted around descending yolks) can harbor S. 
Enteritidis, thereby leading to bacterial deposition at corresponding locations—
yolk or albumen—within eggs (Humphrey et al., 1989; Gast and Holt, 2000a; De 
Buck et al., 2004; Gast et al., 2004, 2007b).

2.3 � EGG CONTAMINATION
The dose of S. Enteritidis cells administered experimentally to hens has been shown 
to affect the frequency of systemic infection, pattern of internal organ involve-
ment, and likelihood of deposition in eggs (Gast et al., 2011a, 2013a). Nevertheless, 
even very large oral doses typically cause rather infrequent egg contamination, at 
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generally low initial bacterial population levels (Humphrey et al., 1991; Gast and 
Beard, 1992; Gast and Holt, 2000a). Naturally occurring S. Enteritidis infections in 
commercial flocks, often acquired from environmental sources at low exposure doses 
and spread by horizontal contact, are generally associated with a very low prevalence 
of egg contamination (Gast and Holt, 1999; Ebel and Schlosser, 2000; DeWinter 
et al., 2011; Esaki et al., 2013). Similarly, intestinal colonization, organ invasion, and 
egg contamination have all occurred less frequently among experimentally contact-
exposed birds than among birds inoculated with large oral doses (Gast and Beard, 
1990; Gast and Holt, 1999).

The initial site of Salmonella deposition inside eggs influences the potential for 
the pathogen to multiply during storage. Egg yolk provides abundant nutrients to sup-
port rapid and prolific microbial growth at warm temperatures (Gurtler and Conner, 
2009), but albumen contains proteins that limit iron availability and disrupt bacterial 
membranes (Baron et al., 2016). Although S. Enteritidis is most commonly deposited 
either in the albumen or on the outside surface of the vitelline (yolk) membrane of 
contaminated eggs, it can rapidly migrate across this membrane to reach the nutrient-
dense interior contents of the yolk at warm temperatures (Gast and Holt, 2001a; Gast 
et al., 2003, 2010). However, refrigeration temperatures can reduce or prevent both 
Salmonella multiplication in egg yolks (Gast and Holt, 2000a; Gurtler and Conner, 
2009) and penetration of vitelline membranes (Gast et al., 2006, 2007a).

3. � INFECTION OF LAYING HENS AND EGG CONTAMINATION 
BY DIFFERENT SALMONELLA STRAINS AND SEROTYPES

3.1 � PATHOBIOLOGY OF SALMONELLA ENTERITIDIS STRAINS  
AND PHAGE TYPES

The public health consequences of infections in laying hens often vary significantly 
between Salmonella strains or serotypes. In experimental infection studies, S. Enter-
itidis strains have sometimes differed significantly in both invasion to reproductive 
organs and contamination of eggs (Gast and Holt, 2000a, 2001a; Guard et al., 2011). 
S. Enteritidis strains that are efficient at causing egg contamination have been dis-
tinguished from other environmental salmonellae by their capabilities for adher-
ence to reproductive tract mucosa and for survival in forming eggs. These traits are 
associated with the expression of genes found in the major pathogenicity islands, 
involved in cell wall or lipopolysaccharide structure, or related to stress responses 
(Guard-Bouldin et al., 2004; Wales and Davies, 2011; Coward et al., 2013; Raspoet 
et al., 2014). The deposition of salmonellae within developing eggs may require the 
expression of a sequence of phenotypic properties as they become necessary at suc-
cessive stages of infection (Gast et al., 2002a; Guard et al., 2010). Differential accu-
mulation of small genetic changes may result in divergent abilities to invade internal 
organs and eggs among isolates of the same S. Enteritidis phage type (Guard et al., 
2010, 2011). No affinities for specific reproductive tract sites or consistent patterns 
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of deposition in either egg yolk or albumen have been attributed to individual Salmo-
nella isolates (Gast and Holt, 2000a, 2001a; Gast et al., 2007b). Phage typing of S. 
Enteritidis has been valuable for identifying epidemiological relationships between 
isolates from different sources, but it has not consistently correlated with the egg 
contamination potential of individual strains (Gast and Holt, 2000a; Gantois et al., 
2009; Guard et al., 2011).

Environmental conditions (particularly pH and temperature) have been dem-
onstrated to influence expression of potential Salmonella virulence factors such 
as flagella, fimbria, outer membrane proteins, and iron uptake systems (McDer-
mid et al., 1996; Walker et al., 1999). A greater diversity of S. Enteritidis phage 
types has been found in poultry houses than in contaminated eggs, suggesting that 
the environment may serve as a reservoir from which strains with a heightened 
ability to cause systemic infection and associated egg contamination may periodi-
cally emerge (Henzler et al., 1994, 1998; Dewaele et al., 2012a,b). Conditions in 
the tissues of infected hens may also exert selective pressures that can influence 
the expression of bacterial virulence factors. For example, genes that were highly 
expressed in S. Enteritidis oviduct isolates from infected hens were also highly 
expressed in egg isolates (Gantois et al., 2008). The ability of S. Enteritidis strains 
to cause egg contamination was experimentally increased by repeated passage 
through infected hens (Gast et al., 2003, 2005), although virulence was unaffected 
by a single passage through reproductive tissues (Gast et al., 2009).

Individual Salmonella strains can sometimes differ in their growth properties in 
eggs (Gast and Holt, 2001b; Cogan et al., 2004; Gast and Guraya, 2013) or in their 
ability to penetrate through yolk membranes (Gast et al., 2007a; Gantois et al., 2008), 
but these differences do not coincide with phage typing distinctions (Gast and Holt, 
2001b; Gast and Guraya, 2013). Isolates of S. Enteritidis have been observed to sur-
vive better in egg albumen than strains of other serotypes (De Vylder et al., 2012). 
S. Enteritidis strains sensitive to both acidic and oxidative stress exhibited reduced 
survival and growth in egg albumen (Shah et al., 2012). The frequency at which S. 
Enteritidis is able to migrate into yolks and multiply can vary in eggs from different 
genetic lines of commercial laying hens (Gast et al., 2010).

3.2 � SALMONELLA ENTERITIDIS AND OTHER SALMONELLA 
SEROTYPES

The epidemiological relationship between S. Enteritidis and eggs is uniquely impor-
tant, but strains of some other Salmonella serotypes can colonize reproductive tissues 
in laying hens and contaminate the contents of developing eggs (Keller et al., 1997; 
Okamura et al., 2001; Gast et al., 2004). In North America, eggs contaminated by 
Salmonella Heidelberg (a serotype that is common in the housing environment of lay-
ing flocks) have been implicated as vehicles of human illness, although far less often 
than S. Enteritidis (Chittick et al., 2006). Salmonella Typhimurium has been identi-
fied as a source of sporadic egg-transmitted disease in Australia (Gole et al., 2014). 
Most other serotypes commonly found in commercial flocks, such as Kentucky in 
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the United States, have not been associated with meaningful levels of egg contami-
nation. Experimental infection studies involving strains of serotypes Heidelberg and 
Typhimurium have sometimes produced high frequencies of systemic infection and 
reproductive organ colonization (Gantois et  al., 2008), but these serotypes caused 
egg contamination far less often than S. Enteritidis (Gast et al., 2005, 2007b, 2011b). 
Possible explanations for these trends include the stronger adherence of S. Enteritidis 
to reproductive tract mucosa and the elicitation of more intense immune responses 
by other serotypes (Wales and Davies, 2011). In most instances around the world, 
laying flock testing programs that focus on S. Enteritidis as being epidemiologically 
preeminent constitute a cost-effective use of limited resources for protecting pub-
lic health. Nevertheless, monitoring for the emergence of previously infrequent or 
inconsequential serotypes can also have proactive public health value.

4. � ENVIRONMENTAL INFLUENCES ON SALMONELLA 
INFECTIONS IN EGG-LAYING FLOCKS

Opportunities for the introduction and dissemination of pathogens in laying 
flocks largely depend on environmental conditions in egg production facilities 
(Trampel et al., 2014). The poultry house environment often serves as a reservoir 
for Salmonella strains that can infect egg-producing chickens. Persistent environ-
mental contamination is sometimes responsible for the transmission of infection 
into successive laying flocks over extended periods of time (Davies and Breslin, 
2003; Dewaele et  al., 2012a,b; Lapuz et  al., 2012). S. Enteritidis isolates with 
impaired resistance to environmental stressors also had reduced pathogenicity 
for chickens (Shah, 2014). Salmonella contamination is often widely distributed 
throughout laying houses in association with dust and feces (Garber et al., 2003; 
Kinde et  al., 2005; Im et  al., 2015), and can be perpetuated and amplified by 
severe rodent or insect infestations to levels capable of surviving standard clean-
ing and disinfection methods (Carrique-Mas et  al., 2009b; Snow et  al., 2010; 
Lapuz et al., 2012; Wallner-Pendleton et al., 2014).

After salmonellae are introduced into laying houses, rapid and extensive hori-
zontal dissemination throughout flocks is mediated by direct contact between hens, 
ingestion of contaminated feed or feces, movement of personnel and equipment, and 
airborne circulation of contaminated dust and aerosols (Gast et  al., 1998, 2014b; 
Thomas et  al., 2009, 2011). Environmental stressors, including feed deprivation, 
water deprivation, or excessive heat, can increase the susceptibility of hens to hori-
zontally transmitted infections (Asakura et  al., 2001; Humphrey, 2006; Okamura 
et al., 2010). Commercial egg production facilities represent highly complex envi-
ronments, so the potential influences on the presence of food-borne pathogens in 
egg-producing flocks are correspondingly diverse. The most commonly identified 
risk factors linked to increased Salmonella prevalence in egg-laying chickens are 
larger flock size, greater flock age, housing in older facilities, and multiple-age stock-
ing (Mollenhorst et al., 2005; Namata et al., 2008; Huneau-Salaün et al., 2009; Snow 
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et al., 2010; Van Hoorebeke et al., 2010a; Pitesky et al., 2013; Denagamage et al., 
2015). However, within-flock variations in the prevalence of infection over time can 
confound definitive risk assessment (Wales et al., 2007). The presently incomplete 
understanding of environmental risk factors constitutes an important data gap for the 
development of effective and sustainable long-term measures for controlling egg-
transmitted disease.

5. � EGG PRODUCTION HOUSING SYSTEMS AND SALMONELLA
5.1 � HOUSING SYSTEMS FOR EGG-LAYING HENS
The animal welfare, economic viability, and public health implications of different 
production housing systems for commercial laying hens have been widely discussed. 
The various housing options have numerous complex facility characteristics and 
management practices that can influence the persistence and transmission of infec-
tions with pathogens such as S. Enteritidis (Carrique-Mas et al., 2009a; Jones et al., 
2015). Conventional laying cages, predominant in the commercial egg production for 
many years, house small groups of laying hens at relatively high stocking densities 
(expressed as the amount of available floor space per bird). Newer alternative caging 
systems include enriched colony cages (substantially larger units providing lower 
stocking densities plus environmental enhancements such as perches, nesting areas, 
and scratching pads) and aviaries in which birds can move freely among multiple 
open levels of enriched cage and floor areas within houses. Cage-free or free-range 
housing, offering greater opportunities for freedom of movement via varying degrees 
of access to outdoor forage or pasture areas, are also becoming increasingly common 
in the egg industry.

5.2 � HOUSING INFLUENCES ON SALMONELLA IN LAYING FLOCKS
Reviews of the published scientific literature regarding the food safety consequences 
of different types of housing for egg-laying poultry have not identified any defini-
tive overall consensus viewpoint (Holt et al., 2011; Whiley and Ross, 2015). Highly 
diverse results have been obtained in studies comparing the prevalence of Salmo-
nella infection or environmental contamination in flocks housed in various types of 
cage-based or cage-free systems, and no consistent advantage has been documented 
for any one class of housing. In some studies, cage-based housing systems have 
been linked to a higher frequency of Salmonella infection in poultry flocks, espe-
cially when large populations of rodents are present (Huneau-Salaün et al., 2009; 
Snow et al., 2010; Van Hoorebeke et al., 2010b; Denagamage et al., 2015). In other 
studies, cage-free housing systems have been associated with greater numbers of 
Enterobacteriaceae on egg shells, a higher incidence of environmental contamination 
with Salmonella, and more frequent horizontal transmission of Salmonella infection 
within flocks (De Vylder et al., 2011; Hannah et al., 2011; Watanabe et al., 2012; 
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Jones and Anderson, 2013; Parisi et al., 2015). Access to outdoor areas, which are 
potentially vulnerable to the introduction of pathogens from external sources, may 
be an important source of risk in free-range housing (Mollenhorst et al., 2005). In a 
third group of studies, no significant differences in either Salmonella fecal shedding 
or environmental contamination have been reported between cage-based and cage-
free flocks (Siemon et al., 2007; Jones et al., 2012) or between conventional cage 
and enriched colony cage systems (De Vylder et al., 2009; Nordentoft et al., 2011; 
Van Hoorebeke et al., 2011). In a large field study conducted under commercial egg 
production conditions, no broad trends in either total bacterial levels or the pres-
ence of pathogens distinguished environmental samples and eggs from conventional 
cages, enriched colony cages, and aviaries, although specific management concerns 
(such as contaminated scratch pads in enriched cages and contaminated floor eggs in 
aviaries) were identified as challenges pertinent to each system (Jones et al., 2015).

5.3 � POTENTIAL MECHANISMS FOR HOUSING EFFECTS
In a series of experimental infection studies, S. Enteritidis was isolated from inter-
nal organs and voided feces at significantly higher overall frequencies from hens in 
conventional cages than in enriched colony cages, but no differences between the 
two housing systems were found for the persistence of fecal shedding, the frequency 
of horizontal transmission of infection, or the production of internally contaminated 
eggs (Gast et al., 2013b, 2014a,b, 2015). One possible explanation for these results is 
that some intrinsic characteristic of conventional cage housing (such as bird density 
or behavioral restriction) was a stressor that compromised immunity and thereby 
increased susceptibility to the systemic dissemination of S. Enteritidis infection. The 
stocking density of laying hens in production systems has been identified as a param-
eter capable of influencing flock infections with Salmonella, perhaps by diminishing 
immune responses or increasing opportunities for horizontal contact transmission of 
the pathogen. Crowded and unsanitary conditions are known to decrease the resis-
tance of chickens to infection (Asakura et al., 2001). Housing chickens at high stock-
ing densities has been associated with the suppression of both humoral and cellular 
immunity and to increased S. Enteritidis invasion of internal organs (Gomes et al., 
2014). The impairment of lymphocyte function in intestinal lymphoid tissues such 
as Peyer patches and cecal tonsils could compromise effective clearance of infection 
from the gut (Holt et al., 2010). Significant housing system effects on colonization 
of the spleen (an important secondary lymphatic organ) in experimental infection 
studies are consistent with a stress-related explanation (Gast et al., 2013b). Neverthe-
less, other secondary manifestations of S. Enteritidis infections (including the most 
important food safety parameter, egg contamination) may not always be directly 
affected by these same influences. In the course of S. Enteritidis infection in lay-
ing hens, systemic dissemination is a necessary component in the process that leads 
to bacterial deposition inside eggs, but the frequency or magnitude of reproductive 
organ colonization does not consistently predict the likelihood of subsequent egg 
contamination (Gast et al., 2004, 2007b, 2011b).
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6. � CONTROLLING SALMONELLA INFECTION AND EGG 
CONTAMINATION IN LAYING FLOCKS

6.1 � SALMONELLA RISK REDUCTION IN LAYING FLOCKS
Reducing the prevalence of S. Enteritidis infection in flocks of commercial laying 
hens is critical for reducing egg-transmitted human illness. The application of mul-
tiple interventions distributed throughout the egg production cycle is the most prom-
ising strategy for S. Enteritidis control (Trampel et al., 2014). Many recommended 
S. Enteritidis risk reduction practices are also applicable against other salmonellae 
as well as a broad spectrum of other poultry pathogens. Preventing the introduc-
tion of Salmonella into poultry facilities requires measures such as the implementa-
tion of stringent biosecurity measures, stocking exclusively with replacement pullets 
that are demonstrably uninfected, controlling population levels of rodent and insect 
pests, and securing farms against access by wildlife (Davies and Breslin, 2003). The 
possibility of indirect horizontal transmission of infections to subsequent flocks via 
contaminated environmental sources can be minimized by thorough cleaning and 
disinfection of laying houses between flocks (Carrique-Mas et al., 2009b). In addi-
tion to the various serotype-independent strategies, the three most prominent risk 
reduction practices that are specifically applicable to S. Enteritidis in laying hens are 
vaccination, flock testing, and egg refrigeration.

6.2 � VACCINATION
The goals of S. Enteritidis vaccination of laying hens are to reduce the susceptibility 
of individual birds to infection, vertical and horizontal transmission between birds, 
the pathogen load in poultry house environments, and the frequency of egg contami-
nation (Gast, 2007). Both inactivated (killed) and attenuated (live) Salmonella vac-
cine products are commercially available, eliciting varying degrees of mucosal and 
systemic immunity. Administering either type of S. Enteritidis vaccine preparation 
to pullets or hens has characteristically reduced, but seldom prevented entirely, fecal 
shedding, organ invasion, and egg contamination after experimental challenge (Gast 
et al., 1992, 1993). Moreover, protection by Salmonella vaccines can be overcome by 
high challenge doses (Barrow, 2007) and may be compromised by stressors such as 
feed deprivation, water deprivation, or environmental heat (Nakamura et al., 1994). 
Nevertheless, the inclusion of vaccination protocols in risk reduction programs for 
egg-laying hens has been associated with significantly lower frequencies of egg con-
tamination and human S. Enteritidis infections (Cogan and Humphrey, 2003; Toyota-
Hanatani et al., 2009).

6.3 � GENERAL TESTING CONSIDERATIONS
Testing has played a crucial but often controversial role in programs for controlling 
S. Enteritidis in poultry and eggs. Preliminary efforts (in the late 1980s and early 
1990s) to identify and eradicate infected laying flocks responsible for human disease 
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outbreaks were not highly effective because they could not keep pace with a rap-
idly spreading problem associated with continuous diverse environmental sources of 
infection. Moreover, testing to decide the fate of flocks or eggs involves considerable 
uncertainty because of both assay sensitivity limitations and fluctuations over time 
in the prevalence of S. Enteritidis in the environment, hens, and eggs. Nevertheless, 
a testing component remains essential for effective S. Enteritidis control, both to 
identify flocks that pose a threat to public health and to verify the cost-effectiveness 
of resource investments in risk reduction (Gast, 2007).

6.4 � ENVIRONMENTAL TESTING
The detection of S. Enteritidis in laying house environments is epidemiologically cor-
related with the production of contaminated eggs. Because of this relationship, and 
the infrequency at which contaminated eggs are typically produced by infected flocks, 
testing environmental samples for S. Enteritidis is often the primary screening method 
used to identify potentially infected flocks for further scrutiny (Gast, 2007; Trampel 
et al., 2014). Fecal shedding by infected hens is a principal contributor to Salmonella 
contamination levels in poultry houses, although the magnitude of fecal shedding alone 
does not always predict environmental sampling results (Wales et  al., 2006). Fecal 
shedding appears to peak just before the commencement of egg laying in commercial 
flocks and then declines steadily thereafter (Li et al., 2007; Gole et al., 2014). Cloacal 
swabs from individual birds have the unique potential to indicate the precise prevalence 
of gastrointestinal infection within flocks, but they are relatively insensitive in com-
parison with other options for detecting salmonellae (García et al., 2011; Schulz et al., 
2011). Among environmental testing options, dust samples have been shown to yield 
both more frequent isolation of S. Enteritidis and a longer duration of positive results 
than fecal samples (Gole et al., 2014; Arnold et al., 2014b). However, the sensitivity 
limit for Salmonella detection in chicken feces is lower than for poultry house dust 
(Martelli et al., 2014). Testing both dust and feces appears to be particularly effective 
for detecting environmental contamination (Carrique-Mas and Davies, 2008; Arnold 
et al., 2010). Common methods for collecting environmental samples in poultry facili-
ties include dragging gauze swab assemblies across floor surfaces, walking through 
houses while wearing absorbent fabric shoe covers, and collecting litter material or 
dust from locations such as egg belts, fan blades, or nest boxes (Lungu et al., 2010; 
Davies and Breslin, 2001). Salmonella isolation and identification from environmental 
samples is usually accomplished by traditional selective enrichment culturing methods, 
followed by biochemical and serological confirmation, although rapid assays (based 
on the recognition of specific genetic sequences or antigenic molecules) are becoming 
increasingly popular (Waltman and Gast, 2008).

6.5 � TESTING FOR SPECIFIC ANTIBODIES
Another option for detecting S. Enteritidis in laying flocks is based on the production 
of specific antibodies by infected chickens. Antibodies are present in the blood and 
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deposited in egg yolks, sometimes at high titers, for extended intervals following the 
exposure of hens to S. Enteritidis (Gast et al., 2002b; Gast, 2007). Although the high 
sensitivity of serological methods makes them attractive as screening methods for 
flock infection, they have not been incorporated into most contemporary S. Enter-
itidis testing programs in the United States due to concerns about antigenic cross-
reactivity with other serotypes and antibody persistence long after the clearance of 
active infection. Nevertheless, egg yolk antibody assays have detected infected flocks 
with a sensitivity that is similar to culturing environmental samples (Klinkenberg 
et al., 2011).

6.6 � EGG TESTING
The presence of S. Enteritidis in the edible internal contents of eggs is the most 
unequivocally relevant measure of the public health risk posed by laying flocks, 
so egg culturing is a central component step in the testing protocols of most con-
trol programs. However, even in flocks known to be infected with S. Enteritidis, 
the infrequent, sporadic, and transient occurrence of egg contamination limits the 
diagnostic sensitivity of egg testing (Gantois et  al., 2009). Salmonella contami-
nants are typically found inside eggs at both a low frequency and in very small 
population numbers, so the most common testing approach is to pool together the 
entire liquid contents (yolk plus albumen) of up to 20 eggs to generate a manage-
able number of samples. These egg contents pools are sometimes preincubated or 
supplemented with a source of iron before further culturing to support the expan-
sion of small S. Enteritidis populations to more consistently detectable levels (Gast 
and Holt, 2003). Eggshells can also be examined for external surface contamina-
tion (García et al., 2011).

6.7 � EGG REFRIGERATION
Risk assessment studies have identified egg refrigeration as one of the most consis-
tently effective strategies for mitigating the egg-borne transmission of S. Enteritidis 
to consumers (Schroeder et  al., 2006; Latimer et  al., 2008), and most risk reduc-
tion plans accordingly incorporate egg refrigeration requirements or recommenda-
tions. The prompt refrigeration of shell eggs after laying can restrict multiplication 
by small initial contaminant levels to higher levels more likely to cause illness in 
humans (Gast and Holt, 2000b). Improper storage practices are not common in mod-
ern commercial egg production, but Canadian investigators suggested that the rela-
tively rare (0.6%) occurrence of poor temperature management of eggs was a factor 
in nearly half of egg-associated illnesses (DeWinter et  al., 2011). The efficacy of 
refrigeration for preventing S. Enteritidis growth in eggs depends on the initial level 
and location of contamination, the potential for migration of bacteria or nutrients 
within eggs during storage, and the rate at which growth-limiting temperatures are 
achieved (Gast and Guraya, 2013).
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6.8 � US FEDERAL EGG SAFETY PROGRAM
Both government and industry have invested substantial resources in controlling S. 
Enteritidis in egg-laying poultry in the United States. Sustained commitment to com-
prehensive risk reduction programs has already led to reported declines in both egg 
contamination and human illnesses in several other countries (Esaki et  al., 2013; 
O’Brien, 2013). Regulatory authority over shell production in the United States was 
established by the rule for Prevention of S. Enteritidis in Shell Eggs during Pro-
duction, Storage, and Transportation (U.S. Food and Drug Administration, 2009). 
This program mandates specific risk reduction practices plus a testing program in all 
flocks. As the first step toward regulatory compliance, all commercial egg producers 
must institute a written S. Enteritidis prevention plan. They must purchase all chicks 
from breeder flocks certified as uninfected under provisions of the National Poultry 
Improvement Plan (U.S. Department of Agriculture, 2014). Comprehensive facility 
biosecurity must be enforced, and stringent efforts made to control rodents and insect 
pests. All eggs must be stored and transported under refrigeration at 7.2°C (45°F) 
beginning 36 h after laying (although eggs may be equilibrated to room temperature 
for an additional 36 h before processing to prevent sweating). Testing for S. Enteriti-
dis is carried out during both pullet rearing and egg laying. Environmental samples 
are collected and tested from pullet flocks at 14–16 weeks of age. Likewise, environ-
mental samples are again collected from laying houses and tested at 40–45 weeks of 
age and also at 4–6 weeks after an induced molt. If positive results for S. Enteritidis 
are obtained from environmental testing of a laying flock, several lots of 1000 eggs 
each are also evaluated. The positive isolation of S. Enteritidis from any sampled 
eggs requires all eggs to be diverted for pasteurization until repeated negative testing 
results are achieved. Any affected poultry houses must be thoroughly cleaned and 
disinfected between flocks. A significant aspect of this US federal rule is that it does 
not require egg producers to vaccinate laying flocks against S. Enteritidis infection. 
This contrasts with the Lion Code of Practice for Shell Egg Producers in the United 
Kingdom (O’Brien, 2013), which incorporates risk reduction practices and testing 
protocols similar to those used in the United States, but also mandates Salmonella 
vaccination for all egg-producing flocks.

7. � CONCLUSIONS
The international emergence of pandemic, egg-transmitted salmonellosis in the 
1980s posed new challenges to public health authorities and the poultry industry. 
Caused by the propensity of some salmonellae (particularly strains of S. Enteritidis) 
to exhibit invasive behavior in infected laying hens, the deposition of this pathogen 
inside eggs is also directly related to its overall prevalence in poultry flocks and their 
environment. Because Salmonella can be highly persistent in both infected birds and 
diverse environmental reservoirs, effective disease control requires intervention at 
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more than one step in the complex egg production cycle. Microbial quality assurance 
programs of demonstrated efficacy apply a broad range of risk reduction strategies 
and practices, including biosecurity, sanitation, pest control, and egg refrigeration. 
In many instances, vaccination of breeding and laying hens is also included to elicit 
protective immunity against infection. Bacteriological monitoring of poultry houses 
and eggs is used to identify problems requiring intervention and to evaluate the 
cost-effectiveness of investments in risk reduction. Although this approach does not 
constitute an impenetrable barrier against the production of contaminated eggs, it 
provides the best available protection for both the health of consumers and the eco-
nomic viability of the egg industry.
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1. � EGG PRODUCTION INDUSTRY: OVERVIEW
The poultry egg industry in South Korea has developed rapidly over the past few 
decades. Until 1960, laying chickens were reared in open barns located in the cor-
ners of farmyards. Production in closed barns began in the early 1960s, when poultry 
farming began to become a full-time operation. The battery cage system was intro-
duced into Korea in the mid-1960s, and barns without open side curtain walls were 
first built in 1964 by several poultry farmers. Since then, commercial egg production 
systems have moved toward bigger farms and a large part of the egg production costs 
can be reduced through the automation of facilities. Since 1980, there has been a 
change from full-time poultry farms to poultry factories. With the modernization 
of the egg production system, specialization in hatching, rearing, egg grading, and 
packing has taken place and vertically and horizontally integrated systems have been 
established.

2. � SIZE AND DISTRIBUTION OF EGG-LAYING FLOCKS
The Korean layer industry grew significantly over the last two decades, producing 
over 70 million laying hens by 2015, in response to an increase in the per capita 
consumption of eggs (Fig. 3.1). Although the total number of laying birds can vary 
significantly from year to year, the general trend over the last two decades has been 
toward an increase in laying bird numbers. The total number of laying hens in Korea 
increased from 45 million in 1995 to 70 million in 2015. There has also been signifi-
cant growth in the size of poultry farms.

As shown in Fig. 3.2, the proportion of poultry farms raising more than 50,000 
layers has increased from 10% to 34% between 2005 and 2015. Meanwhile, the num-
ber of holdings with egg layer flocks under 10,000 birds has decreased from 968 
(43% of all holdings) in 2005 to 178 (15% of all holdings) in 2015. Although the total 
number of laying birds increased, the number of layer holdings has declined from 
2005 to 2015 due to the increase in average farm size (Fig. 3.3).

3
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FIGURE 3.1

Numbers of Laying Flock by Group Size Between 1995 and 2015 in Korea.
Data from KOSIS (KOSTAT’s Korean Statistical Information Service), 2015.

FIGURE 3.2

Distribution of Egg-Laying Hen Holdings (%) by Flock Size Between 2005 and 2015.
Data from KOSIS (KOSTAT’s Korean Statistical Information Service), 2015.

According to the Korean Statistical Information Service (KOSIS), the produc-
tion of laying fowls was distributed among 1155 laying fowl holdings in 2015. 
Table 3.1 shows how these units were distributed over flock size groups, where 
flock size is defined by the number of laying birds. In terms of production vol-
umes, the laying fowl sector is heavily dominated by the largest producers, with 
78.4% of all production concentrated on the largest 399 holdings, representing 
34.6% of all holdings.
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FIGURE 3.3

Numbers of Holdings with Egg Layer Flocks Between 2005 and 2015 in Korea.
Data from KOSIS (KOSTAT’s Korean Statistical Information Service), 2015.

Table 3.1  Distribution of Layer Holdings and Production Volumes by Flock 
Size, 2015

Flock Size Number of Holdings (%) Total Number of Laying Birds (%)

Under 10,000 layers 178 (15.4) 1,087,561 (1.5)
10,000–29,999 382 (33.0) 6,846,860 (9.8)
30,000–49,999 196 (17.0) 7,259,086 (10.3)
50,000 and over 399 (34.6) 54,994,185 (78.4)

Total 1155 (100) 70,187,692 (100)

Data from KOSIS (KOSTAT’s Korean Statistical Information Service), 2015.

The demand for poultry eggs increased over the last few decades; the con-
sumption of eggs per capita was at 4.2 kg in 1970 and increased to 12.2 kg in 
2015. On a per capita basis, the consumption of eggs accounted for 30.7% of all 
livestock product consumption in 2010. Around one-third of all eggs produced 
annually are sold via retail channels as shell eggs for home use, with the remain-
der being used for the manufacturing or processing of egg products. These egg 
products are used in the commercial food industry as ingredients in a myriad 
of products. Egg prices have shown an upward trend since 1970, and reached 
a peak in 2014. Egg production has also been increasing steadily and reached 
638,000 tons in 2014 (Table 3.2).
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Table 3.2  Production, Consumption, and Value of Eggs Produced in Korea, 
1970–2014

Flock Size 1970 1975 1980 1985 1990 1995 2000 2005 2010 2014

Production 
(thousands of 
tons)

123 148 236 286 386 454 486 591 578 638

Consumption 
per capita 
(ea)

77 83 119 131 167 184 184 220 236 254

Consumption 
per capita 
(kg)

4.2 4.6 6.5 7.2 9.2 10.1 10.1 12.1 11.9 12.2

Price 
(won/10 ea)

117 218 – 475 576 681 698 1054 1134 1374

Data from the MAFRA’s Agriculture, Food and Rural Affairs Statistics Yearbook, 1970–2014.

3. � EGG PRODUCTION SYSTEMS: HACCP AND EGG GRADING 
SYSTEM IN KOREA

In comparison with Western countries, more intensive livestock operation systems 
are currently being utilized in Korea to improve productivity within a limited area 
of land (Kim et  al., 2005). Commercial egg production systems in Korea include 
caged, barn, free-range, and organic types. Conventional laying cages (traditional 
cages) have predominantly been used in Korea. However, to a very little extent, these 
have been replaced by alternative systems such as barn and free-range types, which 
may appear attractive to consumers because of their perceptions of such systems as 
being “animal welfare friendly” or providing better “well-being” of animals. The 
trend toward an increased use of barn and free-range systems is projected to continue 
and is mainly driven by a subset of consumers who are willing to pay a premium for 
free-range eggs.

Temperature/humidity condition under conventional laying cages is a major fac-
tor influencing growth rates, hatchability, egg size, egg shell quality, and egg produc-
tion. The climate from late June to July in Korea has high temperatures and humidity 
averaging above 28°C and 90% relative humidity, respectively, which leads to low-
ering the production or quality of eggs. The optimal laying temperature is between 
11°C and 26°C. Failure of humidity and temperature management in the traditional 
cage systems can have a severe impact on poultry performance. A humidity level 
above 75% will cause a reduction in egg laying, and seasonal temperature increases 
can reduce egg production by about 10% (Kekeocha, 1985).

The safety of livestock products has become another major issue of concern, 
which means that the livestock market has moved toward demanding higher safety 
food products “from farm to table.” According to the recommendation of Codex with 
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regard to hygiene and safety of products (Codex Alimentarius Commission, 2001), 
Korea has introduced Hazard analysis critical control point (HACCP) systems to 
ensure food safety and to provide a specific and systematic approach to food quality 
control. In Korea, the HACCP system was implemented on poultry farms (broilers 
and laying hens) in 2008 and on edible egg gathering centers in 2011 (MAFRA, 
2008, 2011).

The Shell Egg Grading System (EGS) has been regulated through the Korea Insti-
tute for Animal Products Quality Evaluation by Ministry of Agriculture and Forestry 
(KIAPQE) since 2001. The EGS is a voluntary organization directed and controlled 
by the members of the KIAPQE to promote the availability of high-quality egg sup-
ply. Some manufacturers have expressed complaints about this system for not meet-
ing its original official function of selecting various graded shell eggs in the market 
and providing enough profit to producers that produce top-quality graded shell eggs. 
The portion of graded shell eggs has increased every year, but due to low participa-
tion by manufacturers, graded shell eggs only represented approximately 6.8% of 
the egg supply in Korea in 2014 and most of them were graded 1+ among grades 1+, 
1, 2, and 3 (Table 3.3; Fig. 3.4). During the manufacturing of eggs graded by EGS, 
eggs contaminated with feces were removed from the human food supply under the 
direction of the KIAPQE under the Ministry of Agriculture, Food, and Rural Affairs 
(MAFRA) at the point of production and may be subject to the standards recom-
mended by the MAFRA.

It is important to recognize that the samples and tests reported do not necessarily 
represent 100% of the egg supply from every market. As industry participation in 
the EGS has increased, reporting of the number of samples and tests has similarly 
increased. Continuing efforts are being made to ensure that there is uniform report-
ing among all the industry members and that the test methods reported are correct.

The distribution of eggs without quality maintenance because of the complicated 
system and the absence of cold storage distribution are regarded as problems of the 
distribution system. It is important to supply eggs having the same quality throughout 
the year in Korea despite the seasonal changes in temperature. By employing clean-
ing and coating as basic sanitation methods and selling shell eggs at outlets with a 
cold storage system, the egg production system would be better set up for the regula-
tion of supply.

4. � EPIDEMIOLOGY OF SALMONELLA IN KOREA
The number of reported Salmonella clinical isolates in Korea fluctuated between 
300 and 1500 from 2000 to 2014. After reaching a peak in 1999 (2252 isolates), the 
prevalence of Salmonella clinical isolates gradually declined until 2006 (Fig. 3.5).

Among all Salmonella serovars, Salmonella Enteritidis and Salmonella 
Typhimurium have been the most commonly reported serovars associated with 
human illnesses in South Korea (GFN, 2015; KCDC, 2011–2015). However, an 
increasing number of outbreaks caused by unusual serovars are being experienced in 
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Table 3.3  Grading Ratio Among Eggs Produced in Korea, 2007–2014

Grade 2007 2008 2009 2010 2011 2012 2013 2014

Production a 11,927,241 11,995,918 13,346,581 13,413,745 13,644,600 13,576,616 14,113,246 13,644,515
Graded 
eggs a

284,865 344,511 418,604 521,005 588,119 710,136 858,048 927,874

Ratio (%) 2.4 2.9 3.1 3.9 4.3 5.2 6.3 6.8

a Unit: thousand.
Data from KOSIS (KOSTAT’s Korean Statistical Information Service), 2015.
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humans in Korea. In 2014, other serovars such as Salmonella Thompson, Salmonella 
Livingstone, Salmonella Bareilly, and Salmonella Montevideo were reported to be 
isolated at increasing frequencies and were implicated in several food-borne disease 
outbreaks (KCDC, 2015).

FIGURE 3.4

Distribution of Eggs (ea) by Grade, 2003–2014.
Data from KAPE (Korea Institute for Animal Products Quality Evaluation), 2015.

FIGURE 3.5

Salmonella Isolates from Human Sources by Serovar and Year, 1996–2014.
Data from GFN (Global Foodborne Infections Network), 2015 and KCDC (Korea Centers for Disease Control and 

Prevention), 2011–2015.

4.  Epidemiology of Salmonella in Korea
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Most human infections with Salmonella are food borne. Salmonella are among 
the leading causative agents reported most often in bacterial food-borne disease out-
breaks (Foley et  al., 2007). In Korea, approximately 200–300 food-borne disease 
outbreaks are reported annually. In previous studies, Salmonella spp. were the caus-
ative agents reported most often in outbreaks between 1993 and 1996 in Korea and 
were responsible for 55.1% of the recorded food-borne disease outbreaks in which 
the etiologic agent was determined (Bajk and Roh, 1998). Recent trends of food-
borne disease outbreaks in Korea showed a decline in the frequency of food-borne 
outbreaks by Salmonella spp. (Table 3.4). In 2015, 0.03% of the reported food-borne 
outbreaks caused by an identified agent in Korea were confirmed to be caused by 
Salmonella spp., which ranked fourth among the identified agents in terms of out-
break frequency, below norovirus, pathogenic E. coli, and Campylobacter spp. (Food 
Safety Korea, 2015).

5. � EGGS AND SALMONELLA
Among salmonellosis outbreaks reported to Korea Centers for Disease Control and 
Prevention (KCDC), those caused by S. Enteritidis have been especially frequent, 
and foods associated with outbreaks of S. Enteritidis infection have often included 
eggs or egg products (Hong et al., 2015). Salmonellosis caused by contaminated eggs 
has been consistently reported. Between 2008 and 2012, 23 outbreaks of disease 
caused by Salmonella spp. that were traceable to contaminated livestock or livestock 
products were reported. Among these outbreaks, food-borne outbreaks by S. Enter-
itidis were most frequent (15 outbreaks/cases) and egg-related products were identi-
fied as the major causative agents (Table 3.5). Eggs have been considered as one of 
the most important food sources because of their high nutritional value and reason-
able price. Egg and egg products, however, have been implicated in the outbreak of 
human salmonellosis. The risk of developing Salmonella poisoning can be especially 
higher in consumers with the consumption habits of eating raw eggs. Traditionally, 
consumers in Korea habitually eating raw or lightly cooked egg should especially be 
aware of the risks via raw eggs, which represents a possible route of acquiring food-
borne infections.

Table 3.4  Food-Borne Disease Outbreaks Caused by Salmonella, 2007–2015 
(Total Number of Patients per Outbreak)

Year 2007 2008 2009 2010 2011 2012 2013 2014 2015

Number of 
Salmonella 
outbreaks (total 
number of 
patients)

42 
(1497)

22 
(387)

17 
(477)

27 
(677)

24 
(1065)

9 
(147)

13 
(690)

24 
(1416)

11 
(197)

Data from Food Safety Korea, 2015.
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Cases of S. Enteritidis isolation have been reported in countries other than 
Korea, including the United States (Baker, 1980; Humphrey et al., 1989); however, 
in Korea, no such cases were reported from eggs or egg products between 2000 
and 2011 (Chun and Hong, 2009; Lee et al., 2002; Woo, 2005). The study of Cho 
and Shin (1985) showed that Salmonella Mississippi was isolated from 1 of 260 
eggs (0.38%) collected between November and December 1983 at three poultry 
farms in Gyeonggi-do. Kwon and Ko (1997) reported that Salmonella serogroup 
E was isolated from only one eggshell (0.26%) of 390 eggs sampled from a whole-
saler in Cheon-an. Strikingly, the isolated strain was found in all parts of the same 
egg including eggshell, albumen, and yolk materials indicating internalization of 
Salmonella in egg. In the study conducted in 1998 by Chang (2000), none of the  
egg yolks were found to contain Salmonella among 135 packs of one dozen shell eggs 
purchased from supermarkets in Seoul and Gyeonggi-do areas in Korea. In the study 
of Lee et al. (2002), S. Enteritidis and antibodies directed against S. Enteritidis were 
not detected in the yolks of eggs available in the market. The study was evaluated 
on the egg pools composed of 171 eggs of 57 commercial brands (3 eggs per brand)  

Table 3.5  Food-Borne Pathogens and Vehicles Related to Food-Borne 
Salmonella Outbreak due to Livestock or Livestock Products Between 2007 
and 2012 in Korea

Pathogen
Number of 
Outbreaks Vehicle Outbreak Place

Salmonella 
Enteritidis

15 Meatball, Minister’s head, Jajang-
myeon (meat), egg, stir-fried glass 
noodles and vegetables (meat, 
egg), Gimbap (egg), rolled omelet, 
Gimbap, potato salad (egg), 
steamed egg, broiled quail eggs

Gyeonggi, Gyeongbuk, 
Seoul, Jeonnam, 
Chungnam, Chungbuk, 
Jeju

Salmonella 
Thompson

2 Gimbap (egg) Gyeonggi

Salmonella 
Typhimurium

2 Meatball (egg), Gimbap (egg) Seoul, Chungnam

Salmonella 
D group

2 Pork Jeonnam

Salmonella 
B group

1 Egg Gangwon

Salmonella 
Schleissheim

1 Rolled omelet Chungnam

Salmonella 
Montevideo

1 Sweet and sour pork Seoul

Salmonella 
Newport

1 Sliced raw beef bibimbap Jeonnam

Total 23

Data from KCDC (Korea Centers for Disease Control and Prevention), 2015.

5.  Eggs and Salmonella



CHAPTER 3  Korean Egg Production and Salmonella54

collected from food stores in a department store located in the Incheon metropoli-
tan city. Lee et al. (2004) carried out an investigation to analyze biological hazards, 
microbial contamination of egg (normal, dirty, and cracked), water, feed, manure, 
and equipment associated with laying farms, where one isolate of S. Enteritidis origi-
nated from the manure of egg-laying hens (n = 32 samples) among a total of 196 
environmental samples and one isolate of Salmonella Bardo was detected from dirty 
egg shells (n = 34) among a total of 192 egg samples. In the study by Chun and Hong 
(2009), Salmonella was not identified in four different brands of eggs collected from 
hypermarkets in the northern Gyeonggi area. In the study by Woo (2005), a single 
isolate of Salmonella Gallinarum was isolated only on the eggshell part of one egg 
among 446 eggs (0.2%) collected from conventional markets and department stores 
located in Seoul and Gyeonggi regions in 1996. However, S. Enteritidis had rarely 
been isolated from eggs in Korea until the first isolation and identification in the sur-
veys conducted by Kim et al. (2013), in which S. Enteritidis was first isolated from 
eggshells and the contents of eggs distributed at the grocery stores in Korea. Two 
strains of S. Enteritidis from the eggshells and one strain from egg contents collected 
from the Eumseong city region were first identified in the fall of 2011.

As the results of previous studies indicated, Salmonella was not prevalent among 
shell eggs in South Korea. However, this low frequency of detection, compared with 
those reported in previous studies in other countries, might partly have resulted from 
the use of a detection method that did not adopt the pooling criterion based on the 
US Food and Drug Administration (FDA) Bacteriological Analytical Manual, which 
has been proved to be the most effective detection method for Salmonella in egg 
contents (US Food and Drug Administration, 2012). Furthermore, most of the previ-
ous studies in Korea tested for Salmonella in a narrow geographic region, and the 
bulk pooling method was not applied. In most of these studies, either the sample size 
for the assessment of Salmonella was small (one to five eggs per farm) or the survey 
was conducted only once without consecutive testing. When the number of eggs for 
Salmonella test is increased and a nationwide study conducted in Korea, the prevalence 
of Salmonella from eggs might be increased. As neither the method of pooling the 
contents of 20 shell egg samples nor that of sampling by bulk pooling had been used, 
no Salmonella seemed to be detected in the contents of shell egg samples. Since 
previous reports have estimated that only 1 in 20,000 eggs is positive for Salmonella, 
more than 20,000 eggs should be tested to estimate the prevalence of Salmonella in 
eggs in any given region.

In Korea, the method used for the isolation of Salmonella from shell eggs was 
revised by the government in 2013 (QIA Notice, 2012-162). In a survey by Kim et al. 
(2015) conducted in bulk, no eggs were positive for Salmonella among a total of 
2400 shell eggs (120 pooled samples consisting of 20 eggs per pool) between March 
2011 and December 2012. Meanwhile in the same microbiological survey conducted 
at the egg-processing plants (i.e., plants that produce pasteurized and unpasteurized 
liquid egg), four Salmonella-positive samples from 120 unpasteurized liquid egg 
samples (3.3%) and five positive samples from 75 pasteurized liquid egg samples 
(6.7%) were identified at eight egg-breaking plants, which appears to prove that the 
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pasteurization processes conducted in egg processing plants failed to adequately 
eliminate Salmonella in liquid egg products. Hygiene and sanitation standards in liq-
uid egg products in South Korea need to be improved. Also, in the study by Lee et al. 
(2013), conducted according to the FDA method to evaluate the extent and species of 
Salmonella contamination in shell eggs in South Korea, a total of 26 S. Gallinarum 
isolates were obtained from the contents of 7000 shell eggs, but S. Enteritidis was not 
detected. In this study, S. Gallinarum was found to be more common in eggs from 
organic farms: 20.0% from organic and 5.3% from conventional farms.

Although cases of S. Enteritidis isolation from eggs have been reported in other 
countries, such cases have rarely been reported in Korea. This may be attributed to 
the hypothesis by Bäumler et al. (2000) who suggested that S. Enteritidis filled the 
ecologic niche vacated by the eradication of S. Gallinarum from poultry, leading to 
an epidemic increase in human infections. This hypothesis was also supported by the 
study by Rabsch et al. (2000).

Even though S. Gallinarum has adapted to its avian host and rarely induces 
food poisoning in humans, it causes a significant poultry disease, fowl typhoid 
(FT), which has been responsible for considerable economic losses to the poul-
try industry. In Australia, North America, and most European countries, FT has 
almost disappeared as a result of improved surveillance and slaughter practices 
(Silva et  al., 1981; Barrow, 1990; Kim et  al., 1991; Wigley et  al., 2005; Basnet 
et al., 2008). However, as the results show, FT has become one of the most serious 
bacterial diseases of poultry in Korea since the first case was reported in the field in 
1992 (Kim et al., 2007). After experiencing severe damage from the disease since 
the massive outbreak in 1992, the Korean authorities decided to introduce a nation-
wide vaccination program with a live attenuated strain (SG 9R) for commercial 
layer chickens in 2001 instead of an eradication policy. Despite the introduction of 
live S. Gallinarum vaccines, a total of 928 national FT outbreaks were identified 
between 2000 and 2008 in Korea, and the annual number of outbreaks reached a 
peak (206 farms affected) in 2002 (Kwon et al., 2010).

6. � THE FUTURE OF THE EGG-PRODUCING POULTRY 
INDUSTRY IN KOREA

At present, tests are conducted annually on eggs from farms in Korea to detect S. 
Enteritidis (MIFAFF Notice, 2009-169). However, confidently assessing the risk of 
Salmonella contamination is difficult due to the complexity of egg production and 
distribution in Korea. The performance of a national survey to obtain reliable data on 
the distribution of Salmonella contamination among eggs and egg products in Korea 
is strongly recommended as a preventive measure for egg safety.

In Korea, policies for the control and eradication of FT and Pullorum disease 
have been instituted since the 1970s. According to these policies, all breeder chick-
ens older than 120 days should be serologically tested for FT and Pullorum disease 
using the whole blood or serum agglutination test with Salmonella Pullorum antigen, 
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and the eggs produced by seropositive flocks should not be used as hatchery eggs. 
Based on the prevalence of FT over the past 15 years, this policy seems to no lon-
ger be sufficiently effective. Therefore, to minimize economic losses in the poultry 
industry from S. Gallinarum infection and to eradicate FT, a new nationwide policy 
for the control of FT, similar to the National Poultry Improvement Plan of the United 
States, should be developed that permits the vaccination of certain flocks that are 
reared in highly contaminated areas. Another option would be to modify the estab-
lished control program and strictly apply it to all the breeder farms in the country 
with a combination of stringent management procedures (Kwon et al., 2010).
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1. � EGG PRODUCTION SYSTEMS IN CANADA
Egg production in Canada is nationally regulated (supply management) as are the 
dairy, broiler hatching egg, chicken, and turkey industries. The Egg Farmers of 
Canada (EFC), which is the national egg marketing board, determines the amount 
of production allocated to each province, and each provincial marketing board allo-
cates production quota to individual producers (AAFC, 2015). Quota holders receive 
a guaranteed price for their product based on cost of production. Tariffs and import 
controls applied by the federal government limit the importation of eggs from outside 
of Canada (AAFC, 2015). Within each province, layer flocks under a specific number 
of hens are exempt from the supply management system, and thus from the regulations 
followed by quota-holding producers, including the national food safety program for 
the table egg industry, Start Clean-Stay Clean. The maximum number of hens allowed 
before a producer is required to be part of the supply management system is between 
99 and 300, although some provinces allow certain religious communities to have up 
to 500 hens. The focus of this chapter is therefore the production of eggs under supply 
management, which represents approximately 97% of all eggs consumed in Canada 
(Statistics Canada, 2007). However, surplus hatching eggs used for human consump-
tion, farm gate sales, and farmers’ market sales are not included in this estimate, and 
so the actual percentage may be lower. Unregulated flocks, and the entry of surplus 
broiler hatching eggs into the food supply represent greater potential risk to consumers 
because of the absence of testing (small flocks), or less frequent testing (broiler breeder 
flocks) for Salmonella enterica serovar Enteritidis.

In 2015, the 1021 regulated Canadian producers, with an average flock size 
of 20,811 hens, produced approximately 610.5 million dozen eggs (Egg Farmers 
of Canada, 2015). Because production quota is allocated nationally to each of the 
provinces, the production of eggs within each province is generally proportional to 
the population across the country (Statistics Canada, 2015; Egg Farmers of Canada, 
2015). Two provinces (Ontario and Quebec) are allocated additional quota for the 
production of egg-sourced vaccines; surplus table eggs are sold to the liquid egg 
market and are called Eggs for Processing (Egg Farmers of Canada, 2014).

4



CHAPTER 4  Egg Production and Salmonella in Canada60

1.1 � SALMONELLA IN THE CANADIAN FOOD SUPPLY
S. enterica is the most common bacterial pathogen reported to cause food-borne 
outbreaks in Canada, and Salmonella Enteritidis is the most often reported sero-
type associated with the consumption of eggs (Bélanger et al., 2015; DeWinter et al., 
2011). Before 1990, other serotypes including Salmonella Bareilly, Typhimurium, 
Infantis, Schwarzengrund, and Java were implicated in cases of salmonellosis linked 
to the consumption of eggs (Todd, 1996); however, since then, Salmonella Enteritidis 
has accounted for the majority of egg-related cases of human illness in Canada. In 
Canada, layer flocks are not force molted, which reduces the risk of S. Enteritidis 
contamination of eggs (Denagamage et al., 2015). Past and current data on the inci-
dence of Salmonella in eggs is extremely limited and current surveillance programs 
do not specifically monitor eggs or egg products in any jurisdiction in Canada. This 
includes the FoodNet (formerly C-Enternet; facilitated by the Public Health Agency 
of Canada) sentinel site surveillance, and the Canadian Integrated Program for Anti-
microbial Resistance Surveillance (CIPARS). However, from 2009 to 2011, CIPARS 
did obtain 15 isolates of S. Enteritidis from spent layer hens at slaughter and as part 
of targeted research, reported that 5/300 samples of eggs at breaking stations were 
positive for S. Enteritidis (Parmley et al., 2013). In addition to the lack of available 
data from surveillance programs, there is a paucity of data for the attribution of sal-
monellosis to the consumption of eggs based on outbreak data.

From 2003 to 2009 there was a substantial increase in human cases of S. Enteritidis 
infection from all sources reported in Canada. In 2003, the national annual incident rate of 
S. Enteritidis was 2.13/100,000 person-years but this increased to a high of 6.72/100,000 
person-years in 2008 (Nesbitt et  al., 2012). The Provinces of British Columbia (BC) 
(Galanis et al., 2012; Taylor et al., 2012) and Ontario (Anonymous, 2015) reported sub-
stantial increases in the incidence rate of S. Enteritidis infections, although not all of these 
cases were linked to the consumption of eggs (Tighe et al., 2012). However, data from 
disease surveillance in BC established a link between consumption of eggs and salmo-
nellosis due to S. Enteritidis (Taylor et al., 2015). Ultimately, although it is clear that S. 
Enteritidis remains a serious concern for the egg industry in Canada, quantifying the rela-
tive risk of egg consumption is difficult because of the lack of available data.

2. � ROLES AND RESPONSIBILITIES
In Canada, prevention of S. Enteritidis is viewed as being a joint responsibility of the 
industry, government, and consumers (Health Canada, 2013). Several provincial, fed-
eral, and local authorities are involved in maintaining food safety. Health Canada sets 
food safety standards and develops guidelines to minimize food safety risks, as well as 
working with the Canadian Food Inspection Agency (CFIA) and provincial and territo-
rial governments to ensure effective responses to outbreaks of food-borne illness. The 
CFIA and provincial and territorial governments oversee the food industry to ensure 
it meets food safety responsibilities. The Public Health Agency of Canada (PHAC) 
plays a role in food safety surveillance nationally. Health Canada, the CFIA, and the 
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PHAC also provide reference laboratory service and health risk assessments, and work 
together when a recall action is necessary. Agriculture and Agri-Food Canada (AAFC) 
plays an indirect role, providing assistance to industry in the development of food 
safety biosecurity and traceability risk management programs (Health Canada, 2015).

The egg industry is required to comply with the Food and Drugs Act (Government  
of Canada, 2016c), federal legislation regulating food, drugs, cosmetics, and 
therapeutic devices in Canada. Section 4 of the Food and Drugs Act (Government 
of Canada, 2016c) states that “no person shall sell an article of food that has in 
or on it any poisonous or harmful substance.” Anyone producing food in Canada 
must comply with this regulation. The egg industry must also comply with the 
Egg Regulations (Government of Canada, 2016b), which set standards for egg 
grading, grading stations, packaging, and inspection. This legislation also covers 
the international and interprovincial trade in eggs.

Consumers are expected to play an important role in food safety by adopting safe 
handling and food preparation practices. Health Canada, the CFIA and PHAC, as well 
as industry trade organizations and provincial and territorial governments develop and 
deliver science-based educational material to consumers (Health Canada, 2015).

3. � CONTROL OF SALMONELLA IN THE CANADIAN EGG 
SUPPLY

The primary breeders supplying Canada’s egg industry are not considered to be a risk 
for introducing Salmonella into Canada, as these flocks are tested every 3 weeks under 
the EU Export Protocol, and are required to be S. Enteritidis-free (Health Canada, 
2013). The results of this testing are also shared with CFIA. Canadian egg-type multi-
plier flocks are also required to be free of S. Enteritidis. Therefore the primary breeders 
and multiplier flocks producing pullets for commercial egg production are not consid-
ered to be a risk for transmission of S. Enteritidis in Canada. Under the nonintegrated 
poultry production system in Canada, hatcheries may produce both layer pullets and 
broiler chicks; therefore eggs from S. Enteritidis-infected broiler breeder flocks could 
cross-contaminate layer pullets. In addition, surplus broiler hatching eggs can enter 
the human food supply, and may represent an increased risk of S. Enteritidis infection 
to consumers because until recently, the hatching egg industry in Canada has had less 
stringent monitoring for S. Enteritidis. The broiler hatching egg industry in several 
Canadian provinces has initiated expanded testing programs for Salmonella.

4. � NATIONAL SALMONELLA CONTROL PROGRAM—START 
CLEAN-STAY CLEAN

In 1990, the Canadian egg industry implemented an S. Enteritidis control program 
called “Safe from Salmonella,” which introduced biosecurity measures in primary 
egg production on layer farms (Health Canada, 2013). In 1998, Hazard Analysis 
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and Critical Control Point principles were incorporated into the program, which was 
renamed “Start Clean-Stay Clean” (SC-SC). Although the program was developed 
nationally, implementation of the program has been the responsibility of the pro-
vincial boards. As a result, although the overall objectives are consistent across the 
country, the implementation of the national program can vary by province. As of 
2013, over 90% of regulated egg producers (i.e., part of supply management) par-
ticipate in the full SC-SC program. Regardless of individual provincial egg board 
requirements regarding how the SC-SC program is implemented, any egg producer 
with a regulated flock (i.e., part of supply management) must perform regular envi-
ronmental testing for S. Enteritidis (Health Canada, 2013). Pullet flocks are subject 
to a similar program, Start Clean-Stay Clean: Pullets.

The SC-SC manual for producers (Canadian Egg Marketing Agency, 2004) iden-
tifies Salmonella, Campylobacter, Escherichia coli, and mycotoxins as relevant bio-
logical hazards, but focuses on control of S. Enteritidis. Chemical hazards such as 
water treatment chemicals, disinfectants, pharmaceuticals, and lubricants have also 
been identified as potential risks for contamination. The SC-SC program identifies 
hazards and critical control points for all types of egg production, and identifies par-
ticular biological and chemical hazards relevant to free-run, free-range, and organic 
production systems.

Canadian S. Enteritidis control and prevention programs involve testing through-
out the supply chain—breeder flocks, hatcheries, pullet barns, and layer barns to 
ensure that S. Enteritidis-positive flocks are quickly identified and the appropriate 
actions taken. At a producer level, S. Enteritidis testing is carried out in the barn, 
rather than samples collected directly from the birds. Environmental swabs are col-
lected from each flock once in the pullet barn (between 3 and 15 weeks of age), early 
in lay (between 19 and 35 weeks of age), and late in lay (between 36 and 60 weeks of 
age) by qualified egg board staff. At least 60 different sites within the barn must be 
collected, with a focus on dust and egg moving equipment and composites. Samples 
from up to 15 different sites may be pooled for analysis, with a minimum of four 
pooled samples to be tested. If rodent droppings or dead insects are found, they must 
also be sampled. Swabs are taken from walls, floors, fans, egg belts, manure belts, 
coolers, etc. The samples are tested at an accredited laboratory (typically, the provin-
cial government microbiology laboratory) using a culture-based method approved by 
the Chief Veterinary Officer of each province. Simultaneously, the samples are also 
tested for other pathogens. Currently, the CFIA is developing standardized testing 
procedures for serotypes of Salmonella (Health Canada, 2015).

If the pullet barn tests positive for S. Enteritidis, the flock is humanely euthanized 
and the carcasses disposed of in an approved manner (composting, burial, or incin-
eration) according to provincial rules and regulations. If the layer barn environment 
tests positive, all eggs are diverted to a breaking plant, and the product pasteurized 
until a decision is made regarding the disposition of the flock. Canadian breaking 
plants have specific protocols for handling and processing eggs coming from flocks 
known to be infected with S. Enteritidis. Depending on market circumstances, a flock 
testing positive for S. Enteritidis will be humanely euthanized, and the carcasses 
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disposed of in an approved manner (composting, burial, or incineration) according 
to provincial rules and regulations. If the flock is allowed to remain in production, 
all eggs are diverted to a breaking facility and the product pasteurized until the end 
of life of the affected flock. Once the flock has been depopulated, the barn is cleaned 
and disinfected according to standard procedures. The barn must be tested for S. 
Enteritidis (i.e., S. Enteritidis below detection limits) after cleaning and disinfection. 
The EFC recommends that the possibility of probiotics or S. Enteritidis vaccination 
in subsequent flocks in a facility that had previously been positive for S. Enteritidis 
be discussed with the attending veterinarian.

Individual provincial boards may recommend additional actions, including having 
a provincial veterinarian complete a disease investigation, in which the veterinarian 
works with the producer to attempt to identify the potential sources of the infection, 
as well as to offer further guidance on cleaning and disinfection procedures.

Producers that have been impacted by a positive S. Enteritidis test can receive insur-
ance compensation through a program such as the Canadian Egg Industry Reciprocal 
Alliance (CIERA, 2016) or the Poultry Insurance Exchange Reciprocal of Canada. To 
be eligible for this insurance coverage, a producer must use facilities only for conduct-
ing business for the regulated egg industry. For example, producers with single build-
ings housing both pullets and laying hens may not be eligible for coverage.

Yearly SC-SC audits are conducted by inspectors authorized by EFC within each 
province. For example, Alberta producers are expected to score a minimum of 92%, 
based on adherence to the good management practices. Here, producers that score 
below 92% must provide a 6-month action plan to the board to rectify the shortfalls. 
Financial penalties of $0.20–$0.40 CAD per dozen eggs are collected by the Alberta 
provincial board until the standards are met. The funds collected as penalties are 
returned to the producer when compliance is achieved (Egg Farmers of Alberta, per-
sonal communication). Other provinces have different thresholds, expectations, and 
remedial actions required.

5. � EGG GRADING STATIONS
Eggs may be stored on-farm at 10–13°C for no more than 7 days under approved con-
ditions before delivery to grading station or further processing. Although some farms 
have a grading station on site, eggs are typically picked up from the farm once a week 
by their egg grader and transported to the egg grading station. Egg grading stations 
wash, candle, and (based on weight) sort eggs received from farms. After grading, the 
eggs are stored under refrigeration until being shipped to the retail market. Grading 
stations must be registered with the CFIA, and are subject to the Egg Regulations 
under the Canada Agricultural Products Act (Government of Canada, 2016a). The 
Egg Regulations specify storage conditions and limits, hygienic requirements, and 
require environmental sampling for Salmonella twice per year. Individual egg pro-
ducers are not permitted to wash eggs on-farm, unless they are registered as an egg 
grading station. According to the federal Egg Regulations, egg wash water must be a 
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minimum of 40°C, at least 11°C warmer than the eggs, must have a pH above 10, and 
must contain a safe and effective shell cleaning compound (Government of Canada, 
2016a). Washing reduces the microbial load on the surface of eggshells (Musgrove 
et  al., 2005). In conjunction with egg washing to remove surface contamination, 
refrigeration decreases the proliferation of any salmonellae that may be present in the 
interior of the egg (Gast and Holt, 2000).

6. � OTHER SOURCES OF TABLE EGGS—SURPLUS BROILER 
HATCHING EGGS

Until recently, the broiler chicken supply chain has not conducted intensive 
monitoring for S. Enteritidis because of the relatively lower risk for transmission 
from chicken meat to humans (Keery, 2010), likely because chicken meat is nor-
mally cooked thoroughly before being consumed, whereas eggs are often used 
raw or undercooked in many dishes (Mumma et al., 2004; Patrick et al., 2004). 
However, hatching eggs entering the table egg food chain have been linked to 
an outbreak of S. Enteritidis in BC (Table 4.1). As a result, surplus hatching 
eggs are no longer permitted to be sold as table eggs in BC. The on-farm food 
safety assurance program of the Canadian hatching egg industry referred to as the 

Table 4.1  Summary of Outbreaks of Salmonella Enteritidis Linked to the 
Consumption of Eggs or Egg-Containing Foods in Canada and the Risk 
Factors Associated With the Outbreaks

Year
Cases 
Confirmed Province

Source and Risk  
Factors References

2000 62 British 
Columbia 
(BC)

Grade B eggs; poor handling 
and food safety practices, ill 
baker

Strauss et al. 
(2005)

2007 3 BC Raw egg noodles (eggs and 
layers linked with same strain)

Taylor et al. 
(2012)

2008–10 584 BC Ungraded eggs from hatching 
and table egg flocks;
poor hygiene, handling, and 
preparation; graded eggs;  
temperature abuse of eggs;
consumption of mayonnaise 
prepared with raw egg;
potential link to consumption  
of chicken meat

Taylor et al. 
(2012).

2010–11 91 Alberta Illegally sourced eggs;
unsanitary handling during 
preparation and use of eggs

Honish et al. 
(2013)

2013 3; 9 (two 
outbreaks)

BC Poor-quality ungraded table 
eggs

CDPCS 
(2014)
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“Canadian Hatching Egg Quality” program, is a Hazard Analysis Critical Con-
trol Point-based on-farm food safety program covering biosecurity, pest control, 
monitoring of incoming materials, and egg quality and handling. The hatching 
egg industry has also implemented a more rigorous Salmonella testing program. 
The program includes testing of chick tray papers at the farm, but before broiler 
breeder chicks are placed in the barn, environmental swabs collected between 15 
and 17 weeks of age, and sampling of fluff from broiler chicks at the hatchery at 
6-week intervals. If a positive fluff sample is detected, the barn is swabbed again 
to determine if the breeder farm is the source of contamination. If S. Enteritidis 
is detected, the breeder flock is depopulated.

7. � OTHER SOURCES OF TABLE EGGS—UNREGULATED 
FLOCKS

Table egg production outside of the regulated industry represents an unknown level 
of risk for transmission of S. Enteritidis to humans, although ungraded eggs have 
been linked to several outbreaks in Canada (Table 4.1). The production of these eggs 
occurs on smaller farms where producers are not required to adhere to the on-farm 
food safety systems that would reduce the risks for consumers. These eggs can be 
sold at the farm gate or at farmers’ markets. However, consumers may not be aware 
that these eggs are produced under circumstances that do not require the producers 
to adhere to these programs.

8. � IS THE SYSTEM WORKING?
Since 1990, the incidence of human cases of Salmonella food-borne infections in 
Canada has increased substantially. To establish if control programs have an impact 
on the safety of eggs in Canada, it would be important to evaluate the incidence of 
Salmonella in eggs and food-borne disease related to eggs and egg products. The lack 
of publically available data from surveillance programs makes it extremely difficult 
to say with certainty that on-farm control programs have impacted the public health 
burden from Salmonella in eggs. In addition, changes in how surveillance is done, 
changes in sample collection, and changes in detection methodology in laboratories 
could each account for changes in prevalence data for S. Enteritidis in eggs in Can-
ada. In spite of the lack of publically available data, large outbreaks of salmonellosis 
due to S. Enteritidis in shell eggs were reported in 2005 to be rare in Canada (Strauss 
et al., 2005).

In Canada, eggs are considered by some as one of the primary sources of S. Enter-
itidis and according to the latest risk assessment from Health Canada, the incidence 
of S. Enteritidis in table eggs sourced from regulated flocks in Canada is 1.7 per 
million eggs (DeWinter et al., 2011). However, other poultry products (Anonymous, 
2015), almonds (Isaacs et al., 2005), cheese (Ahmed et al., 2000), and mung bean 
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sprouts (Honish and Nguyen, 2001; Nesbitt et al., 2012) have each been implicated 
in outbreaks of salmonellosis in Canada. An outbreak of salmonellosis in Canada 
in 2015 was linked to handling of baby poultry sourced from hatcheries in Alberta 
(Public Health Agency of Canada, 2015). Animal contact (specifically contact with 
dogs) was implicated as a risk factor for the increased number of cases of infection 
caused by S. Enteritidis PT8 that occurred in Ontario in 2011 (Varga et al., 2012). 
Another case–control study completed in 2011 in Ontario, Canada, found that other 
risk factors including consumption of poultry meat or processed chicken and not 
washing hands following handling of raw eggs were associated with S. Enteritidis 
infections (Middleton et al., 2014). The risk of an S. Enteritidis infection increased 
threefold in those who did not wash hands after handling raw eggs compared with 
those who reported washing hands. Consumption of undercooked eggs or consump-
tion of eggs away from home was not identified as significant risk factors. Middleton 
et al. (2014) concluded that, although egg consumption was historically thought to be 
responsible for S. Enteritidis infections, consumption of poultry is a more important 
risk factor. There is no doubt that attribution of salmonellosis to specific foods can 
be a challenge as many foods have been implicated in outbreaks and it is often very 
difficult to link illness to a specific etiological agent, especially when multiple food 
sources may be implicated.

Data from publically available sources provide some insight as to the nature of 
the outbreaks of salmonellosis that have been linked to consumption of eggs. These 
outbreaks are summarized in Table 4.1. In 2000, an outbreak occurred in BC, where 
Grade B eggs were implicated as the source of S. Enteritidis but poor handling prac-
tices, use of a raw egg wash on a bakery product, and an ill person preparing food 
were also risk factors associated with the outbreak (Taylor et al., 2012). Ungraded 
hatching eggs or illegally sourced eggs were responsible for three other documented 
outbreaks. In two of these cases, unsanitary handling and poor food safety practices 
in a food service facility were identified as risk factors. In one documented outbreak, 
the consumption of raw egg noodles was implicated in cases of salmonellosis and 
the outbreak strain was also found in samples taken from the layer farm that supplied 
the eggs (Taylor et al., 2012). In cases where ungraded eggs were implicated as the 
source of the outbreaks, the eggs were not always refrigerated (Taylor et al., 2012), 
which would increase the risk of growth of S. Enteritidis. There have been other out-
breaks of salmonellosis that have been potentially linked to the consumption of eggs 
but often other poultry products were implicated in the same outbreak.

According to Taylor et al. (2012), who investigated the increase in human infec-
tions in BC between 2007 and 2010, the increase in human cases of S. Enteritidis 
may be linked to an increase in S. Enteritidis in hatcheries; however, at the same 
time, table egg monitoring programs did not detect any change in the number of 
samples positive for S. Enteritidis. The authors speculated that the increase in the 
hatcheries may have been linked to repopulation of large numbers of barns after a 
massive depopulation and restocking of poultry flocks after an outbreak of avian 
influenza. The increased number of outbreaks related to hatching eggs, graded eggs, 
and the lack of safe food handling practices resulted in action by the BC Hatching 
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Egg Commission to stop the sale of these eggs directly from farms to consumers or 
to food service companies.

Based on the source and risk factors associated with reported outbreaks of S. 
Enteritidis, there is little evidence to say either way if the on-farm food safety pro-
grams have made an impact on reducing the burden of salmonellosis linked to the 
consumption of table eggs in Canada. Most outbreaks have been linked to eggs that 
are not part of the regulated supply system and where they were linked, food safety 
systems throughout the food chain were not adequate to protect consumers. Based on 
this, one can speculate that the regulated egg supply is of lower risk for attribution of 
human salmonellosis but there is little evidence to support this statement. There is a 
need for additional investigation and surveillance to provide evidence of efficacy of 
on-farm food safety programs.

Reducing the disease burden from the presence of S. Enteritidis in eggs in Canada 
requires an integrated approach to ensure that all parties involved from the primary 
breeders to the consumer understand the risks. There is definitely a need for more 
attention to handling practices in food service to improve food safety standards 
related to general hygiene and controls to reduce risks across food systems.
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CHAPTER

Egg Production Systems 
and Salmonella  
in Australia

Kapil K. Chousalkar, Andrea McWhorter
The University of Adelaide, Roseworthy, SA, Australia

The globalization of food production processes means that food-borne gastrointes-
tinal disease is an important global public health issue. Consumption of food items 
contaminated with enteric bacteria species are among the most common causes of 
food-related diarrheal disease, with Campylobacter spp. and Salmonella spp. being 
the most frequently identified bacterial species in food-related disease outbreaks. A 
wide variety of food items may become contaminated with Salmonella spp. but the 
consumption of raw or undercooked eggs is often associated with cases of salmonel-
losis. Infection with Salmonella spp. typically results in self-limiting diarrhea but can 
be more severe in children, the elderly, or immunocompromised individuals (Fabrega 
and Vila, 2013). In the Salmonella enterica type I group, there are over 2500 different 
serovars but only a limited number of them are consistently isolated following food-
borne human salmonellosis (Fabrega and Vila, 2013).

Salmonella enterica serovar Enteritidis (S. Enteritidis) is a major concern for 
most egg industries around the world and is associated with the majority of egg-
related outbreaks of human salmonellosis. S. Enteritidis is, however, not endemic 
to Australian commercial layer flocks (Arzey, 2002; NSWDPI, 2015). The serovar 
Salmonella Typhimurium (S. Typhimurium) has filled this niche and is commonly 
isolated from Australian layer farms (Cuttell et al., 2014; NSWDPI, 2015). To date, 
S. Typhimurium has been the most frequently reported serovar during egg product-
related food poisoning outbreaks Australia-wide (OzFoodnet, 2002, 2005, 2003, 
2006, 2012). In this chapter, we present an Australian picture of egg-associated Sal-
monella epidemiology and discuss the overall disease potential of different serovars 
found in Australia and current on-farm control measures.

1. � EGG PRODUCTION SYSTEMS IN AUSTRALIA
The egg industry is an important component of Australian intensive food animal 
production industries. Australian consumers prefer brown-shelled eggs; hence 
brown egg layer breeds are popular in the Australian egg industry. In 2013–14, 
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the Australian commercial egg industry produced 397.4 million dozen eggs from 
16.55 million commercial laying hens. Egg production occurs in all Australian 
states, including Western Australia, South Australia, New South Wales, Victoria, 
Queensland, the Northern Territory, the Australian Capital Territory, and Tasma-
nia but large-scale production is limited to fewer locations. Production data of 
2015 show that New South Wales was the largest egg producer (33%) followed by 
Queensland (26%) and Victoria (25%) (AECL, 2015).

Under the Primary Industries (Excise) Levies Act 1999 and the Primary Industries 
Levies and Charges and Collections Act 1991, the Australian Government collects 
and appropriates levies from egg producers who produce eggs for human consump-
tion (NSWDPI, 2015). Funds raised from these levies are distributed to the Australian 
Egg Corporation Limited (AECL), Animal Health Australia, and the Department of 
Agriculture and water resources. These funds are invested in research, development 
and extension, marketing, residue testing, animal health programs, and disease 
management (NSWDPI, 2015).

In Australia, there are three major types of commercial egg production systems, 
cage, barn, and free range. In 2013–14, cage production systems contributed the 
largest volume of eggs (53% of total volume) followed by free range (38%) and 
barn (8%) with per capita egg consumption of 213.3 (AECL, 2015). Egg producers 
can perform all stages of egg production, including collection, grading, packing, 
and marketing. Primary breeders (mostly commercial companies) manage the elite 
genetic stock of layer hens that have been imported to Australia as fertile eggs. 
These birds (elite genetic stock often referred to as Great grandparents) are hatched 
in quarantine facilities and are tested for Salmonella Enteritidis. Egg producers 
either rear day-old chicks purchased from hatchery or buy point of lay pullets. 
Commercial egg farms raise multiage flocks housed in separate sheds permitting a 
continuous egg production cycle. Some cage producers also house multiage flocks 
in the same shed. Medium to large-scale egg producers have their own egg grading 
and packing floors. Small-scale egg producers, however, pack eggs and depending 
on marketing arrangements, transport them to egg grading facilities operated by 
egg distributors (NSWDPI, 2015).

Most egg producers are represented by the AECL. The AECL has developed 
a voluntary egg quality program that provides guidelines for food safety, bios-
ecurity, environmental use, hen health, welfare, and labeling for the national egg 
industry. In addition to State and Territory legislation, the AECL has developed 
voluntary Codes of Practice for assisting egg producers (AECL). These codes 
provide guidance on hygienic egg production, storage, packaging, and distribu-
tion of shell eggs and egg products for human consumption. It has been reported 
that few outbreaks of food-borne salmonellosis can be attributed to the con-
sumption of eggs that are produced under an authoritative quality control sys-
tem (Thomas et al., 2006); however, consumption of noncommercially produced 
ungraded eggs sold directly off the farm has also been responsible for food-borne 
salmonellosis (Thomas et al., 2006).
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2. � SALMONELLA OUTBREAKS ASSOCIATED WITH EGGS
In the United States and Europe, S. Enteritidis has been most frequently associ-
ated with egg-related outbreaks of salmonellosis. In Australia, however, definitive 
types of S. Typhimurium are of primary concern. In 2015, the Department of Health 
recorded 16,952 cases of human salmonellosis. Between 2009 and 2015, cases of 
Salmonella infection have increased, with S. Typhimurium being the most predomi-
nant serovar reported (Health, 2016; OzFoodnet, 2002, 2003; OzFoonet, 2005, 2006, 
2012) (Fig. 5.1). During this period, eggs or consumption of raw egg–based foods 
were frequently implicated as the source of infection. Australian outbreaks of food-
borne salmonellosis have been attributed to the consumption of eggs produced under 
both authoritative quality control systems and noncommercially produced ungraded 
eggs sold directly off the farm (Thomas et al., 2006).

The documented number of Salmonella cases from 2001 to 2013 is presented in 
Fig. 5.1. During this time, there has been an increase in the number of Salmonella 
notifications. It should be noted, however, that reporting systems and Salmonella 
diagnostic methodologies have improved. The OzFoodnet annual and quarterly 
reports from 2001 to 2013 reported 440 S. Typhimurium outbreaks, of which 171 
(38.8%) were linked to the consumption of egg-based products (excluding bak-
ery items). Bakery products and chicken meat products were also linked with S. 
Typhimurium cases, although some outbreaks were caused by unknown sources.

In 2001, the overall rate of Salmonella notification in Australia was 36.2 cases 
per 100,000 individuals (Fig. 5.1). In 2002, separate salmonellosis outbreaks linked 
to the consumption of cream-based pastries and a raw egg dish resulted in two 
mortalities (OzFoodnet, 2003). Cake and other desserts prepared from presum-
ably contaminated eggs were identified during three 2004 outbreaks. During one 
outbreak, S. Typhimurium PT 126 was traced to an organic egg brand in Victoria. 
Investigations into other outbreaks did not link contaminated eggs to a single source 
(OzFoonet, 2005). In 2005, six egg-related Salmonella food poisoning outbreaks 
were reported (OzFoonet, 2006).

Between 2006 and 2010, 92 Salmonella food poisoning outbreaks resulted in 
1740 cases with a hospitalization rate of 23% (400/1740). During this period, New 
South Wales (37 cases) and Victoria (22 cases) recorded the highest number of out-
breaks. Outbreaks were more frequent in warmer months (Oct. to Mar.). Of 92 out-
breaks, most (91%) were due to different phage types (PT) of S. Typhimurium. S. 
Typhimurium PT 170 (31.5%) and S. Typhimurium PT 193 (19.6%) were the most 
frequently recorded PTs in egg-implicated outbreaks followed by S. Typhimurium 
PT 9 (14%) and PT 135a (8.7%). Despite being implicated during Salmonella out-
breaks, it has been difficult to accurately identify the source of egg contamination 
(Stephens et al., 2008). For example, five S. Typhimurium PT 135 outbreaks were 
reported in Tasmania (Jun. to Dec. 2005) involving 125 laboratory confirmed cases. 
These outbreaks were investigated through personal interviews, cohort studies, 
microbiological testing, environmental health investigation of food business, trace 
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Number of notifications of human salmonellosis in Australia (data from 1991 to 2015).
Adapted from Health Department, 2016. National Notifiable Disease Surveillance System, Department of Health, Australia.
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back, inspection, and drag swabbing of egg farms. This investigation revealed that 
food containing raw eggs or cross-contamination of food items due to improper 
handling and storage were the cause of the outbreaks. Eggs and packing containers 
contaminated with feces were identified as sources of raw ingredient contamination 
(Stephens et al., 2008). The same egg farm was implicated in two additional egg-
associated S. Typhimurium PT 135 outbreaks (Mar. 2007 and Jan. 2008), affecting 
66 people (Stephens et  al., 2008). For all outbreaks, investigation was limited to 
phage typing, which cannot differentiate isolates of the same phage type. Hence, it is 
difficult to definitively prove that the S. Typhimurium PT 135 isolated from the egg 
farm was the same strain detected in the human cases.

Since 2010, the number of egg-related Salmonella outbreaks has continued to 
increase. In 2011, Victoria (12 cases) and New South Wales (9 cases) recorded the 
highest number of outbreaks (OzFoonet, 2012). In 2012, the role of eggs in Salmo-
nella outbreaks was publically highlighted in the media during one of the largest 
outbreaks in the Australian Capital Territory. This outbreak affected 140 people and 
resulted in the hospitalization of 15 individuals. Mayonnaise prepared with raw eggs 
was suspected as a source of infection in this outbreak.

3. � EPIDEMIOLOGY OF SALMONELLA ON AUSTRALIAN 
COMMERCIAL EGG FARMS

Layer hens have a common opening for the intestinal, urinary, and reproductive 
tracts. Thus, external egg shell contamination with fecal material is often unavoid-
able. Although vertical transmission of Salmonella from bird to egg has been demon-
strated (as has been shown for S. Enteritidis), it is generally accepted that horizontal 
transmission is also the most likely source of contamination of shell eggs (Gantois 
et al., 2009). Small defects in the egg shell may provide the means for bacteria on the 
egg shell surface to penetrate and move into the egg contents (De Reu et al., 2006).

An Australian investigation found that S. Typhimurium PT 9 was not detect-
able from eggs laid by infected hens in a field environment or hens infected at the 
onset of lay (Gole et al., 2014c). A Salmonella survey of the Queensland egg indus-
try revealed that S. Infantis was the most prevalent among egg layer flocks (Cox 
et al., 2002). Another microbiological survey conducted by New South Wales Food 
Authority on 49 egg farms in New South Wales showed that 20% of the farms were 
positive for S. Typhimurium, whereas a survey conducted on 21 egg farms by Safe 
Food Queensland reported that 13.5% of farms were positive for S. Typhimurium 
(Cuttell et al., 2014).

Currently there is no nationwide prevalence data of S. Typhimurium on egg 
farms. A longitudinal study of cage farms indicated that fecal samples were the 
best indicator of S. Typhimurium egg contamination on the farm and that over 
time, the multiple loci variable tandem repeats analysis (MLVA) pattern of S. 
Typhimurium was unstable (Gole et  al., 2014c). The odds of an eggshell test-
ing positive for Salmonella were 91.8, 61.5, and 18.2 times higher when fecal, 
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egg belt, and dust samples on egg farms tested Salmonella positive (Gole et al., 
2014c). One of the major challenges in establishing prevalence is that shedding 
of S. Typhimurium from known positive hens is highly variable (Fig. 5.2) and 
can be influenced by stress experienced by hens on the farm (Gole et al., 2014a). 
Single time point sampling may not be sufficient to determine true prevalence; 
therefore longitudinal sampling of flocks is essential. Due to increasing consumer 
demand for free range eggs and the likelihood of environmental contamination, 
it is particularly important to monitor the long-term shedding of S. Typhimurium 
on free range farms. Birds raised in free range production systems are potentially 
exposed to more environmental stressors than caged birds, including social stress 
and aggression, predation, or thermal challenges. The current Australian free range 
egg production system standards require all birds to have access to the range for a 
minimum of 8 h per day once they are reasonably feathered (i.e., by onset of lay). 
The only exception to this is during extreme weather conditions (e.g., exception-
ally hot or cold weather, high humidity, very strong winds, or heavy rain) or under 
veterinary advice (e.g., due to a disease outbreak).

The effect environmental stressors have on layer hens and how they contribute 
to Salmonella shedding patterns have been studied in both controlled and field trials 
(Nakamura et al., 1994; Seo et al., 2000). Both studies reported the short-term increase 
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in shedding of S. Enteritids with short-term exposure to stress. In addition, chronic 
stress can have an immunosuppressive effect on laying hens, which could further influ-
ence Salmonella infection and shedding (El-Lethey et  al., 2003; Humphrey, 2006). 
Over the lifespan of a layer hen, a bird may be subjected to a wide range of stressors, 
such as transport of day-old birds, vaccinations during rearing, moving from the rear-
ing site to the egg producing plant (Hughes et al., 1989), the onset of lay (Humphrey, 
2006), final stages of the production period, thermal extremes (Mashaly et al., 2004), 
or transportation (Beuving and Vonder, 1978). Molting-related stress in hens has also 
been shown to enhance Salmonella shedding in eggs and feces (Holt, 2003) and 
could also cause higher levels of colonization in internal organs (Holt et al., 1995). 
Further studies are necessary to establish links between environmental stressors and 
Salmonella shedding in free range production systems.

Human Salmonella infections can also be attributed to direct human contact with 
animals. Backyard chicken ownership has increased in recent years (Behravesh et al., 
2014), increasing the likelihood of direct hen to human transmission of Salmonella. 
A small-scale Australian survey of backyard layer hens showed that the serovars S. 
Agona and S. Bovismorbificans were the most prevalent (Manning et al., 2015). His-
torically, S. Bovismorbificans has been associated with nine outbreaks of salmonello-
sis in Australia (Stafford et al., 2002), but were not linked with eggs or egg products. 
Flock owners involved in this study were reluctant to permit multiple samplings so 
the prevalence data represent only a single sampling. Longitudinal sampling on a 
wider scale is essential to characterize the prevalence of S. Typhimurium in backyard 
hens and establish potential risks associated with direct transmission of bacteria.

4. � PREVALENCE AND EGGSHELL PENETRATION  
BY SALMONELLA

According to Australian food safety authorities, Salmonella contamination of eggs 
and egg products is a major public health issue. The actual number of commercially 
produced eggs contaminated with Salmonella is unclear. Multiple surveys have been 
conducted using both large and small sample sizes. A survey conducted in 1986 
sampled 360 eggs sourced from both wholesale and retail markets in Queensland 
and all were negative for Salmonella (Douglas, 2004). In 1989, a similar survey 
involving 199 eggs also did not detect Salmonella (Cozens, 2010; Douglas, 2004). 
A large-scale survey of commercial eggs examined the external surface of 10,000 
eggs and the internal contents of 20,000 eggs (Daughtry et  al., 2005). Consistent 
with previous small-scale surveys, all samples in Daughtry’s study were Salmonella 
negative. A study conducted on isolation of Salmonella from egg shell wash, egg 
shell pores and internal contents using a relatively small number of samples revealed 
that the egg shell and egg internal contents were negative (Chousalkar et al., 2010). 
However, in a later study performed in 2012, S. Infantis was isolated from egg shell 
wash (Chousalkar and Roberts, 2012). Fearnley et  al. (2011) reported that preva-
lence of Salmonella on retail eggs on the shelf was 0.30%. It is important to note 
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that S. Typhimurium was not isolated from eggs during any of the egg-based sur-
veys, although eggs and raw egg products have still been associated with Salmonella 
outbreaks. Egg-based surveys are important but laborious due to the large number 
of eggs required for Salmonella testing. In Australia, 4.7 billion eggs are produced 
annually; hence reliance on surveying of a small number of eggs may not be an 
accurate or true reflection of Salmonella prevalence. S. Typhimurium-positive hens 
could shed up to 106 colony forming units (CFU) of bacteria on egg shells (Gole 
et al., 2014c), but egg shell contamination could also occur further down the supply 
chain or egg handling, on or off the egg farm. These factors are yet to be investigated 
thoroughly in Australia.

The presence of S. Typhimurium on egg shells, egg shell quality, and storage tem-
perature can influence the penetration ability of bacteria across the egg shell (Gole 
et al., 2014b). There are three physical barriers that protect the egg from bacterial 
penetration, the cuticle, the crystalline eggshell, and the membranes, which divide 
the albumen and the eggshell (Galiş et  al., 2013). Even though bacteria penetrate 
through shell membranes, egg internal contents are protected by a number of antimi-
crobial chemical components in the albumen. S. Typhimurium can survive on dry egg 
shell for up to 3 weeks (Gole et al., 2014b). Eggshell penetration by S. Typhimurium 
can also be influenced by various eggshell ultrastructural features including cap qual-
ity, alignment, erosion, confluence, Type B bodies, and cuticle cover. It is important 
to note that egg penetration studies were performed after infecting eggs with Sal-
monella in laboratory conditions followed by incubation at room temperature (Gole 
et al., 2014b). Salmonella penetration across the egg shell, however, is low at refrig-
eration temperature (4°C) (Chousalkar et al., 2010), underscoring the importance of 
proper egg storage in both commercial and domestic environments.

5. � HUMAN FACTOR IN SALMONELLA VIRULENCE FACTORS
Nontyphoidal Salmonella (NTS) serovars such as S. Typhimurium generally cause 
self-limiting diarrhea and exhibit a low fatality rate of 0.1% (Fabrega and Vila, 2013). 
In 2010, there was a twofold increase in human cases of egg-related food poisoning 
outbreaks due to serovars other than S. Typhimurium. Other NTS including S. Infan-
tis, S. Singapore, S. Anatum, S. Postdam, S. Saintpaul, S. Virchow, and S. Montevideo 
continue to be reported sporadically (OzFoodnet, 2002, 2003, 2005, 2006, 2012). 
Not all Salmonella isolated from egg or egg products, however, are equally invasive 
and/or pathogenic (McWhorter and Chousalkar, 2015; McWhorter et al., 2015).

Variation in pathogenicity between Salmonella serovars is likely due to 
genomic variation within Salmonella pathogenicity islands (SPI) (McWhorter 
and Chousalkar, 2015). Furthermore, a favorable growth environment is required 
for certain serovars (McWhorter and Chousalkar, 2015; McWhorter et al., 2015). 
This is in part due to the upregulation of invasion genes encoded within SPI 1 in 
a nutritive environment. S. Typhimurium PT9 has been frequently reported dur-
ing Australian egg-related outbreaks. In vitro, PT 9 is highly invasive following 
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growth in media (Fig. 5.3) (McWhorter et al., 2015) yet retains invasive potential 
in a nonnutritive environment, an ability not observed for all serovars. As such, 
it may have constitutively active virulence gene(s) that facilitate invasion under 
any conditions. Therefore, if there is any point during food preparation or storage 
that encourages the growth or enrichment of Salmonella within the food item, the 
risk of potential food poisoning increases if these serovars are present.

FIGURE 5.3

The in vitro invasive capacity of 17 nontyphoidal Salmonella serovars before and after 
enrichment in media. The in vitro invasive capacity of 17 nontyphoidal Salmonella serovars 
was assessed using the gentamicin protection assay with the human intestinal epithelial 
cell line, Caco2. Bacteria were either suspended in 0.9% saline (A) or grown to stationary 
phase in LB (C) and then added to cell monolayers at an MOI of 100. Data are represented 
as mean percent recovery. Assays were repeated five times. Statistical analysis was per-
formed by Kruskal–Wallis analysis of variance with post hoc analysis utilizing Dunn’s multiple 
comparisons test. A significant effect of serotype for both treatment groups (p < 0.006, 
saline; p < 0.0002 LB) was detected but no significant differences were observed between 
individual serotypes. k-means Cluster analysis was performed to identify invasion groups. 
Two invasive types were identified for serovars suspended in 0.9% saline and are identified 
as Group A (low) and Group B (moderate) (B). Following growth in an enriched environment 
(LB broth), substantial increases in percent recoveries were observed (C). Three invasion 
types were identified by cluster analysis and were classified as low (Group A), moderate 
(Group B), and high (Group C) (D). LB, Luria-Bertani; MOI, Multiplicity of infection.
Taken from McWhorter, A.R., Davos, D., Chousalkar, K.K., 2015. Pathogenicity of Salmonella strains isolated 

from egg shells and the layer farm environment in Australia. Appl. Environ. Microbiol. 81, 405–414.
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Although proper food or egg handling procedures coupled with kitchen cleanli-
ness limits the possibility of infection, only 102 CFU of pathogenic strains of Salmo-
nella are required to cause disease in humans (Fabrega and Vila, 2013). Therefore, 
targeted Salmonella control strategies are not only required for egg farms but through 
the entire egg supply chain to food preparation and consumption.

6. � CURRENT ON-FARM CONTROL MEASURES WITH FOCUS 
ON EGG WASHING

Various methods have been used to control Salmonella in layer flocks, which can 
be either preharvest or postharvest (Galiş et al., 2013). Preharvest methods include 
genetic selection of hens for resistance to Salmonella, flock management involving 
sanitation, regular flock testing, biosecurity, vaccination, as well as the use of natural 
antimicrobial products such as prebiotics, probiotics, or organic acids (Galiş et al., 
2013). Postharvest methods involving eggshell decontamination using egg washing 
by sanitizers, ozone, electrolyzed water, and irradiation of egg shell by ultraviolet 
light, gas plasma technology, or use of biological methods (plant extracts) have also 
been discussed in the literature; however, their commercial or wide-scale use in the 
industry is not known. Vaccination of pullets, to either prevent infection or reduce 
the duration of shedding of Salmonella in exposed flocks, is one measure of control 
(Kilroy et al., 2015). Both killed virulent and live attenuated Salmonella vaccines 
are used, which can result in varying degrees of protection in chickens (Holt et al., 
2003; Pavic et al., 2010). Vaxsafe ST (Bioproperties Pty Ltd, Australia) is the only 
live attenuated vaccine registered for use in poultry in Australia. The long-term effi-
cacy of the vaccine in commercial flocks that are actively shedding S. Typhimurium 
remains unclear.

Egg washing with sanitizers is one of the most common methods of reducing egg-
shell contamination in Australia. This technique is adopted in many countries includ-
ing Australia, Japan, and the United States but is banned in the European Union 
(Messens, 2013). Egg washing protocols involve prewashing, sanitizer wash, and 
drying. During egg washing, the maintenance of rinse water temperature is impor-
tant. If an egg is placed in a cool environment, egg internal contents contract causing 
the membranes to pull away from the eggshell creating negative pressure and move-
ment of air or contamination across the eggshell (Messens, 2013). The temperature 
of wash water should be maintained 6.7–12°C higher than egg shell temperature 
to avoid cracking during washing (Galiş et al., 2013). The major advantage of egg 
washing is the removal of fecal debris thereby reducing the overall bacterial load on 
the eggshell surface (Galiş et al., 2013); this in turn minimizes the chance of cross-
contamination in the kitchen environment.

It should be noted that egg washing chemicals have the potential to alter the egg-
shell surface and damage the cuticle layer (Gole et al., 2014b). Gole et al. (2014b) 
reported that egg penetration by S. Typhimurium was higher in washed eggs than 
in unwashed eggs, which may be due to cuticle damage sustained by egg washing 
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chemicals. Therefore, eggs should be kept under appropriate storage and drying con-
ditions to prevent Salmonella contamination post washing. Regular cleaning of the 
egg washing and grading equipment is also necessary to avoid recontamination of 
eggs after washing. Proper hand washing is also important after egg handling to avoid 
cross-contamination of food items in private and commercial kitchen environments.

7. � SALMONELLA CONTROL MEASURES AND LIMITATIONS
Trends in the United States, United Kingdom, Europe, and Australia indicate that 
the incidence of food-borne illness is increasing, and is likely to remain a threat to 
public health for the foreseeable future. In the modern Australian society, people 
cook fewer meals at home and are more reliant on ready-to-cook, ready-to-eat foods 
and takeaway meals. Furthermore, cultural diversity within Australia has contrib-
uted to a greater selection of food, incorporating a greater range of raw foods of 
animal origin into diets. In addition to the egg farm environment, eggs are also likely 
to become contaminated within the commercial supply chain. Contamination pre-
vention therefore requires control measures during processing in commercial and 
domestic settings.

Treatment of S. Typhimurium-related human illness is symptomatic in focus. 
Intestinal limited NTS infections in immunocompetent patients are treated with fluid 
or rehydration therapy. The use of antibiotics is reserved for high-risk individuals 
such as the elderly, children younger than 1 year, or immunocompromised patients 
(Hohmann, 2001). The use of antibiotic therapy has unfortunately led to increas-
ing rates of antibiotic resistance overseas (Fabrega and Vila, 2013). In Australia, 
however, low levels of β lactamase activity have been reported among human S. 
Typhimurium isolates (Micalizzi, 2013). A low level of antimicrobial resistance was 
also recorded in S. Typhimurium isolates from commercial egg layer flocks (Pande 
et al., 2015). Both of these reports reflect a prudent use of antimicrobials in human 
and poultry medicine in Australia.

In Australia, human S. Typhimurium is notifiable and the structure of report-
ing is explained in Fig. 5.4 (Chousalkar et  al., 2015). Food Standards Australia 
New Zealand (FSANZ) develops and administers the Australia New Zealand Food 
Standards Code (including egg standard). Production of eggs and egg products is 
currently regulated by various departments of health and primary industries from 
individual states and codes are enforced by state authorities (FSANZ, 2009). All 
producers and processors are required to comply with codes including prohibition 
of selling cracked, dirty eggs and egg stamping/labeling for traceability. According 
to FSANZ standard code 4.2.5, all egg processors are required to pasteurize egg 
products prepared from cracked and dirty eggs. The AECL strategy is focused on 
Salmonella risk management through the supply chain, which includes producing 
public documentation designed to educate people on safe egg handling procedures 
as well as farm/production specific issues. Standards or codes developed by FSANZ 
have been adopted by various state authorities; however, there are inconsistencies in 

http://www.foodstandards.gov.au/code/Pages/default.aspx
http://www.foodstandards.gov.au/code/Pages/default.aspx
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the understating or implementation of these food safety codes. Although there are 
difficulties in implementing these standards from a national perspective, it would 
enable a more uniform national food safety code. However, different systems within 
the states could pose a challenge in implementing a uniform code.

In Australia, MLVA is widely used for the epidemiological/trace back investiga-
tion of S. Typhimurium outbreaks. MLVA is a useful epidemiological tool for tracing 
the source of infection, but it does not provide information regarding the virulence or 
predominant pathotype of Salmonella strain involved in human cases. S. Typhimurium 
MLVA types have traced back to the egg farm on multiple occasions (Slinko et al., 
2009). However, in some outbreaks, multiple MLVA types that have caused human 
illness unrelated to egg farms have also been detected from a commercial kitchen envi-
ronment (Slinko et al., 2009). Egg-borne human illness is not necessarily associated 
only with poor farm management. An understanding of the ecology of Salmonella 
on layer farms, the supply chain, and the mechanisms that influence association with 
egg-borne human cases is also required (Arzey, 2002). Focusing only on farm-specific 

FIGURE 5.4

Current Salmonella infection notification process in Australia. * Individual jurisdictions 
interview cases depending on the number of notifications and available resources.
Taken from Chousalkar, K.K., Sexton, M., McWhorter, A., Hewson, K., Martin, G., Shadbolt, C., Goldsmith, P., 

2015. Salmonella typhimurium in the Australian egg industry: multidisciplinary approach to addressing  

the public health challenge and future directions. Crit. Rev. Food Sci. Nutr. (Accepted, in press).  

http://dx.doi.org/10.1080/10408398.2015.1113928.

http://dx.doi.org/10.1080/10408398.2015.1113928
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Salmonella intervention strategies is not sufficient and joint efforts from Australian 
primary industries, health departments, communicable disease, and food branches are 
essential to the control of S. Typhimurium through the entire egg supply chain.
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1. � INTRODUCTION
South America is a continent located in the Western Hemisphere, mostly in the 
Southern Hemisphere, with a relatively small portion in the Northern Hemisphere. 
It is also considered as a subcontinent of the Americas. It is bordered on the west by 
the Pacific Ocean and on the north and east by the Atlantic Ocean; North America 
and the Caribbean Sea lie to the northwest. It includes 12 sovereign countries: Argen-
tina, Bolivia, Brazil, Chile, Colombia, Ecuador, Guyana, Paraguay, Peru, Suriname,  
Uruguay, and Venezuela (Dorst and Winkel, 2015).

South America is a historically unstable region because of continuing changes 
in monetary policy, which has led to constant internal and external conflicts with 
different outcomes. Despite this, in recent years, several countries made enormous 
development strides in recent decades, from the consolidation of democratic gov-
ernments and continued advances in health and education to more recent progress 
in protecting the environment and reducing inequality. By 2015, the region met the 
majority of the Millennium Development Goals (MDGs) – a historic achievement 
(Thorpe and Aguilar Ibarra, 2010; United Nations Development Programme, 2016). 
South America has an area of 1,780,800 thousands of hectares and its population 
has been estimated at 413,651,000 in 2015. The most populous countries in South 
America are Brazil, Colombia, Argentina, Venezuela, and Peru (Table 6.1; Economic 
Commission for Latin America and the Caribbean, 2014).

There are some competitive advantages in the South American countries for poul-
try production. Some of the countries are large grain producers (Argentina, Brazil, and 
Paraguay); others import grains, but have a good production structure (Colombia and 
Peru). There are abundant and qualified hand labor, modern industry and dynamic entre-
preneurs, low production costs, good animal health (Brazil, Argentina, Chile, and Uru-
guay), and a large internal market in Brazil. However, egg layer production and export 
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Table 6.1  Capital, Population, Total Area, Poverty, and Total Gross Domestic Product at Constant Market Prices of South 
American Countries (Economic Commission for Latin America and the Caribbean, 2014)

Country Capital

Population  
(Thousands of  
Persons Estimated  
in 2015)

Total Area, 2012  
(Land Area/Area of Inland 
Waters in Thousands of 
Hectares)

National Poverty 
(Percentages 
of the Total 
Population)

Total Gross 
Domestic Product, 
at Constant Market 
Prices in 2013 
(Millions of Dollars 
at Constant 2010 
Prices)

Argentina Buenos Aires 42,119 278,040 (273,669/4,371) – 524,029.9
Bolivia  
(Plurinational  
State of)

Sucre 10,746 109,858 (108,330/1528) 36.3a 23,208.8

Brazil Brasilia 202,956 (861,577 (845,814/15,763) 18.0b 2,279,748.1
Chile Santiago 17,889 75,610 (74,353/1256) 7.8b 252,538.5
Colombia Bogotá 49,633 114,175 (110,950/3225) 30.7b 333,209.5
Ecuador Quito 16,268 25,637 (24,836/801) 33.6b 82,609.1
Guyana Georgetown 808 21,497 (19,685/1812) – 2672.2
Paraguay Asunción 6,993 40,675 (39,730/945) 40.7b 23,597.5
Peru Lima 30,994 128,522 (128,000/522) 23.9b 175,425.1
Suriname Paramaribo 548 16,382 (15,600/782) – 4873.2
Uruguay Montevideo 3,430 17,622 (17,502/120) 5.6b 45,172.1
Venezuela  
(Bolivarian  
Republic of)

Caracas 31,267 91,205 (88,205/3000) 32.1b 267,213.3

Total - 413,651 1,780,800 – –

aIn 2011.
bIn 2013.
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challenges are increasing the production scale, adapting egg farms and plants to new 
animal welfare requirements, and implementing quality programs (Mendes, 2011).

In general, the production of eggs for consumption in South American coun-
tries has increased to a greater or lesser extent. This is explained in part by genetic 
improvement in commercial lines, the quality and availability of raw materials for 
the manufacture of feed, and the increasing demand for animal protein worldwide. 
Also, the incorporation of technology in housing systems for laying hens has cer-
tainly favored the growth of the egg industry in several South American countries 
(Dreyer and Windhorst, 2011; Evans, 2014).

Although statistics for hen egg production can vary greatly depending on the source, 
of approximately 69.7 million metric tons of eggs produced worldwide in 2014, South 
America produced 4.7 million metric tons (about 6.75%). Among the top 20 countries for 
egg production in 2013, Brazil and Colombia ranked 7th and 18th, respectively (Conmay, 
2015). Brazilian companies account for 2 of the 25 largest egg producers worldwide when 
ranked by size of layer flock (Clements, 2015). Table 6.2 indicates the number of hens 
and per capita egg consumption in South America during 2014; Guyana and Suriname 
data are not included in this chapter due to the lack of information from these countries 
for 2014. According to the Latin-American Top Poultry Companies database (Table 6.3), 
5 of 10 of the biggest table egg producers in South America, measured by the number of 
layers, are located in Brazil, 2 in Venezuela and Colombia, and 1 in Peru (Ruiz, 2015). 
The genetic lines used for laying hens in South American countries (Ruiz, 2015) are Hy-
Line (Argentina, Bolivia, Brazil, Chile, Colombia, Ecuador, Paraguay, Peru, Uruguay, 
Venezuela), Lohmann (Argentina, Brazil, Chile, Colombia, Paraguay, Peru, Venezuela), 
ISA (Bolivia, Brazil, Chile, Colombia, Paraguay, Peru, Venezuela), Hysex (Brazil, Peru), 
Dekalb (Brazil, Uruguay), Lhom (Brazil), H&N (Brazil, Colombia, Ecuador, Uruguay),  
Shaver (Chile), and Bovans (Peru, Venezuela).

Table 6.2  Number of Hens and Per Capita Egg 
Consumption in South America During 2014 (Ruiz, 2015)

Country
No. of Hens  
(×1000)

Per Capita Egg  
Consumption (Units)

Argentina 41,200 257
Bolivia  
(Plurinational State of)

3965 138

Brazil 94,000 169
Chile 12,000 191
Colombia 34,700 242
Ecuador 9500 140
Paraguay 2500 135
Peru 16,000 171
Uruguay 3100 262

Venezuela (Bolivarian 
Republic of)

21,212 190
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Nonenriched cage systems are not prohibited in South America and most of the 
laying hens are located in battery cage farms, which include automatic and conven-
tional (manual) battery cage systems. In general, the incorporation of modern tech-
nology is evident in South America with the migration of a simple pyramidal cage 
system with no conveyors for feed or eggs to industrial systems with manure or egg 
conveyors (Rodriguez, 2006; Scheurer, 2014). It is not common that producers and 
entrepreneurs use enriched cages (furnished or modified cages), noncage, “barn 
egg,” or “free range” systems, as required by regulations of the European Union.

The prevalence data about Salmonella spp. pertaining to layer hens and egg produc-
tion in South America is scarce, limited to some countries and probably underestimated. 
Also, the data from the literature are diverse in kind and number of samples, number 
of flocks/farms tested, and the methodology used to isolate the bacteria. S. Gallinarum 
biovar Gallinarum (SG) has not been eradicated in breeder flocks and commercial layers 
in South American countries. This can be explained by the use of vaccines that are inef-
fective, misused, or not always controlled, and the abandonment of hygienic prophylaxis 
measures (Servicio Nacional de Sanidad y Calidad Agroalimentaria, 2002).

In general, live and inactivated vaccines are approved for Salmonella con-
trol in poultry from South American countries, but there are some differences in 
licensed vaccines. The live vaccine is based on SG, Salmonella Enteritidis (SE), 
or Salmonella Typhimurium (ST) strains. S. Gallinarum 9R, using a rough strain 
of SG, is a vaccine produced by different companies to protect poultry against S. 
Gallinarum and SE, especially in layers (Servicio Nacional de Sanidad y Calidad 
Agroalimentaria, 2002). Live attenuated vaccines for SE (AviPro Salmonella Vac 
E and Gallivac Se) and ST (AviPro Salmonella Vac T) by oral administration via 
drinking water are approved in many South American countries like Bolivia, Brazil,  
Chile, Ecuador, Paraguay, Peru, Uruguay, and Colombia (Lohmann Animal Health,  
2013, 2014; Merial, 2016).

Table 6.3  South America’s Top 10 Largest Egg Companies in 2014  
(Ruiz, 2015)

Company Country
Number of  
Hens (×1000)

Grupo Mantiqueira Brazil 11,000
Granja Yabuta Brazil 9000
Avícola La Calera Peru 4500
Granja La Caridad Venezuela 4485
Ademar Kerkoff Brazil 4000
Incubadora Santander Colombia 3500
Avicultura Josidith Brazil 3000
Nutriavícola S.A. Colombia 2500
Ovomar Venezuela 2480

Somai Nordeste Brazil 2460
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An inactivated vaccine for SE, ST, and/or S. Gallinarum protection is produced by 
different companies (Servicio Nacional de Sanidad y Calidad Agroalimentaria, 2002). 
However, an Argentinean company started to produce an oral inactive subunit vaccine 
against non–host-specific Salmonella serotypes. The antigen is neither live attenuated 
nor injectable and it is recommended for different poultry categories (Vetanco, 2013).

In this chapter, based on the above-mentioned information, we describe egg pro-
duction, the main Salmonella serotypes, and antimicrobial resistance for these sero-
types found in layer hens and eggs, as well as the public health implications, and the 
Salmonella spp. National Poultry Improvement Plan for each South American coun-
try. In reference to Guyana, Paraguay, and Surinam, we did not find any information 
about prevalence and antimicrobial resistance in layer hens or eggs.

2. � ARGENTINA
In Argentina, a population of 37 million laying hens is estimated, showing a 
growth of 54% from 2003 to 2013. Egg production in Argentina grew about 55% 
in the years 2000–2010 and has risen from 327,000 tons to over 500,000 tons. 
With an average annual growth rate of 5% in 2012, egg production in Argentina 
almost doubled to reach 600,000 tons. However, the industry went through a 
difficult period during 2012/2013, when production dropped considerably. But 
now a recovery backed by an increase in domestic consumption and the expected 
expansion of the shell egg exports are forecast. About 85% of the birds are in 
cages, 10% in floor systems, and 5% outdoors. The ratio of white eggs to brown 
eggs is 60:40 (Evans, 2015a).

Egg production is mainly concentrated in the provinces of Buenos Aires (41%) 
and Entre Rios (24%). Shell egg production totaled 11,770 million eggs in 2014. This 
means an increase of 8.4% over the previous year. The per capita egg consumption 
reached 256 per year, and it has been increasing year after year. Shell eggs go to the 
domestic market and the industrialized eggs are used for export. Processing plants 
industrialize 9% of total egg production (Mair et al., 2015).

After the introduction of intensive production of birds from 1960 in Argentina, there 
were cases of Avian Typhoid and Pullorum disease, caused by SG and S. Gallinarum 
biovar Pullorum (SP), respectively, with a significant mortality rate among affected birds. 
Vaccination lead to a decrease of these two biovars but a subsequent increase beginning 
in the 1980s of a new infection that started in breeding chicken flocks mainly caused by 
SE. This was then isolated in egg breeder flocks (Sandoval et al., 1989; Sandoval and 
Terzolo, 1989).

There are few research studies about Salmonella contamination on laying hen 
farms, eggs, their packaging, etc. in Argentina. Viora et al. (1993) found SE in 50% 
of fiber egg cartons. On the other hand, Soria (2012) found 1.8% (29/1643) positive 
for Salmonella spp. in packaging, shell and egg content samples from eggs sold in 
supermarkets in the center and east of Entre Rios province, Argentina. In egg pack-
aging, the serotypes isolated were SE, S. Agona, S. Westhampton, and S. Muenchen. 
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Meanwhile, the serotypes found in shell egg samples were SE, S. Montevideo, S. 
Brandenburg, and ST. Tests of the egg contents by this author found S. Gallinarum, 
SE, and ST. However, De Franceschi et al. (1998) did not find Salmonella spp. in 
7760 eggs from farms in the province of Buenos Aires.

Soria (2013), using multiple samples from 30 commercial layer farms in Entre 
Ríos, found that Salmonella spp. was most frequently detected in boot swab samples 
(30%). Only 4.8% (56/1167) of samples were positive for Salmonella spp., whereas 
egg, water, and air samples were negative for these bacteria. The Salmonella serotypes 
most frequently observed in the layer houses (Soria et al., data not published) were S. 
Schwarzengrund (17.5%), SE (15%), S. Mbandaka (7.5%), and S. Newport (7.5%).

In Argentina, in terms of public health, a significant increase in the number of 
SE isolates from foods associated with food-borne outbreaks has been observed 
since 1987 (Caffer and Eiguer, 1994). During the period 2000–2005, the National 
Reference Laboratory studied 443 Salmonella isolates derived from these foods 
and reported SE (31.8%), ST (19.6%), S. Newport (6.9%), and S. Agona (6.1%). 
The other serotypes were isolated at a lower frequency. On the other hand, from 
2006 ST was the most frequent serotype isolated from humans, animals, and foods 
(Caffer et al., 2010). In addition, Favier et al. (2012) determined the prevalence of  
Salmonella spp. in foods of animal origin sold at retail stores over the period 2005–
2011 in San Luis, Argentina, and only found two ST strains from liquid eggs (2/60).

Melo et al. (2007) evaluated antimicrobial susceptibility of 28 strains of SG, isolated 
from outbreaks of fowl typhoid from commercial laying hens in Argentina during 2006. 
Only two isolates had sensitivity greater than or equal to 90%. Gentamicin, norfloxacin,  
and tetracycline resistance was greater than 30%. Fosfomycin and sulfadiazine +  
trimethoprim combination appear to be the drugs of choice for the treatment of fowl 
typhoid in Argentina. On the other hand, Soria (2012) observed that 100% of ST 
strains tested were sensitive to gentamicin, norfloxacin, ciprofloxacin, imipenem, 
and amoxicillin/clavulanic acid for different strains of ST isolated from commercial 
eggs in Entre Ríos, Argentina. The resistance to doxycycline, tetracycline, and strep-
tomycin was observed to be 68.1%, 93.6%, and 97.9%, respectively. Overall, 98% 
of the strains were resistant to two or more drugs belonging to the same or different 
groups of antibiotics. Resistance to quinolone and phenicol groups was not observed.

The National Poultry Health Plan defines a Salmonella control program for breeder 
flocks to prevent the transmission of SG, SP, SE, ST, and S. Heidelberg in Argentina 
(Servicio Nacional de Sanidad y Calidad Agroalimentaria, 2002). It is applied by the 
National Service of Agricultural and Food Safety. The samples include unhatched eggs 
(chopped) from incubators, cloacal and boot swabs from breeder flocks, and breeders 
in the rearing period, respectively (Programa de Aves, 2015). Testing for the four Sal-
monella serotypes involves only bacteriologic monitoring. Sampling should be done 
every 4 and 9 weeks for grandparent and parent breeder flocks, respectively, and at 9 
and 18 weeks old for breeders in the rearing period. Live and inactivated vaccines are 
not recommended for breeder flocks by Argentina Salmonella control program (Servi-
cio Nacional de Sanidad y Calidad Agroalimentaria, 2002), but are recommended for 
laying hens. Salmonella spp. monitoring and control program in commercial poultry 
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farms was approved in 2016. It is included in the National Poultry Health Plan and 
is focused on SE, ST and S. Heidelberg. Laying hen farms should be sampled twice 
per year. In cage flocks, 2 × 150 grams of naturally pooled feces shall be taken from 
all belts or scrapers in the house after running the manure removal system; and 150 
grams of dust shall be collected from 20 prolific sources of dust throughout the house. 
However, in the case of step cage houses without scrapers or belts, 2 × 150 grams of 
mixed fresh feces must be collected from 60 different places beneath the cages in the 
dropping pits (Servicio Nacional de Sanidad y Calidad Agroalimentaria, 2016).

3. � BOLIVIA
According to the News Agency of Bolivia, the per capita consumption reported by 
the National Institute of Statistics is 166 eggs/person/year. Between 2008 and 2014, 
egg production has increased about 6%. Also, the total egg production for 2014 was 
1591.75 million units, 8.5% more than in 2008. Geographically, the population of 
laying hens in Bolivia is well concentrated, 29% in Cochabamba and 66% in Santa 
Cruz (Asociación de avicultores Cochabamba-Bolivia, 2015).

According to the National Health Information Systems in 2001, 47% of the reported 
cases of food-borne disease were due to Salmonella spp. (SEDES, 2001). In reference 
to egg production, Espinoza et al. (2007) analyzed 40 eggs, collected from different 
markets in La Paz city. Salmonella spp. was identified in 17.5% of the samples studied.

In Bolivia, the Control and Eradication National Program for Salmonella spp. 
is obligatory for all poultry establishments (Ministerio de Agricultura, Ganadería y 
Desarrollo Rural, 2002). The general objective of this program is to eradicate SG and 
SP and control paratyphoid salmonellae in Bolivia, which is applied by the National 
Agricultural Health and Food Safety Service. In farms, monitoring of lots will be held 
during the breeding and rearing stages, at 4 and 12 weeks old, which includes 1% of 
the population, using serological tests accompanied by bacteriological analysis from 
the lots tested. During the production stage, a control is performed in an official labo-
ratory using the rapid serum plate agglutination (SPA) test, confirmed by a microag-
glutination (MA) test. The first serological control should be done at 17 weeks old to 
10% of the breeder population. Also, 1% of the poultry population should undergo a 
bimonthly serological and bacteriological test during the productive life of the hen. 
Poultry establishments that have negative results to the first tests will be classified as 
“suitable,” keeping this category if consecutive negative results continue. When birds 
test positive for SP, SG, SE, or ST in breeding, rearing, or production, the birds will 
be quarantined and assigned the status of “lot in control.” Confirmation should be 
done through serological and bacteriological tests within no more than 15 calendar 
days. If these birds test negative, the lot will be categorized as “apt.” However, if 
they test positive, the lot will be classified as “infected.” If the birds are “infected” 
with SP or SG, they will be immediately separated, proceeding to sacrifice on the 
same farm or in a poultry slaughterhouse. Disinfection of the slaughterhouse occurs 
immediately after sacrifice. Also, ST- and SE-positive lots will be subject to a control 
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program, where no sacrifice will be necessary. On the other hand, serological and 
bacteriological study is contemplated during the different production stages of hens. 
In this case, the study will be conducted in 1% of the population.

4. � BRAZIL
Egg production in Brazil grew at an annual rate of 2.8% between 2000 and 2013, from 
1.51 million tons to 2.17 million tons. All commercial egg-laying hens are in cages, and 
about three-quarters of production are white eggs (Evans, 2015a). The states of São Paulo 
(34%) and Mina Gerais (11%) have the most concentrated amount of egg production for 
consumption. Per capita egg consumption in Brazil grew from 148 in 2012 to 182 eggs/
person/year in 2014, representing an increase of over 20% in just 2 years. At present, the 
production of eggs is 37,245,133,103 units. Also, breeder flock housings have increased 
by 25% from 2008 to 2014. On the other hand, almost all egg production in Brazil is 
sold in the domestic market (Associcäo Brasileira de Proteina Animal, 2015). Brazilian 
exports of eggs (fresh and processed) achieved 7000 tons in the first half of 2015, 41.9% 
more than the total exported in the same period of 2014 (El Sitio Avícola, 2015b).

Gama et  al. (2003) investigated the presence of Salmonella spp. in the trans-
port boxes of 12 flocks. The positive flocks were subsequently monitored at every 
4 weeks, up to 52 weeks, using bacteriological examination of cecal fresh feces. Also, 
samples of eggs were studied at 52 and 76 weeks. About 33.3% of flocks were posi-
tive and several serotypes of Salmonella were found in fecal samples: SE, S. Infantis, 
S. Mbandaka, and S. Javiana. The authors also reported the presence of a rough strain 
of Salmonella. In reference to egg samples, SE was found in one egg from a total 
of 500 eggs sampled. Kotwizz et al. (2008) evaluated the prevalence of Salmonella 
spp. in 30 farms of laying hens in the state of Paraná, taking samples of eggs, feces, 
and cloacal swabs. They found that 23% of farms were positive to Salmonella spp. 
without isolation from egg samples. The serotypes isolated were S. Mbandaka, S. 
Infantis, and S. Newport (11% each). Furthermore, Kotwizz et al. (2013) found that 
Salmonella spp. was isolated from 52.0% of discarded hatching eggs, in which the 
predominant serotype was SE (84.6%). On the other hand, in the region of San Pablo, 
Freitas Neto et al. (2014) reported that 25% of eight laying hen flocks were Salmo-
nella spp. positive, recording the presence of S. Havana and SE in cecal feces. They 
also found five samples of eggs (shell and content, total of 340 samples) positive with 
the presence of S. Mbandaka, Salmonella enterica subspecies enterica 6, 7: z10, and 
S. Braenderup. From the serotypes found in the different works reviewed earlier, SE, 
S. Infantis, S. Javiana, S. Newport, and S. Braenderup are listed among the 20 most 
frequent Salmonella serotypes found in humans in Brazil from 2001 to 2007 by the 
World Health Organization (Hendriksen et al., 2011).

Dias de Oliveira et al. (2005) studied antimicrobial susceptibility of 91 SE isolates 
from broiler carcasses, food, human, and poultry-related samples (25 isolates from meals 
with eggs or other poultry product samples), which originated from the south of Bra-
zil. A great proportion of resistant strains were found, 90.1% showing resistance to at 
least one antimicrobial drug. There was a high resistance to sulfonamides (75.8%) and 
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nitrofurantoin (52.8%) and low resistance to tetracycline (15.4%), streptomycin (7.7%), 
nalidixic acid (7.7%), gentamicin (5.5%), norfloxacin (3.3%), trimethoprim (3.3%), 
cefalotin (2.2%), ampicillin (1.1%), and chloramphenicol (1.1%). Resistance to cipro-
floxacin was not detected. A total of 51.6% of SE strains were multidrug resistant with 18 
resistance patterns found. The highest resistance was found in strains isolated from poul-
try-related samples, where all strains were resistant to at least one antimicrobial agent.

In another study in Brazil, Silva et al. (2013) described the presence of extended-
spectrum beta-lactamase (ESBL) CTX-M-2-producing S. enterica isolates belonging to 
serotypes Schwarzengrund and Agona in poultry farms for the first time. From 2008 
to 2009, 93 Salmonella spp. strains were isolated from commercial poultry and related 
sources in farms of five Brazilian states. Thirteen S. enterica isolates that were grouped 
into two major pulsed-field gel electrophoresis clusters (A and B), belonging to serotypes 
Schwarzengrund and Agona, respectively, were found to produce ESBL CTX-M-2. The 
blaCTX-M-2 genotype was associated with the presence of an IncP plasmid of approxi-
mately 40 kb. CTX-M lactamases have been widely distributed in South America at least 
since 1989 and possibly before appearing in Europe (Radice et al., 2002). It is known that 
Enteropathogens such as Salmonella spp. were among the first microorganisms found to 
carry the blaCTX-M-2 gene (Rossi et al., 1995). Previous studies have shown the produc-
tion of CTX-M-8 and CTX-M-9 by S. enterica isolated from human and animal samples 
(Peirano el al. 2006), whereas the production of CTX-M-2 has been documented, so far, 
in ST isolated from pediatric patients and poultry (Fernandes et al., 2009).

In Brazil, the National Poultry Health Plan is applied for Salmonella spp. by 
the Ministry of Agriculture, Livestock and Supply. The program testing includes 
bacteriologic monitoring of the environment (boot swabs, shaver transport boxes) 
and animals (meconium, feces, cloacal swabs), and serologic monitoring of birds 
(enzyme immunoassay methods, SPA, slow serum tube agglutination, and MA). The 
health certification program for salmonellosis in breeder flocks objective is to pre-
vent, detect early, and control the presence of SG, SP, SE, and ST, by conducting sur-
veillance with routine laboratory tests in poultry establishments. The establishment 
will be certified as free of these serotypes after three consecutive tests with negative 
results. On the other hand, the monitoring program for Salmonella in commercial 
layer farms has the objective to prevent, detect early, and control the presence of 
SE and ST in poultry, with sampling for laboratory testing. These birds are under 
monitoring or surveillance and the farmer is not allowed to use a vaccine of any kind 
against Salmonella in breeder flocks or vaccines prepared with oil adjuvant during 
the 4 weeks before testing (Ministério da Agricultura, Pecuária e Abastecimiento, 
2010).

In breeder flocks, a Salmonella control should be done at 1–7 days old (bacte-
riologic monitoring), 12 weeks old, in the beginning of egg production, and every 
3 months until the end of the lot life (bacteriologic and serologic monitoring). In 
layer hens, a Salmonella control should be done in the beginning of egg production 
and every 4 months up to the end of the lot life (bacteriologic monitoring). When 
great-grandparent and grandparent flocks are positive for SG, SP, SE, or ST, birds 
will be sanitary sacrificed or immediately slaughtered and there will be destruc-
tion of all eggs from the affected lots. In layer hens and parent breeder flocks, a 
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positive diagnosis for SE and ST will change the lot from “monitored” to “under 
surveillance.” In this case, antibiotic therapy is allowed in parent breeder flocks. 
However, in general, the sale of eggs from breeder flocks infected with these sero-
types cannot be made for human consumption (Ministério da Agricultura, Pecuária 
e Abastecimiento, 2010).

5. � CHILE
Domestic production of eggs in Chile consists of a large industrial sector, which con-
tributes around 3200 million eggs a year. Small egg producers, whose production is less 
relevant to the national economy, play an important socioeconomic role in the domestic 
economy. The egg industry is in the hands of about 300 producers; 60 farms account 
for 90% of production and are located mainly in the central region. Egg production is 
mainly concentrated in Santiago, Valparaíso, and O’Higgins, comprising 70% of the 
national production overall. It is estimated that there were almost 12 million layer hens 
in 2014, of which 9 million were producers of white eggs and nearly 3 million were 
reported producing colored eggs. The growth in production in the period 2002–2013 
showed an increase of 35.7%, which means an average growth rate of 2.8% annually. 
The factors behind this growth are incorporating new technologies and infrastructure, 
increasing productivity by specializing in poultry and better feed conversion, genetic 
advancements, and the continuous improvement of the health of the birds. Further-
more, a strong and growing demand for animal protein of high quality at low cost in 
the country has contributed to the sustained development of the sector over the years 
(Giacomozzi Carrasco, 2014; Instituto Nacional de Estadísticas Chile, 2015).

The frequency of acquiring SE in Chile is unknown. Alexandre et  al. (2000) 
evaluated this serotype contamination in eggs offered in retail markets in the Metro-
politan Area during two consecutive years (1998–1999). S. Enteritidis was found in 
0.09% of egg samples (1/1081) and the contaminated sample was offered in a super-
market. On the other hand, Prat et al. (2001) studied phage typing of SE isolates from 
clinical, food, and poultry samples in Chile. According to 47 food isolates obtained 
during SE outbreaks, they found that one and four phage types were identified. Most 
of the foods involved in these outbreaks (38.3%) were products made from eggs such 
as mayonnaise or meringue cakes. Furthermore, from a total of 27 strains isolated in 
surveillance studies of poultry-raising establishments, these authors recognized four 
phage types, including 14 of type 1 (51.9%) and 10 of type 4 (37%). Some of these 
isolate samples came from hen cloaca or ovaries. They also identified strains that 
belong to phage types 2 and 7 in one and two cases, respectively.

Fica et al. (2012) studied salmonellosis outbreaks and public policies role in terms 
of food security control. In the case of SE, rates have increased twofold since 1998 
(5.3–10.7 per 100,000 habitants) with an important increase in the number of outbreaks 
linked to this agent (7–31 annual outbreaks) since year 2005. Persistence of this problem  
is probably associated to the low surveillance of poultry farms made by the  
Chilean state; to the absence of a cold chain during collection, distribution, and selling  
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of eggs; and to the lack of an educational program directed to the population. The 
regulation that bans homemade mayonnaise in restaurants or fast food stores is an 
important advance that requires further evaluation.

Ninety four strains were isolated from feces samples of 30 poultry farms from 
the central zone in Chile between Mar. and Jun. 2004 (broiler and layer hens). Thirty 
nine of these strains were resistant to flumequine, nalidixic acid, and oxolinic acid 
simultaneously, whereas only two strains were resistant to nalidixic acid and oxolinic 
acid. All the strains were sensitive to ciprofloxacin and enrofloxacin. A total of 3, 
20, and 16 strains phenotypically resistant to quinolones presented patterns I (137-
43-22-15 bp), II (152-43-37 bp), and III (137-58-22 bp), respectively. Mutations in 
codons 83 and 87 of the QRDR region of gyrA gene were observed in SE and S. Hei-
delberg, which were the most frequent serotypes identified. No patterns were found 
that suggested mutation in codon 81 or restriction patterns for double mutations of 
the QRDR region of gyrA gene (San Martín et al., 2005).

The Chile National Plan to control Salmonella spp. in poultry was published in 
1998 by González Díaz and Correo Munida due to an SE human outbreak (González 
Díaz, and Correo Munida, 1998). In this plan, they used bacteriologic and serologic 
(300 birds by SPA test) monitoring of birds in breeder flocks and bacteriologic moni-
toring in layer hens for SG, SP, SE, and ST. For hatcheries with breeder flocks, eggs, 
discard chicks, and meconium were recommended samples. Birds that were posi-
tive to SPA test are sent to the laboratory for isolation. The measures recommended 
for Salmonella-positive birds were removing SPA-positive birds, lot drug treatment, 
application of competitive exclusion, and/or SPA testing for 10% of birds and culture 
for SPA-positive birds. The Agriculture and Livestock Service from the Agriculture 
Ministry executes a Salmonella spp. control program to facilitate export certification 
processes for poultry, hatching eggs, and poultry meat. This targets serotypes estab-
lished by the European Union: SE and ST for all levels of commercial poultry. It also 
includes SG and SP (Servicio Agrícola y Ganadero, 2015).

6. � COLOMBIA
Commercial egg production has a tradition of over 50 years in Colombia. The poul-
try business represents 10% of gross domestic product (GDP) and employs 450,000 
people across the country. The egg industry had a 4.3% annual growth between 2000 
and 2013. Per capita consumption is 251 eggs/person/year. It is estimated that the cur-
rent population is 35,000,000 laying hens, housed in floor production systems (70%) 
and battery cage confinement (30%). About 92% of eggs produced in Colombia are 
brown and they are classified by weight. The egg production is scattered among a large 
number of producers distributed in different regions, with scales ranging from 500 to 
500,000 layers hens. In Colombia, the egg industry developed sliced eggs, which are 
unique in the world (Aguilera Díaz, 2014; Avila Cortez, 2015; Evans, 2015a).

Despite the fact that SE detection in eggs is not regulated in Colombia, accord-
ing to Rodriguez et al. (2015) active surveillance has currently evaluated the health 
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status of the flocks in the country both by governmental and academic institutions 
in addition to the poultry and egg industry. Also, studies contributed to know the 
Salmonella spp. prevalence in laying hens from Colombia. Ramirez et  al. (2014) 
found that 1.7% of 230 eggs were positive for SE in samples of shell, egg white, and 
yolks. On the other hand, Rodriguez et al. (2015) reported that 5 of 15 laying hen 
farms were Salmonella positive in the Tolima region of Colombia. The pathogen 
was isolated most frequently from the egg surface (57.15%, n = 8), followed by the 
feed (28.57%, n = 4) and environmental samples (14.29%, n = 2), whereas the cloacal 
swab samples were negative. Eight and six strains were identified as S. Shannon, and 
SE, respectively. All strains were resistant to amikacin, cephalothin, cefoxitin, cefu-
roxime, and gentamicin; however, five SE isolates presented intermediate resistance 
to nitrofurantoin. All isolates were sensitive to amoxicillin clavulanate, ampicillin, 
aztreonam, cefepime, ceftazidime, ceftriaxone, ciprofloxacin, imipenem, levofloxa-
cin, meropenem, piperacillin-tazobactam, and tigecycline.

Pulido-Landínez et  al. (2014) studied 35 cases of high mortality and severe 
egg drops occurring in commercial brown layer farms in Colombia, located in the 
states of Cundinamarca, Santander, Bolivar, and San Andres from 2008 to 2012. 
Samples studied were liver, spleen, and ovarian follicles. They showed that SE was 
identified in 45.71% of samples from farms suspected to be suffering outbreaks of 
fowl typhoid based on clinical signs. In 37.14% of the cases, SG was identified. 
Their results prove to be a threat to public and animal health, since SE is the main 
serotype implied in human outbreaks and SG compromises the economic viability 
of the industry.

In Colombia, the only focus of the National Poultry Plan for Salmonella con-
trol, coordinated by the Colombian Agricultural Institute, is SG (Instituto Colom-
biano Agropecuario, 1976). The official test for monitoring is SPA. In breeder 
flocks, 100% of birds from the lot should be sampled. The first sampling will be 
taken at 16 and 20 weeks old. If the first test is negative, a second check of 10% of 
the birds from the farm will be taken at 21–30 days after the first test. If all results 
are negative, a certificate, free of Salmonella, will be issued, which will be valid 
for 6 months. The certificate will be renewed if after testing 10% of birds all results 
are negative. If suspicious or positive results are found, 100% of the birds will be 
tested 21–30 days after the last testing has been done and so on. If an increase in the 
number of positive birds is observed in two successive samplings, the lot is consid-
ered infected and their removal by sacrifice is ordered. Any bird that tests positive 
in any of the tests must be removed immediately by sacrifice. On the other hand, 
in commercial laying hens, a representative of all farm bird percentages is taken 
and serological testing is done at 16 and 20 weeks old. If all results are negative in 
the first test, a certificate, free of SG, will be issued, which is valid for 6 months. 
If positive birds are found, a new test of 100% of birds will be taken, 21–30 days 
after the first checks have been performed and all positive birds are slaughtered. 
Hundred percent of all birds with suspicious or positive serological and cultural 
tests will be slaughtered and incinerated. Eggs from poultry farms positive for SG 
cannot be used for incubation, and they should be properly disinfected to be used 
for other commercial purposes.
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7. � ECUADOR
According to the latest census of poultry, Ecuador has more than 1600 producers 
dedicated to the operation of commercial egg laying hens. This includes the par-
ticipation of small, medium, and large companies that together account for about 
14% of GDP, according to its own agriculture industry estimates. The egg producer 
sector is the main ally of farmers as it consumes 100% of the production of yel-
low corn and soybean expeller. As for the genetic lines of the existing layers in the 
country, Lohmann represents 56%, Hy Line 25%, and ISA Brown 19% of market 
share (Corporación Nacional de Avicultores de Ecuador, personal communication).

As for the bird population, it is estimated that there are 12,500,000 laying hens in 
Ecuador. Of this, 9,400,000 are in production. Therefore a production of 2800 million 
eggs/year is estimated. Given that domestic consumption of egg reaches 2169 million 
per year, it is determined that there is a surplus of 657 million eggs (23% of production). 
Per capita consumption is 140 eggs/person/year. The egg sector has grown from 6 to 
12.5 million layers from 2008 to 2015. Production of eggs for consumption is highly 
diversified; two provinces in the central area produced about 60% with the participation 
of several medium and small companies. Large companies are involved in about 15% of 
the national production. Poultry production in the country has sufficient technical infra-
structure to meet all domestic demand in terms of table eggs. Within areas, 49% of egg 
production is in Tungurahua, 22% in Manabi, 15% in Pichincha, 11% in Cotopaxi, and 
the remaining 3% in other provinces (El Sitio Avícola, 2015a; Evans, 2015b).

In Ecuador, there are no data or study about the level of contamination of eggs that 
could affect humans and the social and economic impact in Public Health (Sanchez 
Mora, 2013). In this country, food-borne diseases are transmitted by water and food, 
with salmonellosis being one of the most important causes of an outbreak (Estrada 
Aguila and Valencia Bustamante, 2012). From 150 egg samples, taken from 50 lay-
ing farms in Tungurahua, Ecuador, 0.0133% (2/150) were positive for SE (Sanchez 
Mora, 2013). On the other hand, Estrada Aguila and Valencia Bustamante (2012) did 
not find any sample positive for Salmonella spp. in eggs for consumption (0/282) in 
a similar study in Pichincha, Quito.

The Ecuadorian Agency for Quality Assurance in Agriculture (Ministry of Agri-
culture, Livestock, Aquaculture and Fisheries) adopted the National Poultry Health 
Program (Agencia ecuatoriana de aseguramiento de la calidad del agro, 2013), which 
includes a salmonellosis control project in breeding flocks and commercial laying 
hens. This would take into account the monitoring of birds for the detection of Sal-
monella, the laboratory diagnosis, vaccinations, competitive exclusion, quarantine 
control, and health education (biosecurity) and communication.

8. � PARAGUAY
The current situation of egg production in Paraguay shows several positive aspects, 
including a sustained increase in egg consumption and the campaigns about the ben-
efits of eggs as food. In this country, the egg industry has been favored with a large 
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investment of technology introduced to the sector from the 1990s. Implementing 
production quality assurance allows some industries to be certified to expand into 
the international market. There are 4.5 million laying hens in industrial production, 
of which 2.5 million are egg-producing hens and 1.5 million are replacement pul-
lets and cocks. About 2,500,000 eggs are produced and 75% of them are sold. Per 
capita consumption is 135 eggs/person/year. Paraguay is among the countries with 
the lowest consumption of eggs even though nongovernmental organizations have 
made several awareness campaigns and it is one of the cheapest food products. The 
outlook for egg production is positive, but consumption remains low. However, the 
producers of laying hens in Paraguay look at it as an excellent opportunity for growth 
(Molinas, 2013; Ruiz, 2015).

In Paraguay, the National Poultry Health and Quality Plan includes a Salmonella  
control program for SG, SP, ST, and SE, especially in breeder flocks (Spaini and  
Ydoyaga, 2010). It also includes laying hens and broilers. It is applied by the  
National Quality and Animal Health Service. This Program involves bacteriologic 
monitoring of the environment and animals (feces, meconium), and serologic moni-
toring of birds (enzyme immunoassay methods and rapid hemagglutination plate and 
tube). Sampling should be done in breeder flocks at different times in life: 1 day 
old, 4 weeks old, 2 weeks before entering egg phase, and each 2 weeks in this phase. 
In laying hens, the sampling should be done in the animals at one day old, 2 weeks 
before entering egg phase, and each 10 weeks in this phase. A positive result in sero-
logic monitoring for SE or ST implies the isolation of positive or suspect birds and 
the lot remains interdicted for providing eggs for consumption and/or incubation. On 
the other hand, when a positive result for SG or SP in serologic monitoring is found, 
all poultry and hatching eggs from the lot should be removed and destroyed.

9. � PERU
Peru has increased its egg production an average of 6% a year from 2000 to 2013. It 
is estimated that about 99% of production is brown shell, whereas the proportion of 
hens in cages is estimated at 84%, 10% in floor systems, and 6% outdoors (Evans, 
2015a). There is currently a population of 16 million laying hens in Peru and the per 
capita consumption has increased to 171 eggs/person/year (Ruiz, 2015). The produc-
tion is concentrated in Ica, Lima, La Libertad, Lambayeque, and Arequipa. The most 
important egg producers are in San Martin and Loreto, and Cajamarca and Puno in 
the jungle and in the mountain range, respectively. Raising hens is done mostly in 
the coastal and jungle area; however, they can also be grown in the mountains up to 
3000 m (Cumpa Gavidia, 2014).

Egg production totaled 359,000 tons in 2014 due to local demand, but it is not 
so high compared with other countries in the region. The industry of laying hens 
in Peru is growing faster than its economy. In 2005, egg consumption was only 
110 eggs/person/year. Due to the impressive economic growth in the last decade, 
mainly driven by the mining industry, egg consumption has been increasing 
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steadily. Peru is a market for middle-sized brown eggs, but lately white eggs are 
also demanded by consumers with rising purchasing power and by foreigners who 
come to work from countries where white eggs are usually consumed. In the past, 
all layer farms had a very simple structure consisting of open houses built with 
wooden poles, wire, and, in some areas where it never rains, not even a hard roof; 
they used canvas soaked in asphalt or straw. Labor was cheap and available, but 
it has become expensive and scarce with the rise of the economy. Today, the egg 
industry is undergoing rapid modernization in the production process and automa-
tion is playing an important role (Cousinet, 2015).

Lévano-Muñante and Lopez-Flores (2001) investigated the presence of Sal-
monella spp. in 680 pools of four eggs from farms (n = 4) and markets (n = 4) in 
different cities of Peru. They found that only eggs from markets were contami-
nated with the pathogen in shell and egg content, 2.4% and 0.6%, respectively. 
The serotypes isolated were S. Djugu (90.5%) and S. Mbandaka (9.5%). On the 
other hand, Sanchez-Ingunza et  al. (2013) isolated S. Infantis, S. Kentucky, S. 
Mbandaka, and S. Senftenberg from poultry carcasses, drag swabs, and chicken 
feed. Although this information is not related to samples of eggs or layer hens, 
it has becomes important with the report of Zamudio et al. (2011) who observed 
a genetic association between S. Infantis strains from poultry meat and human 
clinical isolation. With these results, further works are required to generate more 
information about Salmonella prevalence in Peru, particularly related to the 
poultry egg industry.

There is a Control Health Law for fowl typhoid and Pullorum disease in poultry 
and hatcheries in Peru (García Perez and Morales Bermudez, 1987). The official 
tests for monitoring are SPA or rapid whole blood plate agglutination. Breeder 
flocks should not receive any treatment with antibiotics at least 15 days before the 
tests are done. Rapid whole blood plate agglutination/SPA test is conducted in the 
whole lot of birds when 5% of hens start laying eggs (first test) and repeated in 
5% of the negative tested birds 21 days after (second test). All birds that are posi-
tive and/or suspicious should be separated into a house apart within the same lot 
and MA test will be done. In parallel, up to four birds are sent to an authorized 
laboratory for SG and SP isolation. Poultry establishments that remain negative 
for two consecutive tests of the batch production will be classified as Free. If there 
is no bird positive with MA test or isolation of Salmonella, the lot will be clas-
sified in the category Free. On the other hand, if positive birds are found, the lot 
will be separated for immediate slaughter. It is recommended to perform a retest 
throughout the lot within 4 weeks. If one or more of the retest birds are positive for 
MA and/or Salmonella isolation, the lot will be categorized as infected and will 
go into quarantine, preparing poultry for immediate slaughter. It is prohibited to 
use a vaccine, with a rough strain of SG, against typhoid in poultry establishments. 
On the other hand, there is a Draft plan for Free Certification Salmonella Poultry 
Farms, which aims to reduce the prevalence of important Salmonella serotypes for 
public and animal health in all stages of the primary types of poultry production 
(Separovic, personal communication).
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10. � GUYANA AND SURINAME
In Guyana, the number of laying hens and egg production decreased from 300,000 in 
2000 to 185,000 in 2013 and from 1506 tons in 2000 to 898 tons in 2013, respectively, 
whereas the per capita consumption was reduced from 2 kg egg/person/year in 2000 to 
0.7 kg egg/person/year in 2009 (Evans, 2014; Food and Agriculture Organization of the 
United Nations, 2015). On the other hand, the exportation of egg was 2 tons in 2011 
with a peak of 90 tons in 2007, whereas importation of table eggs increased from 872 
in 2000 to 1692 tons in 2011 (Evans, 2015b).

In Suriname, the number of laying hens and egg production decreased from 750,000 
in 2000 to 670,000 in 2013, and from 3000 tons in 2000 to 2721 tons in 2013, respec-
tively, whereas the per capita consumption was reduced from 5.9 kg egg/person/year in 
2000 to 4.1 kg egg/person/year in 2009 (Evans, 2014; Food and Agriculture Organization 
of the United Nations, 2015). However, the importation of table eggs increased from 110 
tons in 2000 to 316 tons in 2011 (Evans, 2015b). Most eggs consumed in Suriname are 
domestically produced, and this country has been self-sufficient in egg production. The 
main challenge for the production of eggs remains the high cost of feed for hens, as most 
feed components for poultry are imported (Derlagen et al., 2013).

No information about the National Poultry Improvement Plan was found for Guyana  
and Suriname. However, it is known that the veterinary legislative framework of  
Suriname is relatively outdated; several areas of animal health are not regulated or 
included in the legislation. The Animal Diseases Act is not comprehensive enough to 
deal with the risks relating to many diseases, which could potentially impact animal 
and public health in Suriname (Bessy et al., 2013).

11. � URUGUAY
There is currently a population of 3.1 million laying hens in Uruguay, with 2,200,000 
replacement pullet chicks annually in most genetic lines. There are not any grandparent 
flocks in this country, but two complete integrations exist (from breeder flocks to the 
sale of table eggs). Furthermore, there are six hatcheries and two shell egg processing 
plants; the production of egg products is for the domestic market. The per capita con-
sumption is 262 eggs/person/year, of which 80% are brown eggs. Also, 85% of the birds 
are housed in cages from the first day of their life (Trenchi, personal communication, 
Ruiz, 2015). According to the Agricultural Statistical Yearbook 2014 (DIEA, 2014), 
production was 921.6 million eggs in Uruguay in 2013 with 36,360 eggs exported.

From 1997 to 2004, SE was the most frequently identified serotype in Uruguay, 
accounting for more than 50% of the strains received each year at the National  
Salmonella Center and for more than 85% of the strains isolated from humans (Betancor  
et al., 2004). For this reason, a countrywide serological and microbiological survey 
of chicken flocks and commercially available eggs from 2000 to 2002 was carried out 
by Betancor et al. (2010). They found that at least 1 of every 214 eggs (58 of 12,400) 
in the country was contaminated with S. enterica, an estimated prevalence of 0.0049. 
S. Derby was the most frequently isolated, followed by SG, SE, and S. Panama. 
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Despite the highest prevalence in eggs, S. Derby was not isolated from humans 
during the analysis period, suggesting a low capacity to infect humans. On the other 
hand, all SE and S. Derby isolates were susceptible to ampicillin, nalidixic acid, 
gentamicin, trimethoprim-sulfamethoxazole, tetracycline, and chloramphenicol. Two 
Salmonella Panama isolates were resistant to ampicillin, cephalothin, cefuroxime, 
and ceftazidime, but susceptible to all of the other antibiotics tested. Among SG 
isolates, three antibiotic susceptibility patterns were found.

The occurrence of ESBL-producing Salmonella isolates is an extremely rare 
event in Uruguay. In this sense, Vignoli et al. (2006) reported the presence of bla-
TEM-144 carried in a transferable plasmid in S. Derby obtained from eggs, but the 
clinical relevance of such a finding is still unknown. Nevertheless, so far in Uruguay, 
there have been no reports of ESBLs in SE of human origin. In this country, this 
serotype and ST are the most frequent agents of food-borne diseases (Betancor et al., 
2004, 2010; Macedo-Viñas et al., 2009), and historically they have remained suscep-
tible to oxyiminocephalosporins (Betancor et al., 2010; Macedo-Viñas et al., 2009).

Salmonella control is only obligatory for SG and SP in breeder flocks from Uru-
guay by rapid hemagglutination test after starting the egg production and before 
the incubation of fertile eggs. The retest shall be determined by the Poultry Health 
Department (Ministry of Livestock, Agriculture and Fisheries), when deemed per-
tinent to lot control. Any positive or suspect bird to this serological test should be 
removed immediately by sacrifice (Ministerio de Agricultura y Pesca, 2001).

12. � VENEZUELA
The Venezuelan Poultry Federation (FENAVI) estimates the average table egg pro-
duction per month to be 1,180,000 boxes of 360 units in 2011. About 85% of Ven-
ezuela’s egg production is concentrated in the central region with 10% in the western 
region and 5% in the eastern region (USDA, 2011). The per capita consumption was 
180 eggs/person/year in 2012 and the goal was to achieve 234 eggs/person/year in 
2015 (Villa, 2012). It was 190 eggs/person/year in 2014. The number of hens and the 
egg production increased from 13 million in 2010 to 21 million in 2014, and from 
174,600 tons in 2000 to 280,900 tons in 2013, respectively (Evans, 2015a; Ruiz, 
2015). However, the number of laying hens was 14 million in 2015, slightly lower 
than existing in 2011, due to the severe shortage of supplies. Today, many farms have 
gone bankrupt and closed because they are unable to remain active under these con-
ditions, where shortage of food and medicine for birds has become a commonplace 
for producers. Furthermore, there is a lack of foreign exchange to import raw materi-
als (Herráez Martinez, 2016).

There is little information about Salmonella spp. in layer hens or eggs for Venezuela. 
The available data are related to other kinds of samples from the poultry industry where 
the serotypes found were S. Heidelberg, SE, ST, and S. Meleagridis (Molina et al., 
2010). In terms of public health, the frequency of serotypes from food samples is not 
exactly known in Venezuela (Molina et al., 2010). On the other hand, Infante et al. 
(1986) evaluated the serotypes isolated from poultry samples from 1976 to 1986. 
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Although it is not clear if the authors were referring to organs or eggs, they found that 
22.8% of the samples related to laying hens were positive for Salmonella spp. The sero-
types identified were ST, S. Agona, S. Ohio, S. Infantis, S. Heardt, S. Albany, S. Isangi, 
S. Fresno, S. Orion, S. Senftenberg, S. Whortington, and S. Johannesburg.

The National Program against Avian Salmonellosis is applied by the National 
Institute of Integral Agricultural Health (formerly Autonomous Agricultural Health 
Service) in Venezuela, which belongs to the Ministry of Popular Power for Agri-
culture and Lands (formerly Ministry of Agricultural and Breeding). This program 
was created to eradicate SG, SP, and SE in parent flocks, to control and eradicate 
SG and SP in breeder flocks, and to control these two Salmonella biovars in layer 
farms (Ministerio de Agricultura y Cría, República de Venezuela. 1995). Bacte-
riological and serological monitoring of birds (SPA and MA test) are obligatory 
to test for SG and SP. The use of vaccines or bacterins from homologous strains 
to control SG and SP is forbidden. Also, the application of drugs in birds 3 weeks 
before the field trial that can cover up the reactions or Salmonella isolation, and 
other procedures are prohibited that mask the free classification of lot for these 
biovars. When all poultry houses or animals from a farm are negative for the isolate 
or SPA detection for SG and SP, the farm will be considered free of these bacteria. 
These diagnostic tests should be conducted at least once a year. On the other hand, 
when the SPA test is positive in one or more birds of a house, a representative 
number of positive birds will be sent to the official laboratory so a confirmation, 
using serological and bacteriological tests can be done. If there is a bird positive 
for some of these biovars by bacteriological test, the poultry house where this bird 
is will be in quarantine, the lot will be declared in sanitation, and birds will be sac-
rificed entirely in the closest slaughter plant. After the necessary sanitary measures 
have been implemented, a sample of 10% of the remaining animals from the farm 
should be taken. If any animals are positive, the measures described earlier will be 
applied.

There is a draft resolution on the National Program of prevention, control, and 
eradication of salmonellosis in Venezuela (Ministerio del Poder Popular para la Agri-
cultura y Tierras, 2011). Some objectives are to control and eradicate SG, SP, SE, 
and ST in breeder flocks and layer farms and control these Salmonellas in balanced 
food-processing plants.

13. � CONCLUSIONS
The growth of the poultry industry in South America has been explosive in recent 
years. Some countries are large grain producers (Argentina, Brazil, and Paraguay), 
others import grain but have a good production structure (Colombia and Peru), 
which impacts the cost of production positively. More than 214 million layers are 
located in South America, producing more than 4 million tons of eggs, with Brazil, 
Colombia, and Argentina being the most important egg producers in this region.
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Nonenriched cage systems are not prohibited in South America and most of the 
laying hens are located in battery cage farms. Nonconventional systems, including 
free range, pasture, and organic, are rare in this region.

The prevalence data about Salmonella spp. and antimicrobial resistance for 
Salmonella isolated from eggs, layer hens, and their environment are scarce in 
South America. Increased international interest in controlling SE and ST in poul-
try has led to the development and implementation of monitoring programs in 
South American countries by different National Health Services. However, since 
S. Gallinarum has not been eradicated in breeder flocks in these countries, the 
National Poultry Improvement Plan of each country defines stringent sanitation 
and testing standards, especially to prevent the transmission of this serotype to 
the egg-laying stock.

Although vaccines against SG have been administered for many years in most of 
the countries of this region, especially using a rough strain of SG (9R), this biovar 
has not been eradicated in commercial layers. Furthermore, SE can be coisolated 
from farms with SG in commercial layer hens, indicating that the latter biovar does 
not necessary exclude SE in poultry.
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1. � INTRODUCTION
Food-borne Salmonella and salmonellosis continues to be a major issue in the 
public health sector and reports of outbreaks and recalls still occur in news 
releases. Certainly Salmonella is considered one of the prominent food-borne 
pathogens that still warrants ongoing investigation and extensive research efforts. 
Consequently, there is a considerable body of scientific literature that covers 
every aspect of this organism’s biology, epidemiology, and ecology. As scientific 
methodology has advanced with approaches such as transcriptional profiling and 
whole genome sequencing becoming more routine, a better understanding has 
emerged of Salmonella’s physiological versatility, both in the environment and 
in the host, and also of the considerable diversity that occurs among serovars and 
individual isolates.

Although much knowledge has been gained in fairly recent times, Salmonella 
and salmonellosis are an age old phenomenon. Certainly as a human disease, vari-
ants of Salmonella as causative agents have probably existed beyond recorded his-
tory. However, appreciation of the current widespread dissemination of Salmonella 
in food products requires an overview of how Salmonella species came to become 
so prominent in food production systems, in particular certain serovars such as 
S. Enteritidis that appear to be so closely associated with egg production. In this 
chapter, an overview of the historical milestones of the awareness of Salmonella, 
first as a human systemic disease causing pathogen, then as a food-borne pathogen 
will be discussed. This will be followed by a description of current patterns and 
trends of Salmonella occurrence worldwide. Finally, this chapter will feature an 
introduction to food-borne Salmonella appearance in poultry and egg production, 
with the current perspectives and details being left to be discussed in other chapters 
of this book.
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2. � HISTORICAL DEVELOPMENT OF SALMONELLOSIS
Salmonella infection has been encountered and described frequently since the begin-
ning of the 19th century, but typhoid fever disease certainly existed even before the 
18th century with ancient physicians such as Hippocrates and Galen characterizing 
the disease with common symptoms of prolonged fever and partial unconsciousness 
(Lancaster, 1990). Symptoms of the disease reported at that time were only fever 
without any other visible symptoms. As a result, those diseases were classified under 
one large group with several subgroups according to the length of fever time as short, 
long, or continuous. The Hippocratic typhus was classified under those characterized 
fevers and from this classification emerged an ongoing confusion of typhoid fever 
being associated with other diseases (Paul, 1930).

Historically, there has been considerable uncertainty linked to the typhoid fever 
that is caused by Salmonella Typhi. The first source of dispute occurred between 
the two types of infection, namely, typhus and typhoid. Initial observations 
of typhoid fever were made by Thomas Willis in 1659 (Newsom, 2007; White, 
2008). An early attempt to distinguish these two infections was attempted by John  
Huxham in 1737 who referred to typhoid fever as a slow nervous fever, and the 
typhus fever as a putrid malignant fever (Bechah et al., 2008; McCrae, 1907). In 
1810, von Hildenbrand distinguished between typhus and typhoid fever as simple 
regular typhus and irregular typhus. By 1824, Nathan Smith provided a clear and 
accurate description of Typhous (typhoid) fever (Smith, 1914, 1981). During the 
1820s, Pierre Bretonneau along with other French physicians made two observa-
tions. The first observation originated from those who died from typhoid fever 
being characterized as swelling, inflamed victims, with ulcerated Peyer patches 
and enlarged lymph nodes, and the second occurred in people who recovered from 
typhoid infection who were subsequently immunized against further typhoid infec-
tions (Paterson, 1949; Shulman, 2004). In 1829, Pierre Charles Alexandre Louis, 
a French physician, was the first to propose the name “typhoid fever.” Although 
numerous observations were reported to distinguish between typhus and typhoid 
fever, some confusion remained. However, two reports made a significant contribu-
tion toward differentiating the typhus and typhoid forms of the disease and resolv-
ing the ensuing confusion associated with these two diseases. In 1837, William 
Wood Gerhard made a clear distinction between typhus and typhoid fever (Cirillo, 
2000; Ober, 1976). By the late 1840s, William Jenner delineated the differences 
between typhus and typhoid fever based on the distinctive infection symptoms and 
epidemiology he personally experienced after infection by both diseases (Bechah 
et al., 2008; Cook, 2001; Seddon and Queen, 2004). William Budd drew some key 
conclusions from his observations on several outbreaks of typhoid fever occurring 
between 1839 and 1873 that were first reported in a series of published papers and 
ultimately his comprehensive work on “Typhoid Fever.” The most important obser-
vation by Budd was the conclusion that typhoid fever was spread by an unknown 
agent mostly transmitted through contaminated water thus introducing the concept 
of a fecal-oral route of dissemination (Moorhead, 2002; Parry, 2006).
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The second primary point of confusion occurred between malaria and typhoid 
fever by associating them together with the name “typhomalarial fever.” This 
name was given by the US Army pathologist Joseph J. Woodward in 1862 during 
the American Civil War (Bynum, 2002; Sulaiman, 2006; Cunha and Cunha, 2008; 
Cunha et al., 2013). This association was because of the difficulty faced by many 
physicians at that time to draw a clear diagnostic conclusion on the causative agent of 
both infections. In 1892, William Osler was able to distinguish between typhoid and 
malaria based on their clinical features and did so without conducting any laboratory 
tests (Bryan, 1996). Interestingly, those historical observations on the symptoms of 
both diseases are still applicable and practical to modern day physicians (Cunha, 
2007; Cunha and Cunha, 2008; Pradhan, 2011). One of the main clinical signs was 
the acute fever that Osler noted, and it clearly exhibited a differential pattern between 
the two diseases. In malaria, fever becomes elevated rapidly and remains high. How-
ever, in typhoid, the fever gradually rises through the early few days post infection up 
to the second or third week (Cunha, 2004, 2005; Uneke, 2008). One commonly used 
method, the Widal reaction, was a specific agglutination test used in the diagnosis of 
typhoid bacilli; however, Jhaveri et al. (1995) concluded that the Widal reaction may 
yield misleading results as a false positive with cross-reactions occurring between 
typhoidal Salmonella, nontyphoidal Salmonella (NTS), and malaria (Jhaveri et al., 
1995; Shanthi et al., 2012).

2.1 � ISOLATION AND CHARACTERIZATION OF SALMONELLA
The first reported observation of this bacillus was in 1880 by Karl (Carl) Joseph 
Eberth from specimens of typhoid victims. This bacterium was called Eberthella 
typhosa, the typhoid bacillus, now known as Salmonella Typhi, and was first isolated 
by Georg Gaffky in the mid-1880s (Collins and Petts, 2011). A year later, Theobald 
Smith who worked under Daniel E. Salmon’s supervision, isolated Salmonella chol-
eraesuis, now known as the species Salmonella enterica from pigs and named it “the 
hog-cholera” as it was originally thought to be the cause of swine fever, but was later 
proved to be a secondary infection agent (Schultz, 2008).

In 1888, Gäertner isolated Bacterium enteritidis, known now as S. Enteritidis, 
and this was considered the first laboratory-confirmed case connecting a human sal-
monellosis outbreak to a consumed food. In 1896, four studies reached the same 
conclusion from two different sources. A study by Pfeiffer and Koller (Bazin, 2011; 
Gröschel and Hornick, 1981) and another study by Gruber and Durham (Wright and 
Semple, 1897; Wilson, 1909; Bensted, 1951; Sansonetti, 2011) recognized that sero-
logical responses to typhoid bacillus could be demonstrated when using the serum 
from animals that had been immunized by typhoid bacillus. Likewise, a study con-
ducted by G. F. Widal, a French physician, and another one reported by A. S. F. 
Grünbaum and H. E. Durham reached the same conclusion that typhoid bacillus 
could be agglutinated by typhoid patient serum (Fison, 1897; Waller, 2002; Chart 
et al., 2007; Shanthi et al., 2012; Tan and Linskey, 2012). Widal called this test the 
“sero-diagnosis” test, and subsequently used this approach on samples isolated from 
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patients with typhoid symptoms (Gupta and Rao, 1981). Although some results were 
negative, these were later identified as a new species named Bacille paratyphique, 
now known as Salmonella Paratyphoid (Wray and Wray, 2000). In 1897, Smith and 
Stewart came to the conclusion that all previously identified organisms could be 
classified under one large group since they shared numerous morphological and bio-
chemical relatedness (Hornick, 1974).

In 1900, Joseph Léon Marcel Lignieres, a French bacteriologist, proposed the 
genus name Salmonella after D. E. Salmon, which became generally acknowledged 
by 1933. In 1925, a new classification was initiated by P. B. White using a sero-
logical diagnostics method through the H (flagellar) antigen. By 1930, Kauffman 
set up the basis for the existing serological analysis now known as Kauffman–White  
classification system using O (somatic or lipopolysaccharide) and H antigens. A few 
years later, 44 serotypes were listed in the first publication using the Kauffman–
White serotyping scheme. Kauffman had been leading the Salmonella International 
Centre for three decades and by 1964, a total of 958 serovars had been identified. 
In 1965, L. Le Minor took over responsibility of supervising the Salmonella Centre 
until retiring in 1989. When he left the office, there were 2267 serovars identified as 
Salmonella. Grimont and Weill in a World Health Organization (WHO) publication 
“Antigenic Formulae of Salmonella Serovars” proposed renaming the serological 
scheme that had historically been known as the Kauffman–White Scheme to the 
White–Kauffman–e Minor Scheme in honor of Le Minor’s efforts to characterize 
the numerous Salmonella serotypes (Grimont and Weill, 2007; Guibourdenche et al., 
2010; Wattiau et al., 2011).

In the early 1960s, the identified serotypes were considered as species and were 
commonly given names based on their geographical sites of isolation, such as Sal-
monella panama and Salmonella london. Because of the confusion caused by this 
classification and lack of differentiation of the serovars with biochemical analysis, 
numerous proposals were suggested to resolve this matter. In 1944, Borman and col-
leagues proposed three species: S. choleraesuis, Salmonella typhosa, and Salmonella 
kauffmannii. In 1952, F. Kauffmann and P. R. Edwards also suggested having three 
species: S. choleraesuis, S. typhosa, and S. enterica. Ten years later, W. H. Ewing 
suggested S. choleraesuis, Salmonella typhi, and Salmonella enteritidis (Agbaje 
et al., 2011; Evangelopoulou et al., 2010; Ewing, 1972; Su and Chiu, 2007). In 1966, 
Kauffmann divided Salmonella into four subgenera designated by Roman numbers 
(I–IV), which were later considered as species. These subgenera were S. kauffmannii 
(I), Salmonella salamae (II), Salmonella arizonae (III), and Salmonella houtenae 
(IV) (Boyd et al., 1996; Brenner et al., 2000; Le Minor and Popoff, 1987). A histori-
cally significant publication regarding this bacterium’s nomenclature was generated 
by Skerman et al., in 1980 for the Approved Lists of Bacterial Names that included 
five Salmonella species: S. arizonae, S. choleraesuis, S. enteritidis, S. typhi, and S. 
typhimurium (Euzéby, 1999; Ezaki et al., 2000).

Currently, the genus Salmonella is grouped in the Gammaproteobacteria 
class under the Enterobacteriaceae family. Salmonella consists of two species, S. 
enterica and Salmonella bongori, as developed in 1987 by Le Minor and Popoff and 
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proposed by Reeves et al., in 1989 (Tindall et al., 2005; Su and Chiu, 2007). Salmo-
nella enterica has been further divided into six subspecies, enterica (subspecies I),  
salamae (subspecies II), arizonae (subspecies IIIa) diarizonae (subspecies IIIb), 
houtenae (subspecies IV), and indica (subspecies VI). These two species are now 
divided into more than 2579 serotypes (serovars) using serological methods intro-
duced by White and Kauffmann in the late 1920s with classification depending on 
the cell antigens, mainly lipopolysaccharide (O antigens) and flagella (H antigens) 
that were discovered in 1918 by Weil and Felix and less frequently the capsular 
antigens (Vi) (Grimont and Weill, 2007; Guibourdenche et al., 2010; Rodríguez and 
Hardy, 2015; Mølbak et al., 2006). The Vi antigen is uniquely produced by Salmo-
nella Typhi, Paratyphi C, and some strains of S. Dublin. In 2004, a new species was 
proposed, Salmonella subterranean (Shelobolina et al., 2004). With all the contro-
versy and complexity associated with Salmonella nomenclature over the years, this 
proposed new species name was announced to be effectively valid, but not for taxo-
nomic purposes (Euzéby, 2005); however, in 2010 it was confirmed that this species 
is most closely related to Escherichia hermannii (Canals et al., 2011; Parte, 2014; 
http://www.bacterio.net/salmonella.html#subterranea).

2.2 � SALMONELLA BACTERIOPHAGE AND FURTHER CLASSIFICATION
Salmonella isolates are placed into serogroups based on similarities for one or more 
of the somatic (O) antigens, and most of these serotypes belong to the species S. 
enterica. Salmonella serovars were first considered as species and were given their 
names according to the associated diseases, the animals from which they were iso-
lated, or in a few cases, the person who first isolated them or the place where they 
were initially isolated (Su and Chiu, 2007).

During the 20th century, S. Typhimurium received considerable attention com-
pared with other Salmonella species, both generally and for foundational genetic 
studies in bacterial nitrogen regulation and glutamine synthetase ammonia metabo-
lism (Kustu et al., 1979, 1984; Merrick, 1982; Humphrey, 1999; Rabsch et al., 2001). 
To distinguish within this species, phage typing (PT) was introduced by Lilleengen 
in 1948 to characterize as many as 24 isolated strains based on their recognition 
by specific bacteriophages (Zinder and Lederberg, 1952; Baggesen et  al., 2010). 
This Lilleengen typing (LT) was designated in recognition of the most studied 
Typhimurium serovar, Typhimurium LT2 (Stanley et al., 1993). In the late 1950s, 
another PT system was reported by B. R. Callow after modifying the original system 
by Felix and Callow to differentiate with 34 typing phages; a later effort by Anderson 
discriminated 195 phage types, and eventually at least 300 definitive phage types 
have been distinguished using this system (Ghilardi et al., 2006; Rabsch et al., 2002). 
For additional differentiation beyond PT, biotyping can be performed that depends 
on the fermentative characteristics originally applied by Edwards, tests developed by 
Kristensen and others, and improvements made by Hansen and Harhoff to recognize 
21 biotypes (Duguid et al., 1975). In the early 1970s, Alfredsson et al. (1972) made a 
modification in the Kristensen fermentation test that improved results. This approach 

http://www.bacterio.net/salmonella.html#subterranea
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was further improved by Duguid et al. (1975) to contain 32 primary biotypes and 144 
subtypes, thus achieving full biotyping (Duguid et al., 1975; Pang et al., 2012; Platt 
et al., 1987; Rabsch, 2007; Rabsch et al., 2011).

2.3 � SALMONELLA AND SALMONELLOSIS
Salmonella and salmonellosis first became known as being associated with each other 
in the late 1870s and the species now known as S. Typhi was identified as the cause 
of the enteric fever transmitted by water and milk. By the 1930s, the importance of 
isolating environmental sources and human carriers was recognized by public health 
officials (Leavitt, 1996). With this, water supplies were secured with the rise of water 
chlorination and filtration as well as sewage schemes, whereas milk supplies were 
improved with heat treatments and pasteurization (Hardy, 2015). For direct protec-
tion of humans, the implementation of vaccination programs, education programs on 
proper food handling and protocols, and proper disposal of wastes helped to decrease 
the incidence of typhoid (Hathcock, 1982).

Salmonellosis is now mostly known as a food-borne illness and was first linked 
to the consumption of beef in the late 1880s by Gärtner who isolated this bacillus. 
Early in the second half of the 20th century, Salmonella Agona appeared in asso-
ciation with Latin American fishmeal formulated as an ingredient in poultry feeds 
(Clark et al., 1973; Fleming et al., 2000; Wright et al., 2011) and in the mid-1970s 
the appearance of Salmonella Hadar in turkey flocks and subsequently in chicken 
broiler flocks was reported (Rowe et  al., 1980; O’Brien, 2013). S. Enteritidis has 
been a major problem with a high frequency of infections associated with eggs for 
over three decades (St. Louis et al., 1988; Threlfall et al., 2014; Velge et al., 2005). 
It has been suggested that the appearance of S. Enteritidis in chicken flocks by the 
1960s was a direct consequence of the control measures taken toward eradicating 
S. Gallinarum and S. Pullorum from poultry (Bäumler et al., 2000; Hitchner, 2004).

In general, Salmonella infection develops into one of the following: the systemic 
infection referred to as enteric fever, an intestinal infection such as gastroenteritis, or 
a blood infection in humans referred to as bacteremia. The process of salmonellosis 
starts with the intake of Salmonella cells that must resist the acidity of the stomach 
with a pH range from 1 to 2 during digestion (Foster and Spector, 1995; Smith, 
2003; Bearson et al., 2006; Álvarez-Ordóñez et al., 2009, 2011) and subsequently 
the colonization of the small intestine with a possibility of causing systemic infec-
tion. Numerous host factors play roles in susceptibility to Salmonella infections such 
as age, health conditions (immunocompromised patients), and other circumstances. 
The transmission of Salmonella species is usually through a fecal to oral route 
with the consumption of contaminated food or water with feces and/or urine from 
infected humans or animals (Chen et al., 2013; Monack, 2012; Raffatellu et al., 2008;  
Sterzenbach et al., 2013; Tsolis et al., 2011).

Salmonella Typhimurium and S. Enteritidis are the most common serotypes of 
Salmonella that cause food-borne illness in humans worldwide as well as in the 
United States (Galanis et  al., 2006). They cause gastroenteritis in humans and a 
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typhoid-like disease in mice in contrast to symptoms attributed to Salmonella Typhi 
infections. These two serotypes are typically associated with the consumption of 
poultry, beef, lamb, seafood, vegetables, fruits, and their food products (Brands et al., 
2005; Davies et al., 2004; de Freitas et al., 2010; Heinitz et al., 2000; Rajashekara 
et  al., 2000; Martinez-Urtaza et  al., 2004; Heaton and Jones, 2008; Perelle et  al., 
2004; Mor-Mur and Yuste, 2010; St. Louis et al., 1988; White et al., 2001; Lynch 
et al., 2009; Hanning et al., 2009). Salmonella Enteritidis has historically been asso-
ciated with chicken eggs, with 82% of the reported human infections of S. Enteritidis 
in the United States between the mid- and late 1980s being linked to chicken egg 
consumption (Dhillon et al., 2001; Seo et al., 2003; Kimura et al., 2004). Humans 
can become ill with salmonellosis by consuming raw or lightly cooked eggs showing 
the need for proper consumer cooking and handling techniques (Braden, 2006; Hope 
et al., 2002; Kimura et al., 2004; Patrick et al., 2004; St. Louis et al., 1988). It is often 
possible to reduce Salmonella infections by better hygiene practices and strategies 
(Cox et al., 2011). However, the rapid emergence of antibiotic resistance in some 
Salmonella strains has complicated the clinical treatment of their infection (Chen 
et al., 2004; Van den Bogaard and Stobberingh, 2000; Fey et al., 2000; Randall et al., 
2004; Threlfall, 2002; Threlfall et al., 2000; Velge et al., 2005; White et al., 2001).

NTS species are responsible for human gastroenteritis and bacteremia cases with 
annual estimated global illnesses occurring in 93.8 million individuals along with 
155,000 deaths (Majowicz et al., 2010). Also, Salmonella Typhi causes typhoid fever 
with an estimated 21.7 million cases and 217,000 deaths occurring annually (Crump 
et al., 2004). This serovar is mostly transmitted through the oral route from food or 
water contaminated by human feces or urine. An annual average of 9.4 million inci-
dents was caused by 31 major food-borne pathogens. NTS species were responsible 
for 11% of those incidents as the second most common pathogenic agent (Scallan 
et al., 2011). In the United States, Salmonella as a predominant bacterial agent was 
responsible for 44% of laboratory-confirmed bacterial food-borne infections in 2009. 
A more recent report by Centers for Disease Control and Prevention (CDC) in 2014 
revealed that the incidence of laboratory-confirmed NTS infections in the United 
States for 2013 decreased by 9% in comparison with the period 2010–2012 and 
exhibited no changes when compared with the period 2006–2008. In both compari-
sons, the incidence rate of 15.19 in 2013 is still above the national health objectives 
of 11.4 cases per 100,000 persons for 2020 (Crim et al., 2014).

2.4 � CURRENT EPIDEMIOLOGY ISSUES
The infections associated with Salmonella cost the US economy annually an esti-
mated average of 11.39 billion US dollars, exceeding the annual cost of other bacterial 
food-borne infections and making NTS the costliest food-borne pathogen in terms of 
health outcomes, with losses of approximately 3.7 billion dollars (Batz et al., 2014; 
ERS-USDA, 2014; Hoffmann and Anekwe, 2013; Scharff, 2012; Byrd-Bredbenner 
et al., 2013). In 2013, a 9% decrease in Salmonella infection incidences was reported 
in comparison with the period 2010–2012 of other bacterial food-borne pathogens; 
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of those, 90% were serotyped isolates. Among them were S. Enteritidis with 19%, 
S. Typhimurium with 14%, and S. Newport with 10%. Concurrently, it was reported 
that between 1998 and 2008 approximately 34% of all single serotype Salmonella 
outbreaks were linked to a particular food, of those 66% were caused by the top four 
serotypes, S. Enteritidis with 36%, S. Typhimurium with 14%, S. Newport with 10%, 
and S. Heidelberg with 6% (Jackson et al., 2013). Poultry and poultry products have 
accounted for 54% of Salmonella outbreaks connected to a single identified product 
with eggs, chickens, and turkeys as the most frequent foods of origin (Gould et al., 
2013; Jackson et al., 2013; Painter et  al., 2013). In addition, outbreaks of Salmo-
nella in association with fresh produce accounted for approximately 50% of the total 
(Strawn et al., 2014).

A program initiated by WHO in 2000 as a part of the global Salmonella surveil-
lance (Salm-Surv) system “External Quality Assurance System” (EQAS) for Salmo-
nella species serotyping is considered the largest surveillance system worldwide and 
is operated through a web-based self-evaluating system. To enhance and facilitate 
the capability of the central laboratories in many countries to serotype Salmonella 
species with high accuracy, WHO conducted an EQAS Salmonella serotyping annual 
comparative series of studies between 2000 and 2007 with 249 participating laborato-
ries from 97 nations using serological titration. The average for all processes among 
the participating laboratories was 76% with the accuracy of detecting all serotypes 
at 82% and 94% for S. Enteritidis. The accuracy for reporting Salmonella serotypes 
increased by approximately 20% from 2000 to 2007, although the incorrect reporting 
of some serotypes was observed during this same period with the lowest percentage 
of 3.6% in 2007 and the highest reported in 2006 of 41% (Chaitram et al., 2003; 
Petersen et al., 2002; Hendriksen et al., 2009a).

The sensitivity of identifying Salmonella serovars using a phase two flagellar 
antigen (H-antigen) detection approach accounted for the high percentage error 
when reporting serotype results mostly due to the loss of this antigen (Hopkins et al., 
2010). More importantly, the occurrence of laboratory errors was reported to be 
influenced by several issues. Approximately 30% of the participating laboratories 
lacked high-quality antigenic detection materials, which caused difficulties in detect-
ing uncommon serotypes in 26% of the overall laboratories due to false positives or 
false negatives (Galanis et al., 2006; Hendriksen et al., 2009a). Difficulties in iden-
tifying unusual strains and in getting access to high-quality antisera appeared to be 
more likely to occur in regions of Africa, Central Asia, the Middle East, Russia, and 
the Caribbean (Hendriksen et al., 2009a). Problems with identifying the correct sero-
type can in turn lead to major delays in tracing back to the main source of numerous 
Salmonella infections (Galanis et al., 2006; Hendriksen et al., 2009a).

The WHO Global Salm-Surv system had been focusing solely on the surveil-
lance of Salmonella species and has been expanded to include food-borne and 
other enteric pathogens. This system is now known as Global Foodborne Infections 
Network (GFN). This system has two subsystems, EQAS and Country Databank  
(CDB); the first system was established to assess the quality of Salmonella 
serotyping and currently is employed for food-borne pathogens serotyping and 
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antimicrobial susceptibility worldwide. The CDB has been established to report 
the data annually for the 15 most frequently identified Salmonella serotypes as 
a global passive surveillance system from members of national laboratories  
(Hendriksen et al., 2009b, 2011).

A study by Hendriksen and others (2011) reported on the global distribution 
of the 15 most consistently prevalent Salmonella serotypes identified from human 
clinical specimens as a part of the WHO GFN system between 2001 and 2007. Two 
specific serovars out of all the serovars that had been reported were predominant in 
most regions: S. Enteritidis ranked first and S. Typhimurium second. This pattern of 
predominance is in contrast to the regions of North America and Oceania (Australia 
and New Zealand). These reported serotypes were isolated from both human and 
nonhuman (animals, food, feed, and environment) sources (Hendriksen et al., 2011; 
Vieira et al., 2009). The data collected from the CDB were uploaded by public health 
laboratories of 37 countries within six geographical regions (18 subregions). The 
European region was divided into five subregions: Northern Europe, Western Europe, 
Central Europe, Southern Europe, and Eastern Europe. Salmonella Enteritidis was 
the most common serovar isolated from humans in all subregions, ranging from 56% 
to 89.9%, followed by S. Typhimurium, which ranged from 5.4% to 21.6%. For non-
human sources, S. Enteritidis was the most commonly isolated serovar in Central 
Europe, Southern Europe, and Eastern Europe, ranging from 30.9% to 49.6%, fol-
lowed by S. Typhimurium in Central Europe with 27.7% and Eastern Europe with 
8.1%. Other serovars isolated from nonhuman sources that ranked second were S. 
Gallinarum in Southern Europe with 13.8% and S. Infantis in Northern Europe with 
9.8%. The data for nonhuman sources were not reported from Western Europe.

In North America, the most frequently isolated serovar from both human and non-
human sources was S. Typhimurium with 29.4% and 23.1%, respectively, followed 
by S. Enteritidis isolated from humans with 23.6% and S. Heidelberg originating 
from nonhuman sources at 14%. In more recent years, the most frequently reported 
Salmonella serovars from US human infections reported to CDC (2012) were S. 
Enteritidis followed by S. Typhimurium. In addition, the most frequent serovars from 
samples analyzed by FSIS-USDA (2013) for young broiler chicken were S. Ken-
tucky and S. Enteritidis. Latin America has been partitioned into three subregions for 
analysis: Central America, South America, and the Caribbean. The most frequently 
isolated serovars from humans were S. Typhimurium with 31.5% and 24.4% fol-
lowed by S. Enteritidis with 30.5% and 17.1% in Central America and the Caribbean, 
respectively. In Central America, Salmonella II 1,4,12,27 at 25.3% and S. Heidelberg 
at 16.8% were the predominant serotypes isolated. On the other hand, in the Carib-
bean, S. Kentucky and S. Typhimurium with 42.7% and 9.8% frequencies were iden-
tified as the leading serovars, respectively. In South America, from both human and 
nonhuman sources, S. Enteritidis occurred at 48.3% and 34.1% and S. Typhimurium 
at 18% and 9.8%, respectively.

The African continental region has been divided into two subregions for report-
ing purposes, North Africa and sub-Saharan Africa. Salmonella Enteritidis was the 
major serovar isolated from humans with 30% occurring in North Africa, 28.3% in 
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sub-Saharan Africa, and 32.9% from nonhuman sources in North Africa. Salmonella 
Typhi was the second most frequently isolated serovar from humans in sub-Saharan 
Africa. S. Kentucky with 13% was the most frequently isolated serovar from non-
humans in sub-Saharan Africa. Rare serovars have also been isolated and reported 
as the second most common serovar: S. Livingstone from humans with a frequency 
of 15.6%, S. Anatum with 17.9% from nonhuman sources in North Africa, and S. 
Bredeney with 8.5% from nonhuman sources in sub-Saharan Africa. In the Middle 
East, East Asia, Central Asia, South Asia and Southwest Asia, S. Enteritidis was the 
predominant serovar isolated from humans, whereas in Australia and New Zealand, 
S. Typhimurium was leading with 59.3% of all isolated serovars. The data were 
collected from participating countries using the WHO GFN system. Eighty-three 
countries reported data with 1.5 million human and 360,000 nonhuman Salmonella 
isolations and 307 distinct serovars.

The general conclusion based on all reported data is that S. Enteritidis and S. 
Typhimurium accounted for 78.8% of human isolates and 37.9% of nonhuman 
isolates (Hendriksen et al., 2011; Vieira et al., 2009). In the period from 2009 
to 2010, S. Enteritidis accounted for 34% of all Salmonella serotype reported 
outbreaks with a total of 39 outbreaks in 2009 and 37 outbreaks in 2010 (CDC, 
2013). According to the US FoodNet surveillance system, S. Enteritidis has led 
other serovars with laboratory-confirmed Salmonella infections from 2007 to 
2012 followed by S. Typhimurium. Salmonella Enteritidis and S. Typhimurium 
accounted for approximately 16% and 12%, respectively, in 2012 (CDC, 2014). 
In 2013, S. Enteritidis was accountable for 19% of Salmonella cases and 14% 
for S. Typhimurium. In comparison with the 2010–2012 period, Salmonella 
incidences for some serotypes were substantially lowered with a 14% decrease 
for S. Enteritidis while incidence rates for S. Typhimurium remained steady  
(Crim et al., 2014).

Salmonella infections result in a considerable cost to the United States and other 
countries both in terms of human health and in terms of their negative impact on 
the economy. Because of this, several surveillance programs exist to monitor out-
breaks and identify outbreak strains by cooperating with the WHO to keep track of 
illnesses. Salmonella Enteritidis and S. Typhimurium rank as the top two disease-
causing serotypes associated with outbreaks throughout the world with isolates taken 
from human and nonhuman sources. However, it is important to continue identifying 
and monitoring Salmonella serovars to lessen the impact of outbreaks and watch for 
changes in patterns or trends in infections.

3. � POULTRY- AND POULTRY PRODUCTS–ASSOCIATED 
SALMONELLA

The sources of Salmonella infection are relatively diverse, but one of the primary 
sources is poultry and poultry products. The association of poultry and poultry 
products has long been documented (Buncic and Sofos, 2012; Chittick et al., 2006; 
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Currie et al., 2005; Finstad et al., 2012; Foley et al., 2011, 2013; Howard et al., 2012;  
Liljebjelke et al., 2005; Singh et al., 2010; Smith et al., 2008; Vandeplas et al., 2010; 
Yildirim et al., 2011). Throughout the last decade, approximately 80% of all Salmo-
nella disease outbreaks were linked to a specific Salmonella serovar; of those, 34% 
(403 outbreaks) were traced to a particular food product (Jackson et al., 2013). In those 
outbreaks, S. Enteritidis caused 35.7% with 65% of these linked to egg-associated  
outbreaks and 13% to chicken-associated outbreaks. Salmonella Typhimurium was 
associated with 14.4% of all outbreaks; 26% of those were chicken-related infections, 
whereas only 7% were connected to eggs. Another serotype, S. Newport, was respon-
sible for 10% of all outbreaks caused by a single food product. This serotype had a 
similar percentage to S. Enteritidis (13%) in association with chicken outbreaks, but 
was not associated with eggs. S. Heidelberg was associated with a particular food 
product at roughly 6%, with 42% of these outbreaks associated with eggs and 33% 
with chicken (Jackson et al., 2013). These serotypes have been the primary serovars 
isolated from human and other nonhuman sources (Vieira et al., 2009; Painter et al., 
2013). During the last decade, the food products and processing commercial enti-
ties regulated by the US Department of Agriculture (USDA) and Food and Drug 
Administration (FDA) that have been most often linked with Salmonella infections 
were those involving poultry and poultry products, with 458 outbreaks connected to 
meat and 125 outbreaks connected to eggs and egg dishes (DeWaal and Glassman, 
2013). The following sections describe the growth in poultry product markets and the 
relationship between Salmonella and various poultry products.

3.1 � POULTRY PRODUCT MARKET TRENDS
Certainly one factor in Salmonella in poultry being a prominent source is simply 
due to the considerable market growth in the production and consumption of poultry 
products. Eggs and meat products from broiler chickens and other poultry along 
with turkey products are some of the most highly consumed foods, internationally  
(Harmon, 2013; Kearney, 2010; Rask and Rask, 2011). On an annual basis, US per 
capita consumption of chicken is over 80 pounds (MacDonald, 2008), overtaking beef 
in 2010 (Bentley, 2012). The United States is one of the largest producers of poul-
try products and these products consist mostly of chickens, turkey meats, and eggs  
(Harvey, 2012). The production of broiler meat from Jan. through Oct. for the year 
2015 was around 33.6 billion pounds, an increase of about 4.1% from the previous 
year with most of the gains due to higher average bird slaughter weights (Mathews 
and Haley, 2015b). The US broiler amount held in domestic cold storage was approx-
imately 851.7 million pounds at the end of the year of 2015, showing an increase in 
all broiler product categories and a total increase of 28% from 2014 (Mathews and 
Haley, 2015a). For the year 2016, broiler meat is forecast to total 41 billion pounds 
with stocks also estimated to increase (Mathews and Haley, 2015b).

Turkey meat is the second most prevalent avian meat product in the United States, 
with 1.35 billion pounds produced for the third quarter of 2015 (Mathews and Haley, 
2015a). A total of 356 million pounds of turkey meat products were in cold storage 
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holdings with whole bird stocks totaling 194 million pounds at the end of September 
(Mathews and Haley, 2015a). The US table egg production was forecasted to be 
approximately 20.28 billion eggs for the fourth quarter of 2015 and around 81.52 bil-
lion eggs for the year (Mathews and Haley, 2015a). In the month of Oct., approxi-
mately 276 million eggs were shipped, reaching a total of 4.8 billion for the year 
(Mathews and Haley, 2015a).

In European Union countries, 26.3 billion pounds of poultry meat were produced 
in 2011; of those, approximately 80.7% consisted of broiler chicken meat and 15.7% 
turkey meat (AVEC, 2012). In 2012, the production of poultry meat increased by 
259.4 million pounds. Moreover, broiler chicken meat per capita consumption was 
approximately 38.8 pounds in 2011, and 7.5 pounds per person of turkey meat was 
consumed. The total consumption of poultry meat was 25.9 billion pounds, with 51.6 
pounds of poultry meat consumed per capita in 2011. Approximately 135.5 million 
additional pounds of poultry meat were consumed in 2012. Furthermore, world pro-
duction of poultry meat was approximately 225.31 billion pounds and the total poul-
try meat consumed was 225.25 billion pounds (AVEC, 2012). In 2014, the United 
States accounted for 20% of the world broiler meat production and 17% of the world 
broiler meat consumption. For turkey meat, the United States accounted for world 
production and consumption of 49% and 45%, respectively, in 2014 (AVEC, 2014).

This high quantity of demand and production will continue to require advanced 
food safety standards since several food-borne pathogens such as Salmonella can 
contaminate poultry meat and eggs at any stage of processing and/or storage of food 
products (Carrasco et  al., 2012; Luber, 2009; Mor-Mur and Yuste, 2010; Newell 
et al., 2010; Park et al., 2008; Todd et al., 2010). In the following sections the asso-
ciation of Salmonella with poultry and eggs will be discussed in terms of serovar 
specificity and sources.

3.2 � SALMONELLA SEROVARS COMMONLY ASSOCIATED  
WITH POULTRY AND ITS PRODUCTS

Most common NTS isolated from humans are also associated with poultry, includ-
ing chicken, turkey, their meat products, eggs, and eggs products (EFSA, 2010; de  
Freitas Neto et al., 2010; Hoelzer et al., 2011; Sandt et al., 2013). According to a 
study by CSPI (2013) for food-borne outbreaks solely caused by meat, poultry, or 
their products in the United States between 1998 and 2010, chicken was listed in 
the top category of the risk pyramid with 452 outbreaks and recalls of 127 million 
pounds of chicken and corresponding products. Turkey was the second highest cat-
egory with 130 outbreaks and 33 million pounds of turkey meat recalled. In general, 
Salmonella spp. were associated with animal products, meat, and poultry as one of 
two pathogens responsible for 30% of infections and 27.2% of hospitalization cases 
(DeWaal and Glassman, 2013; CSPI, 2013). In another report about the top 10 riski-
est foods regulated by the FDA, eggs and egg-related products were ranked the sec-
ond highest food source with 352 outbreaks and 11,163 cases of infection (Klein 
et al., 2009). In European countries, approximately 1426 reported outbreaks were 
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food-borne enteric diseases; of those 20% were associated with poultry consumption 
(Kessel et al., 2001). Chickens were linked in approximately 75% of the outbreaks, 
whereas turkey accounted for about 20%. The prevalence of Salmonella spp. in those 
outbreaks was approximately 30%.

The association of Salmonella with fowl species has a long history of documenta-
tion. In the late 19th century, the two avian-adapted S. enterica subspecies enterica 
serotypes Gallinarum and Pullorum were first identified as being responsible for fowl 
typhoid and pullorum disease, respectively. During the early part of the last century, 
these two serovars were widespread in the poultry flocks of the United States and 
Europe, mainly chickens and turkeys (Bullis, 1977; Rabsch et al., 2000; Shivaprasad, 
2000; Barrow and Freitas Neto, 2011). Because of the increased mortality associ-
ated with poultry, and the significant economic losses from these serovars, monitor-
ing programs were initiated to control and eradicate these diseases (Bullis, 1977; 
Bäumler et al., 2000; Hitchner, 2004; Shivaprasad, 2000). In the United States, two 
serovars were prevalent causing pullorum disease and fowl typhoid, Salmonella Pul-
lorum and S. Gallinarum, respectively, and the diseases identified with these species 
were controlled and eventually eradicated by the mid-1960s (Bäumler et al., 2000; 
Barrow and Freitas Neto, 2011; Shivaprasad, 2000).

3.3 � SALMONELLA ASSOCIATION WITH LAYER HENS AND EGGS
The eradication of S. Gallinarum and S. Pullorum was followed by the emergence 
of S. Enteritidis in chickens and this serotype became the food-borne pathogen most 
associated with eggs between the early 1980s and mid-1990s (Bäumler et al., 2000). 
S. Enteritidis infections increased steadily from the sixth most commonly isolated 
serovar in the 1960s until it peaked in 1995, being associated mainly with foods 
containing raw eggs, lightly cooked egg dishes, as well as less frequently with meat 
products and sometimes raw produce in cases of possible cross-contamination (St. 
Louis et al., 1988; Rabsch et al., 2001; Patrick et al., 2004). In more recent years, 
this serovar has declined as a pathogen associated with the consumption of chicken, 
but still remains linked to chicken eggs (Braden, 2006; Olsen et  al., 2000, 2001; 
Howard et al., 2012; Foley et al., 2013). Another serovar, S. Heidelberg, has become 
more predominant since 1997, with the highest percentage reported at the beginning 
of the last decade, comprising over 50% of all Salmonella isolations from chickens 
(Foley et al., 2008). The increase of S. Heidelberg in chickens has been connected to 
the measurements taken to control and reduce S. Enteritidis by the National Poultry 
Improvement Plan–USDA (Foley et al., 2008, 2011).

Before its more recent association with poultry and eggs, S. Enteritidis was 
historically linked to rodents with reports from the earlier part of the 20th century 
finding 30% of rodent isolates harboring S. Enteritidis and only a 0.5% incidence 
among other animals (Edwards and Bruner, 1943). This also led to the current 
problems with eradicating S. Enteritidis in poultry flocks because unlike S. Gal-
linarum and S. Pullorum, which could be controlled through careful monitoring 
and culling of infected birds from breeder flocks, rodent populations near poultry 
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farms could act as a reservoir and reinfect the birds (Henzler and Opitz, 1992). 
In addition, although S. Gallinarum and S. Pullorum cause fowl typhoid and pul-
lorum disease, which are deadly to the bird, S. Enteritidis can colonize the bird 
without causing any negative physical effects, making detecting and eliminating 
carriers more difficult (Guard-Petter, 2001). It has also been hypothesized that 
stress-induced survival mechanisms allow S. Enteritidis to survive in eggs where 
other Salmonella cannot (Van Immerseel, 2010).

Eggs, as a leading vehicle of food-borne Salmonella infections, can be con-
taminated externally by penetration through the shell, which is known as horizontal 
transmission, or internally during the formation of the egg, also known as vertical 
transmission (Gantois et al., 2009). Horizontal transmission can occur during and 
after oviposition as the egg comes into contact with Salmonella from contaminated 
surfaces and depends on the condition of the shell as well as external conditions such 
as environmental cleanliness, temperature, relative humidity, and housing conditions 
(Messens et al., 2005; De Reu et al., 2008). Vertical transmission, on the other hand, 
occurs if the bird’s reproductive tract has been colonized by Salmonella, which con-
taminates the egg contents as it travels through the oviduct (Humphrey et al., 1993; 
Humphrey, 1994, 1999; Howard et al., 2012). Studies have shown that S. Enteritidis 
is able to evade destruction by the host immune system and infect the ovaries and 
the reproductive tract of laying hens and penetrate into the internal contents of eggs 
(Okamura et al., 2001; Gast et al., 2004, 2007; Gantois et al., 2009).

The exact site within the reproductive tissues where Salmonella reside is not 
known. However, it is known that certain factors that increase stress can facilitate the 
colonization process and increase the spreading of Salmonella. Historically, a com-
mon industry practice to increase productivity was to induce molting by placing the 
birds in an altered light–dark cycle and withdrawing feed as this acted to “recycle” 
the flock, causing it to produce higher quality eggs at an increased rate after the molt 
period (Ricke, 2003; Norberg et al., 2010; Ricke et al., 2013). However, this has been 
associated with a depressed immune system, and altered gut microbiota, allowing 
for easier infection and colonization by S. Enteritidis as well as increased shedding 
for increased horizontal transmission (Holt, 1992, 1999, 2003; Ricke, 2003). As the 
induction of molting in layer flocks was considered an economic necessity for the 
US layer industry, research into alternative molt diets has been looked into and there 
continues to be evidence for new developments that may decrease colonization and 
infection (Holt, 2003; Norberg et al., 2010; Ricke et al., 2013)

4. � SUMMARY AND CONCLUSIONS
Salmonella has a long history of causing illness in humans. Known since antiquity 
for causing typhoid and paratyphoid fever, it is now mostly known as a food-borne 
pathogen manifesting itself with general gastroenteritis symptoms. Techniques devel-
oped throughout the 19th and early 20th centuries have greatly improved the ability 
to isolate and identify Salmonella from patients and nonhuman sources, giving a 
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better understanding of the organism. It is now known to consist of two species, 
six subspecies, and over 2500 serovars through the identification of different anti-
gens found on the surface of the cells using techniques such as PT. Both typhoidal 
and non-typhoidal Salmonella species are associated with causing millions of ill-
ness and hundreds of thousands of deaths worldwide, greatly impacting the health 
and economies of nations across the world. Accordingly, surveillance programs and 
public health policies have been put in place, including some monitored by the WHO 
to keep tabs on illness and respond to outbreaks. In the case of NTS serotypes, there 
has been an association with several different meats and produce, but the closest 
association has been with poultry and poultry products, especially eggs. Salmonella 
continues to be an issue for public health and continued research and monitoring is 
necessary to minimize its impact.
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1. � INTRODUCTION: GENERAL SALMONELLA INFECTION 
BIOLOGY

Salmonella enterica subsp. enterica comprises more than 2500 separate serovars that 
differ genetically and in their pathogenicity. From the point of view of infection biol-
ogy they may be divided into two groups or pathovars.

The first group comprises a small number of serovars that typically produce 
typhoid-like diseases in a narrow range of host species. These infections gener-
ally affect animals of all ages and that are healthy, not immunologically compro-
mised, and not pregnant. Examples of these include S. enterica subsp. enterica 
serovar Typhi (S. Typhi) causing typhoid in man, S. Gallinarum affecting domestic 
fowl and other avian species, S. Dublin in cattle, S. Abortusovis affecting sheep, 
S. Abortusequi affecting horses, and S. Choleraesuis most frequently associated 
with pigs. Many of these serovars are also characterized by persistent infections in 
convalescent animals and by localization in the reproductive tract. In some cases 
this results in abortion (S. Dublin and the S. Abortus serovars) or transmission 
via the egg to the progeny (S. Gallinarum) such that both vertical and horizontal 
transmission become major parts of the infection cycle. Some of these serovars 
are, in all probability, becoming increasingly adapted to the host and as with this 
characteristic in other bacterial pathogens such as Mycobacterium leprae, genome 
shrinkage occurs characterized by increasing auxotrophy. They generally colonize 
the intestine poorly in the absence of clinical disease and therefore enter the human 
food chain rarely.

The vast majority of the remaining serovars do not normally produce systemic 
disease in healthy, adult animals. However, most are prototrophic and colonize the 
alimentary tract well and as a result of this are shed in the feces, contaminate car-
casses at slaughter, and enter the human food chain.
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The two currently most frequently isolated serovars associated with human food 
poisoning, S. Typhimurium and S. Enteritidis are unusual in that they belong to both 
these pathogroups. They both colonize the gut of several animal species well and are 
major causes of food poisoning and they also produce typical typhoid, in this case 
in mice. This fact raises the question of whether NRAMPs mice are unusual since 
S. Dublin, S. Abortusovis, and S. Choleraesuis also produce typical murine typhoid.

S. enterica subsp. enterica serovars are classified within the Kauffmann White 
system based on the combination of lipopolysaccharide (O) and flagella (H) anti-
gens, serovars possessing several of each creating a mosaic of surface antigens that 
contributes toward defining the specific serovar. Those serovars possessing the O-12 
antigen are grouped in serogroup D, which contains S. Enteritidis, S. Gallinarum, 
and S. Pullorum, which are all associated with infection of laying hens and some 
form of vertical transmission via the egg, and much more than occurs with most 
other serovars and serogroups. The related group D serovar, S. Dublin, shows simi-
lar behavior in cattle. Enzyme and electrophoresis analysis of the nonmotile avian 
serovars Gallinarum and Pullorum indicated that these had evolved from a nonmotile 
progenitor that had itself evolved from an S. Enteritidis-like ancestor. It was thought 
that S. Pullorum had evolved further from the progenitor than had S. Gallinarum, 
which correlated with earlier findings of heterogeneity within this serovar (Crichton 
and Old, 1990). Thompson et al. (2008) showed by whole genome sequencing that 
this was a reasonable scenario and it also involved horizontal gene transmission fol-
lowing divergence from the S. Enteritidis-like progenitor. Analysis of more strains 
(Langridge et al., 2015) indicated that at least two clades of S. Enteritidis strains exist 
in which one more closely resembles S. Gallinarum and also colonizes the chicken 
intestine less well. These studies show that these taxa are closely related, probably 
undergoing a process of evolution and combining characteristics associated with host 
specificity/generalism including invasiveness and gut colonization and thereby asso-
ciation with carcass contamination.

2. � BIOLOGY OF LAYER INFECTIONS
2.1 � INVASIVENESS AND SYSTEMIC INFECTION
The extent to which Salmonella serovars enter the human food chain is reflected by 
the ability both to colonize the alimentary tract and to invade the tissues following 
intestinal colonization. Both are relevant since both lead to contamination of the egg 
albeit by different means.

Infection in the hatchery can result in extensive horizontal transmission. How-
ever, the susceptibility to invasion by Salmonella is also the greatest within the first 
few days of hatching, which can lead to extensive systemic disease.

Some authors have reported that strains of S. Enteritidis PT4 were more inva-
sive for young chicks than strains of PT7, 8, and 13a, and they suggested that this 
may be one of the factors that contributed to the establishment of S. Enteritidis 
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PT4 in the United Kingdom (Hinton et  al., 1990). The same authors also found 
that more recent isolates of S. Enteritidis PT4 were more invasive than strains 
isolated in previous years and suggested that recent isolates of PT4 may have an 
enhanced virulence for chickens (Hinton et al., 1990). Other authors have found 
no difference in invasiveness or colonization ability between different phage types 
of S. Typhimurium (Barrow et al., 1987) or S. Enteritidis but it rather seems to be 
strain related (Timoney et al., 1989; Poppe et al., 1993b; Gast and Benson, 1996). 
The antigenic structure does not seem to be inherently a major factor in virulence, 
although strains with a wrinkled colony and greater amounts of high-molecular-
weight lipopolysaccharides (LPS) are more virulent for chickens, when inoculated 
parenterally, in terms of bacterial counts in the spleen, localization in the reproduc-
tive tract, and percentage of contaminated eggs (Guard-Petter et al., 1996); they are 
also more tolerant to heat, acid, and hydrogen peroxide than nonwrinkled colonies 
(Humphrey et al., 1996).

There does also appear to be a degree of organ specificity so that otherwise iden-
tical S. Enteritidis PT13 strains originally isolated from the ovary or blood showed 
differences in their isolation from liver, spleen, and ceca after experimental oral 
inoculation (Poppe et al., 1993a). However, the ovarian isolate formed an entire and 
smooth colony, whereas the blood isolate developed a corrugated colony appearance 
after 2 days of growth at room temperature on Luria Bertani agar (C. Poppe, unpub-
lished data).

Random mutagenesis studies have indicated the involvement of genes associated 
with host interaction, metabolism, and stress responses resulting from survival in an 
environment to which Salmonella is not, in all probability, ideally adapted (Turner 
et al., 1998; Morgan et al., 2004). Similar studies using S. Gallinarum also identified 
well-known virulence genes (Shah et al., 2005).

Type three secretion system (TTSS)-1, encoded by Salmonella Pathogenic-
ity Island (SPI)-1, is responsible for invasion of epithelial cells whether in vitro or 
in vivo (Galán and Curtiss, 1989). The genes involved in SPI1 mediating invasion are 
highly conserved among the genus Salmonella and absent from the genomes of close 
relatives, such as Escherichia coli.

The biology of the invasion process is complex and involves not only SPI1 but 
also SPI4 (Gerlach et al., 2008). Adhesion is a vital initial process, although the role 
of the <13 different fimbriae expressed by Salmonella serovars remains to be defined 
fully. The main function of the SPI1-encoded T3SS-1 apparatus is to translocate <15 
effector proteins into the host cell (Ibarra and Steele-Mortimer, 2009). These effector 
proteins are encoded by genes located within SPI1 on SPI5, on pathogenicity islets, 
or on bacteriophages. A subset of these, SipA, SipC, SopA, SopB, SopD, SopE, and 
SopE2, rearrange intracellular actin to promote bacterial entry into epithelial cells. 
Much of the work has been done in vitro or in vivo using mice or ligated intestinal 
loops in calves. The little work that has been done with chickens indicates that SPI1 
is less important for systemic disease (Jones et  al., 2001) than it is for intestinal 
gastroenteritis indicating the importance of nonprofessional phagocytic cells in the 
latter, whereas uptake from the intestine as the first stage of systemic disease involves 
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phagocytic cells in the Peyer patch, cecal tonsil, and other cell clusters more than 
epithelial cells (Barrow et al., 2000).

The role of flagella is unclear. That they induce inflammation following rec-
ognition via TLR5 is clear both in mammals (Schmitt et  al., 2001) and chickens 
and this explains to some extent the difference between the intestinal response to S. 
Typhimurium and S. Enteritidis, which results in a strong inflammatory response, and 
the response to the nonflagellate S. Gallinarum and S. Pullorum, where it is thought 
that invasion takes place by stealth in the absence of an inflammatory response  
(Kaiser et al., 2000). It might be significant that monophasic strains of S. Typhimurium 
have been appearing more recently in several countries in pigs and poultry (Parsons 
et al., 2013) and nonmotile derivatives of S. Dublin have also appeared in the United 
States.

If Salmonella bacteria are injected intravenously into chickens, they are taken up 
rapidly by macrophages in the spleen and liver. How the bacteria reach these organs 
following intestinal colonization is unclear, although there is an indication that with 
S. Dublin cell-free bacteria are involved.

Once the bacteria become localized within macrophages, SPI1 genes are nor-
mally downregulated (Eriksson et  al., 2003), although this does not occur with 
serovars such as S. Infantis and S. Montevideo (Imre et al., 2013), which may explain 
in part at least the reduced virulence of such serovars. Macrophages are the preferred 
intracellular niche for persistence of Salmonella serotypes in tissue (Dunlap et al., 
1992; Santos and Bäumler, 2004). A key virulence factor required for survival in 
macrophages is the type III secretion system encoded by SPI2 (T3SS-2) (Ochman 
et al., 1996).

The ability to resist the intracellular antibacterial effects of reactive oxygen and 
nitrogen species and multiply is important. Key to this is the expression of genes 
on the TTSS-2 encoded by SPI2 on the genome, which is present in all members of 
the species S. enterica, but are absent from Salmonella bongori or E. coli (Ochman 
and Groisman, 1996). The T3SS-2 translocates at least 16 effector proteins into the 
host cell cytosol, including SpiC, SseF, SseG, SlrP, SspH1, SspH2, SifA, SifB, SseI, 
SseJ, PipB, PipB2, SseK1, SseK2, GogB, and SopD2 (Abraham and Hensel, 2006). 
Although the molecular functions are known for some of these effector proteins, 
in most cases it remains unclear how they contribute to T3SS-2-mediated macro-
phage survival. One purpose of the T3SS-2 seems to be altering the properties of the  
Salmonella-containing vacuole by manipulating vesicular trafficking events (Uchiya 
et al., 1999; Vazquez-Torres et al., 2000).

Some evidence suggests that the spvRABCD operon is also involved in the inter-
action of Salmonella serovars with macrophages (Libby et al., 2000). The spv operon 
is located on virulence plasmids present in a small number of S. enterica subsp. 
enterica serotypes, generally those that cause systemic disease (Gulig, 1990), or on 
the chromosome of S. enterica subsp. arizonae serotypes (Libby et al., 2002).

Invasiveness and systemic infection are likely to be important to infection of 
the reproductive tract. The association between serovars and reproductive infection 
leading to contaminated eggs is poorly understood, although there is an association 
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particularly with certain group D serovars, namely, the serotype cluster involving S. 
Enteritidis, S. Gallinarum, and S. Pullorum. Considerable experimental work with S. 
Enteritidis has shown that a proportion of infected eggs arise from infections of the 
oviduct and ovary. In the case of S. Pullorum this is a clear association with persistent 
S. Pullorum infection and infection of the ovary and oviduct resulting in <10% eggs 
being infected (Wigley et al., 2001). Both this serovar and S. Gallinarum are rarely 
associated these days with food poisoning but nevertheless are models of vertical 
transmission. The situation with S. Gallinarum is not as clear as with S. Pullorum 
(Barrow & Neto, 2011) because, although there is considerable epidemiological evi-
dence of vertical transmission, it is more difficult to demonstrate this experimentally 
and it seems likely that the genetic background of the birds is an important factor in 
whether this happens or not.

Infection of S. Enteritidis during the laying period results in the production of 
infected eggs, which, if these are fertile and are hatched, results in extensive infec-
tion of the progeny, which themselves continue to excrete S. Enteritidis until they 
also come into lay.

2.2 � INTESTINAL COLONIZATION
Experimental infection of chickens with either S. Enteritidis or S. Typhimurium 
results in extensive colonization of the intestine and fecal shedding, whereas vertical 
transmission seems to occur much less with the latter serovar than with the former. A 
higher proportion of eggs laid by S. Enteritidis are surface contaminated, as a result 
of cloacal infection, than a result from systemic infection, which itself results in 
infection of the egg contents (Barrow and Lovell, 1991), although it may neverthe-
less be the latter that contributes in a greater way to transmission to humans via the 
food chain.

The exact mechanism whereby Salmonella strains colonize the intestine remains 
unclear, although this virulence attribute is likely to be multifactorial.

Following the realization in the 1970s that some intestinal pathogens attach 
to the mucosa this was thought to be an important feature for colonization of the 
ceca, where the highest numbers of Salmonella bacteria occur, although this seemed 
unlikely since the flow rate of contents through this organ is very low with the ceca 
being emptied two to four times a day. Initial screening of transposon mutant librar-
ies for colonization ability identified a range of genes associated with metabolism, 
attachment, and also invasion (Turner et al., 1998; Morgan et al., 2004). These genes 
included LPS, fimbrial genes, and a small number of SPI1, SPI3, and SPI5 genes 
in addition to a large number of transport genes. These studies were complemented 
by gene expression studies harvesting S. Typhimurium or S. Enteritidis from cecal 
contents of newly hatched chickens (Harvey et al., 2011; Dhawi et al., 2011), which 
indicated that during colonization the bacteria were subjected to heat stress and were 
using a set of carbon sources different from those in laboratory media, including 
propane-2-diol and ethanolamine, both of which may be degradation products from 
host epithelial cells. These require tetrathionate as electron acceptor and cobalamin 
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as cofactor. More recent studies indicate that tetrathionate and the carbon sources 
are now thought to be the results of the inflammatory reaction against invasive Sal-
monella (Winter et al., 2010). Most bacterial growth takes place close to the mucosa 
(Harvey et al., 2011) where nutrient concentrations and oxygen levels are likely to 
be the highest, although host antibacterial factors such as neutrophil leukocytes and 
defensins are also likely to be active. In addition to respiration whereby electron 
acceptors are available, there is also some evidence that substrate level phosphory-
lation (fermentation) is likely to be a major way of generating ATP (Barrow et al., 
2015).

2.3 � IMMUNITY
The close association between Salmonella and the host intestinal mucosa during col-
onization and invasion suggest that the innate response to infection will be an impor-
tant component defining the course of infection. Interaction between the bacterial 
surface pattern-associated molecular patterns such as LPS and flagella and the pat-
tern recognition receptors, in this case TLR 4 and 5, results in the intestinal inflam-
matory response expressed by neutrophil diapedesis and antimicrobial beta-defensin 
peptides produced by Paneth cells at the base of the intestinal crypts.

The immune responses to the two pathovars of S. enterica, namely, the typhoid and 
gastroenteritis groups are different as indicated earlier. The response to the typhoid 
group in chickens, namely, S. Gallinarum and S. Pullorum, has been described by 
Chappell et al. (2009). The absence of an inflammatory response within the intestinal 
mucosa during infection by these serovars is associated with no significant influx 
of heterophil granulocytes (Henderson et al., 1999). Chemoattractants for granulo-
cytes and monocytes, chCXCLi1 and chCXCLi2, are downregulated after infection 
(Chappell et al., 2009). Following internalization by macrophages and dendritic cells 
underlying the mucosal epithelium they are transported to the spleen, liver, ovaries, 
and bone marrow (Wigley et al., 2001). Infection is characterized by high amounts 
of specific antibodies and T-cell proliferation (Wigley et al., 2005). Reduced levels 
of inflammatory cytokines interleukin (IL)-18 and interferon (IFN)-γ are detected in 
the spleens of birds infected with S. Pullorum when compared with S. Enteritidis-
infected chickens. Unlike S. Enteritidis, S. Pullorum appears to induce a Th2-type 
response that drives antibody production but is poor in clearing intracellular infec-
tion (Chappell et al., 2009). Surviving chickens remain Salmonella carriers (Wigley 
et al., 2001) with the bacteria persisting within macrophages in the spleen and liver 
(Wigley et al., 2001).

The immune response to the more proinflammatory serovars such as S. Enteriti-
dis and also S. Typhimurium is characterized by an influx of immune cells such as 
granulocytes, macrophages, and T and B cells in cecum, spleen, and bursa of Fabri-
cius accompanied by upregulation in transcription of genes leading to the production 
of the relevant chemokines and cytokines, including IL-1, IL-6, and IFN-γ (Berndt 
and Methner, 2001; Beal et al., 2004a; Berndt et al., 2006). Following infection with 
S. Enteritidis, changes in immune cell composition occur in the ovary and oviduct 
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(Withanage et  al., 1998; Barua and Yoshimura, 2004). There is experimental evi-
dence that older chickens show a more competent T-cell immunity in gut and stron-
ger T-cell responses after S. Typhimurium infection compared with very young birds 
(Beal et al., 2004b, 2005). Interestingly, T cells appear to be essential to clearance of  
Salmonella from the intestine, whereas B cells are not an absolute requirement, although 
the actual mechanisms of immune clearance are not known (Beal et al., 2006).

3. � APPROACHES TO CONTROL
The entry of infected poultry products, meat, or eggs, into the food chain is exacer-
bated by the gross spread and cross-infection that occurs during slaughter (Mead, 
1989). The World Health Organization has long recognized that the three areas where 
infection control may be sensibly exerted are by education of the public, by improve-
ments in slaughter hygiene and technology, and by control of infection in the birds 
themselves (World Health Organisation, 1980, 1990). There are, however, limitations 
in the extent to which public education can be effective in this. The economics of 
abattoir processing indicate that there may also be financial limitations in the extent 
to which improvements may be made at this stage. It seems likely therefore that, 
as with past control of other bacterial zoonoses, such as bovine tuberculosis and 
brucellosis, control in the animals themselves must be central to infection control 
policy. However, the economics of poultry production must be an important factor 
in introducing control measures. Profit margins are small and the apparent absolute 
requirement for free trade will result in those countries that introduce such measures 
to control infection, such as salmonellosis, being placed at a financial disadvantage 
in contrast to countries where no measures are taken. Introduction into international 
free-trade legislation of a public health component and conditions would seem an 
important measure. This would mean that those countries wishing to improve the bac-
terial zoonosis status of their national flocks will not be penalized as a consequence.

It is possible to rear poultry totally in the absence of Salmonella. Large breed-
ing companies and research establishments do it albeit at a high cost. This is done 
through the introduction of high-quality housing and diet, together with employment 
of skilled staff and efficient management structures. In addition, introduction of thor-
ough hygiene and disinfection measures and other schemes to reduce the chances 
of cross-infection, such as “all in–all out” rearing are required. In some cases, these 
things will be possible and, as existing housing degenerates, requiring replacement, 
improvements can be made slowly. In countries with high ambient temperatures, 
open-sided housing may limit the extent to which such improvements may contribute 
to reduce environmental sources of infection. However, the financial incentives to 
eliminate a food-poisoning pathogen from stock, which has very little direct impact 
on productivity and for which financial incentives are not available, pose consid-
erable imponderable problems for governments and poultry companies. It seems 
likely, therefore, for the foreseeable future, that biological control measures will be 
an increasingly attractive option.
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3.1 � VACCINES
Vaccination against host-specific Salmonella serotypes that cause severe systemic 
disease in a particular host species (e.g., S. Gallinarum in poultry), induces a strong 
serotype-specific protective immunity against infection and disease (Smith, 1956; 
Barrow and Wallis, 2000). In contrast, vaccination against host nonspecific Salmo-
nella serotypes has yielded variable success rates. The two infection types display 
very different epidemiological pictures and patterns of pathogenicity, which, together 
with the nature of the immune response to systemic and intestinal infections, may 
account for these differences. As a result of public health interest this has been a 
fruitful area for research over several years. A number of reviews have appeared that 
summarize our knowledge and understanding up to 5–6 years ago.

Killed vaccines have been used to control host nonspecific Salmonella infections 
in poultry with very varying success. Autologous vaccines have been used exten-
sively and little information is available on their efficacy. Some work (Timms et al., 
1994; Liu et al., 2001) supports earlier observations that they may be used to reduce 
mortality, although this is of little practical significance in the field.

The work of McCapes et al. (1967) and Truscott and Friars (1972) supports ear-
lier contentions that maternal vaccination with bacterins does not reduce significantly 
excretion of Salmonella in the progeny, although mortality can be reduced. A vaccine 
containing both S. Enteritidis and S. Typhimurium, both grown under iron-restricted 
conditions, is commercially available in some European countries (Clifton-Hadley 
et al., 2002). Iron restriction is known to upregulate bacterial factors that stimulate 
virulence and thus may stimulate important immunogens. However, given that many 
other relevant genes are also upregulated in macrophages (Eriksson et al., 2003) it 
might be more appropriate to produce the vaccines under the conditions experienced 
in that environment. The inactivated S. Enteritidis vaccine was efficient at decreasing 
egg contamination after intravenous challenge with S. Enteritidis (Woodward et al., 
2002). This work is difficult to evaluate since oral or respiratory challenge would 
have been more relevant. However, the combined S. Enteritidis and S. Typhimurium 
vaccine, when given intramuscularly at day 1 and week 4, did decrease shedding 
after oral challenge with S. Typhimurium in a seeder-bird challenge model (Clifton-
Hadley et al., 2002).

Attention has been paid to the development of live, attenuated vaccine strains of 
Salmonella because of the accumulation of evidence that such strains of Salmonella 
are more immunogenic in mice and in poultry than are killed or subunit vaccines 
(Collins, 1974; Zhang-Barber et al., 1999). Live vaccines have been tested exten-
sively in mice and also in poultry. Although a number of different live Salmonella 
strains have been tested for their efficacy in experimental or semi-field studies, only a 
few are registered and commercially available for use in poultry in Europe. The com-
mercially available live S. Typhimurium and S. Enteritidis vaccine strains are either 
auxotrophic double-marker mutants derived through chemical mutagenesis or devel-
oped on the basis of the principle of metabolic drift mutations (Vielitz et al., 1992; 
Meyer et  al., 1993; Linde et  al., 1990). These are negative mutations in essential 
enzymes and metabolic regulatory centers as a consequence of which the resulting 
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metabolic processes lead to prolonged generation times and corresponding reduc-
tions in virulence (Linde et al., 1990). Some of these Salmonella live vaccines have 
been further characterized by molecular methods (Schwarz and Liebisch, 1994).

Another live vaccine registered for prophylactic use against S. Enteritidis, which 
was developed initially for immunization against S. Gallinarum, is the rough strain  
S. Gallinarum 9R (Smith, 1956). This vaccine strain has been tested more extensively 
in recent years since it has been shown to give cross-protection against S. Enteritidis 
(Barrow et al., 1991), a member of the same serogroup. The extent of cross-protection 
against other serotypes, from either the same or other serogroups remains unclear. In 
a large field trial in the Netherlands in which 80 commercial flocks were vaccinated 
with the S. Gallinarum 9R vaccine strain, the flock level occurrence of S. Enteritidis 
infections was 2.5% (2/80 flocks). This was significantly less than the flock level occur-
rence of S. Enteritidis infections in unvaccinated flocks (214 of 1854 flocks or 11.5%)  
(Feberwee et al., 2001a). In 4500 eggs derived from 5 S. Gallinarum 9R vaccinated 
flocks, no vaccine strain bacteria were detected, whereas no evidence was found in 
another study for the fecal spread of the vaccine strain (Feberwee et al., 2001b).

AroA mutants have been tested extensively in poultry and found to be effec-
tive, albeit less protective than the “gold standard” produced in chickens infected 
with a wild-type strain (Barrow et al., 1990; Cooper et al., 1990). Given the general 
consensus that there is little cross-protection between serovars, it is not surprising 
that Parker et al. (2001) found no significant differences in egg or reproductive tract 
infection when laying hens were vaccinated at day of hatch, and at 4 and 22 weeks 
with an aroA mutant of S. Typhimurium and challenged with S. Enteritidis 8 weeks 
after the final immunization.

As stated earlier, most data on the nature of vaccine-induced protection are 
derived from mice studies and care should be taken in extrapolating these data 
to poultry. Although killed vaccines can be efficacious in reducing Salmonella in 
poultry, live vaccines are thought to have some advantages over killed vaccines, 
including stimulation of both cell-mediated and humoral immune arms and expres-
sion of all appropriate antigens in vivo, whereas the latter stimulate mainly antibody 
production and express only the antigens present at the time of in vitro harvesting 
(Collins, 1974). Killed vaccines may also be destroyed rapidly and eliminated from 
the host, they may be poorly immunogenic in unprimed hosts and unable to induce 
cytotoxic T cells. Live vaccines have been shown to be more effective in increas-
ing lymphocyte proliferation in response to S. Enteritidis antigens in laying hens 
(Babu et al., 2003). They also have additional protective effects, particularly when 
administered orally, which can be exploited during their development and applica-
tion. These include (1) genus-specific colonization inhibition (competitive exclu-
sion) demonstrated to be primarily an effect of microbial metabolism and (2) the 
stimulation of primed PMNs in the gut (Van Immerseel et al., 2005). Commercial 
vaccines that are administered in this way may induce the exclusion effect. The 
mechanism of this inhibition is poorly understood but is likely to result from com-
petition for available nutrients and electron acceptors under the prevailing redox 
conditions in the gut.
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Killed vaccines are unable to induce these effects. It seems unlikely at the moment 
that more effective killed or subunit vaccines will be produced in the next few years 
because many basic questions relating to identification of the major protective immu-
nogens and the nature of the immune response in the chicken remain unanswered. 
Live vaccines have some disadvantages, including, perhaps most significantly, those 
associated with public acceptability, particularly where genetic manipulation has 
been used to produce the vaccine. This is a major issue that should be addressed since 
the safety requirements are different for live vaccines than for inactivated vaccines.

The criteria for an ideal vaccine have been discussed previously (Pritchard et al., 
1978; Barrow, 1991) and they include (1) effective protection against both mucosal 
and systemic infection, (2) attenuation for animals and man, (3) efficacy in reduc-
ing intestinal colonization, and thus reduced environmental contamination, and egg 
infection, (4) compatibility with other control measures, and (5) cost-effective appli-
cation. As indicated earlier, it is already possible to attenuate strains in a number of 
ways but inability to induce gastroenteritis is not always evaluated. It should be pos-
sible in the next few years to produce live, attenuated strains that are immunogenic 
for poultry and other food animals but that maintain attenuation in man and other 
nontarget species. This will, by necessity, require molecular genetics as a tool. The 
alternative is that live, attenuated vaccines are produced, as currently, by undefined 
chemical mutagenesis with strains possessing a combination of uncharacterized 
lesions, including antibiotic resistance, and whose cumulative effects may also not be 
completely known. The vaccines currently in use in Europe and elsewhere are highly 
safe but it is anomalous that it is acceptable to allow their widespread dissemination 
while being extremely cautious over the use of defined deletion mutants produced 
by genetic manipulation, but where each deletion is nevertheless known and char-
acterized and where antibiotic resistance genes are not present. The environmental 
issues associated with the genetic modification of plants and also some food animals 
that may escape to the wild are very different issues to the use of bacterial deletion 
mutants, with no additional DNA added. One advantage of the current widespread 
application of the vaccines that are already in use is that because they are widely dis-
tributed data will now accumulate on any reversion and other potential risks to man, 
target animals, and the environment.

3.2 � ANTIBIOTICS AND COMPETITIVE EXCLUSION
Antibiotics and other chemotherapeutic agents are used for the treatment and preven-
tion of a number of bacterial diseases of poultry, systemic diseases caused by genera 
such as Salmonella spp., E. coli, and Mycoplasma spp., and have been used for the 
reduction of fecal carriage of Salmonella and growth promotion/stimulation (some-
times now referred to as digestion enhancement). The list of antibiotics used is long 
and varies according to country and the extent to which national regulations restrict 
general use without veterinary prescription. Despite the use of penicillin derivatives 
and, more recently, fluoroquinolones, the incidence of multiple antibiotic resistance 
in Salmonella has traditionally been very low, in contrast to the situation in the calf 
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rearing industry. Strains such as S. Typhimurium DT104 were originally isolated 
from calves and have been isolated with increasing frequency in the poultry industry. 
However, in recognition of the extensive use of antibiotics in all aspects of livestock 
rearing (O’Neill report) there is pressure toward a reduction in use of antibiotics for 
disease control and elimination of their use for growth promotion.

3.2.1 � Therapeutic and Prophylactic Use
The use of chemotherapy has at times and in some countries been promoted with  
S. Enteritidis in broiler breeders or layers to attempt to reduce the frequency of egg 
contamination immediately before stock movement from rearing to laying accommo-
dation, followed by restoration of the gut flora by oral administration of a competitive 
exclusion preparation. Tetracyclines, furazolidone, and fluoroquinolones have been 
used for this. The major concern over the use of antibiotic therapy has always been 
one of selection of resistant clones. Experimental work (Smith and Tucker, 1975)  
suggests that some antibiotics, including tetracycline, ampicillin, and chlorampheni-
col, have little or no effect on fecal shedding of the Salmonella. After medication 
was discontinued fecal shedding may increase for a while, presumably as a result 
of the effect of the antibiotics on the normal intestinal flora that inhibit colonization 
by pathogens. Plasmid-mediated antibiotic resistance in the E. coli flora may also 
transfer to the Salmonella population under such conditions, confirming that the use 
of antibiotic therapy leads to the encouragement of transfer of resistance in the intes-
tine. The massive increases in the use of quinolones and fluoroquinolones since the 
mid-1980s have led to the isolation of an increasing number of Salmonella strains 
that are resistant to nalidixic acid (Piddock et al., 1990; Wray et al., 1990). Although 
resistance is now also found to be transmissible, it is usually chromosomal mutation 
but may be transferred between certain Salmonella strains by transducing bacterio-
phages (Barrow et al., 1998). Its use in poultry has now been banned in the United 
States and it has precipitated considerable debate. Even in the absence of clinical sal-
monellosis, Salmonella organisms colonizing the gut are subject to selective pressure 
from these chemicals when they are used against other bacterial diseases.

3.2.2 � Growth Promoting Use
In some countries chemotherapeutic antibiotics have been banned for this purpose 
where they are also used in human or veterinary therapy purposes. Up until 1969 
(Anon, 1969), low levels of chemotherapeutic antibiotics, in addition to copper 
sulfate, were used as growth promoting agents in Europe. The appearance of mul-
tiresistant S. Typhimurium in calves was perceived to be a very worrying devel-
opment and the use of such drugs for this purpose was first banned in the United 
Kingdom and then in the European Union but this has not so far happened in the 
United States or many other countries. After 1969 the pharmaceutical companies 
developed new antibiotics that were growth promoting but had no direct effect on 
Salmonella or E. coli. Their spectrum of activity was different. However, because 
they affected members of the gut flora, which were themselves inhibitory to  
Salmonella colonization, they altered the susceptibility of poultry to infection with  
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Salmonella. Some, such as tylosin and nitrovin and the glycopeptide avoparcin 
considerably increased fecal excretion of Salmonella (Smith and Tucker, 1978; 
Smith et al., 1985). This effect can be reduced by using lower concentrations in the 
feed. In addition to the effect on Salmonella, avoparcin also selects for resistance 
to glycopeptides, such as vancomycin in Enterococcus faecium (Wegener et  al., 
1999). This is potentially a very great public health threat since the transposon can 
transfer the resistance to multiresistant strains of Staphylococcus aureus (Noble 
et al., 1992). In addition, since poultry and pig E. faecium strains can colonize the 
human gut (Berchieri, 1999), the development of vancomycin-resistant S. aureus 
concerns those involved in human public health. The use of growth promoting 
antibiotics, including avoparcin, has now been banned in the European Union. This 
sort of action, without controlling import of poultry and poultry meat from outside 
the trading bloc, does not, however, completely solve the problem.

3.2.3 � Competitive Exclusion
Because young poultry, reared intensively, are slow to develop the complex intesti-
nal microflora of older birds, they are particularly prone to colonization with food-
poisoning salmonellas. Colonization resistance can be markedly increased, however, 
by the early establishment of an adult-type flora through oral administration of the 
requisite organisms. The phenomenon in poultry was first demonstrated by Nurmi 
and Rantala (1973) and is usually termed “competitive exclusion” (CE). Protec-
tion develops rapidly, is apparently unaffected by the breed, sex, or immune status 
of recipient birds and is active against all host nonspecific serotypes studied so far 
(Mead, 2000). Commercial CE products contain a wide variety of viable bacteria that 
are provided by cultures of cecal material from selected donor birds.

In addition to its use in very young chickens it has also been used following 
oral antibiotic treatment, although this approach is now discouraged for the reasons 
presented earlier. A third situation where it might be used is in birds that have been 
stressed by poor handling or management practices that could disrupt the normal gut 
flora; however, this application has been little studied as yet.

For a number of reasons its effectiveness in the field is less than under experi-
mental conditions. In treated flocks, the proportion of birds becoming Salmonella 
positive is reduced in comparison with untreated controls and for those birds that 
do become carriers, the numbers of salmonellas being shed are also generally lower.

3.3 � LEGISLATION
As a consequence of the S. Enteritidis epidemic, which resulted in high national pub-
licity and accompanying political fall-out, the United Kingdom and the Netherlands 
led the way toward European Union–level legislation (Directives 2160/2003 and 
1168/2006) to require monitoring for S. Enteritidis and S. Typhimurium, initially of 
breeder and layer flocks and eventually also of broilers and turkeys. The intention was 
to improve feed quality and ultimately to introduce a requirement for national control 
measures involving surveillance, biosecurity, and vaccination. Each EU member state 
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was required to develop and implement a series of National Control Plans (NCP) for 
Salmonella and to set out targets for its reduction. These plans were produced at dif-
ferent speeds in different countries and the legislation appears to be having a positive 
impact in reducing Salmonella levels within the European Union. Salmonella Enteriti-
dis declined from a peak of hundreds of infected flocks and over 20,000 human cases 
in England and Wales in 1992 to a handful of positive flocks and less than 5000 human 
cases by 2010. When considering PT4, the main cause of egg-associated infection in 
the United Kingdom, the decline has been even more marked, with a drop from over 
15,000 human cases in 1992 to 459 in 2010. The reduction of Salmonella in UK egg 
production is a clear success for control strategies such as the industry-led voluntary 
“Lion Mark” scheme introduced in 1998 and which included improved surveillance, 
hygiene, and biosecurity and perhaps, most significantly, vaccination of laying hens. 
Most of the measures included in the “Lion Mark” scheme enshrined in legislation 
within the UK NCP for the commercial egg sector. Furthermore, the NCP lays down 
specific requirements for surveillance in laying hens. Layers are tested for Salmonella 
at the hatchery, during rearing, at pullet placement, at the start of production, and every 
15 weeks during production. Eggs from flocks found to test positive for Salmonella 
cannot be sold as table grade eggs and in practice most positive flocks are culled and 
houses cleared of Salmonella before repopulation.

Despite these successes S. Enteritidis remains the most important serovar associ-
ated with food-borne salmonellosis worldwide.

Regular baseline surveys carried out by the European Food Safety Authority 
(EFSA) have given a clear snapshot of Salmonella in European poultry with preva-
lence in egg production falling across Europe and varying between 1% in the United 
Kingdom and 14% in Spain. In 2008, infection rates in broilers varied from <1% in 
Scandinavia through 14.9% in Spain to 85% in Hungary. Serovars such as S. Infantis 
and S. Hadar are becoming more prevalent in a number of EU countries.

Surveillance of Salmonella in the United States is more fragmentary and it is 
more difficult to evaluate, although evidence indicates that Salmonella infection 
remains a considerable problem. As much as 23% of US poultry meat is still infected 
with Salmonella (www.fsis.usda.gov). No specific strategy is in place for control, 
which may reflect state rather than federal decision making. The situation in Aus-
tralia is more interesting since, although around 13% of carcasses are contaminated 
with Salmonella at slaughter, more than half of these are S. Sofia, a serovar with a 
low potential for virulence in humans.

Countries such as Thailand, which have rapidly expanding industries for both 
domestic consumption and export, have recognized the problem and are developing 
strategies for the surveillance and control of both Salmonella and Campylobacter, 
although little information is available on Salmonella prevalence. Countries such as 
these are helped by the ability to build housing from zero with the required associ-
ated management regimens. In many other countries Salmonella remains a problem 
of secondary animal or human health significance.

No doubt the increasing globalization of trade in poultry meat will increase pres-
sure on producing countries to introduce targets for reducing levels of infection that 

http://www.fsis.usda.gov/
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will comply with the expectations of the consuming countries. This will inevitably 
lead to reduced levels of infection in an increasing number of countries.

3.4 � GENETIC RESISTANCE
It is apparent from the earlier sections that the pathogenesis of Salmonella involves 
several discrete stages, perhaps most crudely represented as the intestinal and sys-
temic phases of infection. It is also clear to those working with poultry during a 
period of just a few years that host genotypes and phenotypes can change rapidly. 
This is the result of manipulating host genetics to select for particular phenotypes 
especially those associated with production traits. However, inadvertently, infection 
resistance traits can also change as a result of this.

Mendelian inheritance of resistance to Salmonella has been reported for 
decades but during the 1980s a systematic investigation was made to identify the 
gene(s) involved through breeding for F1, F2, and backcrossing with SNP mapping 
to narrow down the chromosomal region associated with the trait. This was done 
with resistance to systemic salmonellosis using S. Typhimurium, S. Enteritidis, 
S. Gallinarum, and S. Pullorum. The patterns of resistance between the different 
inbred lines were the same for all serovars indicating a common mechanism. A 
similar pattern of resistance was also observed with another intracellular pathogen, 
M. avium infection (Bumstead and Barrow, unpublished results). The resistance, 
nominated the SAL1 locus, has been mapped to the long arm on chromosome 5 
(Fife et al., 2009). This region includes two candidate genes AKT1, a serine threo-
nine/kinase modulating apoptosis, cell proliferation, and development, and SIVA1, 
a proapoptotic factor. The SAL1 locus accounts for more than 50% of the resistance 
in the inbred lines with additional contributions from TLR4 and also NRAMP1 
(Slc11A1) (Hu et al., 1997).

Additional studies centered on the genetic basis to differences in the level of gut 
colonization and fecal excretion of S. Typhimurium and S. Enteritidis in inbred lines. 
Resistance was not sex linked and a dominant trait not linked to MHC, SAL1, or to 
the gut flora. Interestingly, the resistance to Salmonella colonization was mirrored in 
the patterns of resistance to Campylobacter jejuni (Boyd et al., 2005). Mapping this 
trait has been difficult (Fife et al., 2009; Calenge et al., 2010; Tilquin et al., 2005).

How far this information can be manipulated to increase resistance to infection 
without other deleterious changes in phenotype remains to be seen. However, sim-
ple selection using normal breeding techniques may be done; alternatively genetic 
manipulation through deriving transgenic animals will also offer the opportunity of 
making beneficial changes.

4. � CONCLUSION AND SYNTHESIS
Our understanding of the biology of Salmonella infection in layers has improved during 
the last 10 years by the use of standard microbiology and with the technical improve-
ments in molecular biology, bacterial genetics, and avian immunology. These have led to 
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improvements in diagnosis and will lead to improved efficacy in the vaccines used, which 
have until now been developed largely empirically. By the same token, other approaches 
to controlling Salmonella infection, such as the use of competitive exclusion, have also 
been applied without a full understanding of the mechanism involved. Although the 
application of avian genetics is in its infancy, this technology, perhaps combined with 
other approaches such as vaccination, would seem to be the most promising in the long 
run in terms of biological approaches to controlling Salmonella infection. However, as 
with all technologies a note of caution must be introduced. Individual genes are now 
being identified that are associated with resistance but only with a percentage of the full 
resistance trait. The complexity of the involvement of individual genes, their interaction 
with other genes, either also involved in disease resistance or other traits not related to 
infection, and their effects on production traits remain a long way from realization.

There are huge problems in livestock rearing; the one with the greatest poten-
tial to cause disruption in productivity and animal and public health is antimicro-
bial resistance. This will require huge changes in the longer term in poultry health 
management. In countries such as Thailand, which are now expanding their poultry 
industry, involving the introduction of the newest and best quality housing and infra-
structure are leading the way. This is built on the understanding that management 
including biosecurity, food quality, and housing will remain the approaches to infec-
tion control with the greatest likelihood of long-term success.
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CHAPTER

Developments in 
Detection Strategies for 
Salmonella Enteritidis in 
Layer Hen Flocks

Doug Waltman
Georgia Poultry Laboratory Network, Gainesville, GA, United States

1. � INTRODUCTION
An article was published in 1988 that forever changed the poultry industry. St. Louis 
et al. (1988) reported an increase in food-borne Salmonellosis in the northeastern 
United States caused by Salmonella Enteritidis (SE) and they implicated grade A 
shell eggs as the source. This revelation prompted sweeping changes for veterinar-
ians and live production workers, resulting in a dual focus on avian and public health.

The impact of this finding can best be appreciated by looking back to the pre-SE 
poultry and research community. Before 1988, the industry had successfully dealt 
with three Salmonella challenges. First, pullorum disease (PD) and fowl typhoid (FT) 
were successfully controlled. Second, egg-associated salmonellosis was resolved 
with the Egg Products Inspection Act of 1970, which removed cracked and lower 
quality eggs from the table egg market. And then, the problem of Salmonella in feed 
was reduced by restricting some feed sources (e.g., fish meals) and using better sur-
veillance. The resulting lull in Salmonella problems in poultry meant that relatively 
few laboratories in the United States were actively working with Salmonella and 
most of the work was with processing plants and feed.

The new challenge was SE in eggs. After the initial denial and finger-pointing 
phase it was obvious that something had to be done. Similar food-borne disease 
problems were being found and dealt with in Europe and other parts of the world 
(Barrow, 1992), but in some ways the European problem was different. The particu-
lar phage type (PT) of SE was PT4, and it was causing mortality in chickens and was 
associated with meat-type birds as well. Scientists and others were asking what was 
different about SE. Why was it contaminating eggs?

A great deal of research was initiated to provide answers related to the epide-
miology, infectivity, pathogenesis, detection, and laboratory methodology. Numer-
ous questions needed answers, and perhaps the most critical one was how to detect 
infected flocks that are laying contaminated eggs so they will not enter the food 
chain? What do we sample? How do we monitor? How do we test?

9
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2. � GENERAL DETECTION STRATEGIES
Not only did the “poultry industry” change, but also its philosophy, purpose, and 
process of testing. Media and methods had to be developed or modified to meet the 
new challenges of detecting SE.

2.1 � SEROLOGICAL TESTING
One of the first detection strategies investigated was serological testing. PD and FT 
had been detected and brought under control by identifying positive flocks using a 
simple agglutination test (NPIP, 1989). Both of those Salmonella serotypes belong to 
serogroup D1, which is the same serogroup as SE. When SE infects birds, it should 
elicit an immune response similar to S. Pullorum (SP) and S. Gallinarum (SG). 
Therefore the same agglutination test and antigen that detected antibody responses 
to SP and SG should detect antibody responses to SE.

The Pullorum-Typhoid test requirement was incorporated into the National Poultry 
Improvement Plan (NPIP) US Sanitation Monitored classification for multiplier breeders, 
not to detect SP or SG, but to detect SE (NPIP, 1989), and it is still part of the US S. 
Enteritidis Monitored classification (NPIP, 2014a,b). The primary breeding flocks were 
already being tested for PD and FT. If any birds were positive, they were submitted (up to 
25 birds) to an authorized laboratory and cultured.

The Pullorum-Typhoid agglutination tests, although successful for detecting PD and 
FT, suffer from sensitivity and specificity problems for detecting SE and other paraty-
phoids (Weinack et al., 1979; Cooper et al., 1989; Timony et al., 1990; Poppe et al., 1992; 
Mutalib et al., 1992). Researchers needed to develop a test that would reliably detect 
infected flocks while maintaining a high level of specificity. The enzyme-linked immu-
nosorbent assay (ELISA) is more sensitive and identifies more infected individual birds 
than the agglutination tests (Barrow, 1992). What showed great promise under experi-
mental conditions did not do as well under field conditions. The ELISA is, however, 
being used under specific circumstances with some flocks in some countries.

Several review articles have discussed using serology, especially ELISA, for detect-
ing Salmonella or SE-infected flocks (Barrow, 1992, 1994, 2000; Barrow et al., 1996) as 
well as the development of ELISA using lipopolysaccharide, fimbrial antigens, flagellar 
antigens, and other cell associated antigens (Chart et al., 1990; Thorns et al., 1990; Kim 
et al., 1991; Nicholas and Cullen, 1991; van der Heijden and van der Wijngaard, 1992; 
Wray et al., 1992; Van Zijderveld et al., 1992, 1993; McDonough et al., 1998).

According to the World Organization for Animal Health (OIE), microbiological 
testing is preferred to serological testing because of its higher sensitivity in broiler 
flocks and higher specificity in breeder and layer flocks (OIE, 2015).

2.2 � BIRD TESTING
Another strategy of detecting infected flocks involved testing birds. Birds were 
submitted for necropsy and cultured for Salmonella. Early on, some wanted to 
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differentiate between internal organ positive and intestinal or environmental 
positive. The lungs and intestines had to be cultured separately (if cultured at all) 
from the internal organs and reproductive tract, because the former were considered 
“environmental” isolations. A bird or flock was only considered infected if SE 
was isolated from the internal organs (Proposed Voluntary Model State Program, 
Salmonella Committee of the Northeastern Conference on Avian Diseases, August 
25, 1988, September 1, 1988, March 1, 1989). Over time the logic of this distinction 
was not borne out, and today SE isolation from any site in the bird is considered 
to be SE positive.

SE, at least in the United States, was unlike the other invasive serotypes (SP and 
SG) in that there was little mortality or morbidity as commonly found with other 
paratyphoid infections in mature poultry (Gast, 2013). Mortality, morbidity, or pro-
duction parameters cannot predict if a flock is positive.

The major problem with the strategy of bird testing is the number of birds that 
have to be tested. Typically the prevalence of SE in a flock is very low and may vary 
from one flock to another. Not all birds will be positive at one time or ever. Certainly, 
some may be clearing the infection, whereas others may be acquiring it. In addi-
tion, testing birds is laborious and economically not feasible. Studies show that even 
in infected flocks or flocks living in environmentally positive houses, only a small 
percentage of birds are positive, and many times it is the intestinal tract and not the 
organs or reproductive tract that is positive (Poppe et al., 1992; Kinde et al., 1996; 
Faddoul and Fellows, 1996).

Bird testing, although not recommended as a screening test, is still used as a con-
firmatory test. Within the NPIP, culturing birds for SE follows the detection of SE in 
the environment of the house. For egg-type breeders, 60 birds are randomly submit-
ted and cultured for Salmonella. If SE is found in the birds, the flock either loses its 
classification or is depopulated (NPIP, 2014a,b).

Some older Salmonella testing programs utilized cloacal swabs as the method of 
testing birds (Ellis et al., 1976). The practice has largely been discarded as a screen-
ing test because cloacal swabs lack sensitivity (Hinton, 1988; Mutalib et al., 1992), 
fecal shedding is sporadic and Salmonella may be shed in low numbers (Carrique-
Mas and Davies, 2008), typically low prevalence in the flock, and is labor intensive.

Isolation of SE from individual bird samples or pooling of samples is likely to 
show low sensitivity compared with indirect environmental monitoring (Van der 
Giessen et  al., 1991; Mutalib et  al., 1992; Poppe et  al., 1992; Skov et  al., 1999; 
Carrique-Mas and Davies, 2008).

2.3 � EGG TESTING
Ultimately, the definitive sample would be the egg itself; after all, that is the source of 
the SE and the human infections. Studies show the number of contaminated eggs is 
very low even from infected flocks (Humphrey et al., 1989, 1991; Kinde et al., 1996; 
Schlosser et al., 1999; Humbert, 2000). Two US Department of Agriculture (USDA) 
Risk Assessments (1998, 2005) reported that industry wide about 1 in 20,000 eggs 
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may be contaminated with SE. In addition, of the SE-positive eggs, the vast major-
ity contain very low numbers of SE (Humphrey et al., 1989, 1991). Studies showed 
that contaminated eggs were laid intermittently and would be shed for only a limited 
amount of time. For these reasons, egg testing is not a feasible screening method for 
detecting SE-positive flocks or positive eggs. However, egg testing may serve as a 
confirmatory test after SE is detected in commercial layer environmental samples. 
The US Food and Drug Administration (FDA) Egg Safety Rule (FDA Egg Safety 
Rule, 2009) established guidelines for sampling and testing layer flocks for SE and 
the consequences of detection.

Interestingly, there is a linear relationship between the rate of contamination of 
egg contents and the prevalence of infected chickens (Arnold et al., 2014). They also 
found a much higher level of egg shell surface contamination than internal contents 
contamination. This emphasized that some of the contamination may come from the 
feces present on the shell surface. The presence of Salmonella on the surface may 
result in shell penetration into the interior or serve to directly contaminate individu-
als, especially outside the United States where eggs are not routinely washed.

2.4 � ENVIRONMENTAL TESTING
Finally the screening test of choice to detect SE-positive flocks was based on the 
environmental sample. The environmental test provides indirect evidence that the 
birds are infected or colonized because samples are tested from the hatchery or house 
environment and not the birds directly. The rationale was that even though SE was 
invasive similar to SP/SG and may infect the internal organs and reproductive tract, 
it also acts as a paratyphoid Salmonella in colonizing the intestinal tract, resulting 
in shedding into the environment. Studies have shown that, although SE may be 
isolated from organs or reproductive tissues, it may commonly be isolated from the 
intestine (Poppe et al., 1992; Kinde et al., 1996; Faddoul and Fellows, 1996). There-
fore if SE is detected in the environment of the bird it either got there from the bird 
or its presence in the environment could serve to infect or colonize the bird. An early 
industry concern was that finding SE in the environment may not be evidence of 
infection in birds, but may be from feed, rodents, insects, or other sources. It is quite 
possible that SE’s presence in the house is from other sources; however, once it is in 
the house it can infect the birds.

Environmental sampling has proved to be relatively easy to perform, and pro-
vides a good screening test with high sensitivity (Poppe et  al., 1992; Davies and 
Breslin, 2001; Kinde et al., 2005; Gast, 2007; Arnold et al., 2010).

3. � SAMPLE TYPES AND SAMPLE COLLECTION
Because SE may infect the reproductive system and be deposited in eggs, it pre-
sumably could be vertically transmitted to offspring thus spreading the infection. 
Therefore initially the breeder flocks were targeted for monitoring and control. In 
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the United States the NPIP became the agency directly involved in testing breeding 
flocks for SE (NPIP, 2014a,b).

3.1 � BREEDER HOUSES
Typically, birds are raised in a separate pullet facility and are moved into breeder 
houses before the onset of sexual maturity and lay, which means the birds experi-
ence the stresses of moving and coming into sexual maturity and egg production. 
Stress increases the susceptibility of birds to Salmonella infection. In addition, the 
birds will remain in the house for 40 or more weeks. The extended life span provides 
adequate time for Salmonella to be introduced into the house environment from any 
of a number of sources. Therefore an ongoing program of testing, which begins in the 
pullet phase and continues for the life of the flock, is necessary to detect the introduc-
tion or presence of Salmonella in the house.

For years, the house environmental sample was the pooled litter sample. The 
effectiveness of the litter sample depended on the collector and the number of areas 
of the house that were sampled. The greater the number of areas collected, the better 
the test results. Ellis et al. (1976) recommended that the number of pooled samples 
collected be based on the size of the house or the number of birds in the house.  
Olesiuk et al. (1969) had reported that infected flocks were detected more consistently 
by testing floor litter than by serologic tests or culture of cloacal swabs, nest litter, 
drinking water, eggs, or embryos.

Several studies (Opara et al., 1992; Juven et al., 1994; Mallinson et al., 2000b; 
Hayes et al., 2000) showed a correlation between the available water (Aw) in the 
floor litter and the presence or level of Salmonella. Mallinson et al. (2000b) sug-
gested a potential intervention strategy is to maintain the house environment as 
dry as possible. From a sampling perspective, areas with higher Aw values may be 
better sample sites.

Salmonella is not uniformly distributed in the house litter (Riemann et al., 1998; 
Hayes et al., 2000; Rolfe et al., 2000), which is one reason the drag swab (DS) is more 
effective than the litter sample (Kingston, 1980; Mallinson et al., 1989; Hayes et al., 
2000; de Rezende et al., 2001). The DS sample increases the area of the house floor 
that is sampled and is easier to collect and work within the laboratory (Mallinson 
et al., 1989; NPIP, 2014a,b).

Studies have shown a correlation between the number of DS sample sets 
tested and the detection of Salmonella-positive houses (Caldwell et  al., 1995; 
Mahe et al., 2008; Waltman, unpublished data). To detect positive houses with 
low levels of Salmonella a sufficient number and sampling sites of samples need 
to be collected.

The disadvantage of the DS is its small size, resulting in a small surface area for 
sample collection and the possibility of getting it stuck in or fall through the slats 
in the house if present. The boot swab (BS) has evolved from a sponge or piece of 
gauze attached to a boot, to a piece of fabric tied to the boot, to a hair net covering the 
boot, to a sock-like material placed over the boot, to its current status of an absorbent 
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material that is placed over a boot or boot cover and held in place by an elastic band. 
The current BS stays in place, is absorbent, has a much larger surface area than the 
DS, and allows the collector to walk through the house and do other duties while 
collecting the sample.

Studies have shown the BS is as good as or better than the DS (Caldwell et al., 
1998; McCrea et al., 2005). Skov et al. (1999) found the recovery of Salmonella 
from five pairs of socks and 300 fecal samples (60 pools) were comparable. Gradel 
et  al. (2002) showed that five pairs of socks were better than 60 fecal samples. 
Two pairs of socks were not as effective as five pairs, but was better than 60 fecal 
samples. Arnold et al. (2009) compared a pooled pair of BS, two dust samples, and 
60 fecal samples. They recommended the use of a pooled pair of BS and two dust 
samples. Buhr et al. (2007) compared four sampling methods for detecting Salmo-
nella and found recovery rates of 59% from socks, 36% from DS, 31% from litter, 
and 22% from feces.

Carrique-Mas and Davies (2008) recommended that Salmonella monitoring 
programs include sampling for feces/litter and dust. They found that it was com-
monly easier to isolate Salmonella from dust than from feces. They suggested that 
it may be due to the relative advantage Salmonella has in that matrix compared 
with other bacteria. Ellis et al. (1976) also reported that in some areas dust was 
more frequently contaminated with Salmonella than floor or nest litter. Waltman 
(unpublished data) found more Salmonella-positive houses when both DS and dust 
were tested.

Other samples types may be of use perhaps not for routine monitoring but in an 
intensive sampling situation or after cleaning and disinfection. For example, Davies 
and Wray (1996) found swabs from nest box floors and slave feed hoppers gave a 
higher isolation rate than litter, dust, and drinker samples.

3.2 � HATCHERY
Because SE can be vertically spread from parent to offspring, the hatchery becomes 
a site for testing. Sampling the hatchery not only may serve to identify SE or other 
Salmonella-infected flocks, but also may be used to determine whether the hatchery 
is contaminated and the effectiveness of the hatchery cleaning and disinfection 
procedure.

Common hatchery samples include fluff, hatch residue, dead-in-shell embryos, 
chicks, and chick papers. Fluff and hatch residue are easy to collect and represent a 
large number of birds. If only one flock was hatched in a particular hatcher, they are 
good indicators of the Salmonella status for the breeder flock and the chicks hatched. 
However, they are somewhat difficult to work with in the laboratory, because both 
have high levels of background flora including Proteus spp. and Pseudomonas spp., 
fluff tends to go airborne possibly becoming a source of laboratory contamination, 
and egg shells will cut through plastic bags. Dead-in-shell embryos and chicks are 
not as representative of the flock status because of the limited number of birds/
embryos tested. They also require more labor in sample preparation. The commonly 
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recommended procedure for flock testing is sampling the chick papers. Each paper 
represents 100 chicks, and the recommended procedure in the United States is to cul-
ture 10 papers or the number that represents 10% of the flock (NPIP, 2014a,b). In the 
European Union (EU), the recommendation is to test one chick box liner for every 
500 chicks (European Commission No. 1168/2006).

3.3 � LAYER HOUSE
Unlike breeder house, which all have a very similar design, layer houses have a vari-
ety of sizes and styles. Depending on the type of house, the particular samples that 
are collected may vary. The challenge of sampling layer houses has increased with 
the move toward cage-free, free range, or pastured flocks.

In the United States there has been an ongoing debate over whether the manure-
type samples or the egg machinery samples are better. The SEPP Progress Report  
(1995) found 18% of walkways, 17% of egg machinery swabs, 15% of manure DS, 
14% of manure scraper swabs, and 12% of fans were positive for SE (essentially no 
difference in the recovery rates from the different samples). In a subsequent national 
survey, National Animal Health Monitoring System Layer ‘99 (USDA, 2000), the 
reported percentages of SE by sample type were: egg belt (48%), elevator (45%), 
manure (20%), and walkway (18%). Clearly, the egg machinery samples were more 
effective. This study also found that 60% of the SE-positive houses only had one 
SE-positive sample, and no houses had over two SE-positive samples (typically 17 
samples were collected from each house).

The USDA conducted another industry survey in 2013 (USDA, 2014) asking 
what samples were being tested (not the results) on the layer farms. Data from 2008 
to 2013, respectively, were: manure (98% and 97%), egg belts (17% and 13%), eleva-
tor equipment (11% and 10%), and nests (3% and 7%). The results appear to reflect 
the position of FDA for manure-based samples.

The European Commission (EC, 2004) baseline study of the prevalence of Sal-
monella in laying flocks required the collection of five naturally pooled samples 
of feces/litter from each layer house. For cage houses, each fecal sample consisted 
of 200–300 g from 20 to 40 locations. In floor housing systems, five pairs of BS 
were collected. Gradel et al. (2002) tested houses using two and five pairs of socks 
and 60 fecal samples. The two pairs of socks (one sample) were equal to the 60 
feces (one pooled sample); however, five pairs of socks (five samples) gave the 
best recovery.

Studies have concluded that the collection of naturally pooled fecal material is 
preferable to individual droppings (Davies and Breslin, 2001; Carrique-Mas and 
Davies, 2008; Arnold et al., 2011). Waltman (unpublished data) extensively sampled 
34 layer houses for the isolation of SE and other Salmonella and found the following 
percent positive: manure-type samples (83%), egg machinery samples (55%), walk-
way DS (59%), dust swabs (44%), and dust (62%). Kinde et al. (2005) environmen-
tally sampled two layer flocks and found litter was more commonly positive than egg 
belts. Fan dust swabs were also found to be a good sample source.
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3.4 � SAMPLING PROGRAMS
3.4.1 � NPIP (NPIP, 2014a,b)
The environmental sampling recommendations of the NPIP Salmonella-related clas-
sifications for breeder flocks include chick paper samples, DS or BS samples, and 
dust or egg belt samples. Layer pullet houses are tested initially between 2 and 4 
weeks of age and every 30 days. After moving to the breeder house, the testing con-
tinues at 30-day intervals for the life of the flock. If SE is isolated from the house 
environment, 60 birds are submitted for necropsy and culture.

3.4.2 � FDA Egg Safety Rule (FDA, 2009)
The FDA Egg Safety Rule provides guidelines for testing commercial layer flocks. 
Manure-based samples are the preferred sample type, if possible, and the DS is the 
preferred sampling device. Flocks are tested at 14–16 weeks, 40–45 weeks, and 
4–6 weeks after molt. Generally, two DS are collected for each row/bank. For trace-
back testing, manure is tested, plus egg belts and deescalators, fans and walkways.

Because of the variations in housing types and production practices, FDA has 
published two guidance documents to provide some guidance for designing a sam-
pling procedure (FDA, 2011, 2013).

3.4.3 � EU Baseline Prevalence Survey
In 2004/2005 all EU member states were required to carry out a standardized survey 
to establish the baseline prevalence of Salmonella in commercial laying flocks. For 
caged houses, five fecal samples were collected each comprising 200–300 g and two 
dust samples comprising 50 g each. For noncaged houses, five pairs of BS and two 
dust samples were collected.

3.4.4 � National Control Programs
The National Control Programs guidelines require a Salmonella test during the rear-
ing stage, between 22 and 26 weeks of age, and then every 15 weeks during lay. In 
addition, an official sampling by the competent authority is required on one flock per 
holding per year. In caged houses, two 150-g naturally pooled fecal samples are col-
lected. In noncage houses, the operator collects a pair of BS. For the official test, the 
competent authority collects two pairs of BS and 100 g of dust.

4. � CULTURE METHODS
Once it was determined that the environmental sample was the source for the culture, 
it became clear that the existing media and methodology were not sufficiently sensi-
tive or specific. Methods for the isolation of Salmonella were initially developed for 
clinical specimens in humans and subsequently animals. Later when food became 
the apparent source of the infection, microbiologists naturally applied methods that 
were effective in the clinical area to the food area (Galton et al., 1968; Fagerberg and 
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Avens, 1976). Those methods were not as effective, and then as they were applied to 
farm or environmental samples, they were severely lacking. Each aspect of the cul-
ture process—primary and secondary enrichment, incubation temperature and time, 
and plating media—had to be optimized.

4.1 � ENRICHMENT
4.1.1 � Pre-enrichment
Pre-enrichment (PE), or the use of a nonselective enrichment to resuscitate damaged 
or “sublethally injured” Salmonella, was initially applied to feed and food samples 
because the processing that occurs with those samples may have resulted in damaged 
cells. Studies have shown that PE with Buffered Peptone Water (BPW) could be used 
in conjunction with selective enrichments for feces and environmental samples (Edel 
and Kampelmacher, 1973; Vassiliadis, 1983; Van Schothrust and Renaud, 1983).

4.1.2 � Selective Enrichment
Galton et al. (1968) found that it was difficult to isolate Salmonella without selective 
enrichment if the ratio of coliforms to Salmonella was as low as 10:1. The back-
ground flora in most fecal and environmental samples is extremely high. Therefore 
selective enrichment is necessary to reduce the level of non-Salmonella bacteria 
while increasing the level of Salmonella.

4.1.2.1 � Selenite Enrichment
Various formulations of selenite enrichment have been used for a hundred years 
(Guth, 1916; Leifson, 1936; North and Bartram, 1953; Stokes and Osborne, 1955). A 
study by Waltman et al. (1995) compared three selenite formulations with three tetra-
thionate (TT) enrichments and found the recovery rate from the selenite enrichments 
was substantially less. Other studies have also found selenite enrichment was not as 
sensitive as TT or Rappaport-Vassiliadis (RV) (Rall et  al., 2005; Schonenbrucher 
et al., 2008).

In addition to the lower recovery, selenite enrichments are reduced to the toxic 
heavy metal selenium. The Environmental Protection Agency considers selenite a 
toxin and carcinogen. It is also classified as a hazardous material and must be dis-
posed of under restricted conditions.

4.1.2.2 � Tetrathionate Enrichment
TT enrichment was formulated by Mueller and Kauffman (Mueller, 1923; Kauffman, 
1930, 1935) and modified by Hajna and Damon (1956) and Jeffries (added novobiocin,  
1959). TT enrichment may be used as either a direct selective enrichment or as a  
secondary enrichment following PE.

Waltman et  al. (1995) compared direct enrichment in TT broth base, TT with 
brilliant green (TBG), and TT Hajna (TTH) incubated at 37°C and 42°C. There was 
essentially no difference between any of the formulations or the temperatures of 
incubation, except the TTH incubated at 42°C, which had about a 5% lower recovery 



CHAPTER 9  Detection strategies for Salmonella Enteritidis170

rate. They also compared PE in BPW followed by enrichment in TTH, RV, and modi-
fied semisolid Rappaport-Vassiliadis (MSRV) media and found them to be compara-
ble or slightly better than the direct TT enrichments. The best recovery was following 
delayed secondary enrichment (DSE) procedure, which was about 15–20% more 
sensitive.

Rybolt et al. (2005) found both TT and RV alone were not very sensitive; how-
ever, in combination, their collective sensitivity was much better. Some isolation 
protocols require both selective enrichments be used in combination following PE. 
Poppe et  al. (1992) compared PE followed by selective enrichment in TBG and 
MSRV. They found that TBG was best for isolating Salmonella from tissue samples, 
but MSRV was better with environmental samples.

4.1.2.3 � Rappaport-Vassiliadis Enrichment
RV enrichment was formulated by Rappaport et al. (1956) and Vassiliadis et al. (1970, 
1976). The medium has the advantage of being autoclavable and may be stored in the 
refrigerator. The enrichment was designed to follow PE and be inoculated at a ratio 
of 1:100. The initial work was done with fecal samples, but has been extended to all 
sample types. Van der Zee et al. (1990) reported that RV was inhibitory to SE PT4, 
which may result in the underestimation of the prevalence of SE in samples.

4.1.2.4 � Modified Semisolid Rappaport-Vassiliadis Enrichment
Goossens et al. (1984) developed a semisolid media based on the Rappaport enrich-
ment, and DeSmedt et al. (1986) and DeSmedt and Bolderkijk (1987) formulated 
the current commercial MSRV. Part of the selective ability of MSRV is the semisolid 
matrix that allows for the selective migration of motile Salmonella. Therefore MSRV 
is not recommended for the isolation of nonmotile Salmonella (i.e., SP and SG). 
Since some paratyphoid Salmonella may be nonmotile, it is a good practice to plate 
MSRV enrichments after incubating 48 h even if there is no migration.

Waltman (unpublished data) compared the isolation of Salmonella from naturally 
contaminated environmental samples by direct TT enrichment, direct TT enrichment 
followed by DSE, and direct TT followed by MSRV. The TT/MSRV method was more 
sensitive for Salmonella in general and SE in particular (Fig. 9.1). A follow-up study 
compared additional enrichment combinations (Fig. 9.2). The best recovery was TT/
MSRV followed by BPW/MSRV. The BPW/TTH and BPW/RV methods, which are 
common in many isolation protocols, were not sensitive for Salmonella, especially SE.

4.2 � INCUBATION TEMPERATURE AND TIME
Conventional protocols incubate PE media at 35°C to 37°C. Direct TT enrichment 
or TT enrichment following PE is incubated at 37°C or 41–43°C, depending on the 
sample and procedure. RV and MSRV are typically incubated at 41–42°C. Gener-
ally, bird tissues or organs are incubated at 37°C, and intestines, intestinal contents, 
or environmental samples are incubated at 41–43°C. Higher temperatures are usually 
used with samples with higher bacterial background.



4.  Culture Methods 171

0

10

20

30

40

50

60

70

80

90

100

TT37 TT37/DSE TT37/MSRV

%
 P

os
iti

ve

Salmonella

SE

FIGURE 9.1

Isolation of Salmonella from 2548 naturally contaminated environmental samples using  
different enrichment procedures. There were 1132 samples positive for Salmonella and 
336 positive for Salmonella Enteritidis. DSE, delayed secondary enrichment; MSRV,  
modified semisolid Rappaport-Vassiliadis; TT37, tetrathionate enrichment incubated at 
37°C
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FIGURE 9.2

Isolation of Salmonella from 867 naturally contaminated environmental samples using 
different enrichment methods. There were 407 samples positive for Salmonella and 128 
positive for Salmonella Enteritidis. BPW, Buffered Peptone Water; DSE, delayed secondary 
enrichment; MSRV, modified semisolid Rappaport-Vassiliadis; RV, Rappaport-Vassiliadis; 
TT37, tetrathionate enrichment incubated at 37°C; TTH, tetrathionate Hajna.



CHAPTER 9  Detection strategies for Salmonella Enteritidis172

Some Salmonella serotypes (e.g., SP and SG) do not tolerate higher temperatures 
and should be incubated at 37°C. Also it is important to monitor the inside tempera-
ture of the incubator, especially with higher incubation temperatures, to make sure 
there are no spikes in temperature, which would prove lethal to Salmonella.

Typically PE media is incubated for 18–24 h, and TT and RV enrichments 
are incubated for 20–24 h. Some protocols may recommend an additional 24-h 
incubation if there are no Salmonella suspect colonies on the plating media. 
MSRV is incubated for 20–24 h, and if there is no zone of migration, reincubated  
another 24 h.

In the United States, NPIP recommended the use of DSE for increasing the isola-
tion of Salmonella from clinical and environmental samples until 2010. NPIP con-
tinues to recommend DSE for clinical samples, but direct TT enrichment followed 
by MSRV is now recommended for environmental samples (NPIP, 2014a,b). DSE 
is the process in which the sample is incubated in TT for 24 h and plated (Pourciau 
and Springer, 1978; Rigby and Pettit, 1980). The enriched sample is left at room 
temperature for 5–7 days. If the initial plating was negative for Salmonella, 1 mL of 
the sample is inoculated into a tube of TT, incubated, and plated again. DSE had been 
shown to be the most sensitive isolation method until the recent MSRV modification 
(Waltman et al., 1991, 1993, 1995).

4.3 � PLATING MEDIA
Selective enrichment increases the level of Salmonella relative to other bacteria; how-
ever, rarely does the enrichment eliminate all other bacteria. Therefore the enrich-
ment is inoculated onto plating media that has two important characteristics. First, 
the plating media are selective, inhibitory dyes or chemicals, antibiotics, or other 
conditions further inhibit background flora in favor of Salmonella. Second, because 
other bacteria are still commonly present, the plating media must have some differ-
ential characteristic, such as fermentation of sugar, H2S production, or chromogenic 
response. Typically, two plating media are used in isolation protocols; each should 
have different selective and differential characteristics. It is essential that the plating 
media be able to detect not only typical Salmonella colonies, but also atypical ones, 
such as H2S negative, lysine negative, and lactose positive.

In the late 1980s, the available plating media (Bismuth Sulfite, MacConkey; 
Deoxycholate citrate agar; Salmonella Shigella; Mannitol lysine crystal violet bile 
agar; Hektoen Enteric, HE; and Brilliant Green agar, BGA) were being used with 
various degrees of effectiveness. When these plating media were applied to feces and 
environmental samples, the sensitivity and especially the specificity were lacking. 
Most of these media suffered from the presence of Proteus spp., which looks like 
Salmonella.

Studies showed that the addition of novobiocin to plating media (e.g., BGA, HE, 
Modified Lysine Iron Agar, Xylose Lysine Desoxycholate (XLD)) would inhibit Pro-
teus, resulting in increased sensitivity and specificity (Hoben et al., 1973; Restaino 
et al., 1977, 1982; Tate et al., 1990, 1992; Miller et al., 1991).
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Miller et al. (1991) developed a new plating media specifically formulated for 
environmental samples. The media, Xylose lysine tergitol 4 (XLT4), is a modifica-
tion of XLD agar, but the desoxycholate was replaced by Tergitol 4 (Niaproof 4). 
Several studies have shown it to be highly sensitive and specific (Miller et al., 1991; 
Tate et  al., 1992; Dusch and Altwegg, 1995; Mallinson et  al., 2000a). Mallinson 
et al. (2000a) modified XLT4 to increase its sensitivity and specificity especially for 
detecting weak H2S-producing Salmonella.

Miller-Mallinson agar was formulated for enhanced detection of weakly H2S-
positive Salmonella (Mallinson et  al., 2000a; Miller and Mallinson, 2000). They 
incorporated Niaproof 4 as the selective agent and XGAL (5-bromo-4-chloro-
3-indolyl-beta-D-galactopyranoside) for its chromogenic characteristics.

Waltman et al. (1995) compared the recovery rates and specificity of several plat-
ing media from naturally contaminated environmental samples (Fig. 9.3). XLT4 was 
the best plating media followed by media that contained novobiocin.

The first of many chromogenic agar media was Rambach (RAM) agar (Rambach, 
1990). It was based on the fermentation of propylene glycol and a chromogenic 
detection of beta-galactosidase. Carrique-Mas et  al. (2009) found RAM agar was 
more sensitive than Brilliant Green Agar supplemented with novobiocin (BGN) and 
XLD; however, it was important to screen the pale orange colonies on RAM. Davies 
and Wray (1996) used RAM as the sole plating media from MSRV enrichment.
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FIGURE 9.3

Recovery rates and percentage false-positive rates for various plating media following 
selective enrichment of naturally contaminated environmental samples. BGN, brilliant 
green agar supplemented with novobiocin; HE, hektoen enteric; HEA, hektoen enteric 
agar; MLIA, modified lysine iron agar; RAM, rambach; XLD, xylose lysine desoxycholate 
agar; XLDN, xylose lysine desoxycholate agar supplemented with novobiocin; XLT4,  
xylose lysine tergitol 4.
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Many other chromogenic plating media are currently available that typically have 
good sensitivity and specificity; however, the cost is typically much greater than 
conventional media.

4.4 � SCREENING SUSPECT COLONIES
Because the selective and differential characteristics of the plating media are not 
always definitive for Salmonella, the resulting colonies must be confirmed as Sal-
monella. That process typically begins by screening with triple sugar iron (TSI) and 
lysine iron agar (LIA) slants. Three to five colonies that display morphologies con-
sistent with Salmonella are inoculated individually into tubes of TSI and LIA. Based 
on the resulting reactions in the tubes, the respective isolates are discarded as not 
Salmonella or processed further to biochemically and serologically confirm. When 
using TSI and LIA, it is imperative that if either tube gives a reaction consistent with 
Salmonella the isolate is processed further.

The enrichment procedures that use MSRV as the secondary enrichment and the more 
selective plating media have dramatically reduced the number of false-positive colonies 
on the plates. It was not uncommon in the past to have false-positive rates greater than  
30% from some plating media (Dunn and Martin, 1971; Taylor and Shelhart, 1971; Kom-
atsu and Restaino, 1981; Waltman et al., 1995). With the newer methodologies, false-
positive rates are routinely less that 5%. This reduction in the number of false-positive 
colonies has resulted in greater sensitivity and the increased potential to detect multiple 
serotypes. It is important when picking Salmonella suspect colonies to pick various 
colony morphologies consistent with Salmonella to increase the possibility of detecting 
multiple serotypes. As we are targeting specific serotypes (e.g., SE and ST), they may be 
present in mixed populations of Salmonella and must be detectable.

Because of the reduced number of false-positive colonies some laboratories have 
instituted different procedures for screening colonies. Some laboratories go directly 
to biochemical or serological methods.

4.5 � ISOLATION PROTOCOLS
Depending on the country or region, there are several isolation protocols or pro-
grams for the detection of Salmonella, including ISO-6579:202 (ISO, 2002a), ISO-
6579:2002 Annex D (ISO, 2002b), NMKL 71 (NMKL, 1999), FDA environmental 
and egg testing procedures (FDA, 2007, 2008), and the NPIP environmental testing 
procedures (NPIP, 2014a,b).

All of the procedures, except the NPIP TT/MSRV procedure, pre-enrich with 
BPW. The ISO06579:2002, FDA and NPIP PE procedures use both TT and RV 
as secondary enrichments. The NMKL 71 procedure uses only RV. The ISO and 
NMKL 71 procedures specify plating only XLD and either BGN or a second plate 
of the laboratory’s choice. The FDA environmental procedure specifies BGN and 
XLT4 plates, and the NPIP procedures recommend BGN and XLT4, but they are not 
required.
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4.6 � CONFIRMATION
4.6.1 � Biochemical Identification
Suspect isolates should be confirmed biochemically because some non-Salmonella 
may react with serogrouping antisera. Biochemical identification may be done using 
commercially available automated or manual systems or utilizing tube media (Jones 
et al., 2000). The biochemical characteristics of Salmonella have been detailed by 
Ewing (1986).

4.6.2 � Serological Typing
The serological typing of Salmonella depends on the detection of both somatic 
O-antigens and flagellar H-antigens. Classical serotyping utilizes specific anti-
sera that detect the representative antigens. Over the last few years additional 
molecular methods of serotyping have become available that can completely or 
partially serotype Salmonella based on the Kauffman-White Scheme (Grimont 
and Weill, 2007).

Although most laboratories serogroup Salmonella, they may take different 
approaches to serotyping. Some laboratories may not serotype, but submit all isolates 
to a reference laboratory. Others may serotype specific serotypes of major concern 
such as SE or ST, but send the others to a reference laboratory. A few laboratories 
may fully serotype and only use a reference laboratory for confirmation. To assign a 
serotype name to an isolate it must be fully serotyped.

5. � RAPID DETECTION METHODS
Over the last 20 years, there have been numerous rapid methods that have been intro-
duced and have met with varying degrees of success. Most of these were developed, 
at least initially, for the clinical or food areas. Typically, for those methods to be 
effective with environmental samples the test had to be modified in some manner to 
increase the sensitivity.

5.1 � ANTISERA BASED
Some of the first tests were immunological tests that used antibodies to detect the 
presence of Salmonella in the samples. These assays range from tube assays, to 
microtiter-based antigen capture assays, to lateral flow assays. They typically are 
easy to use and provide fairly good results.

Van der Zee and Huis in’t Veld (2000) reviewed the antisera-based assays, includ-
ing ELISA and enzyme-linked immunosorbent fluorescent assays.

The lateral-flow assays are simple strips impregnated with Salmonella-specific 
antibodies. They may be just strips or may be housed in plastic. The strip is inocu-
lated from the enrichment, or the strip is dipped into the enrichment. A reaction line 
in the strip denotes a positive test.
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Romer’s RapidChek Salmonella test and Neogen’s Reveal SE test have been 
approved for use by the NPIP (NPIP, 2014a,b). FDA has granted equivalency to 
Romer’s RapidChek SE test and Neogen’s Reveal assay (FDA, 2009). Moongkarndi 
et  al. (2011) developed and tested a lateral flow assay that would simultaneously 
detect SE and ST on one strip.

5.2 � DNA BASED
Advancements in technology, for example, the polymerase chain reaction (PCR) 
have resulted in greater sensitivity and specificity of testing. To some extent the use-
fulness of PCR was slowed by the need to train technicians in the newer technology 
and the cost of doing the test. As confidence in the technology increased and the cost 
of the tests decreased, more laboratories have moved from culture to PCR, at least 
for screening. The Layers 2013 survey in the United States found that only 34% of 
farms were using PCR or other rapid tests for their environmental testing (USDA, 
2014). Currently there is almost a “designer” PCR atmosphere. You can test for all 
Salmonella or for specific serotypes, or multiplex several in one test.

5.2.1 � PCR: Generic Salmonella
There are several commercially available PCR systems for detecting Salmonella in 
general. Studies have compared PCR systems with other PCR systems or with cul-
ture (Liu et al., 2002; Kusar et al., 2010; Summer et al., 2012; Soria et al., 2012; 
Schultz et al., 2012; Tebbs et al., 2012).

5.2.2 � PCR: Serotype Specific
Depending on the program or the specific need of a company, PCR tests can be devel-
oped for specific serogroups or serotypes of Salmonella. Seo et al. (2004) developed a 
group D–specific reverse transcription (RT)-PCR for pooled eggs. They used a segment 
of the gene sefA specific to group D Salmonella. The assay was sensitive and specific, 
and was approved by NPIP for environmental samples (NPIP, 2014a,b).

Charlton et  al. (2005) developed an SE-specific PCR for use in DS and chick 
papers. The PCR was approved for use by NPIP for environmental samples (NPIP, 
2014a,b).

Lungu et al. (2012) compared the results of an SE-specific RT-PCR to culture 
using the NPIP methods. The PCR was more sensitive than culture. Adams et al. 
(2013) tested an SE-specific RT-PCR with pooled DS.

5.2.3 � PCR: Multiplex PCR
If more than one serotype of Salmonella is of interest, a multiplex PCR system may 
be developed that can detect more than one serotype in a single test. McCarthy et al. 
(2009) developed a multiplex PCR for ST and SH for use in food samples. The assay 
worked very well with pure cultures and spiked samples. Park and Ricke (2015) 
developed a multiplex PCR for SE, SH, and ST. Hong et al. (2009) developed an 
allelotyping PCR to detect SE, SK, and ST from poultry DS.
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5.2.4 � Isothermal Amplification
In the last few years, several companies have introduced a variation of the PCR tech-
nology that still amplifies the DNA targets, but it does so at one temperature and does 
not require the temperature cycling of PCR. For that reason the equipment is not as 
large or expensive, and the test is run in less time.

Ueda and Kuwabara (2009) developed a loop-mediated isothermal amplification 
(LAMP) assay that has a specificity similar to PCR, but the sensitivity was consid-
ered greater. Okamura et al. (2008) developed a LAMP assay to amplify fragments 
of O9 Salmonella-specific insertion element. They reported it was more sensitive and 
faster than PCR. The NPIP (NPIP, 2014a,b) has approved the commercial LAMP 
assays produced by Neogen Corporation (ANSR Salmonella test) and EnviroLogix 
(DNAble Salmonella Detection kit).

6. � CONCLUSION
The detection strategies for SE in layer hen flocks has changed over time as we have 
learned more about the organism and its epidemiology. Currently the environmental 
sample is the means for monitoring for the presence of SE in flocks. Confirmation 
by testing birds or eggs may be used depending on the particular program. Culture 
methods have been improved or developed to optimize the isolation of SE from these 
environmental samples and may continue to be improved. The shift toward molecu-
lar methods will speed up the detection of SE, but still relies on enrichment of the 
sample before testing and on subsequent culture if positive.

In the future, as the industry continues to change from the classic caged houses to 
cage-free, pasture, or free range, the sampling methodology will need to be reevalu-
ated. The molecular methods will continue to be developed and improved as will the 
experience and the confidence in their results. The development of serotype-specific 
assays will allow the detection of not only Salmonella in general, but specific sero-
types, without the necessity of isolation.
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1. � INTRODUCTION
Over the last three decades, Salmonella Enteritidis (SE) has remained the cause of 
the food-borne salmonellosis pandemic in humans. Epidemiological source-tracking 
studies have identified contaminated table eggs as the primary risk factor for human 
infection (Gould et al., 2013). Due to this risk of human infection associated with poul-
try products, SE also poses a significant challenge to the commercial poultry produc-
tion. Consequently, experimental SE infections in young and adult chickens have been 
extensively used to acquire basic information about the epidemiology and pathobiol-
ogy of SE in this reservoir host. Epidemiological investigations show that, unlike other 
non-host adapted Salmonella serotypes such as S. Typhimurium, which is isolated from 
variety of food animal sources, SE is most predominantly isolated from poultry, sug-
gesting that SE has likely evolved to gain significant predilection to the poultry host. 
Pathobiological investigations in chickens indicate that, unlike other non-host adapted 
Salmonella serotypes, SE has evolved with the unique ability to efficiently contami-
nate internal contents of eggs without causing discernible illness in the infected laying 
hens. S. Enteritidis is also antigenically, phenotypically, and genetically different from 
other nontyphoidal Salmonella (NTS) serotypes including the most widely studied S. 
Typhimurium. Nevertheless, the genetic basis of pathogenesis of SE in the chicken 
host has only been tangentially investigated. In the following sections, we summarize 
the infection kinetics of SE in the chicken host and provide an overview of the current 
understanding of genetic factors underlying SE infection. We also discuss the impor-
tant knowledge gaps that, if addressed, will improve our understanding of the complex 
biology of SE in young chickens and in egg laying hens.

2. � INFECTION KINETICS OF SE IN CHICKENS
S. Enteritidis infection in chickens is a complex multistep process that can be broadly 
categorized into a few major events that include intestinal colonization, invasion, 
and systemic spread to internal organs such as liver and spleen. In adult laying hens, 
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colonization of reproductive tract (RT) organs and contamination of internal contents 
of eggs is also an epidemiologically significant outcome of infection. Infection of 
the RT organs precedes contamination of internal contents of forming eggs before 
oviposition. Each step of the infection in this host is influenced by multiple host and 
pathogen-associated factors. It is important to first understand the infection kinetics 
of SE in chickens, and the host and pathogen factors that influence the outcomes of 
infection before dissecting the roles of genetic factors underlying these processes.

2.1 � GASTROINTESTINAL TRACT COLONIZATION AND  
SYSTEMIC SPREAD

The primary route of infection and transmission of SE in chickens is via the feco-oral 
route. After ingestion, SE frequently colonizes crop (Hargis et al., 1995; Turnbull and 
Snoeyenbos, 1974), less frequently in proventriculus and duodenum, but most preferen-
tially and persistently in the lower ileum, cecum, and cloaca (Turnbull and Snoeyenbos, 
1974). Subsequently, SE invades intestinal epithelium and localizes in the submucosa 
within 4 h postinfection (Berndt et al., 2007). Invasion occurs via specialized M-cells that 
sample the intestinal lumen as well as nonphagocytic cells. Intestinal invasion induces 
inflammation, which is characterized by infiltration of heterophils, macrophages, red 
blood cells, and other immune cells into the lamina propia and cecal luminal exudate 
(Macri et al., 1997; Porter and Holt, 1993; Van Immerseel et al., 2002). As inflammation 
progresses, SE produces virulence factors that aid its survival within macrophages and 
subsequent systemic spread to colonize internal organs including liver and spleen, and 
in laying hens this also results in colonization of the RT organs (Berchieri et al., 2001; 
He et al., 2010; Higgins et al., 2007). Interestingly, the infection kinetics vary markedly 
depending on the age or type of chickens. Porter and Holt (1993) reported that the intes-
tinal inflammation in the adult laying hens was confined to the cecum, whereas in broiler 
chickens, cellular infiltrates were also reported in the lamina propia of the small intestine 
(Quinteiro-Filho et al., 2012). Infection of young chickens with doses as low as 100 CFU 
at 1 day posthatch can induce long-term intermittent shedding of SE for up to 24 weeks 
postinfection (Gast and Holt, 1998; Van Immerseel, 2010). In contrast, oral infection of 
laying hens often results in short-term fecal shedding that may vary from 1 week to up 
to 6 weeks postinfection (Kinde et al., 2000; Shivaprasad et al., 1990). In very young 
birds, the internal organ colonization often results in gross pathological changes such as 
hepatomegaly and splenomegaly with foci of hemorrhages (Kinde et al., 2000). However, 
in adult chickens including laying hens, the internal organ colonization generally occurs 
without any overt clinical signs (Hogue et al., 1997; Prevost et al., 2006) and despite effi-
cient colonization of chicken RT organs, egg production appears to remain unaffected or 
sometimes increases (Fan et al., 2014; Guard-Petter, 2001).

2.2 � REPRODUCTIVE TRACT COLONIZATION IN LAYING HENS
Significant research has focused on the pathogenesis of RT infection in chickens 
because colonization of RT organs is directly associated with contamination of 
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internal contents of eggs. Formation of different internal components of eggs occurs 
at different anatomical positions in the avian RT. Thus one of the key questions that 
have attracted the most attention is, which anatomical part(s) of chicken RT contrib-
ute significantly to the contamination of internal contents of eggs before oviposition? 
Some reports show that egg yolk is frequently and heavily colonized when laying 
hens are challenged with SE by different routes, pointing to the ovary as the primary 
source for egg contamination (Bichler et al., 1996; Gast et al., 2002, 2007b). Others 
have reported that egg albumen is most frequently and heavily colonized, suggesting 
colonization of oviduct structures as the primary source for contamination of egg 
contents (Cogan et al., 2004; Reiber and Conner, 1995; Shivaprasad et al., 1990). 
Systemic spread of different phage types of SE to ovaries was demonstrated in hens 
experimentally infected via both oral and intravenous routes (Gantois et al., 2008b;  
Miyamoto et al., 1997). It was suggested that SE is deposited near the basement of 
the highly vascularized follicular theca wall before migrating through the perivitel-
lin layer and/or attaching and invading ovarian granulosa cells to reach the forming 
egg yolk (Thiagarajan et al., 1994, 1996a). Ovarian follicle maturation might also 
play a role in susceptibility of ovarian granulosa cells to invasion (Howard et  al., 
2005). In one study, invasion frequency of different phage types of SE in ovarian fol-
licles ranged from 0.016% to 0.034% compared with 0.0003% for Escherichia coli 
(Dawoud et al., 2011). The contribution of oviduct colonization in internal contami-
nation of the contents of freshly laid eggs has also been extensively investigated. In 
general, SE is isolated more frequently and in higher counts [colony forming units 
(CFU) per gram] from isthmus and internal contents of eggs when compared with 
serotypes such as Heidelberg, Virchow, and Hadar (Gantois et al., 2008b; Okamura 
et al., 2001). When the laying hens were infected via the intravaginal route, the ovi-
duct (isthmus) and uterus were more frequently colonized than the ovary, a pheno-
type that is likely favored by the ability of SE to attach to vaginal mucosa (Miyamoto 
et al., 1997; Okamura et al., 2001). In contrast, intravenous infection was reported to 
result in more prolific colonization of the ovary and the entire oviduct (infundibulum, 
magnum, and isthmus), yielding more frequent recovery of SE from egg contents and 
developing eggs when compared with the intravaginal, intracloacal, or oral routes 
(Bichler et  al., 1996; Kinde et  al., 2000; Miyamoto et  al., 1997; Petter, 1993). In 
addition to vaginal epithelium, SE also attaches to glandular secretions and tubu-
lar glands of isthmus in cultured primary chicken oviduct epithelial cells (COECs), 
pointing to the isthmus as a colonization site (De Buck et al., 2004a). In summary, 
it is important to note that most published studies have reported RT organ coloniza-
tion in terms of either number of SE-positive tissues or number of SE-positive eggs 
without really establishing bacterial burden (i.e., CFU per gram) as a baseline for 
comparison. Several variables such as SE strain type, phage type, inoculation route, 
dose, breed, and age of hens represent a significant challenge for drawing meaning-
ful interpretations from the body of published literature. Therefore there is no clear 
consensus regarding which parts of RT organs may contribute more significantly 
to egg contamination; however, the entire RT appears to be colonized by SE. The 
aforementioned factors (route, dose, strain type, and age of chicken) may as well 
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significantly influence the ability of SE to colonize the avian RT. Thus it is imperative 
that these factors are carefully considered before designing studies to investigate RT 
organ infection in chickens.

2.3 � COLONIZATION AND SURVIVAL IN THE INTERNAL  
CONTENTS OF EGGS

It is now widely accepted that the primary route of egg contamination is via deposi-
tion of SE from the infected RT directly into the internal contents of eggs prior to ovi-
position (Arnold et al., 2014; Gast and Holt, 2000; Keller et al., 1995; Shivaprasad 
et al., 1990). It is also known that the hen egg presents a hostile environment for 
efficient propagation of SE. First, the outer shell membrane and shell membrane not 
only act as physical barriers, but also contain chemical compounds with antibacterial 
properties including lysozyme (Hincke et al., 2000), ovotransferrin (Gautron et al., 
2001), ovocalyxin-36 (Gautron et al., 2007), and an unknown protein extract (Gantois  
et  al., 2009a). In addition, egg albumen, vitelline membranes, and yolk contain 
antimicrobial compounds such as lysozyme, ovalbumin, ovotransferrin, ovomucin, 
β-defensin 11, and immunoglobulins (Gantois et al., 2009a; Mageed et al., 2008; 
Mann, 2007; Stevens, 1991). Despite the presence of these physical and chemical 
barriers, certain strains of SE are efficiently able to penetrate, survive, and propa-
gate within different egg contents. The eggshell and eggshell membrane penetra-
tion is not unique to SE because other Salmonella serotypes and bacterial species 
can also penetrate these barriers (De Reu et al., 2006). In one study, no significant 
differences in egg-shell penetration were found between SE and S. Typhimurium 
(Miyamoto et al., 1998). Others have compared the growth of different Salmonella 
serovars by artificially contaminating egg albumen and have reported no differ-
ences between SE (n = 8) and S. Typhimurium (n = 24) at 37°C or 42°C (Guan 
et al., 2006). Similarly, Messens et al. (2004) did not observe any growth advantage 
for SE in egg albumen when compared with other non-SE serovars including S. 
Typhimurium, Senftenberg, Stanleyville, Mbandaka, and Blockley. Interestingly, 
however, it was reported that Salmonella generally grew better in egg albumen har-
vested from fresh eggs than from stored eggs, presumably due to the highly alka-
line environment (pH approximately 9.0) associated with storage (Messens et al., 
2004). One study reported that the survival of SE (25.8%) was higher than that of 
Typhimurium (6.5%) or E. coli (1.8%) in egg albumen extracted from fresh eggs 
and incubated at room temperature (Clavijo et al., 2006). De Vylder et al. (2013) 
evaluated the survivability of 89 strains of Salmonella belonging to five different 
serogroups (B, C, D, E, and G) and 26 serotypes within fresh egg albumen incu-
bated at 42°C. These authors reported that SE isolates generally displayed greater 
survivability within egg albumen compared with other serogroups, suggesting that 
both the age of egg albumen and temperature of incubation may have significant 
impact on the survival of SE in this system. More importantly, published data also 
show that there is wide interstrain variability in survival/growth of SE within egg 
albumen, suggesting that individual variation between strains is also an important 
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factor (Clavijo et  al., 2006; Shah et  al., 2012a; Yim et  al., 2010). Finally, it is 
known that SE can traverse through vitelline membrane into the egg yolk and rep-
licate efficiently. However, this property is not unique to SE because several other 
serotypes including S. Montevideo, S. Infantis, S. Heidelberg, S. Typhimurium, S. 
Virchow, and S. Hadar have been reported to display a similar phenotype (Gantois 
et  al., 2008b; Gast et  al., 2007a; Murase et  al., 2006). Unlike in egg albumen, 
strains of SE belonging to different phage types (4, 8, 13a, and 14b) grow equally 
well in egg yolks, presumably because yolk is enriched with different nutrients that 
can be utilized by bacteria for efficient growth and multiplication (Gast and Holt, 
2001). In summary, it appears that SE may have the specialized ability to grow or 
survive within egg albumen; however, this trait is significantly influenced by the 
strain type of SE, age of egg albumen, and temperature of incubation. Therefore it 
is important to carefully consider these factors while designing studies that investi-
gate genetic factors that contribute to the survivability of SE in egg albumen.

3. � GENETIC BASIS OF SE PATHOGENESIS
To date, most of our knowledge of Salmonella pathogenesis in avian host has relied 
on the extrapolations from the research that has utilized S. Typhimurium as a model 
organism and cultured mammalian epithelial and phagocytic cells or mouse as a 
model host (reviewed in Garai et al., 2012; Kaiser et al., 2012; Watson and Holden, 
2010). Relatively few studies have been conducted to dissect genetic basis of SE 
pathogenesis using chicken as a model host. Nevertheless, it is becoming increas-
ingly evident that the genetic mechanisms underlying SE infection in chickens may 
have components that are distinct from the well-studied serotype S. Typhimurium. In 
the following three sections, we attempt to summarize the current understanding of 
the role of different genetic factors of SE in pathogenesis in the chicken host.

3.1 � GENETIC BASIS OF GASTROINTESTINAL INFECTION IN 
CHICKENS

Studies focused on the SE genetic factors that contribute to the gastrointestinal (GI) 
infection in chickens have mostly revolved around the role of type-3 secretion system 
(T3SS) encoded by Salmonella pathogenicity islands-1 (SPI-1), SPI-2, and flagella 
and fimbriae factors. The role of SPI-1 and SPI-2 in pathogenesis of SE infection in 
chickens appears somewhat contradictory and poorly defined. Published data from 
our laboratory and others show that inactivation of hilA (SPI-1 invasion gene activa-
tor) in SE results in significantly reduced intestinal colonization (i.e., fewer bacteria 
recovered from the ceca) and invasion (i.e., few bacteria invade the GI tract to subse-
quently colonize internal organs such as liver and spleen) in orally inoculated day-old 
chickens (Addwebi et al., 2014; Bohez et al., 2006). In addition, suppression of hilA 
gene expression through supplementation of medium-chain fatty acids also results in 
reduced intestinal colonization and invasiveness of SE in orally challenged 5-day-old 



CHAPTER 10  Genetic Basis of Salmonella Enteritidis Pathogenesis192

chicks (Van Immerseel et  al., 2004). Although these data suggest that SPI-1 con-
tributes to intestinal and internal organ colonization in young chickens, Desin et al. 
(2009) observed no significant differences in intestinal colonization between SPI-1 
mutant and wild-type parent of SE in orally challenged day-old chickens. Moreover, 
the SPI-1 mutant displayed varying degrees of internal organ invasiveness, which 
was not always significantly different from the wild-type parent (Desin et al., 2009). 
In another study, when 1-week-old chickens were orally challenged with an SPI-2 
mutant or a mutant with deletion of the entire SPI-1 and SPI-2, the SPI-2 mutant was 
impaired in colonization of the cecum, spleen, and liver early during infection (days 
1–3 postinfection), but by day 4 postinfection, there were no significant differences 
in colonization of liver, spleen, or cecum between wild type and either of the mutants 
(Wisner et al., 2010). In contrast, Rychlik et al. (2009) reported that SE mutant lack-
ing SPI-1 and SPI-2 was not impaired in its ability to colonize cecum of orally inocu-
lated day-old chickens; however, it displayed impaired ability to colonize internal 
organs such as liver and spleen. In addition, the colonization of the internal organs 
by SPI-2 mutant of SE was impaired in 1-day-, 5-day-, and 24-week-old chickens 
after oral, intraperitoneal, and intravenous inoculation (Bohez et al., 2008). Finally, 
there are also conflicting reports on the intracellular survivability of SPI-2 mutant of 
SE within chicken macrophages (Bohez et al., 2008; Wisner et al., 2011). Thus more 
research is needed to clearly define the role of SPI-1 and SPI-2 in the pathogenesis 
of SE in chickens.

Besides SPI-1 and SPI-2, SE genome carries at least 13 additional SPIs that 
have been annotated. Of these, SPI-3, SPI-4, and SPI-5 are most extensively char-
acterized in S. Typhimurium, with some studies indicating that these may contrib-
ute to pathogenesis in non-avian models (Gerlach et al., 2007; Kiss et al., 2007; 
Pontes et al., 2015; Wallis et al., 1999). The role of these SPIs in intestinal and 
internal organ colonization of SE in chickens is currently unclear. Mutation in 
SPI-4 impairs the intestinal colonization of S. Typhimurium in mouse, but not in 
the chicken (Kiss et al., 2007; Morgan et al., 2004, 2007). Interestingly, the com-
petitive fitness of an SPI-4 mutant of SE in orally infected mice was less affected 
than a similar mutant of S. Typhimurium (Kiss et al., 2007). We reported that a 
disruption of siiE gene of SPI-4 in SE resulted in significantly reduced survival 
in chicken macrophages; however, it is currently unknown if disruption of SPI-4 
would result in similar effects in vivo (Shah et al., 2012b). We have also noted that 
disruption of pipA gene of SPI-5 significantly altered the ability to colonize the 
GI tract and internal organs of day-old chickens (Addwebi et al., 2014). In addi-
tion, several SPI-5 genes were upregulated in the GI tract of young chicks orally 
infected with SE (Dhawi et al., 2011). Interestingly, Rychlik et al. (2009) reported 
that SPI-3, SPI-4, or SPI-5 mutants of SE were not impaired in colonization of the 
cecum, liver, or spleen of orally inoculated day-old chickens; however, a reduction 
in the ability of SE to colonize the spleen was observed when all three SPIs were 
deleted simultaneously. These data suggest that SPI-3, SPI-4, and SPI-5 may con-
tribute to pathogenesis in chickens, although their exact role during the infection 
process still remains elusive.
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Published data from our laboratory and others suggest that SE flagellum also 
plays a role in pathogenesis in chickens. In one study, aflagellated SE was recovered 
at significantly lower numbers from the ceca of orally inoculated day-old chickens 
when compared with the flagellated SE (Allen-Vercoe and Woodward, 1999). These 
authors suggested that the presence of functional flagellum, but not the motility was 
important for cecal colonization of SE in chickens (Allen-Vercoe et al., 1999). We 
reported that impaired secretion of flagellar proteins (FlgK, FljB, and FlgL) among 
wild-type strains of SE was associated with a low-invasive phenotype in chicken 
macrophages (Shah et al., 2011). We also reported that disruption of the fljB results in 
reduced invasiveness of SE in cultured chicken liver cells and reduced colonization 
of the small intestine in orally inoculated day-old chickens (Addwebi et al., 2014; 
Shah et al., 2012b). Shippy et al. (2014) reported that deletion of flgC, encoding the 
flagellum basal body protein, resulted in significantly reduced colonization of liver 
and spleen in orally infected 1-week-old chickens. Finally, Parker and Guard-Petter 
(2001) reported that disruption of fliC and flhD negatively impacted internal organ 
colonization when 3-week old chickens were infected subcutaneously; however, 
results in orally infected chickens did not show a clear negative phenotype.

The role of fimbriae in SE pathogenesis has also been suspected but not clearly 
defined, and the published reports are often conflicting. Early work revealed that 
SefA (SEF14) and FimA (SEF21) fimbriae aid in persistence of SE in the ceca of 
orally inoculated 30-week-old hens (Thiagarajan et al., 1996b). In contrast, Thorns 
et al. (1996) observed that inactivation of SEF14 resulted in reduced recovery of the 
mutant from liver and spleen, but did not affect cecal colonization in orally inoculated 
5-day-old chickens, especially later than 15 days post-infection. Others have reported 
that SE strains with inactivated SEF14 (sef), SEF17 (agf), and SEF21 (fim) fimbriae 
do not show significant differences in their survival within avian macrophages or col-
onization/persistence in ceca, spleen, and liver of orally infected 5-day-old chickens 
(Rajashekara et al., 2000). Similarly, lack of SEF14 in SE did not impact intestinal 
colonization in orally infected 1-day-old chickens (Thorns et al., 1996). Allen-Vercoe 
and Woodward (1999) also reported that afimbriate mutants of SE were not impaired 
in colonization of the GI tract or internal organs or fecal shedding in orally infected 
1-day-old chickens. We reported that disruption of csgB in SE impaired invasive-
ness in chicken liver cells, but did not significantly impact intestinal colonization 
and internal organ invasiveness in orally challenged 1-day-old chickens (Addwebi 
et al., 2014; Shah et al., 2012b). Similarly, inactivation of stdA in SE was reported to 
result in reduced colonization of cecum as well as less invasion of the internal organs 
in orally inoculated 7-day-old chickens (Shippy et al., 2013). Finally, Clayton et al. 
(2008) systematically inactivated each of the 13 annotated fimbrial operons of SE 
and reported that only the inactivation of peg operon resulted in significant reduction 
in the intestinal colonization in orally inoculated 18-day-old chickens. The peg fim-
briae is interesting because it is not found in other NTS, including S. Typhimurium, 
and has been identified as a pseudogene in an avian host adapted serotype S. Gal-
linarum (Addwebi et al., 2014; Clayton et al., 2008). It would be of interest to further 
dissect the role of peg fimbriae in SE pathogenesis in chickens.
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Few studies have shown that inactivation of genes affecting SE metabolism can 
significantly impact infection kinetics in chickens. The aroA (3-phosphoshikimate 
1-carboxyvinyltransferase) mutant of SE, which confers deficiency of aromatic 
amino acid synthesis, is significantly impaired in colonization of the cecum, spleen, 
and liver in orally inoculated 1- or 5-day-old chickens (Cooper et al., 1994). The tat 
operon in gram-negative bacteria transports folded enzymes across the cytoplasmic 
membrane to the periplasmic space. Many of the proteins predicted to be transported 
by this system are involved in oxidation or reduction reactions of various compounds. 
In one study, deletion of tatB in SE resulted in significantly reduced colonization of 
the ceca of orally inoculated 7-day-old chickens (Mickael et al., 2010). Iron metabo-
lism genes may also play a role in the pathogenicity of SE. When SE is grown at 
avian body temperature, the low-pathogenic strains of SE show reduced expression of 
genes involved in iron metabolism, including the suf operon (Shah, 2014). Chickens  
vaccinated with purified IroN (the siderophore receptor for salmochelin) show a 
significant reduction in mortality when challenged intravenously with pathogenic 
SE strain (Kaneshige et al., 2009). Highly pathogenic strains of SE were reported 
to more efficiently express genes involved in protection against osmotic, oxidative, 
and other stresses especially when these were grown at avian body temperature 
(Shah et al., 2011). In addition, SE collected from ceca of young chickens showed 
increased expression of genes associated with ethanolamine, propanediol, sialic acid, 
and dicarboxylic acid metabolism (Dhawi et al., 2011). These reports suggest that 
SE growth in the GI tract is likely supported by diversity of metabolic substrates and 
that SE undergoes significant metabolic changes in the avian intestine. It is currently 
unknown which metabolic substrates are critical for propagation of SE in the GI tract 
of chickens. Finding the most critical metabolic substrates and understanding their 
role in SE pathogenesis in chicken may offer opportunities to find new nutritional or 
other alternative strategies to control SE in poultry.

There are also sporadic reports of other genetic factors that contribute to the kinet-
ics of GI infection. For instance, the lipoprotein encoding gene, yfgL, was shown to 
affect colonization of the GI tract and spleen of orally inoculated 1-day-old chicks; 
specifically it was associated with lower expression of SPI-1, SPI-2, and flagellar 
structural proteins (Amy et  al., 2004; Fardini et  al., 2007). Multiple studies have 
reported that lipopolysaccharide (LPS) synthesis genes contribute to pathogenesis 
in chickens. We reported that inactivation of rfbN (a rhamnosyltransferase) results 
in a significant reduction in the colonization of the internal organs of orally chal-
lenged day-old chickens (Addwebi et  al., 2014). Similarly, inactivation of rfbM  
(a mannose-1-phosphate guanylyltransferase) in SE also results in defective colo-
nization of the GI tract and internal organs in orally challenged day-old chickens 
(Addwebi et al., 2014). The ribosomal maturation factor ksgA is under investigation 
in our laboratory for its contribution to pathogenicity in chickens. We have previously 
reported that inactivation of ksgA in SE results in reduced invasiveness in chicken 
liver cells (Shah et al., 2012b) and impaired intestinal and internal organ coloniza-
tion in orally inoculated day-old chickens (Chiok et  al., 2013). One study identi-
fied a few SE-specific genetic factors (SEN1001, SEN1140, SEN1970-SEN1999, and 
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SEN4290-SEN4292) that contribute to pathogenicity in mice, but their role remains 
to be tested in a chicken model (Silva et al., 2012; Vishwakarma et al., 2012). In addi-
tion, we reported a few SE-specific genes (pegD, SEN1152, SEN1393, and SEN1966) 
that contribute to the invasiveness of SE in human intestinal cells (Shah et al., 2012b). 
However, the role of several of these SE-specific genes in pathogenesis in chickens in 
general and laying hens in particular is currently unknown.

3.1.1 � Knowledge Gaps and Challenges
It is clear that there are significant gaps in our understanding of the molecular basis of 
pathogenesis of SE in chickens partly because of the variation in the chicken model 
and the strains used in different studies. Efforts are needed to standardize the chicken 
model and experimental approaches to study genetic basis of pathogenesis in this 
host. When examining the host–pathogen interaction between SE and chickens, it is 
important to recognize that there can be significant variation in virulence between 
different strains/phage types of SE (Shah et al., 2011; Shivaprasad et al., 1990; Yim 
et al., 2010). Much of this phenotype variation is not explained at the genotypic level 
(Shah, 2014; Shah et al., 2011; Yim et al., 2010). In one study, the genomes of dif-
ferent SE isolates were reported to display thousands of SNP differences and greater 
than 300 variable genes (Allard et al., 2013). In this study, 21 genes from genetic lin-
eages representing outbreak-associated isolates showed nonsynonymous mutations 
and this affected least five putatively virulence-associated genes. The pseudogene 
content among different SE strains is also known to vary (genes ratB, a known viru-
lence gene, and mviM are examples) (Matthews et al., 2015). Virtually no studies 
to date have explored the basis of this inter-strain genetic variation and its associa-
tion with differential virulence of SE. It is imperative that more efforts be made to  
compare multiple SE strains in molecular pathogenesis studies before research-
ers arrive at broad conclusions about this serotype. Rapid screening of thousands 
or more Salmonella mutants by negative selection is now possible by combining 
random transposon mutagenesis with next-generation sequencing using transposon 
directed insertion sequencing (TraDIS) or TnSeq. This technology may allow simul-
taneous examination of multiple SE strains to identify pathogenicity factors in both 
young and adult chickens.

3.2 � GENETIC BASIS OF REPRODUCTIVE TRACT PATHOGENESIS
The role of genetic factors of SE that contribute to pathogenesis of RT infection 
has received some attention. In general, most studies have focused on the role of 
intrinsic bacterial structures such as type-1 fimbriae and LPS in avian RT infection. 
A few high-throughput screening studies have resulted in identification of genes that 
may play coordinated roles in RT infection in the hen and in egg microenvironments 
(Gantois et al., 2008a; McKelvey et al., 2014; Raspoet et al., 2014).

Type-1 fimbriae was reported to aid in interaction of SE with epithelial cell sur-
face or extracellular matrix of the hen RT (De Buck et al., 2003, 2004a; Li et al., 
2003a; Thiagarajan et al., 1996a,b). Attachment of SE expressing SefA (SEF14), a 
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major fimbrial protein of approximately 14 KDa (Clouthier et al., 1993), to primary 
chicken oviduct granulosa cells was significantly inhibited when the cells were pre-
incubated with the purified fimbrial protein or with antibodies against chicken fibro-
nectin (Thiagarajan et al., 1996a). This fimbriated strain was also able to attach to 
fibronectin, laminin, and collagen-IV in vitro (Thiagarajan et al., 1996a) and it was 
hypothesized that these interactions could aid in colonization of RT in hens. How-
ever, SEF14 fimbrial expression was not associated with ovary/oviduct colonization 
in orally infected hens when compared with nonfimbriated strains (Thiagarajan et al., 
1996b). S. Enteritidis strains also display mannose-sensitive binding to avian isthmal 
tissues and secretions in vitro (De Buck et al., 2004a), a behavior consistent with 
mannose-sensitive type-1 fimbriae mediated attachment (deGraft-Hanson and Heath, 
1990; Ghosh et al., 1994; van der Bosch et al., 1980). Adhesion through type-1 fim-
briae was also demonstrated using defined fimD mutants in SE, which are unable 
to bind to avian ishtmal secretions in vitro (De Buck et al., 2003, 2004a). Further-
more, mutation in fimD yielded less frequently contaminated eggs in 19-week-old 
Isa-Brown-Warren hens after intravenous challenge (De Buck et al., 2004a). Another 
study suggested that FimA (SEF21), a major fimbrial subunit, mediates the attach-
ment of SE to neutral glycosphingolipids, similar to glucosylceramide and ganglio-
side GM3, isolated from avian oviduct mucosal epithelial cells (Rajashekara et al., 
2000). These molecules could represent host-cell receptors for SE type-1 fimbriae 
in the hen RT (Li et al., 2003a) and in chicken intestinal mucosa (Li et al., 2003b; 
Thiagarajan et al., 1996b). More research is needed to clearly define the role of these 
fimbrial proteins in RT colonization.

A role for LPS in invasion of RT has been investigated in a few studies (Coward 
et al., 2013; Mizumoto et al., 2005; Parker et al., 2002). Immunohistochemistry stud-
ies revealed that attachment and invasion of vaginal epithelium may, in part, rely on 
LPS type. One study showed that LPS type O9 (SE) was most efficient in attaching 
and invading avian vaginal epithelium explants when compared with LPS type O4  
(S. Agona, S. Typhimurium, and S. Heidelberg) and LPS types O7 and O8 (S. Hadar, S. 
Montevideo, and S. Infantis) (Mizumoto et al., 2005). It was hypothesized that the dif-
ferences in molecular characteristics of LPS of different serotypes may drive such phe-
notype. Interestingly, wild-type strains display greater diversity in LPS O-chain length 
and glucosylation, producing variable degrees of glucosylated low-molecular-mass 
(LMM) or high-molecular-mass (HMM) LPS, whereas S. Typhimurium mostly produce 
the LMM-LPS type (Parker et al., 2001). This is important because HMM-LPS is com-
monly found in SE isolates recovered from eggs (Parker et al., 2001). The mechanism 
underlying favorable interaction between HMM-LPS and eggs is not completely under-
stood, although the length of HMM-LPS in SE provides more hydrophilicity to the outer 
membrane and may protect SE from antimicrobial effects of egg albumen (Guard-Petter 
et al., 1999). In addition, SE strains expressing HMM-LPS show discrete single nucleo-
tide polymorphisms or SNPs, but the role of such mutations in avian RT colonization is 
currently unknown (Parker et al., 2001). Paradoxically, the inability to make HMM-LPS 
by mutation of the O-chain length determinant gene (wzz) in SE results in more contami-
nated eggs with poor egg-shell quality and heterophilic granulomas in developing eggs 
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(Parker et al., 2002). This study suggested that HMM-LPS is important in mitigating 
these pathological changes in the avian RT. It is possible that HMM-LPS confers an 
evolutionary advantage to SE by aiding in egg contamination without causing noticeable 
defects in egg-shell quality and/or the hen RT (Parker et al., 2002). More evidence sup-
porting the importance of O-chain repeat number and length in avian RT infection was 
provided by the generation of mutants producing either one O-antigen attached to the 
LPS core, long O-chains (16–35 repeated O units), or very long O-chains (>100 repeat 
units) (Coward et al., 2013). In this study, SE lacking O-chains or very long O-chains 
was less efficient in colonizing hen ovary and oviducts, and less able to survive within 
egg albumen. It is likely that regulation of O-chain length impacts interaction between 
bacterial factors and their respective cell targets in the different microenvironments found 
in the hen and in the egg (Coward et al., 2013).

Few high-throughput genome-wide screening studies have pointed at contribu-
tion of other genetic factors in colonization/invasion of the RT by SE. In one study, 
in  vivo expression technology and a promoter-trap strategy was used to identify 
promoters of SE genes that are induced in  vivo in both hen oviduct and eggs col-
lected from intravenously inoculated hens (Gantois et  al., 2008a). Some genes 
involved in bacterial metabolism (asnS and purA), cell membrane integrity (hflK 
and peg-yohN), regulation (lrp), and stress-response (uspBA and yrfI) were iden-
tified (Gantois et al., 2008a). It was also reported that expression of specific stress-
response and cell membrane/wall genes might aid in survival and persistence of SE 
in oviduct and eggs, presumably by protecting bacteria against cell membrane and 
DNA damage (Raspoet et  al., 2011, 2014). A high-throughput screening strategy 
that involved microarray-based selective capture of transcribed sequences identi-
fied several genes that were overrepresented in both COECs and avian macrophages 
(HD-11) (McKelvey et al., 2014). Five SPI-2 genes (all belonging to the ssa operon) 
were overrepresented, suggesting a potential role for SPI-2 in survival within COEC 
and HD-11. Overall, published reports suggest that efficient invasion of COEC and 
survival within HD-11 could, in part, be attributed to SPI-2 (Bohez et  al., 2008;  
Li et al., 2009; McKelvey et al., 2014). Another high-throughput negative selection 
screening of a transposon-inserted mutant library identified 81 genes that impacted 
SE colonization of hen oviduct loops and cultured chicken oviduct tubular gland cells 
(Raspoet et al., 2014). Major groups of genes included SPI-1 and SPI-2, genes involved 
in stress response, cell-wall and LPS structure, and the region-of-difference (ROD) 
genomic locus 9, 21, and 40 (Raspoet et  al., 2014). RODs are interesting genomic 
regions because these are present in SE but absent in S. Typhimurium (Thomson et al., 
2008). Although the exact role of several of these RODs in pathogenesis of the hen RT 
infection remains elusive, one study showed that deletion of ROD9 and ROD21 did not 
directly impact the ability of SE to colonize avian RT (Coward et al., 2012).

3.2.1 � Knowledge Gaps and Challenges
Although several studies have focused on identifying and characterizing the role of 
SE genetic factors in colonization of avian RT, follow-up studies to conclusively 
demonstrate their role are often lacking. Both in vitro cell culture models and in vivo 
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avian infection models have been utilized to identify and characterize genetic fac-
tors that contribute to RT infection in chickens. However, the outcome of different 
studies is not always comparable. For instance, COEC can be a useful in vitro model 
for high-throughput screening of mutants to identify genes and their possible role in 
avian RT infection, as well as to study physiological and immunological responses 
of RT. Nonetheless, critical aspects regarding the source and treatment of COEC vary 
among studies: primary cultures have been obtained from birds at different ages under 
different hormonal treatment schemes. In two separate studies, COEC derived from 
7-week-old chicks repeatedly treated with estradiol resulted in successful intracel-
lular replication of SE for up to 24 h postinfection (De Buck et al., 2004a,b), whereas 
COEC derived from 25- to 28-week-old mature hens resulted in failure to establish 
such intracellular replication (Li et al., 2009). The age, sexual maturation, and dif-
ferential expression of immune mediators are suspected as potential underlying fac-
tors (Anastasiadou et al., 2013; Ebers et al., 2009; Withanage et al., 2003). This may 
also partially explain the differential susceptibility of ovarian follicles at different 
maturation stages (Wang et al., 2014). Thus, it is imperative to establish a standard-
ized in vitro cell culture system to study interaction between SE and the avian RT, 
which may also serve as a model to study other relevant avian pathogens (e.g., avian 
coronavirus infectious bronchitis virus) with RT tissue tropism (Mork et al., 2014). 
In vivo studies also differ in several critical aspects that include age, breed, infection 
dose, route, and bacterial strain. Result outputs are sometimes reported as frequency 
of SE-positive organs or as bacterial burden (CFU per gram), complicating compari-
son among different studies. Development and validation of the laying hen model 
to study the role of different genetic factors in RT infection and contamination of 
internal content of eggs may help overcome some of the current challenges. In addi-
tion to identifying SE factors required for establishing infection in chickens, research 
is also needed to delineate the host factors. For instance, deciphering the metabolic 
requirements of SE in the chicken RT may provide some clues to factors that drive 
predilection of this bacterium to this organ system. In addition, how does SE interact 
with the chicken microbiota? what factors influence this interaction? and how does 
this interaction influence outcome of infection? These are some of the key questions 
that require additional research efforts (Ricke, 2003).

3.3 � GENETIC BASIS OF EGG COLONIZATION AND SURVIVAL
Because the entire hen RT can be colonized by SE, contamination of internal con-
tents of eggs could result regardless of which specific anatomic site is more heav-
ily colonized. Consequently, there is considerable interest in understanding the 
genetic mechanisms underlying the ability of this serotype to colonize and survive 
within the internal contents of eggs, more specifically egg albumen. Early work 
in this field showed that nonmotile mutants of SE (ΔfliC and ΔmotAB) as well as 
other nonmotile serovars including S. Gallinarum and S. Pullorum are impaired 
in their ability to propagate in egg albumen (Cogan et al., 2004). Moreover, work 
conducted in our laboratory revealed that wild-type strains of SE with impaired 
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motility are also impaired in their survival within egg albumen when incubated 
at 25°C (Shah et al., 2012a). In addition, we reported that disruption of fliH and 
fljB in SE conferred motility impairment and these mutants were also impaired 
in their growth in egg albumen (Shah et  al., 2012b). These reports collectively 
suggest that motility is associated with the ability of SE to survive and propagate 
within egg albumen. It is also speculated that flagella could be an important factor 
for moving Salmonella through albumen and toward the yolk (Baron et al., 1997). 
In addition to motility, curli fimbriae production appears to be important for inva-
sion and survival within egg contents. One study showed that inactivation of agfA 
(encoding curli production) invaded yolk less frequently suggesting the importance 
of the role of curli in survival and persistence within the egg (Cogan et al., 2004). 
In addition, genes involved in DNA replication and repair have been identified 
in multiple studies. In one study, disruption of yafD (a member of exonuclease-
endonuclease-phosphatase family) was reported to significantly impact the growth 
of SE and S. Typhimurium within egg albumen (Lu et al., 2003). These authors 
suggested that absence of yafD may affect the ability of bacteria to repair DNA 
damage and thereby provide a fitness disadvantage to SE in egg albumen. Subse-
quently, Clavijo et al. (2006) screened a library of 2850 transposon mutants of SE 
and identified a total of 32 SE mutants that showed defective survivability (≤10%) 
when grown in egg albumen at 37°C. These genes were broadly categorized into 
genes associated with cell-wall structure and functional integrity, nucleic acid 
and amino acid metabolism in SE; however, yafD gene reported earlier was not 
identified in this study. Interestingly, one SE-specific gene (SEN4287) putatively 
associated with restriction endonuclease system was identified by Clavijo et  al. 
(2006). When SEN4287 was expressed in trans in S. Typhimurium, it conferred 
survival advantage in egg albumen when compared with the isogenic wild-type S. 
Typhimurium; however, the survivability was not as high as the wild-type SE strain 
(Clavijo et al., 2006). These authors suggested that SEN4287 may have an impor-
tant role in providing fitness advantage to SE in egg albumen; however, factors 
other than SEN4278 may also be required for survival in this hostile environment. 
We reported that disruption in genes involved in DNA recombination, replication, 
and repair (SEN1152, SEN1393, and SEN1966) and translation (ksgA) resulted in 
reduced growth in egg albumen (Shah et al., 2012b). LPS also appears to contrib-
ute to the survival of SE in egg albumen. In one study, expression of rfbH, an LPS 
biosynthesis gene, was highly upregulated during SE growth in egg albumen at 
room temperature (Gantois et al., 2009b). Moreover, disruption of rfbH resulted in 
impaired growth in egg albumen at both 37°C and 42°C. Additionally, we reported 
that disruption of rfbN, encoding LPS biosynthesis, resulted in reduced growth 
in egg albumen (Shah et al., 2012b). It is important to note that several strains of 
SE contain HMM-LPS, which is associated with egg contamination (Guard-Petter 
et al., 1999). It is possible that HMM-LPS may interfere with binding of different 
antimicrobial compounds including lysozyme and ovotransferrin of egg albumen 
with SE. Thus more research is needed to understand the specific role of the LPS 
in resistance to the antimicrobial compounds of egg albumen and its association 
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with egg contamination. Collectively, the published body of literature suggests that 
SE likely undergoes significant metabolic adjustments in egg albumen and that 
certain strains of SE are likely to be more genetically fit to propagate in egg albu-
men. One report shows that passage of SE in the egg yolk confers a higher rate of 
intestinal colonization and extraintestinal organ invasion in orally inoculated mice 
when compared with SE passaged in laboratory media or in mouse (Moreau et al., 
2016). This raises the possibility that propagation of SE within egg contents can 
significantly increase the pathogenicity of SE in the host; however, the underlying 
mechanisms are unknown. In conclusion, multiple mechanisms may be at play to 
regulate bacterial physiology in the egg environment and eventually aid in con-
tamination and survival or propagation of SE within eggs. However, based on the 
current literature, it has been difficult to pinpoint these mechanisms unequivocally 
and establish cogent pathways or genetic factors. Consequently, factors or mecha-
nisms that enable SE to colonize and survive within eggs still remain an important 
knowledge gap. Further research is needed to determine the genetic factors that 
contribute to the interaction of SE with egg contents and their impact on gene 
expression and virulence of SE.
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CHAPTER

The Relationship 
Between the Immune 
Response and 
Susceptibility to Salmonella  
enterica Serovar Enteritidis  
Infection in the Laying Hen

Michael H. Kogut, James A. Byrd
USDA-ARS, College Station, TX, United States

1. � INTRODUCTION
A review by Wigley et al., (2014) has thoroughly detailed the basic structure and 
function of the avian reproductive tract and will not be discussed here. What is clear 
is that the avian female reproductive tract, like that of the intestinal and respiratory 
tracts, has a fully functional immune system made up of cells from both the innate 
acquired immune branches (Wigley et al., 2014). Despite this immune armament, 
Salmonella enterica serovar Enteritidis (SE) is still capable of evading detection and 
infecting table eggs for human consumption. This chapter will concentrate less on 
reviewing the response of the immune system of the reproductive tract to Salmonella 
infection, which has been reviewed (Wigley et al., 2014). Instead, we will concen-
trate on asking why and/or how Salmonella Enteritidis is able to penetrate the intes-
tinal tract and migrate to and colonize the reproductive tract while evading detection 
by the host immune system. However, it is important that a thorough description of 
the avian immune system would be appropriate to provide the reader with a sufficient 
background to appreciate the infection biology of the bacteria in the avian host.

Asymptomatic carrier states are poorly understood. “Normal infections” include 
infection of chicks through an oral route and is characterized by a translocation 
through the intestinal epithelial cells followed with a splenic infection (Desmidt 
et al., 1997). Although asymptomatic carriers can be infected by SE and Salmonella 
Typhimurium (ST), these bacteria can survive in the gastrointestinal tract of birds 
for months without showing clinical signs (Barrow et al., 1987). These Salmonella 
asymptomatic carriers can be capable of having an infected gastrointestinal tract 
without showing clinical signs while excreting high concentrations of Salmonella 
into the environment (Aksakal et al., 2009; Perron et al., 2008). In older birds, ST 
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infection leads to an asymptomatic carrier state with continuous shedding (Barrow 
et al., 1988; Withanage et al., 2005). These healthy carriers can be a risk to affect 
other birds by horizontal transmission or affect newly hatched chicks.

Hens infected with SE often shed bacteria for 1–2 weeks. But hens given large 
SE doses often shed low numbers or stop shedding SE within 3–4 weeks (Holt and 
Porter, 1993; Saeed, 1999; Seo et al., 2000). Feed also plays a role in the shedding 
of SE. In a study by Holt and Porter (Holt and Porter, 1993), 59-week-old hens when 
challenged with 7.0 log10 SE had a 71% shedding rate. At 28 days post infection, 
20% of the hens were shedding SE. At 30 days post infection, feed and water were 
removed and caused an increase in SE shedding to up to 65%. These hens may have 
had subclinical infections and became chronic shedders and will continue to lay con-
taminated eggs (Shivaprasad, 2000; Velge et al., 2005). S. Enteritidis colonization 
depends on the infecting strain, age of host, host immune status, and host species 
(Barrow et al., 1987; Morgan et al., 2004; Shivaprasad, 2000).

2. � OVERVIEW OF THE AVIAN IMMUNE SYSTEM
The immune system of vertebrates is a multifaceted network of molecules and cells 
that coordinate responses against infectious agents, toxins, and danger signals while 
maintaining tolerance to self-antigens. The mechanisms of the host immune response 
of vertebrates are classically separated into two interdependent branches: (1) the 
“hard-wired” responses encoded by genes in the host’s germline and that recog-
nize molecular patterns shared by multiple microorganisms/dangers that are not in 
the host, the innate immune response, and (2) responses encoded by gene compo-
nents that somatically rearrange to assemble antigen (Ag)-binding molecules, with 
specificity for individual, unique foreign structures, the acquired/adaptive immune 
response (Table 11.1).

2.1 � INNATE IMMUNITY
The host immune response to pathogens in the earliest stages of infection is a critical 
determinant of disease resistance and susceptibility. These early responses, the innate 
host defenses, are dedicated to the containment of the pathogens holding infections 
to a level that can be resolved by the ensuing development of acquired immune 
mechanisms. The first “layer” of the innate immune system includes physical (epi-
thelial lining and mucous layers of intestinal and reproductive tracts, skin), soluble 
[proteins and bioactive small molecules that are present in biological fluids (com-
plement, β-defensins, cathelicidins) or released by cells when activated (cytokines, 
prostaglandins, leukotrienes, enzymes)] (Janeway and Medzhitov, 2002). The second 
“layer” of the innate immune system is a rapidly induced, phylogenitically conserved 
response of all multicellular organisms (Medzhitov and Janeway, 1997). Innate 
immunity depends on a collection of germ-line-encoded pattern recognition recep-
tors (PRRs) for detection of microbe-associated molecular patterns (PAMPs) on or 
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in major groups of microbes (Janeway and Medzhitov, 2002) or damage-associated 
molecular patterns and includes uric acid, ATP, DNA fragments, and mitochondrial 
contents (Hanson et  al., 2011). Microbial- or pathogen-associated molecular pat-
terns (MAMPs or PAMPs) are critical for pathogen replication and/or survival and 
are unique to large groups of microorganisms and not host cells, thus providing the 
host with an efficient, nonself means of detecting invading pathogens. Recognition 
of MAMPs induces various extracellular activation cascades and intracellular signal-
ing pathways, leading to the inflammatory response, recruitment of phagocytic cells 
for clearance of the pathogens, and mobilization of professional antigen-presenting 
cells. PRRs are present in two separate compartments of the host: cell membranes 
and cell cytoplasm. PRRs on cell membranes have an assortment of functional activi-
ties including promotion of phagocytosis, presentation of MAMPs to other PRRs, 
and the initiation of major intracellular signaling pathways. Recognition of MAMPs 
by PRRs, either alone or in heterodimerization with other PRRs [Toll-like receptors 
(TLRs); nucleotide-binding oligomerization domain proteins (NLR); retinoic-acid 
inducible gene-I (RLRs); C-type lectins], induces intracellular signals responsible 
for the activation of genes that encode for proinflammatory cytokines, antiapoptotic 
factors, and antimicrobial peptides (AMPs) (Carpenter and O’Neill, 2007; Underhill,  
2007; Takeuchi and Akira, 2010). At least 11 different TLRs have been identified 
in the chicken (Keestra et  al., 2013). All TLRs have an extracellular sensing leu-
cine-rich repeat (LRR) domain, a transmembrane domain, and a highly conserved 
cytoplasmic Toll- and interleukin (IL)-1 receptor (TIR) (Trinchieri and Sher, 2007). 
PAMPs recognized by TLRs include three general categories of ligands: proteins, 
nucleic acids, and lipid-based elements derived from a wide range of organisms such 
as bacteria, viruses, parasites, and fungi. Two additional families of innate receptors, 

Table 11.1  Characteristics of the Different Arms of Avian Immune Response

Characteristics Innate (Constitutive) Acquired (Inducible)

Receptors MAMPs, DAMPs Specific T and B cell antigen 
receptors (TCR/BCR)

Receptor features Germline encoded, invariant, 
nonclonal

Random somatic gene  
rearrangement, clonal

Specificity of response Nonspecific Specific (Ag)
Response time Rapid: immediate Slow: days/weeks

All multicellular Only in vertebrates
Memory Trained immunity? Memory
Cellular components Monocytes, macrophages,  

polymorphonuclear cells,  
natural killer, dendritic cells,  
epithelial cells

T and B lymphocytes

Humoral components Antimicrobial peptides,  
complement, C-reactive protein, 
mannose-binding protein

Immunoglobulins
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RLRs and NLRs, have been described and join the TLRs as key pathogen sensors. 
In mammals, the RLR family contains retinoic acid-inducible gene 1 (RIG-1), mela-
noma differentiation-associated protein 5 (MDA5), and laboratory of genetics and 
physiology 2 as members, but chickens lack RIG-1 (Magor et al., 2013). The lack of 
the RIG-1 family undoubtedly accounts for the susceptibility of chickens to single-
stranded RNA viruses such as influenza A and Newcastle disease virus. However, the 
MDA5 family can, at least partially, detect avian influenza to generate an interferon 
response (Karpala et al., 2011). NLRs are a group of intracellular microbial sensors 
that sense microbial products or the products of damaged cells, such as ATP and uric 
acid. NLRs are composed of a central nucleotide-binding domain and C-terminal 
LRRs (Maekawa et al., 2011). NLRs have been classified into four subfamilies, in 
mammals, with members such as NOD1, NOD2, NACHT, NALPs, and IPAF (Kawai 
and Akira, 2009). However, to date, there have been four NLRs found on the chicken 
genome [NOD1 (Tao et al., 2015, NLRP3 (Ye et al., 2015, NLRC5 (Lian et al., 2012; 
Ciraci et al., 2010)], and only two have been functionally described (Ciraci et al., 
2010; Ye et al., 2015; Liu et al., 2015).

Although a certain degree of redundancy exists between signals induced by vari-
ous PRRs, in general, no single PRR is likely to be the sole mediator of activation 
of the innate immune response. Therefore, a variety of pathogens, each containing 
different MAMPs, can interact with a certain combination of PRRs on or in a host 
cell. The variety of PRR complexes trigger specific intracellular signal transduction 
pathways that will induce specific gene expression profiles, particularly cytokine/
chemokine expression, best suited for the invasive pathogen (Chang et  al., 2006; 
Akira et al., 2006; Gowan et al., 2007; Medzhitov, 2007; Geijtenboek and Gringhuis, 
2009; Kawai and Akira, 2009; Cao, 2016). Hence a combination of TLR and non-
TLR PRRs will be triggered during infections (Kawai and Akira, 2011).

Ligation of MAMPs to TLRs activate intracellular signaling cascades that induce 
nuclear factor (NF)-κβ-dependent genes and the synthesis of multiple inflammatory 
mediators that include soluble proteins and bioactive molecules that are either con-
stitutively present in biological fluids such as defensins or are released from cells as 
they are activated including cytokines, chemokines, and lipid inflammatory media-
tors (prostaglandins, leukotrienes) (Kaiser et  al., 2005; Scott and Owens, 2008; 
Kogut et al., 2012; Guo et al., 2013; Cuperus et al., 2013; Goosens et al., 2013).

2.2 � ACQUIRED IMMUNITY
The initiation of the acquired immune response is based on recognition of an 
antigen by a specific receptor expressed on the surface of T or B lymphocytes 
(Erf, 2004). The antigen specificity of the receptors is encoded by genes that are 
assembled by somatic rearrangement of a number of gene components to form 
intact T-cell receptor and immunoglobulin B-cell receptor genes. The assembly of 
antigen receptors from a collection of a few hundred germline genes permits the 
formation of millions of different antigen receptors each with potentially unique 
specificity for a different antigen.
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The main effector mechanisms of adaptive immunity include the production of 
antibodies by B cells, the killing of infected host cells by cytotoxic T cells, and 
various helper T-cell-mediated actions. In particular, activation of adaptive immunity 
results in the production of memory B cells and T cells, which can provide life-long 
specific protection against subsequent infections with a pathogen bearing the same 
antigens. Like mammals, chickens have both humoral and cell-mediated branches 
of the acquired immune system (Wigley, 2013). The bursa of Fabricius is a unique 
organ of birds that is essential for B lymphocyte development and humoral immunity 
(Glick, 1991). Embryonic stem cells migrate to the bursa and undergo prolifera-
tion that persists for several weeks after hatch. These precursor B cells have already 
rearranged their immunoglobulin genes before entering the bursa; unlike mammals, 
the chicken has a very limited number of variable genes using a process called gene 
conversion to create antibody diversity. In gene conversion, the variable heavy and 
light chains are replaced with upstream pseudogenes (Benatar et al., 1992). The cell-
mediated component of the acquired response includes αβ and γδ T cells and natural 
killer cells (Myers and Schat, 1990; Trout and Lillehoj, 1996; Straub et al., 2013; 
Guo et al., 2013). Both CD4 and CD8 T-cell subsets are present with Th1 CD4+ cells 
having similar function as found in mammals (Gobel et al., 2003; Guo et al., 2013). 
Furthermore, Th2 cells have been shown to function as well (Kaiser et  al., 2005; 
Degen et al., 2005).

3. � IMMUNITY IN THE HEN REPRODUCTIVE TRACT
Chicken reproductive tissues are not considered immunological, but immune cells 
and innate and acquired immune mechanisms have been shown to be functional 
throughout the tract (Subedi et al., 2007; Woods et al., 2009; Michailidis et al., 2012; 
Wigley et al., 2014; Yoshimura et al., 2014).

3.1 � INNATE IMMUNITY
There is a large and growing body of literature citing the presence of complex 
immune responses, especially the innate immune response, within the female repro-
ductive system. The female reproductive tract is lined by an epithelial cell layer that 
produces a protective mucous barrier and itself provides a tight barrier (Yoshimura 
et  al., 2014). Furthermore, multiple cells in the organs of the reproductive tract, 
including various epithelial and macrophage-like cells in ovary, oviduct, isthmus, 
and ovarian follicles, express a number of TLRs (Woods et al., 2009; Michailidis 
et al., 2010, 2011), which can respond to MAMPs by an increased mRNA expression 
of a number of cytokines (Yoshimura et al., 2006; Sundaresan et al., 2007, 2008; 
Nii et al., 2011; Abdelsalam et al., 2012; Abdel Mageed et al., 2011; Sonoda et al., 
2013), chemokines (Sundaresan et al., 2007, 2008), and lipid inflammatory media-
tors (Yoshimura et al., 2014). However, the largest body of literature has detailed the 
expression of a number of AMPs (summarized by Yoshimura, 2015). A total of 14 
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avian β-defensin (AvBD, characterized by conserved cysteine-rich domains) genes 
have been identified in the chicken (Yoshimura, 2015) with 11 AvBDs having been 
found to be expressed in the various cell types of the ovary and oviduct of laying 
hens (Abdel Mageed et al., 2008; Michailidis et al., 2012) with differential expres-
sion influenced by the bird sexual maturity, age, and breed (Yoshimura et al., 2006; 
Ebers et al., 2009; Michailidis et al., 2012). Interestingly, seven AvBDs have also 
been found in the egg, suggesting the presence of protective bioactive molecules 
in ovo (Mann, 2007; Mann and Mann, 2008; Mine and D’Silva, 2008). Lastly, a 
separate AMP, chicken liver expressed AMP-2 (LEAP-2; characterized by disulfide-
bond, cysteine-rich motifs) has been constitutively expressed in the chicken ovary 
(Michailidis et al., 2010).

3.2 � ACQUIRED IMMUNITY
B and T lymphocytes are found scattered throughout the hen reproductive tract 
(Wigley et al., 2014; Yoshimura et al., 2014). IgM+, IgY+, and IgA + B cells have 
been found beneath the epithelial layer of the oviduct (Lebacq-Verheyden et al., 
1974; Withanage et al., 1997). Furthermore, both CD4+ and CD8+ T cells, and γδ 
T cells are found in the ovaries, vagina, and oviduct as single cells and in small  
lymphoid aggregates (Withanage et  al., 1997; Johnston et  al., 2012). Although 
dendritic cells, per se, have not been identified in the reproductive tract, major 
histocompatibility complex class II+ macrophages that do function as antigen 
presenting cells have been found in the mucosal epithelium and lamina propria 
layers of the oviduct as well (Zheng and Yoshimura, 1999). Therefore, the appro-
priate cell types are available in the hen reproductive tract for a functional acquired 
response. Proinflammatory cytokines mRNA expression in the reproductive tract 
has been reported (Sundaresan et al., 2007, 2008); the scattered distribution of T 
lymphocytes makes it difficult to measure the relative expression of Th1 and Th2 
cytokine mRNA (Johnston et al., 2012). However, these authors were able to detect 
IL-4 and IL-6 expression (Johnston et al., 2012).

4. � IMMUNE RESPONSE OF THE LAYING HEN REPRODUCTIVE 
TRACT TO SALMONELLA INFECTION

The immune response of the avian reproductive tract to Salmonella infection has been 
comprehensively reviewed (Wigley et al., 2014). Thus, we will only briefly summarize 
the ability of the immune system of the hen reproductive tract to respond to coloniza-
tion by Salmonella. The innate immune response appears to be characterized by the 
upregulation of TLR4, -5, and -15, which recognize lipopolysaccharide (LPS), flagel-
lin, and bacterial proteases, respectively (Keestra et al., 2013), in response to SE infec-
tion (Ozoe et  al., 2009; Michailidis et  al., 2011; Yoshimura, 2015). Recognition of 
these MAMPs activates the TLR signaling pathways that resulted in the upregulation 
of five avian defensin genes (AvβD4, 5, 7, 11, and 12) in the ovary (Michailidis et al., 
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2012) and six AvβDs in the vagina (AvβD5, 7, 10, 11, 12, 14; Anastasiadou et al., 2013) 
of sexually mature hens. Furthermore, TLR stimulation also results in the increased 
expression of the proinflammatory cytokines IL-1β and IL-6 and chemokines CxCLi2 
and LPS-induced tumor necrosis factor-α (Yoshimura et al., 2006; Sundarersan et al., 
2007, 2008; Abdel Mageed et al., 2008, 2011). Together, these findings suggest a func-
tional innate response to Salmonella infection manifested by TLR recognition of bacte-
rial MAMPs and the production of AMPs.

Salmonella infection in the reproductive tract of mature hens also evokes both 
humoral and cell-mediated acquired immune response. S. Enteritidis-specific anti-
bodies were found locally (oviducts) and systemically (serum) in hens after infection 
(Withange et al., 1998). Furthermore, infection with SE induced the local secretion 
of IgA, IgY, and IgM in the oviducts (Withange et al., 1999). This S. Enteritidis-
specific antibody production correlated with a reduction in bacterial load in the ovi-
ducts. An increase in T lymphocyte numbers was found in the oviducts and ovaries 
of infected hens 1 week post infection, which was followed by an increase in B 
lymphocytes at 14 days post infection (Withange et al., 1998). The number of the 
CD4+ T helper and CD8+ T cytotoxic cells also increased in the reproductive tracts 
of S. Enteritidis-infected hens during the first 14 days post infection (Withange et al., 
2003). An increase in macrophage numbers in the reproductive tract of mature hens 
at the same time as the increase in T cells suggests the clonal expansion of bacteria-
specific acquired memory response.

So the main question that needs to be asked is with such a complex arsenal of 
weapons within the innate and acquired immune systems designed to identify, limit 
the spread, and remove bacterial pathogens such as Salmonella, how does this patho-
gen avoid detection by the immune system and persist systemically in a carrier state 
in the reproductive tract of hens throughout sexual development? We will concen-
trate the rest of this chapter on attempting to answer this question.

5. � HOST AND BACTERIAL FACTORS THAT CONTRIBUTE  
TO ASYMPTOMATIC S. ENTERITIDIS COLONIZATION  
OF REPRODUCTIVE TRACT

Although colonization of the reproductive tract can occur via an ascending infection 
from the shared opening of the reproductive and intestinal tracts, the primary route 
of infection is the systemic spread of the bacteria from the intestinal tract (Gast et al., 
2003; Gantois et al., 2009; Wigley et al., 2014). In mammals, Salmonella have two 
different routes to systemic infections. First, the bacteria can travel directly through 
the lymphatic system directly to systemic organs (Worley et  al., 2006). However, 
chickens possess neither lymph nodes nor a lymphatic system (Kaiser et al., 2005). 
The second route is directly through the bloodstream carried by phagocytic cells 
(macrophages and/or dendritic cells) (Vasquez-Torres et al., 1999). In poultry, it is 
via macrophages that Salmonella are carried to the reproductive tract (Gast et al., 
2007; Bernt et al., 2007; Gantois et al., 2008; Chappell et al., 2009; He et al., 2012). 
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Salmonella possess a set of important factors genetically determined in two type 
III secretion systems (TTSS-1 andTTSS-2) encoded on Salmonella Pathogenicity 
Islands (SPI), particularly SPI-1 and SPI-2. The SPI-1 is essential for colonization 
in the gut (Dieye et al., 2009), whereas both SPI-1 and SPI-2 are required for colo-
nization of systemic organs (Dieye et  al., 2009; Rychlik et  al., 2009). Therefore, 
a successful SE infection of the avian reproductive tract depends initially on the 
outcome of the bacteria’s encounter with the macrophage followed by the ability to 
persistently colonize the ovary/oviduct/vagina despite the presence of a functional 
immune surveillance system. Salmonella’s ability to survive, colonize, and persist 
depends on a series of bacterial and host factors that leads to the asymptomatic infec-
tion of the reproductive tract.

6. � BACTERIAL FACTORS
6.1 � SALMONELLA–MACROPHAGE INTERACTIONS: EVASION  

OF PHAGOCYTE DEFENSE MECHANISMS
The first “phase” of a Salmonella enterica infection in the reproductive tract of 
maturing hens begins with the invasion of and penetration through the epithelium 
lining the intestinal tract (Chappell et al., 2009; Wigley et al., 2014) where the bac-
teria encounter resident macrophages lining the basolateral side of the epithelium  
(Chappell et al., 2009; He et al., 2012; Brauckmann et al., 2015). These macrophages 
can serve as both host cells and transport cells for the bacteria, so their ability to sur-
vive and replicate in the immune cells is of tantamount importance for persistence in 
extraintestinal organs (Chappell et al., 2009; Wigley et al., 2014). Survival, growth, 
and persistence in macrophages is dependent on the SPI-2 type III secretion system 
(Chappell et al., 2009; Setta et al., 2012; He et al., 2012, 2013). In mammalian mod-
els, a second virulence system, the PhoP/Q two-component regulatory system, has 
also been shown to be a factor in Salmonella survival in macrophages (Thompson 
et al., 2011; Lathrop et al., 2015). However, there are no reports of the PhoP/Q sys-
tem involvement in Salmonella-avian macrophage interactions. The SPI-2 virulence 
system is induced in Salmonella by intracellular signals as the bacteria are growing 
in the acidified, modified phagosome [Salmonella-containing vacuole (SCV)], which 
prevent phagolysosomal fusion and thus avoid exposure to lysosomal antimicrobial 
contents (Vasquez-Torres et  al., 2000; Haraga et  al., 2008; Steele-Mortimer, 2008). 
Furthermore, as yet unidentified specific SPI-2 effector proteins have been shown to 
protect Salmonella from the macrophage reactive oxygen intermediate, NADPH oxi-
dase, and reactive nitrogen species, nitric oxide (NO) (Vazquez-Torres et  al., 2000; 
Das et al., 2009; Aussel et al., 2011; Henard and Vazquez-Torres, 2011). Specifically, 
Salmonella downregulates NO production and inducible nitric oxide synthase induc-
tion in interferon-γ-activated macrophages in an SPI-2-dependent manner (Das et al., 
2009). Moreover, an SPI-2 effector protein blocks correct colocalization of NADPH 
oxidase vesicles with SCV (Vasquez-Torres et al., 2000; van der Heijden et al., 2015).
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An emerging host defense mechanism against Salmonella is the process of autoph-
agy. Autophagy, under normal homeostatic condition, is an evolutionarily conserved 
cellular response to remove defective proteins and organelles, but has been shown to 
be involved in the capture and removal of intracellular bacteria (Levine, 2005; Cemma 
and Brumell, 2012; Deretic et  al., 2013). The autophagic response involves devel-
opment of autophagosomes that engulf cytosolic components or bacteria that then 
fuse with lysosomes for degradation (Levine, 2005). Salmonella have been shown to 
interact with and are contained by autophagy systems in both phagocytic and non-
phagocytic host cells (Birmingham et al., 2006). In this process, during the formation 
of the SCV, cytoplasmic aggregates form that are ubiquitinated by host ligases that 
enable the aggregates to be recognized by the autophagy pathway (Mesquita et al., 
2012; Narayanan and Edelmann, 2014). Evidence has shown that Salmonella inhib-
its antibacterial autophagy through SPI-2-dependent effector proteins that target two 
different posttranslational protein modification pathways. Posttranslational modifi-
cations, such as ubiquitination and phosphorylation, play vital roles in bacterial eva-
sion of phagocytic cell killing (Narayanan and Edelmann, 2014). With the first, the 
intracellular bacteria release the SPI-2 effector protein, SseL, which deubiquitinates 
the cytoplasmic aggregates, which inhibits the ubiquitin-driven autophagy process in 
the macrophage (Mesquita et al., 2012). With the second mechanism, unknown SPI-2 
factor(s) specifically phosphorylate the nonreceptor tyrosine kinase, focal adhesion 
kinase, which in turn phosphorylates Akt, an upstream regulator of the serine/threonine 
kinase, mammalian target of rapamycin (mTOR). Activated Akt then phosphorylates 
mTOR, which as a principle regulator of autophagy (Powell et al., 2012), suppresses 
the autophagic process (Owen et al., 2014). mTOR plays a vital role in cell growth and 
metabolism by sensing environmental cues, including when nutrients are in abundance 
and when immune cells are in metabolically demanding situations such as stimulation 
with growth factors, nutrient availability and immune regulatory signals (Laplante and 
Sabatini, 2012; Cobbald, 2013).

Once survivability inside the macrophage is assured, Salmonella have been 
shown to influence the motility of the infected macrophage, thereby exploiting 
the macrophage as a Trojan horse to spread from the intestine to internal organs 
(Worley et al., 2006). Amazingly, the SPI-2 effector protein SseI appears to play 
a dual role in affecting macrophage motility both early during intestinal infec-
tion and later during the colonization of the internal organs (Worley et al., 2006; 
McLaughlin et al., 2009). Following the resolution of an inflammatory response in 
the intestine, normal CD18+ cells (macrophages and dendritic cells) can reenter 
the bloodstream by traversing the basement endothelium in a process called reverse 
transmigration (Thornborough and Worley, 2012). Infected CD18+ cells do not 
normally reverse transmigrate, thus balancing resolving inflammation with inhib-
iting the spread of microbes. However, Salmonella actively exploits the reverse 
transmigration process by secreting SseI (also known as SrfH) that binds to the 
host protein, TRIP6, to stimulate reverse transmigration to enhance dissemination 
away from the intestine to internal organs (Worley et al., 2006; Thornborough and 
Worley, 2012). TRIP6 is an adaptor protein that regulates cellular motility (Yi et al., 



CHAPTER 11  Immune Response and Susceptibility218

2009; Lai et al., 2005). This is an extraordinary mechanism wherein “an intracellu-
lar pathogen overcomes host defenses designed to immobilize infected host cells” 
(Worley et  al., 2006). Remarkably, once the pathogen is in the internal organs, 
SseI then plays a paradoxical role in maintaining a chronic infection (McLaughlin 
et al., 2009). Here, SseI inhibits phagocyte mobility by interacting with a different 
host regulator of cell migration, IQGAP1 (McLaughlin et al., 2009). Furthermore, 
the authors also reported that an SseI-dependent decrease of macrophage migra-
tion was also associated with a reduction in CD4+ T-cell numbers in the spleens 
of infected animals. Previous reports have demonstrated reduced T-cell activation 
due to an SPI-2-dependent suppression of antigen presentation (Cheminay et al., 
2005; Tobar et al., 2006; Bueno et al., 2007). Therefore, the authors hypothesize 
that the data are suggestive that SseI indirectly controls CD4+ T-cell numbers by 
inhibiting migration of CD18+ cells and limiting their ability to effectively prime 
naive T cells. Taken together, these results suggest reduced capacity of the host 
to clear Salmonella from extraintestinal sites of infection consequently leading to 
asymptomatic long-term infection.

6.2 � MACROPHAGE POLARIZATION: A SALMONELLA METABOLIC 
SURVIVAL NICHE AND IMMUNE ESCAPE MECHANISM?

Upon recruitment into tissues, mononuclear phagocytes respond to local environ-
mental signals (pro- or antiinflammatory cytokines, microbial products, dead and/or 
damaged cells, tissue metabolism, activated lymphocytes) by changing their physiol-
ogy to acquire distinct functional phenotypes (Gordon and Martinez, 2010; Biswas 
and Mantovani, 2010), specifically, the so-called classically activated M1 macro-
phages and the “alternatively activated” M2 macrophages (Gordon, 2003; Biswas 
and Mantovani, 2010; Sica and Mantovani, 2011). The terminology is based on the 
Th1- and Th2-derived immune responses (Mills et  al., 2000). Although the Th1/
Th2 paradigm has been defined in chickens (Guo et al., 2013; Chausse et al., 2014), 
there is no direct evidence that chicken macrophages can polarize into the M1/M2 
phenotypes (Wigley et al., 2014). However, Salmonella do appear to prefer the M2 
phenotype macrophage for long-term persistent infections of both murine and human 
macrophages (Eisele et al., 2013; Lathrop et al., 2015).

We and others have demonstrated the development of a Th2, antiinflammatory 
response in the cecum of chickens that begins at least 4 days after an initial infection 
with Salmonella and continues for weeks (Chausse et al., 2014; Kogut et al., 2015, 
2016). Moreover, we have noted a significant increase in T regulatory cells in the 
cecum that corresponds to this shift from a proinflammatory to an antiinflammatory 
environment (Shanmugasundaram et al., 2015). Lastly, we also found alterations in 
the metabolic signatures of the cecum of the Salmonella-infected animals that are 
linked to an M2 phenotype, albeit, in a tissue and not macrophages. However, macro-
phage polarization is linked with dramatic alterations in multiple metabolic pathways 
(Shapiro et  al., 2011; Biswas and Mantovani, 2012). Specifically, lipid oxidation 
metabolism mediated by the peroxisome proliferator-activated receptors (PPAR)
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ɣ/δ pathways within the M2 macrophage provide an advantageous niche for a num-
ber of intracellular microbial pathogens including S. Typhimurium in mice (Eisele 
et al., 2013), Mycobacterium tuberculosis (Almeida et al., 2012), Brucella abortus  
(Xavier et al., 2013), Listeria monocytogenes (Abdullah et al., 2012), Francisella 
tularensis (Shirey et al., 2008), Leishmania (Chan et al., 2012), and Toxoplasma gon-
dii (Jensen et al., 2011). We submit that a persistent, carrier-state Salmonella infection 
in the chicken cecum induces a number of environmental cues that can potentially 
alter the polarization of infiltrating mononuclear phagocytes from an M1 state early 
infection to a preferential M2 state. The M2 macrophages “represent a unique niche 
for long-term intracellular bacterial survival” (Eisele et al., 2013) as well as an excel-
lent mechanism for: (1) evading the host immune response, (2) promoting bacterial 
replication, and (3) dissemination throughout the reticuloendothelial system (RES) 
to internal organs. Therefore, the susceptibility of a hen to Salmonella colonization 
of the reproductive tract and successful egg contamination may depend on the ability 
of the bacteria to encounter and infect the M2-type macrophage subset as opposed to 
the proinflammatory M1-type macrophage. Additional experiments are required to 
confirm this hypothesis.

6.3 � SALMONELLA EVASION OF HOST DEFENSE MECHANISMS  
IN THE REPRODUCTIVE TRACT

Precisely how Salmonella colonizes individual internal organs is still not well under-
stood. However, Salmonella-infected macrophages are disseminated through the 
RES; ending up in internal organs with large numbers of macrophages such as the 
spleen and liver, thus providing a ready source of potential host cells residing in these 
tissues. Although not normally recognized as a component of the RES, the reproduc-
tive tract, as discussed in the previous section, contains a large number of functional 
macrophages and lymphocytes (Wigley et al., 2014). Once the Salmonella-infected 
macrophage reaches an organ of the reproductive tract (or any other internal organ), 
the bacteria can induce an SPI-2-dependent delayed apoptosis of the host macro-
phages (Guiney, 2005; McGhie et  al., 2009). Consequently, either apoptotic cells 
containing bacteria can be phagocytized by additional macrophages or free bacte-
ria are able to infect neighboring nonphagocytic cells within the reproductive tract 
(Guiney, 2005; Ruby et al., 2011).

6.3.1 � Subversion of Antimicrobial Peptides
Salmonella are able to subvert the AMP killing activities of the reproductive innate 
immune system by a number of physical and genetic means (McKelvey et al., 2014; 
Matmouros and Miller, 2015). For example, the bacteria are able to cloak their pres-
ence by remodeling their envelope thus increasing the hydrophobicity resulting in 
decreased binding of AMPs (Lee et al., 2004; Herrera et al., 2010; Kato et al., 2012). 
In addition, Salmonella possess an outer membrane protease that can target and 
degrade cationic AMPs (Guina et al., 2000). S. Enteritidis possesses two antimicro-
bial resistance genes, virK and ybjX, on its genome that confer bacterial resistance to 

http://www.nature.com/nrmicro/journal/v6/n1/glossary/nrmicro1788.html
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polymixin B and avian β-defensins (McKelvey et al., 2014). Both genes are part of 
the PhoP/PhoQ regulon and are involved in modulation of the outer membrane of the 
bacteria that results in resistance to AMPs.

6.3.2 � Modification of PAMPs/Evasion of PRRs/Subvert PRR Signaling
LPS comprises the major portion of the Gram-negative bacterial cell wall (Raetz 
and Whitfield, 2002). LPS consists of three components: the lipid A domain, a core 
oligosaccharide, and a variable number of repeat units of a polysaccharide O anti-
gen. In response to host signals, Salmonella is capable of modifying the lipid A 
portion of LPS by activating the PhoP/PhoQ and PmrA-PmrB regulons (Ernst et al., 
2001; Raetz and Whitfield, 2002; Kawasaki et al., 2005). Activation of these two-
component regulatory systems results in the production of bacterial enzymes that 
palmitoylate, hydroxylate, deacylate, and attach aminoarabinose to lipid A (Ernst 
et al., 2001). These Salmonella-induced modifications increase resistance to AMPs 
and alter host recognition of LPS by TLR4 resulting in altering host cell signal-
ing that mediate the innate immune response (Kawasaki et al., 2004a,b; Lee et al., 
2004). Moreover, it has been found that the length of the O antigen, i.e., the number 
of repeating units, is under genetic control of the bacteria. S. Enteritidis appears to 
be able to increase the length of the O antigen component of the LPS molecule to 
increase colonization of the reproductive tract and increase bacterial survival in the 
egg during its formation (Coward et al., 2013).

Salmonella flagellin is required by the bacterium for motility (Stecher et al., 2004), 
but it is also a target of two components of the mammalian innate immune system: 
(1) TLR5, which detects extracellular flagellin, and (2) Naip5-Naip6/NirC4/caspase-1, 
which detects cytosolic flagellin (Gewirtz et al., 2001; Hayashi et al., 2001; Miao et al., 
2006; Kofoed and Vance, 2011). However, as of this writing, there are no reports in 
the literature that poultry possess cytosolic PRR for the detection of flagellin. Flagellin 
production is tightly regulated and as such expression can be altered by host environ-
mental cues. Salmonella actively inhibits flagellin expression during the establishment 
of systemic infections as a means of avoiding immune detection (Stecher et al., 2004; 
Cummings et al., 2005; Lai et al., 2013; Kilroy et al., 2016).

Another mechanism by which Salmonella can evade detection by PRRs is to 
directly antagonize signaling components. For example, once a TLR is activated 
by a PAMP an interaction between the TIR domains that are present on both the 
TLR and on adaptor proteins (MyD88 or TIRAP) activate specific signal trans-
duction pathways in the host to generate a protective innate immune response 
(Patterson and Werling, 2013). The importance of this interaction is obvious with 
the report that Salmonella possess a gene (tipA) that mimics the TIR domain of 
TLR and their adapter proteins that compete with the endogenous TIR domains 
and thus prevents downstream TLR4 signaling (Newman et al., 2006). Specifi-
cally, Salmonella TipA protein modulates NF-κB activation and IL-1β produc-
tion (Newman et al., 2006).

Members of the cytosolic Nod-like receptor protein family (NLR) direct the 
assembly of multiprotein complexes termed inflammasomes in response to detection 
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of microbial products in the cytosol or disruption of cellular membranes by microbial 
virulence factors (Shin and Brodsky, 2015; Storek and Monack, 2015). Inflamma-
some assembly induces activation of caspase-1-dependent cleavage and secretion 
of IL-1 family cytokines and a caspase-1-dependent proinflammatory cell death 
(pyroptosis). Inflammasome activation plays a major role in host defense against 
a variety of pathogens, but a number of viral and bacterial pathogens have been 
found to interfere with inflammasome activation (Shin and Brodsky, 2015). For 
example, it has been shown that pathogen-derived metabolites can be recognized 
by NLR resulting in the activation of inflammasome-mediated immunity (reviewed 
in Shin and Brodsky, 2015). Specifically, the Salmonella-derived tricarboxylic acid 
cycle (TCA) cycle metabolite citrate is recognized by the NLRP3 inflammasome 
resulting in extraintestinal clearance of a systemic infection (Wynosky-Dolfi et al., 
2014). However, screening an S. Typhimurium transposon library, it was found that 
three Salmonella genes that code for TCA cycle enzymes active during intracellular 
infection (acnB, aconitase; aceA, isocitrate lyase; icdA, isocitrate dehydrogenase) 
were found to modulate inflammasome activation through the metabolism of citrate 
(Wynosky-Dolfi et al., 2014).

6.3.3 � Targeting Host Signaling Cascades
Salmonella use effector proteins to divert, inhibit, and otherwise influence host cell 
signaling pathways to the advantage of the bacteria obstructing immune signaling 
pathways such as the transcription factor NF-κB and the mitogen-activated protein 
kinase (MAPK) signaling cascade (Collier-Hyams et al., 2002; Haraga and Miller, 
2002; La Negrate et al., 2008; Mazurkieicz et al., 2008; Wu et al., 2012; Li et al., 
2013). Both NF-κB and MAPK activation lead to transcription of proinflammatory 
cytokines and antimicrobial molecules genes.

6.3.4 � Target NF-κB
AvrA is an effector protein that functions as an immunological brake inhibiting the acti-
vation of NF-κB by stabilizing two inhibitors of NF-κB pathway, IκBα and β-catenin, 
which prevent release of the NF-κB for translocation to the nucleus thereby inhibiting 
the inflammatory responses (Collier-Hyams et al., 2002; Ye et al., 2007). Similarly, the 
effector protein Salmonella secreted factor L (SseL), a deubiquitinase that suppresses 
NF-κB activation by removing ubiquitin from IκBα preventing NF-κB translocation 
(La Negrate et al., 2008). Another effector protein, SspH1, localizes to the host cell 
nucleus and inhibits NF-κB–dependent gene expression (Haraga and Miller, 2002).

6.3.5 � Target MAPK
AvrA has also shown to possess acetyltransferase activity that targets upstream 
kinases of the c-Jun-NH2-terminal kinase (JNK) pathway, thereby suppress-
ing apoptotic removal of the bacterial intracellular niche and avoiding acquired 
immune mechanisms (Wu et al., 2012). SpvC inhibits inflammation by the dephos-
phorylation of the extracellular signal-regulated kinase (ERK) signaling pathway 
(Mazurkieicz et al., 2008).
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7. � HOST FACTORS
7.1 � RESISTANCE VERSUS TOLERANCE
We have thus far focused this review on: (1) mechanisms of host immune resistance 
to control Salmonella infection and (2) mechanisms the bacteria have developed to 
evade, suppress, and avoid immune detection to colonize the reproductive tract of 
developing hens. However, the fact remains that Salmonella can be carried by the 
hen with virtually no ill effects on the host. This asymptomatic condition suggests a 
different host defense strategy against infection, a process known as tolerance. Resis-
tance is a defense strategy to detect infection and eliminate the invading microbe, 
whereas tolerance is the ability of the host to limit the damage caused by both the 
pathogen and the host immune response (immunopathology; Ayres and Schneider, 
2012). Although a relatively new immunological concept, tolerance as a host defense 
strategy has been ignored in veterinary infectious disease studies (Schneider and 
Ayres, 2008). However, in studying the interactions between the host response and 
Salmonella infections in the reproductive tract of poultry, disease tolerance appears 
to play a major role because of the asymptomatic nature of infection. Therefore, the 
chicken and bacteria appear to have evolved a relationship that minimizes both the 
normal host response and the normal bacterial virulence. However, this tolerant state 
is “detrimental to food safety” in humans (Calenge and Beaumont, 2012).

It is important to point out that infection tolerance is not immune tolerance, which 
is defined as “unresponsiveness of the immune system to substances or tissue that 
have the capacity to elicit an immune response” (Suzuki et al., 2010). As reviewed 
earlier, the chicken does respond immunologically to Salmonella infection, so other 
mechanisms are involved in the induction of disease tolerance. With this understand-
ing, disease tolerance then depends on the host regulation, through physiological 
means of prevention, reduction, and avoidance of the pathological damage triggered 
by an infection (Schneider and Ayres, 2008). Therefore, “healthy carriers that remain 
asymptomatic despite being infected are likely to have a high level of tolerance to the 
pathogen” (Medzitov et al., 2012) such as found in persistent Salmonella infections 
in poultry.

Since a pathogen and the induced immunopathology can theoretically affect any 
physiological system, disease tolerance would involve a number of processes that 
will reduce host susceptibility to damage. Therefore, any physiological mechanism 
that typically maintains homeostasis and functional integrity of host tissues could 
contribute to disease tolerance. Mechanistically, limiting tissue damage is regulated 
by a number of evolutionarily conserved stress and/or damage responses. These 
responses confer tissue damage control, by providing cellular adaptation to environ-
mental changes (Hayes and Dinkova-Kostova, 2014). For example, stress responses 
maintain cellular functions by activating metabolic processes in response to local 
alterations in oxygen tension (hypoxia), redox status (oxidative stress), osmolarity, 
and metabolite concentrations (ADP/ATP, glucose). All are essential mechanisms of 
cell and tissue homeostasis (Soames and Ribeiro, 2015). Damage responses attempt 
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to preserve cellular functions while minimizing damage to macromolecules (DNA, 
lipids, proteins) and/or organelles (mitochondria, Golgi, endoplasmic reticulum) 
(Medzitov et al., 2012; Soames and Ribeiro, 2015).

Unlike immune responses that have measureable outputs to evaluate effective-
ness, disease tolerance lacks clear-cut outputs (Schneider and Ayres, 2008). However, 
measurement of local cell metabolic processes and function, redox status, concentra-
tions of metabolites, and organelle function of parenchymal cells and tissues (host’s 
cells/tissues that do not have a direct impact on pathogens) would be beneficial in 
evaluating stress and damage responses. For example, during the first 3 weeks after 
infection of day-old broilers with S. Typhimurium, we have observed key metabolic 
changes that affected fatty acid and glucose metabolism through the 5’-adenosine 
monophosphate-activated protein kinase (AMPK) and the insulin/mTOR signaling 
pathway in the skeletal muscle were also altered (Arsenault et al., 2013). In addi-
tion, we found dramatic phenotypical alterations in the cecal tissue of Salmonella-
infected chickens from the early response (4–48 h), which is proinflammatory, fueled 
by glycolysis and mTOR-mediated protein synthesis to the later phase (4–5 d) where 
the local environment has undergone an immune-metabolic reprogramming to an 
antiinflammatory state driven by AMPK-directed oxidative phosphorylation (Kogut 
et al., 2016). Therefore, metabolism appears to provide a potential measurement that 
characterizes a state of infection tolerance.

8. � CONCLUSIONS AND FUTURE DIRECTION
Salmonella exercise a number of mechanisms to surmount host defenses. The bacte-
rium has evolved means to mimic, subvert, exploit, and/or antagonize host defense. 
Future research should be directed at a better understanding of the means by which 
Salmonella invade the intestinal mucosa and migrate to extraintestinal organs. A fun-
damental strategy for the treatment of Salmonella in poultry is to alter host immune 
responses to enhance the clearance of infectious agents and prevent or reduce tis-
sue damage due to inflammation. Unlike conventional antibiotics that are designed 
to target a pathogen, modulating the immune system exerts their protective effects 
by acting on the host. Vaccines are still the definitive immune-based prophylactic 
strategy for human and veterinary infectious agents. Yet, modern veterinary vaccines 
have multiple inadequacies including lack of cross-protection against several dif-
ferent strains of a pathogen, multiantigenicity of pathogens, slow development of 
protective immunity (days versus hours), lack of adequate adjuvants, and a need for 
site-specific immune responses that require further advances in infection immunobi-
ology to address these challenges and improve efficacy.

Salmonella Enteritidis and Typhimurium are capable of survival and replication 
in some subsets of macrophages in mammals. Multiple factors, of both the host and 
pathogen, profoundly affect the outcome of infection. Studies to determine whether 
Salmonella uses similar strategies in poultry are needed to better understand the 
interactions critical to poultry infections.
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Technical breakthroughs have highlighted the host–microbe interactome to explore 
the immune system and the role for microorganisms in the development and function of 
the immune system. Although these interaction studies have provided a window on the 
pathogenesis of the disease, there is a distinct lack of information on the effect of these 
interactions in the overall host physiology. The immune response and nutrient metabolism 
are two fundamental biological systems indispensable to maintaining and preserving life. 
Each of these systems is capable of modulating the activity of the other to ensure that the host 
animal is capable of coordinating the appropriate responses under any conditions. Thus, 
metabolic systems are integrated with pathogen-sensing and immune responses, and these 
pathways are evolutionarily conserved. Yet we know very little about the effect of infections 
on host metabolism. Several important networks sense and manage nutrients and integrate 
with immune and inflammatory pathways to influence the physiological and pathological  
metabolic states.

Other prospective areas of research for defining the relationship between the 
immune response and susceptibility to SE infection in the laying hen include:
  
	•	 �a better understanding of the microenvironment of the reproductive tract that 

allows for the asymptomatic carrier state focusing on immunity. How does this 
environment compare to that of the intestine and other extraintestinal sites of 
infection (liver and spleen)? Are the immune modifications (mimicry, subversion, 
exploitation, and/or antagonize) induced by the bacteria site specific?

	•	 �determine whether constituents of the intestinal microbiome can manipulate host 
physiology to promote extraintestinal tolerance to infection and/or inflammation.

	•	 �study Salmonella–host interactions that regulate metabolism and immune pathways 
in Salmonella-infected macrophages. For example, are there mechanisms that allow 
SE to persist in avian macrophages while other serovars induce cell death.

	•	 �determine whether organ-specific T cells are present in the reproductive tract 
and other extraintestinal organs (liver, spleen) and whether these T cells regulate 
Salmonella persistence.
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1. � INTRODUCTION
Pathogenic bacteria cause an estimated 3.6 million cases of food-borne illnesses 
per year in the United States, approximately one-third (1.04 million cases) of 
which are caused by the nontyphoidal Salmonella (Scallan et al., 2011). Food-
borne illnesses caused by organisms such as Salmonella associated with food 
animals have continued to remain a prominent concern over the past several 
decades. Several factors have contributed to this continued prevalence of food-
borne illnesses. For example, centralization of food production, food processing, 
and distribution system increases the possibility for larger outbreaks (Rose et al., 
2002; Bhatt and Zhang, 2013). In addition, increased and divergent sources of 
foods and food ingredients such as eggs add to the uncertainty (Ricke et  al., 
2013a). Likewise, changes in consumer dining habits, food preferences, and 
increased consumption of raw foods such as vegetables are likely contributors as 
well (Hanning et al., 2009).

Among the bacterial food-borne pathogens Salmonella-related infections annu-
ally account for 35% of hospitalizations and 65% of deaths in the United States 
(Scallan et al., 2011). Human salmonellosis is dominated by the broad host range 
serovars (Foley et al., 2011, 2013; Ricke et al., 2013b). Similarly, several of the most 
commonly detected serovars in the US poultry industry are able to colonize multiple 
host species (Foley et al., 2011, 2013). Not all serovars behave the same way in their 
respective host and some serovars exhibit a broader host range than others. Invasive 
diseases associated with these serovars can arise when gastrointestinal organisms are 
able to undergo extraintestinal spreading leading to bacteremia and focal (localized 
to one organ or system) infection causing systemic manifestations (Jones et al., 2008; 
Suez et al., 2013). For example, invasive nontyphoidal Salmonella have surfaced as a 
leading cause of bloodstream infections in sub-Saharan Africa in juveniles and adults 
(Feasey et al., 2012).

12
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Poultry continues to be one of the primary reservoirs of Salmonella among ani-
mals (Edwards, 1958; Foley et al., 2008, 2011, 2013; Finstad et al., 2012; Howard 
et al., 2012). It has been estimated that 90% of the cases of salmonellosis in the United 
States originated from chickens, eggs, or egg products (Chittick et al., 2006; Foley  
et al., 2008). In the United States, 3.9% of the whole chicken, 18% of the ground 
chicken, 1.6% of the ground beef, 15% of the ground turkey, and 2.3% of the turkey 
samples tested positive for Salmonella during 2013 (CDC, 2013). Among the known 
human disease-causing Salmonella serovars, a limited number are considered to be 
significant causes of food-borne infection. Salmonella enterica serovar Heidelberg, 
S. Kentucky, S. Senftenberg, S. Enteritidis, S. Typhimurium, and S. Hadar have all 
been identified as prominent serovars in samples isolated from chickens over the past 
20 years (Foley et al., 2008, 2011, 2013). In more recent times, S. enterica serovar 
Heidelberg has emerged as a leading food-borne disease-causing serovar. Among 
the documented outbreaks, S. Heidelberg has been associated with those originating 
from eggs and egg production suggesting that it can occupy this specific niche. Given 
this concern, the overall objective of this review is to discuss what is currently known 
about S. Heidelberg as a food-borne pathogen in general and future perspectives for 
understanding its incidence in poultry and eggs and potential issues associated with 
antibiotic resistance.

2. � EMERGENCE OF SALMONELLA HEIDELBERG  
AS A FOOD-BORNE PATHOGEN

Salmonella Heidelberg was initially discovered in 1933 in Heidelberg, Germany 
(Habbs, 1933). In 1954, it was isolated for the first time in the United States (Smyser 
et al., 1965). More recently, the serovar has consistently remained among the top 10 
most common etiologic agents for nontyphoidal Salmonella infection (Harris et al., 
1990; Stanley et al., 1992; Threlfall et al., 1992; Foley and Lynne, 2008; Donado-
Godoy et  al., 2015). Specifically in the United States, S. Heidelberg is typically 
among the top five most common serovars causing human salmonellosis (CDC, 
2011) and has been responsible for several outbreaks in the United States and Canada  
(Dutil et al., 2010; Hoffman et al., 2013). For example, a multistate outbreak that 
occurred in 2013 and 2014 was traced back to contaminated chicken that managed 
to sicken 634 people in 29 different states (CDC, 2014).

According to the US Department of Agriculture (USDA) National Veterinary 
Service Laboratory data from 1968 to 2010, 71% of the S. Heidelberg isolates col-
lected over that time period originated from poultry-related sources (CDC, 2013). 
Among isolates at slaughter, poultry accounted for 86% of the food animal isolates, 
which is noteworthy, given the high percentage of the isolates that originates from 
one class of hosts. Thus the serovar likely has evolved to survive in the chicken gas-
trointestinal environment. Genetic adaptation to environmental conditions associated 
with the host could be one reason for this predominance as has been indicated for 
other serovars (Johnson et al., 2010). The environments where birds are raised can 
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influence the patterns of predominant organisms in their gut ecosystem (Nordentoft 
et al., 2011). The avian gut provides a diverse polymicrobial environment that could  
potentially provide selective pressure to alter the genetic composition of S. Heidelberg  
in such a manner to better adapt to the poultry environment (Han et al., 2012). In 
addition, antimicrobial exposure may impact the populations of organisms present in 
an environment, especially since several S. Heidelberg strains have been reported to 
be multidrug resistant (Lynne et al., 2009). If these strains outcompete other bacteria 
under selective pressure, it may help explain the relative prominence of this patho-
gen along the food production continuum, where S. Heidelberg isolates displaying 
antimicrobial resistance have been recovered at many different steps (Lynne et al., 
2009). A detailed examination of the incidence and distribution in poultry and egg 
production is warranted to develop a more in-depth understanding regarding poten-
tial explanations for the prevalence of this serovar.

3. � EPIDEMIOLOGY OF EGG-ASSOCIATED SALMONELLA 
OUTBREAKS

A substantial proportion of the increase in poultry-associated salmonellosis is no 
doubt due to an increase in poultry and egg market sales. Since 1910, per capita 
consumption of poultry products in the United States has increased 6.5-fold (Buzby 
and Farah, 2006). Egg consumption in the United States has also reached a 30-year 
high in the last few years, with the per-person consumption increasing by 12 eggs 
over the past 4 years (Clarke, 2015). To meet this demand, the USDA reported that  
242 million cases of shell eggs (15 dozen eggs per case) were produced in the United 
States during 2014 by 305 million shell egg laying hens (Egg facts, 2015). In 1 month 
alone, 5.814 millions of cases of eggshells were broken for egg products in the United 
States (Ibarburu, 2015). Global egg production also grew from 35.2 million tons to 
62.6 million tons in the last few years (Windhorst, 2009). Regional imbalances in egg 
production and demand have led to substantial growth in egg transportation globally. 
In North America, the United States is a major exporter and Canada and Mexico are 
importers (Windhorst, 2009). South and Southeast Asian countries such as Malaysia 
and Thailand are now exporters, whereas the U.A.E. and Kazakhstan are leading 
importers in Western and Central Asian countries (Windhorst, 2009). In the Euro-
pean Union, the ban on cage rearing for birds has led to an increase in the import of 
eggs from neighboring non–European Union countries such as Belarus (Windhorst, 
2009). These increased levels of imports have increased the odds of food-borne dis-
eases caused by eggs, because the corresponding effects of transit time adds to the 
likelihood of a break in the cold chain and opportunities for cross-contamination 
(Carrasco et al., 2012).

Egg consumption has been identified as a risk factor for S. Heidelberg infection 
(Hennessy et al., 2004). Hennessy et al. (2004) estimated that approximately 37% 
of S. Heidelberg population-attributable infections originate from consuming eggs 
prepared outside the home. In addition, eggs can be consumed in many different 
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forms, including either eggs alone or through products containing eggs that may be 
raw or lightly cooked, such as Caesar salad dressing, homemade ice cream, hollan-
daise sauce, and fresh pasta dishes (Ricke et al., 2013a). This diverse use of eggs in 
a wide range of food products makes it a critical potential vehicle for S. Heidelberg 
transmission and also a challenge to pinpoint specific sources of infections.

In 2010, the nation’s largest egg recall was due to S. enterica serovar Enteritidis 
contamination on egg layer farms in Iowa (Flynn, 2012). When one of the farms 
associated with the 2010 outbreak was inspected in 2012, investigators isolated S. 
Heidelberg from the poultry houses (Hoffman et al., 2013). They were confirmed 
initially using pulsed-field gel electrophoresis (PFGE) followed by whole genome 
sequencing (WGS) to differentiate isolates with the same PFGE pattern (Hoffman 
et al., 2013). The four isolates related to this outbreak were linked to the JF6X01.0022 
XbaI and JF6A26.0001 BlnI patterns.

In another instance, outbreak strains isolated from clinical patients exhibited a 
specific PFGE pattern (MMWR, 2013) that matched the PFGE pattern of a strain iso-
lated from the suspected slaughterhouse examined during the traceback investigation 
with similar PFGE patterns being subsequently differentiated by WGS (Evans et al., 
2014). Two isolates from this outbreak exhibited a multidrug-resistant phenotype. 
The patients, from whom these two isolates were collected, were under 1 year of age. 
The variable antimicrobial resistance profile of these isolates and patients’ imma-
ture immune status would have made outpatient treatment difficult, thus the infants  
required hospitalization for their illness. It is probable that these clinical isolates 
could have acquired their antimicrobial resistance via the poultry house environment 
(MMWR, 2013). Due to the occurrence of S. Heidelberg in poultry houses, poul-
try could be considered as a primary source of the pathogen, thus making poultry- 
associated S. Heidelberg a potential public health concern (FDA, 2012).

4. � ECOLOGY OF SALMONELLA HEIDELBERG COLONIZATION 
AND INVASION IN POULTRY

In general, S. Heidelberg possesses potential extensive colonization capacity for 
poultry associated with its ability to attach and invade the host intestinal epithelial 
cells. Some S. Heidelberg strains have been identified that contain mobile genetic 
elements such as the incompatibility group (Inc.) FIB plasmids. These plasmids 
often contain genes for iron acquisition, toxin (colicin) production, serum survival, 
and antimicrobial resistance (Han et al., 2012). The presence of these plasmids and 
their aerobactin operon and sit iron transport systems likely play a role in allowing S. 
Heidelberg to successfully colonize the epithelial lining of poultry.

Chicken macrophages are an important component in the defense against bac-
terial invasion (He et al., 2012). Newly hatched chickens possess a naïve immune 
system and rely on transferred maternal immunity for their defense against infec-
tion. The macrophage response in these young birds is attenuated (He et al., 2012). 
Therefore young birds are particularly susceptible to S. Heidelberg infection due to 
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the pathogen’s ability to weaken the macrophage response coupled with the weaker 
host immune system. These factors make S. Heidelberg an important player in terms 
of invasive infection in newly hatched chicks.

Macrophage survival is a key for boosting virulence leading to invasive Salmo-
nella infections. Gokulan et al. (2013) examined the infection of J774 mouse mac-
rophages by S. Heidelberg and concluded that S. Heidelberg was able to enter and 
survive in this macrophage cell line with differing abilities (Gokulan et al., 2013; 
Agnihothram et  al., 2015). Those strains that survived the best contained a plas-
mid-encoded type 4 secretion system (T4SS), which likely diminished host immune 
response that resulted in increased uptake and survival of S. Heidelberg in the mac-
rophages after 24 h of incubation (Gokulan et al., 2013). He et al. (2012) conducted 
a study examining the interaction of S. Heidelberg and HD-11 chicken macrophage 
cells, which are MC29 virus-transformed chicken macrophage cells (Beug et  al., 
1979). An effective, robust oxidative burst was considered an indicator of effective 
defense functions of the cell line; however, the study demonstrated that HD-11’s 
phorbol myristate acetate–stimulated oxidative burst decreased after infection by S. 
Heidelberg (He et al., 2012). Thus this ability of S. Heidelberg to limit macrophage 
function could be critical to its extraintestinal survival.

If S. Heidelberg infects the reproductive tract of egg laying hens, eggs produced 
have the potential to be contaminated as occurs with other serovars particularly S. 
Enteritidis. Salmonella Enteritidis can contaminate eggs in two distinct ways, either  
by external penetration of the eggshell or internally via transovarian infection  
(Gantois et al., 2009; Howard et al., 2012; Martelli and Davies, 2012). The external 
eggshell penetration route includes transmission from the feces of colonized birds 
to the egg surface followed by penetration to the interior of eggs and growth during 
the storage (Cockburn and Vemon, 1956). Salmonella Heidelberg would appear to be 
a candidate for external egg contamination as it has been isolated from layer feces 
in commercial layer houses (Li et al., 2007). Gast et al. (2007b) studied in vitro egg 
contamination by S. Heidelberg and S. Enteritidis under ambient temperature. They 
observed S. Enteritidis exhibits a remarkably greater rate of eggshell penetration and 
yolk multiplication as compared to S. Heidelberg. They also reported a significantly 
lower rate of penetration and multiplication at incubation temperatures between 
20°C and 30°C for S. Heidelberg.

Although S. Heidelberg appears to be less capable of penetration, prevention mea-
sures focused on temperature control at the poultry farm and during processing and 
transportation may still be important for controlling S. Heidelberg. Although little 
direct evidence has been established that S. Heidelberg possesses characteristics that 
allow it to be prevalent in eggs, it has been reported to grow in Brain Heart Infusion 
broth at 19°C and 37°C, with only slight variation when compared with other Sal-
monella serovars including S. Enteritidis (Juneja et al., 2003). When McConnell and 
Schaffner (2014) incubated S. Heidelberg as part of a cocktail of Salmonella serovars 
in raw ground beef, they validated the recommended US Food and Drug Administra-
tion (FDA) guidelines for the length of time that food can be kept out of temperature 
control if the food product starts at 5°C and does not exceed 21°C (McConnell and 
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Schaffner, 2014). Although it remains to be determined if similar criteria would be 
applicable for S. Heidelberg in eggs, there may be potential for a relatively high prev-
alence of S. Heidelberg in eggs if the opportunity for initial contamination arises and 
sufficient temperature abuse occurs to allow substantial growth. Certainly, improper 
transport and a break in the cold chain could enhance growth of S. Heidelberg in 
contaminated eggs (Schoeni et al., 1995). Although pasteurizing egg whites appears 
to cause a greater than eight log reduction of S. Heidelberg (Muriana, 1997), cook-
ing may not be able to always eliminate the organism as several Salmonella serovars 
are capable of surviving simulated domestic conditions for various forms of cooking 
eggs (Humphrey et al., 1989).

Among Salmonella serovars, S. Heidelberg, S. Enteritidis, and S. Typhimurium 
are able to colonize the reproductive tract of layer hens with S. Enteritidis exhibit-
ing tissue tropism for the reproductive tract (Gast et al., 2004, 2005, 2007a, 2011; 
Gantois et al., 2008). Gast et al. (2011) observed the same rate of isolation for S. 
Heidelberg and S. Enteritidis in ovaries and oviducts of chicken. This indicates both 
serovars might possess similar capabilities to colonize the reproductive tract and 
also implies that factors other than colonization of the bird’s main reproductive tract 
play an important role in the contamination of egg. Salmonella Enteritidis has been 
shown to produce high-molecular-weight lipopolysaccharides and be able to grow to 
high cell densities (Guard-Petter, 1998; Parker et al., 2001; Gast et al., 2011). These 
characteristics could have a role in colonization of bacteria to the epithelium of the 
gastrointestinal tract and could be the reason for the greater ability of S. Enteritidis 
to colonize and invade gastrointestinal tract than other serovars such as S. Heidelberg 
(Gast et  al., 2011). Salmonella Enteritidis uses diverse types of fimbriae such as 
SEF 14, SEF 17, and SEF 21 to attach to the host luminal lining. It also possesses 
long polar and plasmid-mediated fimbriae (Foley et al., 2008), whereas S. Heidel-
berg expresses fimbriae such as FliA, FliB, and FliC. Salmonella Heidelberg has 
been isolated from ovaries of naturally infected chickens (Barnhart et  al., 1991), 
which may provide an opportunity for transovarian contamination of eggs. The egg-
contamination ability could be attributed to expression of potential virulence factors 
such as the outer membrane proteins, fimbriae and flagella. Environmental factors 
including temperature and pH might affect the expression of these virulence factors 
as well (McDermid et al., 1996; Morales et al., 2007; Gast et al., 2011) and impact 
the ability of Salmonella to infect eggs. Clearly, more research needs to be done to 
elucidate whether S. Heidelberg possesses specific mechanisms associated with colo-
nization of the layer hen reproductive tract.

5. � VIRULENCE AND PATHOGENESIS OF SALMONELLA 
HEIDELBERG

Although the S. Heidelberg association with laying hens and eggs remains to be 
fully explored, its pathogenesis in humans is assumed to be fairly typical of other 
food-borne disease-causing Salmonella serovars. Salmonella infections in humans 
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can lead to gastrointestinal illness, which is characterized by nausea, vomiting, 
abdominal pain, and diarrhea that begins 12–36 h following consumption of the con-
taminated food. The severity of the symptoms depends on various factors including 
the level of virulence gene expression of the organism and the host immune status 
(Robertson et al., 2003).

The type of diarrhea caused by S. Heidelberg and other pathogenic serovars is 
inflammatory diarrhea, which is the result of the interaction of bacterial entero-
toxin and host epithelium (Foley et  al., 2011, 2013). Following ingestion, Salmo-
nella adheres to the intestinal epithelium with the help of flagella and fimbriae (Van 
Asten and Van Dijk, 2005; Foley et al., 2013). Conserved and host-specific factors 
expressed by Salmonella helps the organism to colonize the host gastrointestinal epi-
thelium (Stevens et al., 2009; Foley et al., 2013). The pathogen crosses the intestinal 
epithelial barrier with the aid of the Salmonella pathogenicity island (SPI) 1-encoded 
type 3 secretion system (T3SS), which is a molecular transporter that facilitates the 
transfer of toxins and effector proteins such as InvJ, SpaO, PrgI/J, SipA/B/C/D, SptP, 
AvrA, SopA/B/D/E/E2, SlrP, and SspH1 from the cytoplasm of the bacteria into the 
host cells (Galán and Wolf-Watz, 2006; Schlumberger and Hardt, 2006; Foley et al., 
2013). Thus the T3SS promotes cellular uptake and invasion. Some of the effector 
proteins such as SopA/B/D/E2 and SipA activate the host signal transduction cas-
cade (Hopkins and Threlfall, 2004; Foley et al., 2013), which leads to induction of 
membrane ruffling at the contact site where Salmonella interacts with the host cell 
(Al-Mousawi et al., 2010). Membrane ruffling leads to engulfment of the bacterium 
and the formation of Salmonella-containing vacuoles within the host cells.

The virulence phenotype displayed by the pathogen is largely determined by the 
virulence factors that the organism carries. In addition to the SPI-1-coded T3SS, 
there is a second T3SS coded by SPI-2 that plays an important role in the virulence 
of serovars such as S. Enteritidis (Hensel et al., 1998; Rosselin et al., 2011; Foley 
et  al., 2013; Ricke et  al., 2013b). The SPI-2-coded T3SS is involved in postinva-
sion changes in the intracellular environment (Malik-Kale et al., 2011). Each of the 
T3SSs forms complex systems that deliver at least 40 distinct virulence effectors 
into the host cells to facilitate invasion, survival, and replication within host cells 
(Malik-Kale et al., 2011). These virulence effectors are responsible for various func-
tions including decreasing the activating and trafficking of free oxygen radicals and 
inhibiting phagocyte maturation. Free oxygen radicals, such as nitrous oxide, are one 
of the macrophages’ primary defense tools against microbial pathogens (Rosselin 
et al., 2011). Defective macrophages can be responsible for intracellular survival and 
proliferation of bacterial pathogens (Withanage et al., 2005).

Salmonella Heidelberg, along with other invasive nontyphoidal serovars, pos-
sess additional genetic elements that can facilitate invasive infections. In addition to 
SPI-1 and 2, Salmonella can carry several additional SPIs, including 3–6, 9, 13, and 
14, which are important for Salmonella virulence (Suez et al., 2013). For example, 
SPI-6 encodes genes such as invasin, pagN, CS54, and sinH, which contribute to 
Salmonella’s invasive phenotype. Fimbriae gene clusters, such as bcf, csg, stb, sth, 
and sti also aid infection of the host by forming filamentous structure on the cell 
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surface that assists colonization in chicken gastrointestinal epithelium (Foley et al., 
2013). Salmonella Heidelberg, like other Salmonella serovars is able to penetrate the 
intestinal epithelium, spread from one epithelial cell to another and eventually enter 
into the macrophages and dendritic cells (Wallis et al., 1986; Richter-Dahlfors et al., 
1987; Jones et al., 1994; Rescigno et al., 2001; Salcedo et al., 2001; Meyerholz et al., 
2002; Geddes et al., 2007; Malik-Kale et al., 2011).

6. � ANTIMICROBIAL RESISTANCE IN SALMONELLA 
HEIDELBERG

The other phenotype characteristic that S. Heidelberg shares with several Salmonella 
serovars is antimicrobial resistance. Several strains of S. Heidelberg have been shown 
to cause invasive disease, which often requires antimicrobial therapy for treatment 
(Suez et al., 2013). Consequently, antimicrobial resistance is a major health concern 
due to potential clinical treatment failure. Analysis of resistance trends has shown 
that S. Heidelberg isolates collected in recent years are more likely to be more resis-
tant to clinically important antimicrobial agents than they were historically (Folster 
et al., 2012). These findings may be due, at least in part, to selective pressure from 
continued use of antimicrobial agents in animal feeds and veterinary and human 
medicine (Crump et al., 2011). For example, the numbers of cephalosporin-resistant 
S. Heidelberg infections occurring in chickens and humans exhibited a distinctive 
trend in Quebec, Canada, during the past few years. From 2004 to 2007 the number 
of resistant infections was decreasing; however, from 2007 to 2011 the trend reversed 
and subsequently the numbers of resistant infections increased. This trend has been 
suggested to correlate with the reintroduction of the use of ceftiofur in hatcheries in 
Quebec that began in late 2006 after a period of disuse (Otto et al., 2014).

Overall, antimicrobial resistance increases the cost of illness by increasing the num-
ber of cases, severity, and duration of illness (Rabsch et al., 2001; Foley et al., 2008). 
Resistance also leads to clinical treatment failure if the administered therapy is ineffec-
tive and the health care provider is forced to apply the next line of therapy. This regimen 
lengthens the time of recovery and heightens the odds of the patient developing bactere-
mia, septicemia, and organ system failure. Once organ system failure ensues, it can cause 
irreversible damage to the body, potentially leading to death. In this way, increased resis-
tance can lead to chronic sequelae and increased mortality (Barza and Travers, 2002).

Human antimicrobial use is also a risk factor for salmonellosis. Antimicrobial 
treatment can disrupt the normal microbiome of the host. The microbiome serves an 
important function by occupying the epithelial surface and preventing colonization 
by new organisms (Rashid et al., 2015). This colonization resistance can be ham-
pered by antimicrobial therapy (Barza and Travers, 2002; Molbak, 2005). As noted 
earlier, antimicrobial therapy can disrupt colonization resistance in the host. If there 
are Salmonella present or subsequent ingestion of organisms that are resistant to the 
drug used for previous therapy, it increases the likelihood of infection and prolifera-
tion increasing the severity of the food-borne illness (Koningstein et al., 2010).
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As in Canada, Salmonella strains isolated in the United States have shown 
extended spectrum cephalosporin (ESC) resistance (Taylor et al., 2015). This phe-
nomenon is due in large part to the ability of Salmonella to synthesize AmpC-like 
β-lactamase (Philippon et  al., 2002). This enzyme is coded by the blaCMY genes, 
which are often located on plasmids, including those of incompatibility groups (Inc.) 
A/C and IncI1. Both IncI1 and IncA/C plasmids have been identified in S. Heidelberg 
isolated from poultry (Han et al., 2012). The IncI1 plasmids carrying blaCMY gene  
have been observed to acquire kanamycin resistance along with cephalosporins  
(Folster et al., 2011). IncI1 plasmids carrying blaCMY genes typically belong to sequence 
type 12 of the plasmid multilocus sequencing typing (pMLST) analysis scheme  
(Jolley and Maiden, 2010). This sequence-based technique relies on genes contained 
on the plasmid. If genes carrying antimicrobial resistance are present on the plasmid,  
then there are enhanced odds that resistance could have been acquired through hori-
zontal genetic transfer (Kaldhone et al., 2008; Krauland et al., 2010; Cain and Hall, 
2012). Similar findings from pMLST have been reported for S. Kentucky isolates 
originating from poultry (Fricke et al., 2009) and Salmonella and Escherichia coli 
from environmental, animal, and human sources in Canada (Mataseje et al., 2010). 
The increased dissemination of ESC resistance in the North American continent is 
likely due to the transmission of the plasmid-encoded blaCMY genes. The fact that 
ESC strains display different PFGE patterns indicates the ability of the plasmids to 
incorporate into a variety of genetic backgrounds across multiple serovars and even 
species (Folster et al., 2012).

Ceftiofur resistance has been reported to be frequent among S. Heidelberg isolates 
from chicken (9%) and human sources (33%) in Quebec, Canada (CIPARS, 2011). A 
rotational administration of antibiotics was implemented to mitigate increasing anti-
microbial resistance. It was subsequently observed that ceftiofur resistance decreased 
from 70 cases per 100,000 in 2004 to 29 cases per 100,000 in 2007 (CIPARS, 2011). 
Changes in antimicrobial agent use in veterinarian and agricultural practices might 
act as a risk reduction strategy to decrease antimicrobial resistance while treating 
food-borne illnesses.

7. � ISOLATION, IDENTIFICATION, AND DETECTION
There are numerous methods for the isolation, identification, and detection of Sal-
monella (Ricke et al., 2013b; Park et al., 2014). Several conventional isolation and 
identification methods are described by the US FDA, European Committee for Stan-
dardization, and International Organization of Standardization and are culture based. 
These classical techniques follow a standard sequence beginning with nonselec-
tive preenrichments, followed by selective enrichments, isolation on selective agar 
media, and finally biochemical screening with triple sugar and lysine iron agars. 
Serological testing using poly-O and poly-H antisera is used as a step to identify the 
specific serotype of the isolate based on the Kaufmann–White scheme. In the case 
of S. Heidelberg, Maurischat et  al. (2015) listed the serological profile (serotype) 
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as 4,[5],12:r:1,2 when using it as one of the serovars for a real-time multiplex poly-
merase chain reaction (PCR) assay developed to differentiate S. Enteritidis and S. 
Typhimurium. Numerous broths and plating media have been employed for Salmo-
nella growth and some of them have experienced significant modifications during the 
course of time to increase their efficacy. The media used may have an impact on the 
efficacy of isolating different Salmonella serovars. This difference could be a reason 
for the variability in isolation rates and prevalence of certain Salmonella serovars in 
different locales (Richardson et al., 2011).

PCR approaches represent a more recent molecular-based methodology used to 
detect and identify food-borne pathogens including Salmonella. The technique uses 
enzymatic amplification of specific DNA sequences in an isolate (Gharieb et  al., 
2015). Over time several different variations of PCR have been used for Salmonella 
identification; these include multiplex PCR, SYBR Green based real-time (RT) PCR 
(Roche Diagnostics, Indianapolis, IN), and the BAX System (DuPont, Wilmington, 
DE) (Park et al., 2014; Gunel et al., 2015). These molecular methods are more rapid 
and reproducible, yet a positive result is only considered presumptive and needs to be 
confirmed by a standard method that leads to isolating an organism.

Although molecular methods are more rapid than culture identification, their 
speed is reduced by the fact that many of these rapid methods require that the sam-
ples undergo a culture-enrichment step that can take several hours before analysis. 
Issues with including an enrichment step arise when considering that certain enrich-
ment protocols may favor the odds of detection of certain serotypes over others  
(Gorski, 2012). For example, S. Heidelberg spent media has been shown to limit the 
growth of certain S. Typhimurium isolates (Rivera Calo et al., 2015). Although the 
mechanism is not clear, specific metabolites produced by S. Heidelberg could play a 
role in this inhibition. In addition, several different techniques have been used across 
laboratories (Singer et al., 2009). In a study comparing common culturing methods 
for Salmonella it was found that each of the five methods compared resulted in a dif-
ferent Salmonella prevalence from swine fecal samples (Love and Rostagno, 2008). 
However, only the combination of results from two or more methods agreed most 
closely with the known level of positives (Love and Rostagno, 2008).

Advanced molecular typing techniques can be used to identify the effects of 
horizontal gene transfer among bacterial strains and thus used for traceback iden-
tification of pathogen sources. The techniques often employed include PFGE, 
clustered regulatory interspaced short palindromic repeats (CRISPR)–multiple 
variable locus sequence typing (MVLST) analysis (Young et al., 2012) and more 
recently WGS. The CRISPR are unique genetic elements that are made up of short 
sequences called spacers and conserved direct repeats (Haft et al., 2005). Analysis 
of CRISPR loci has been used to differentiate clinical isolates of Salmonella (Fabre 
et al., 2012). Salmonella-associated MVLST is a sequencing-based typing method 
that relies on the comparison of sequences of two virulence genes, fimH1 and sseL 
(Liu et al., 2011). Molecular subtyping methods can be used in concert, for exam-
ple, the combined CRISPR-MVLST and PFGE analysis has been shown to pos-
sess more discriminatory power than individual methods for S. Heidelberg isolates 
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(Shariat et al., 2013). This means that if isolates have similar PFGE profiles, then 
they can be differentiated from each other using CRISPR-MVLST. Among these  
techniques, PFGE has proved to have utility for identifying horizontal gene 
transfer among S. Heidelberg strains from turkey-associated sources (Kaldhone  
et al., 2008).

Additional typing methods include multiple loci variable number tandem repeat 
analysis (MLVA), which is a PCR-based method that relies on differences in the 
number of tandem repeats that are observed at multiple loci known to have strings 
of repetitive sequence in the bacterial genome (Broschat et  al., 2010). Multiple 
amplification of prophage locus typing (MAPLT) represents another sequence-based 
technique that depends on loci located in integrated prophage sequences (Ross and 
Heuzenroeder, 2005). When MLVA and MAPLT were combined, they were found to 
be better able to distinguish among S. Heidelberg isolates of phage type (PT) 1, com-
pared with the respective individual methods (Young et al., 2012). These approaches 
have been used to distinguish between human and nonhuman-associated isolates 
among PT1 isolates (Demczuk et al., 2003).

With increasing ease and availability of sequencing, WGS has been promoted 
as the ultimate tool for the investigation of food-borne pathogens such as S. Heidel-
berg (Hoffman et al., 2013, 2014). In a retrospective study of a recent Salmonella 
outbreak, Hoffmann et al. (2014) used WGS to examine the genetic relatedness of 
S. Heidelberg isolates associated with the 2011 multistate outbreak. The sequenc-
ing confirmed the presence of multiple antimicrobial resistance genes and likely 
enhanced virulence genes associated with T4SS. Single-nucleotide polymorphism 
(SNP) analysis based on WGS data has proved to be helpful for in-depth differentia-
tion of isolates; in one study, 284 significant SNPs were found in 44 S. Heidelberg 
isolates that exhibited nearly identical PFGE patterns (Hoffmann et al., 2014). Simi-
larly, Bekal et al. (2016) used a high-quality core genome single-nucleotide variant 
(hqSNV) to discriminate among the more prevalent and highly clonal S. Heidelberg 
isolates. More than 59 hqSNVs were measured among 46 S. Heidelberg isolates from 
three different outbreaks in Quebec that possessed the same PFGE and PT patterns. 
The ability to use SNP analyses to discriminate highly clonal isolates demonstrates 
that the WGS-based approach could be a superior typing tool while working with 
events where the isolates were previously considered identical with conventional 
subtyping methods.

8. � FUTURE ISSUES—EVOLUTION OF SALMONELLA 
HEIDELBERG

Salmonella serotypes vary in their host specificities, for example, S. Gallinarum 
and S. Dublin are very host-specific serovars, whereas S. Typhimurium, S. Enteriti-
dis, and S. Heidelberg represent examples of broader host range serovars (Baümler 
et al., 1998). Host range is dictated by several factors including genome plasticity 
and interaction with the host and its immune system (Foley and Lynne, 2008). The 
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acquisition of new genes that allow for the attachment or colonization of new host 
environments can facilitate expansion of a respective microorganism’s host range 
(Methner et al., 2011). These new genes can be obtained through horizontal gene 
transfer by a variety of vehicles including phages, plasmids, and transposons (Foley 
et al., 2013). Particularly troublesome is the continued isolation of strains resistant 
to multiple antimicrobial agents that makes them more problematic for treatment 
(Hennessy et al., 2004; Foley et al., 2008). Mutations in virulence-related genes and 
presence of pseudogenes indicate that alterations of its virulence profile may also 
be occurring (Chiu et al., 2005). Salmonella Heidelberg appears to be continually 
evolving, likely in response to exposure to different external pressures (Beltran et al., 
1988; Suez et al., 2013). These changing phenotypic characteristics of S. Heidelberg 
are brought about by alterations in genomic composition of strains through acquisi-
tion of new genes or mutation of existing gene contents (Foley et al., 2013) allowing 
bacteria to adapt to external stress and to alter their genetic content (Onchman and 
Moran, 2001; Maurelli, 2007).

In general, there are approximately 10−10 mutations per base pair in bacteria 
(Bars et al., 2012). Some of the bacteria express mutations higher than this frequency 
and are referred to as “mutators” (Bars et al., 2012). Salmonella Heidelberg strain, 
SHB182, is one example of such a mutator. The SHB182 strain has been associated 
with the bovine intestinal microbiome (Le Gall et  al., 2009). Mutations that this 
strain has accumulated are believed to facilitate increased adaption to the chang-
ing bovine intestinal lining. To study this phenomenon, Bars et al. (2012) created 
a 12-base pair-deletion in a methyl mismatch repair system for SHB182. This led 
to enhanced adherence to epithelial cells through increased expression of fliC and 
decreased expression of fliA and fliB. Allelic differences in fliC gene among S. Hei-
delberg, S. Typhimurium, and S. Muenchen are the result of recombination (Milkman 
and Stoltzfus, 1988; Smith et al., 1990). These findings from studies with SHB182 
indicate that at least some strains of S. Heidelberg are able to undergo genetic changes 
in response to environmental stress factors that are reflected in altered pathogenic 
phenotypes.

Thus a historical analysis of S. Heidelberg strains may explain the genetic adap-
tations that members of the serovar have undergone to survive in their respective 
environments (Kivisaar, 2003). For example, in a study exploring E. coli, a mutation 
phenotype enabled organisms to adapt rapidly to the mouse gut environment (Giraud 
et al., 2001). Escherichia coli can acquire and accumulate mutations to adapt rap-
idly to its environment. Genomic plasticity enables organisms to alter their genomic 
content (Liu et al., 2007), and in S. Heidelberg’s case to potentially increase its host 
range to infect a broad range of species. Therefore a high-resolution genomic map 
will be useful for identifying the correlation between parent strains and newer strains. 
Genomic rearrangements could be either in the form of an insertion or a deletion. 
Addition or deletion of genes helps that organism to divert their resources toward 
more critical functions such as survival in a stressful environment. Consequently, S. 
Heidelberg with its ability of genomic plasticity is able to survive across a diverse 
host range.
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9. � CONCLUSIONS
Eggs have been an important source of protein in human diets and as such there has 
been increasing demand for egg production on a global scale, which makes identi-
fying ways to improve egg safety imperative. Salmonella Heidelberg has become 
one of the more common organisms isolated along the poultry and egg production, 
processing and consuming continuum (Foley et al., 2011). The continued isolation of 
strains of S. Heidelberg that are resistant to multiple antimicrobial agents adds to the 
importance of studying ways to mitigate the risk of this organism in egg production.

To survive in the chicken intestinal tract, S. Heidelberg likely has displayed 
genomic plasticity to adapt to the host environment, either through the acquisition of 
required genes or deletion of unnecessary genes. Mobile genetic elements such as plas-
mids make this genetic information exchange possible. For example, the acquisition of 
IncFIB plasmids carrying iron transport and toxin production genes is an example of 
genetic adaptability of some S. Heidelberg strains (Han et al., 2012). Other factors such 
as the expression of certain fimbriae may enhance transovarian spread and perhaps 
indicate a phenotypic adaptation of S. Heidelberg to gain an ecological advantage in the 
avian environment. Increased virulence coupled with antimicrobial resistance makes S. 
Heidelberg a challenge for egg safety. Several different antimicrobial resistance genes 
have been identified on different plasmids detected in S. Heidelberg (Folster et  al., 
2011), which can facilitate the horizontal spread of antimicrobial resistance among 
bacteria and makes resistance difficult to manage in Salmonella.

Technical advances dictate the methods for Salmonella detection. Convention-
ally used culture methods are still considered as the gold standard; however, vari-
ability in outcome based on the media used and a longer duration to obtain results 
are drawbacks of culture methods (Richardson et al., 2011). PCR-based techniques 
are rapid and replicable, but often require culture confirmation to verify the results 
(Gunel et al., 2015). Advanced molecular techniques such as PFGE, MVLST, and 
CRISPR analyses, especially in concert with one another, are important to under-
standing the molecular epidemiology of disease transmission (Liu et al., 2011; Young 
et al., 2012; Shariat et al., 2013). The rise of WGS-based methods provide valuable 
tools to gain detailed information on the genetics and natural history of S. Heidelberg 
strains (Bekal et al., 2016), which may provide useful data for identifying tactics to 
intervene and decrease bacterial contamination. Salmonella Heidelberg has become 
an important food-borne pathogen in eggs as well other food products, so there is 
critical need to understand the genetic mechanisms this organism uses to adapt to the 
avian environment and cause human disease, to provide better strategies to intervene 
and improve food safety.

DISCLAIMER
The views presented in this manuscript do not necessarily reflect those of the US Food and 
Drug Administration.
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1. � INTRODUCTION: SALMONELLA AND EGGS
Of the more than 2500 Salmonella serotypes, only a small fraction is common in 
poultry flocks (Gast, 2007; EFSA, 2015). These few serotypes, however, often cause 
disease in humans, indicating that there is an epidemiologically important connection 
between poultry products and human Salmonella infections (Gast, 2007; Callaway 
et al., 2008). Humans often become infected with Salmonella after consumption of 
contaminated poultry products. Thus minimizing the contamination of poultry prod-
ucts with Salmonella should reduce the number of Salmonella infections in humans. 
Human illness caused by the consumption of Salmonella-contaminated poultry prod-
ucts results in considerable costs for public health care. It was estimated that the total 
combined cost resulting from food-borne Salmonella infections in humans accumu-
lates to $2.7 billion annually (US Department of Agriculture and Economic Research 
Service, 2010).

In 2013 in Europe, Salmonella was most frequently detected in poultry meat and 
less often in pork or beef. Salmonella could be found most often in fresh turkey 
meat, with 5.4% of samples positive for Salmonella, followed by fresh broiler, pig, 
and finally bovine meat (EFSA, 2015). Salmonella was rarely found in table eggs, 
with only 0.03% of single samples or 0.5% of batch samples being positive for Sal-
monella (EFSA, 2015). Despite this low prevalence, eggs and egg products remain 
the most important source of human food-borne Salmonella outbreaks because these 
food products are consumed in very large quantities (Kimura et al., 2004; Gillespie 
et al., 2005; Zhang et al., 2006; Greig and Ravel, 2009). In addition, these egg prod-
ucts are often consumed raw or undercooked and thus present a greater threat for 
human health than food products that are cooked before consumption (EFSA, 2015).

To maintain this low prevalence of Salmonella in eggs and egg products or even 
further reduce it, different control measures can be applied during different stages 
of the egg production process. In addition to measures at the postharvest level (e.g., 
cooling of eggs), preharvest control measures can efficiently be implied to reduce 
Salmonella contamination of eggs. The goal of these preharvest measures is to 
minimize opportunities for the introduction, persistence, and transmission of flock 
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infections with Salmonella and other human pathogens (Gast, 2007). Risk assess-
ment studies have shown that interventions at multiple steps in the farm-to-table 
process and thus also implementing preharvest control measures, constitute the most 
effective approach to achieve a decrease in the number of Salmonella-contaminated 
eggs that are being produced (Hope et al., 2002; Gast, 2007).

The remainder of this chapter will discuss several control measures that can be 
applied preharvest to lower the infection pressure in a flock, to reduce gut coloniza-
tion, and to decrease the susceptibility of laying hens to Salmonella infections, as 
well as their limitations.

2. � BIOSECURITY MEASURES
Laying hen flocks can become infected with Salmonella from a myriad of sources. 
Often Salmonella is acquired through horizontal transfer rather than vertical transmis-
sion (van de Giessen et al., 1994). It has been shown that a history of previous Salmo-
nella infections in the poultry house, absence of cleaning and disinfection, presence of 
rodents, induced molting, larger flock size (>30,000 hens), multiple flocks of different 
ages on the farm, cage housing, in-line egg processing, rearing pullets on the floor, 
pests with access to feed before movement to the feed trough, visitors allowed in the 
layer houses, and trucks near farms and air inlets, all are major risk factors associated 
with Salmonella contamination of the laying hen premises (Denagamage et al., 2015). 
High level of manure contamination, middle and late phase of production, high degree 
of egg-handling equipment contamination, a flock size of over 30,000 hens, and egg 
production rate over 96% are the risk factors most strongly associated with Salmonella 
contamination of shell eggs (Denagamage et  al., 2015). Consequently, biosecurity, 
flock management, and sanitation are of major importance when trying to reduce the 
Salmonella prevalence in laying hens and ultimately, in eggs.

Biosecurity is defined as a collection of rules and procedures that minimize expo-
sure of a susceptible population to an infectious (biological) agent, such as Salmo-
nella (Wenzel and Nusbaum, 2007; Cox and Pavic, 2009). In practice, this means 
that all activities on the farm should be planned and carried out in such a way that 
hygienic risks are minimized, that a continuous monitoring plan should provide 
up-to-date information on the flock’s Salmonella status, and that a sanitation and 
decontamination plan should allow immediate action in the case that detection of 
Salmonella occurs (Ducatelle and Van Immerseel, 2011). These hygienic and bios-
ecurity measures should be integrated in the general management plan of the layer 
farm to minimize the chance to expose the laying hens to Salmonella (Ducatelle and 
Van Immerseel, 2011).

It is known that Salmonella can survive for lengthy durations in litter, even after 
removal of the flock (Davies and Breslin, 2003b). Therefore thorough cleaning and 
disinfection of the layer house between production cycles will strongly reduce the 
risk of animal exposure to Salmonella or other enteric pathogens (Gast, 2007). It has 
been shown that Salmonella Enteritidis infections in laying hen flocks is mainly a 
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problem of persistent contamination of laying houses and associated wildlife vec-
tors, underlining the importance of thorough cleaning (Wales et al., 2006). Survival 
of Salmonella in the litter and the feed is correlated with the moisture levels in the 
poultry houses, and higher Salmonella numbers have been reported at higher water-
activity levels (Turnbull and Snoeyenbos, 1973; Eriksson et  al., 2001). Similarly, 
Salmonella contamination levels are higher in areas of the poultry house where there 
is a reduced air flow (Gast, 2007). In addition, the pH of the litter plays a role in 
the survival of Salmonella as well (Turnbull and Snoeyenbos, 1973). A higher pH, 
caused naturally over time by dissolved ammonia or the addition of lime, can lower 
Salmonella numbers in the litter (Bennett et al., 2003). Stressful housing or flock 
management conditions can promote or exacerbate infections with pathogens as well 
(Gast, 2007). As an example, when chickens are infected after water deprivation, they 
shed Salmonella Typhimurium in their feces for a longer period of time (Brownell 
et al., 1969). Also molting induced by feed withdrawal will render the chickens far 
more susceptible for Salmonella infections and will result in an increase in intestinal 
colonization, fecal shedding, invasion of internal organs, and transmission to other 
birds (Porter and Holt, 1993; Holt et al., 1994, 1995; Holt, 1995). Alternative molting 
methods, such a feeding a diet based on alfalfa, can induce molting in laying hens 
with less stress and thus avoid the feed deprivation–associated gut microenvironment 
that causes increased Salmonella susceptibility (Ricke et al., 2013).

Laying hens can thus also become infected with Salmonella through the expo-
sure to contaminated wildlife vectors, such as rodents, insects, and other birds. In 
addition, most salmonellae have a broad host range and thus a large number of 
potential reservoirs that may serve as sources for introduction of Salmonella in the 
laying house (Gast, 2007). Therefore contact with potential carriers such as wild 
birds, rodents, and insects, as well as humans in the laying house, should be avoided 
(Cox and Pavic, 2009). Insects such as flies, litter beetles, and cockroaches can carry 
Salmonella internally or externally, whereas a single mouse dropping can contain 
up to 105 S. Enteritidis cells (Henzler and Opitz, 1992; Gast, 2007). Finally, it has 
been shown that Salmonella isolates found in wildlife vectors show close similarity 
to those found in the associated flock, underlining the epidemiological connection 
between both (Liebana et al., 2003).

Contaminated feed and drinking water can be important sources of horizontally 
acquired Salmonella infections in laying hens. Therefore feed and drinking water 
offered to the animals should be free of Salmonella. Feed infected with even low 
levels of Salmonella can be the cause of persistent Salmonella infections in young 
chickens (Hinton, 1988). A connection between the serotypes found in feed and 
the ones found in poultry has been suggested (Veldman et al., 1995). The feed can 
become infected by incorporating contaminated feed ingredients in the feed itself, 
or through the incorporation in the feed of Salmonella-contaminated dust, present at 
the manufacturing facility (Jones, 2011). In addition, Salmonella is able to survive 
up to 2 years in feed (Davies and Wray, 1996). It is possible to reduce the numbers 
of Salmonella in the feed by avoiding the use of contaminated ingredients, reducing 
the introduction of dust in the feed, and treating the feed to kill Salmonella present 
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(Jones, 2011). Killing Salmonella present in the feed can be done by pelleting the 
feed, adding antimicrobial chemicals, or both, which might act synergistically (Tabib 
et al., 1984; Wales et al., 2010; Jones, 2011).

Drinking water provided to the laying hens should be free of enteropathogens 
and of potable quality. In practice, on-farm water is frequently drawn from natural 
sources and should be treated with chemicals or filtered before being presented to the 
animals (Cox and Pavic, 2009; Wales et al., 2010). In addition, the drinking systems 
used in poultry production are often susceptible to biofilm formation, which makes 
sanitation and regular cleaning essential (Cox and Pavic, 2009).

In addition to horizontal transmission, Salmonella can also spread by vertical 
transmission. The hatching process generates large amounts of dust and airborne 
fluff, which, in the case of contaminated eggs, can contribute to the spread of Salmo-
nella to other eggs and hatched chicks (Cox et al., 1990; Mitchell et al., 2002; Cox 
and Pavic, 2009). To avoid this, numerous methods are employed to disinfect eggs, 
such as disinfection with ultraviolet light, ozone, or chemicals (Davies and Breslin, 
2003a; Rodriguez-Romo and Yousef, 2005; Cox and Pavic, 2009). Finally, it has 
been reported that Salmonella infection can spread by airborne routes, which is pos-
sibly mediated through contaminated dust (Gast et al., 1998).

3. � GASTROINTESTINAL COLONIZATION CONTROL
Eggs can become contaminated with S. Enteritidis by penetration through the egg 
shell from contaminated feces during or after oviposition (Barrow and Lovell, 1991; 
Humphrey et al., 1991). Egg contamination before oviposition originates from the 
infection of the hen’s reproductive organs (Shivaprasad et al., 1990; De Buck et al., 
2004; Gantois et al., 2006b). Reducing gastrointestinal colonization by Salmonella 
will reduce the fecal Salmonella load, and thus the chance of egg contamination 
by fecal matter. Similarly, limiting gastrointestinal colonization will also reduce the 
spread of Salmonella to internal and reproductive organs, and thus lower the chance 
of egg contamination before oviposition. As such, gastrointestinal colonization con-
trol can be used to reduce the contamination of eggs by Salmonella.

3.1 � ORGANIC ACIDS AS FEED OR DRINKING WATER ADDITIVES  
TO CONTROL SALMONELLA IN POULTRY

Organic acids were originally added to feed and drinking water to decontaminate 
them and thus prevent uptake of Salmonella by the animals. However, it became 
clear that these organic acids could lower intestinal colonization and fecal shedding 
of Salmonella as well when they were administered to chickens. Organic acids pos-
sess the ability to cross the bacterial cell membrane and dissociate in the cytoplasm, 
resulting in anion accumulation, which is a major cytotoxic event for bacteria (Van 
Immerseel and Atterbury, 2013). In addition, at much lower (physiological) concen-
trations organic acids such as butyrate (10 mmol/L) have been shown to decrease 
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expression of the hilA gene, a major regulator for expression of the Salmonella 
pathogenicity island 1 (SPI-1), which plays an important role in epithelial invasion, 
resulting in reduced invasive capabilities (Van Immerseel et al., 2004a; Boyen et al., 
2008). It has also been shown that even very low concentrations of butyrate affect 
SPI-1 gene expression, while not having effects on metabolic gene expression (Gan-
tois et al., 2006a).

Early studies in which formic acid and propionic acid were added to poultry feed 
(at high concentrations up to 1%) showed significant decreases of Salmonella in the 
feed, and were associated with lower cecal colonization when animals were given 
treated feed when compared with nontreated feed (Hinton and Linton, 1988; Iba 
and Berchieri, 1995). Antibacterial properties of organic acids, however, depend on 
temperature and water activity, and as such, it is difficult to obtain sufficient decon-
tamination of properly stored dry feed using organic acids (Van Immerseel and Atter-
bury, 2013). Because of this, it is also believed that organic acids are more optimally 
added to the drinking water rather than the feed, as this would result in a much 
higher activity of the acids (Van Immerseel and Atterbury, 2013). In addition, it has 
been shown that short-chain fatty acids present in the feed can no longer be detected 
further down the gastrointestinal tract, presumably because they are absorbed by the 
intestinal mucosa (Hume et al., 1993; Thompson and Hinton, 1997). As such, the 
administered organic acids do not reach the ceca, which are important sites for inva-
sion of the intestinal epithelium by Salmonella (Barrow et al., 1994; Hu and Guo, 
2007). Therefore to optimize the efficacy of the acid formulations, novel technolo-
gies have been developed to release the acids further down the gastrointestinal tract. 
One possibility to achieve this is by incorporating the organic acids into a carrier, 
which prevents absorption of the acids in the upper gastrointestinal tract and allows 
them to be released further down (Van Immerseel et al., 2006; Van Immerseel and 
Atterbury, 2013). It has been shown that a coated butyrate feed additive decreased 
fecal shedding and cecal colonization of Salmonella in broilers, whereas a powder 
formulation of butyrate had no effect (Van Immerseel et al., 2005a). A study in which 
broiler chickens were given feed supplemented with microbeads containing formic, 
acetic, propionic, or butyric acid showed that butyrate and propionate decreased 
colonization of internal organs and ceca, whereas acetic acid increased colonization 
(Van Immerseel et al., 2004c). Although these studies show the potential of coated 
organic acids as a control measure to reduce Salmonella colonization in poultry, it 
also illustrates that the choice of organic acid is crucial to achieve this reduction 
when releasing acids in the intestine. This is less important for drinking water acidi-
fication where pH effects are more influential, although sensory issues can play a role 
there. For instance, butyrate cannot be used to decontaminate drinking water because 
of the pronounced odor.

Alternative strategies are currently being explored to increase the organic acid 
concentration in the intestinal tract. One of these possible strategies is the supple-
mentation of poultry feed with certain compounds that can be converted to butyrate 
by the intestinal microbiota, or by the administration of butyrate-producing bacteria 
(Van Immerseel and Atterbury, 2013).
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3.2 � PREBIOTICS
Prebiotics are nondigestible feed ingredients that beneficially affect the host by selec-
tively stimulating the growth and/or activity of one or more bacterial species already 
present in the gastrointestinal tract of the host (Gibson et al., 2005; Van Immerseel 
et al., 2009). Prebiotics are oligo- and polysaccharides such as lactose, lactulose, fruc-
tooligosaccharides, galactooligosaccharides and arabinoxylooligosaccharides, which 
confer beneficial effects on poultry health by indirect means, as the fermentable pre-
biotics provide a substrate for metabolism and growth of the normal intestinal micro-
biota (Eeckhaut et al., 2008; Van Immerseel et al., 2009; Vandeplas et al., 2010). They 
thus indirectly inhibit pathogen colonization by competitive exclusion (CE) (see later 
discussion) and may stimulate production of antibacterial metabolites such as lactic 
acid, fatty acids, or bacteriocins (Vandeplas et al., 2010). As an example, xylooligosac-
charides were shown to induce butyrate production because of stimulation of butyrate-
producing Clostridial cluster XIVa bacteria in the ceca of broilers (De Maesschalck 
et al., 2015). It is also possible that prebiotics (such as mannanoligosaccharides) can 
bind to pathogens in the intestinal lumen, and therefore block adhesion of these patho-
gens to epithelial cells (Spring et al., 2000; Vandeplas et al., 2010). However, studies on 
the ability of prebiotics to control colonization by enteropathogens such as Salmonella 
have produced inconsistent results (Rehman et al., 2009; Vandeplas et al., 2010). Lac-
tose, for instance, was shown to reduce Salmonella organ invasion when added to the 
feed (Tellez et al., 1993), but when administered through the drinking water, it failed 
to reduce Salmonella colonization in crop and ceca (Barnhart et al., 1999). Therefore, 
to achieve more unambiguous results, it might actually be advisable to simply directly 
administer beneficial microorganisms to poultry.

3.3 � PROBIOTICS AND COMPETITIVE EXCLUSION PRODUCTS
It is possible to induce changes in the chicken intestinal microbiota composition 
by administering probiotics to feed or drinking water (Netherwood et al., 1999). 
Administration of probiotics can also stimulate the immune system, elicit cross-
talk with other beneficial bacteria, and induce the production of host enzymes, 
which in turn may lead to a beneficial nutritional and growth-promoting effect 
(Jin et al., 1996; Patterson and Burkholder, 2003; Vandeplas et al., 2010). Other 
potential mechanisms by which probiotics can exclude enteric pathogens such as 
Salmonella include competition for receptor sites, competition for nutrients, and 
the production of antimicrobial metabolites (such as bacteriocins, fatty acids, and 
hydrogen peroxide) (Patterson and Burkholder, 2003; Van Immerseel et al., 2009; 
Vandeplas et  al., 2010). Microorganisms used as probiotics in animal feed are 
mainly strains belonging to the genera Lactobacillus, Enterococcus, Pediococcus, 
and Bacillus, whereas yeasts such as Saccharomyces have also been used (Simon 
et al., 2001; Vandeplas et al., 2010). It has been shown that certain probiotic strains 
are able to reduce Salmonella colonization (Jin et al., 1996; Line et al., 1998; Audi-
sio et al., 1999; Van Coillie et al., 2007), although the observed effects are often of 
minor magnitude (Van Immerseel et al., 2009).
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Newly hatched chicks are highly susceptible to infection with Salmonella and can 
become infected even when they are exposed to only low doses of the bacterium (Van 
Immerseel et al., 2004b). However, young chicks quickly become more resistant to 
infection due to the development of a normal gut microbiota and their immune sys-
tem (Coloe et al., 1984; Vainio and Imhof, 1995; Bar-Shira et al., 2003; Bar-Shira 
and Friedman, 2006; Crhanova et al., 2011). Normally these chickens acquire their 
gut microbiota from the poultry house environment. However, it is also possible to 
administer bacterial cultures to newly hatched chicks to decrease their susceptibility 
to Salmonella infection (Rantala and Nurmi, 1973; Borie et al., 2009). This concept 
is referred to as CE, and implies the introduction of healthy, nonpathogenic, and 
mature microbial cultures into the intestinal tract of an animal creating an environ-
ment in which the healthy microbiota outcompete pathogens like Salmonella, reduc-
ing the chance of pathogen colonization (Kerr et al., 2013). As such, this concept 
can be exploited in practice to protect poultry against Salmonella infection. Further-
more, CE is also applied in human medicine to treat Clostridium difficile infections 
in humans (Aas et  al., 2003; Brandt and Reddy, 2011). It is believed that orally 
administered CE cultures offer protection against pathogen colonization through 
competition for attachment sites in the gastrointestinal tract, and inhibit bacterial 
growth indirectly by lowering the intestinal pH and the production of volatile fatty 
acids (Snoeyenbos et al., 1979; Doyle and Erickson, 2006).

There are two different types of CE preparations, namely, undefined and defined 
preparations. Undefined preparations are derived from intestinal contents of mature 
birds, and when administered to young birds, these have been shown to protect young 
chickens against Salmonella infections by reducing intestinal colonization and inter-
nal organ invasion (Bolder et al., 1992; Nuotio et al., 1992; Revolledo et al., 2009; 
Kerr et al., 2013). In addition, it has been shown that administration of a CE prepara-
tion to egg-type pullets before transfer into a Salmonella-contaminated laying house 
resulted in a significantly lower frequency of isolating Salmonella from fecal and 
environmental samples (Davies and Breslin, 2003c). Although these preparations are 
often able to confer strong protection against Salmonella infections, their application 
in practice does raise some safety concerns. Because these preparations are unde-
fined, they might contain potential pathogens and their application might thus bring 
about the spread of these pathogens. These concerns can, however, be overcome 
by thoroughly testing undefined CE preparations for the presence of these potential 
pathogens. Defined CE treatments have been evaluated for their capabilities to con-
trol Salmonella infections as well. However, when mixtures are applied that consist 
of only a few different bacterial species or strains, much like simple probiotics, only 
limited protection is observed. Increasingly complex defined mixtures seem to be 
better at protecting against Salmonella infections (Stavric et al., 1985; Corrier et al., 
1994). This was confirmed in a study in which administration of culture consisting 
of a mixture of 11 lactic acid bacteria to young chickens protected better against 
Salmonella challenge than a combination of three Lactobacillus isolates (Higgins 
et al., 2010). Similarly, a study in which a mixture of 29 defined bacterial strains 
was administered to chicks resulted in strong protection against S. Typhimurium 
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challenge (Corrier et  al., 1995). Finally, application of these defined preparations 
should raise fewer safety concerns and performance of these preparations should be 
more consistent when compared with undefined preparations (Gast, 2011).

4. � VACCINATION
Vaccination of poultry against Salmonella infection has been investigated extensively 
and has already been successfully applied in numerous locations around the world 
(Gast, 2011). For example, a vaccination program for laying hens was successfully 
implemented in the United Kingdom, where it resulted in the observation of sig-
nificantly fewer human S. Enteritidis infections (Cogan and Humphrey, 2003; Gast, 
2007). In addition, implementation of a vaccination program in commercial laying 
flocks in Japan decreased the isolation of S. Enteritidis from liquid egg samples (Toy-
ota-Hanatani et al., 2009a), which illustrates the positive effects associated with the 
vaccination of laying hens. The goal of vaccination is to reduce the consequences of 
Salmonella infection in poultry. It will lower susceptibility of the birds to infection, 
reduce horizontal transmission of the infection within a flock, reduce the pathogen 
load in the poultry house, reduce horizontal transmission of the infection to progeny, 
and lower the frequency of egg contamination (Gast, 2011). In most cases, vaccina-
tion with either live or killed vaccines reduces fecal shedding, organ invasion, and 
egg contamination after experimental challenge (Gast et al., 1992, 1993). In addition, 
it has been observed that vaccinated chickens pass along some degree of immunity to 
their progeny (Hassan and Curtiss, 1996; Avila et al., 2006). No vaccine is, however, 
able to consistently prevent infection completely, especially against high challenge 
doses of salmonellae (Gast et al., 1992; Roland et al., 2004). Both killed and live 
vaccines have already been used to immunize commercial flocks, and both can pro-
vide significant protection against Salmonella (Van Immerseel et al., 2005b; Gast, 
2007). Despite this, it has been previously reported that insufficient rodent control or 
general sanitation problems in the laying house can have a negative impact on vac-
cine performance (Davies and Breslin, 2003a). In addition, animal stress, caused by 
excess heat, or food and water deprivation, can compromise vaccine performance as 
well (Nakamura et al., 1994).

4.1 � KILLED SALMONELLA VACCINES
Killed Salmonella vaccines, or bacterins, have already been implemented success-
fully in Salmonella control programs in the past, and contributed strongly to the 
decline of S. Enteritidis prevalence in laying hen flocks where implemented in con-
trol programs. Currently, there are several inactivated vaccine preparations commer-
cially available for several economically and epidemiologically important serovars, 
such as S. Enteritidis. Use of these killed vaccines is associated with a reduced Sal-
monella load in feces, internal tissues, and eggs when they are challenged orally, and 
a lower mortality, lesions, and clinical signs when they are challenged intravenously 
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or intramuscularly (Timms et al., 1994; Clifton-Hadley et al., 2002; Woodward et al., 
2002; Van Immerseel et al., 2005b; Gast, 2007, 2011). In addition, administration 
of killed vaccines to laying hens undergoing induced molting reduces the increased 
fecal shedding of S. Enteritidis associated with the molting (Nakamura et al., 2004). 
Another experimental study showed that fecal and environmental samples of a lay-
ing flock were negative for the presence of Salmonella after bacterin administration, 
even when the vaccinated hens were transferred into previously contaminated facili-
ties, further illustrating the protective effect of these killed vaccines (Davies and Bre-
slin, 2003a). These killed vaccines are quite versatile as well, as autogenous bacterins 
can be developed quickly and made available when there are problems with a spe-
cific Salmonella serotype or certain variants, or are associated with a certain location 
(Gast, 2011). Another advantage of killed vaccines is that there is no safety concern 
about the introduction of live vaccine strains in the food chain through their adminis-
tration to food producing animals (Van Immerseel et al., 2005b; Desin et al., 2013).

A limitation of killed vaccines is their inability to effectively elicit a protective 
cell-mediated immune response, possibly because important bacterial antigens are 
lost during the bacterial inactivation procedures (Muotiala et  al., 1989; Barrow, 
2007; Gast, 2011). In addition, killed vaccines may be less able to elicit an immune 
response to antigenically unrelated Salmonella serovars, and can thus potentially 
offer only limited cross-protection (Van Immerseel et al., 2005b). This can, however, 
be counteracted to a certain extent by developing multivalent bacterins comprising 
a mixture of strains or serotypes, to obtain a broader spectrum of protection. This 
was shown when fecal shedding and egg contamination for both S. Enteritidis and 
Typhimurium were reduced in laying hens vaccinated with a bacterin after chal-
lenge with either serotype (Okamura et al., 2007). In addition, treatment with a tri-
valent killed vaccine resulted in a reduced fecal and cecal recovery of Salmonella in 
chickens after heterologous challenge with S. Enteritidis, Typhimurium, or Infantis  
(Deguchi et  al., 2009), further illustrating that it is possible to obtain protection 
against multiple serotypes using a multivalent bacterin. Another limitation of killed 
vaccines is that, although they might be able to elicit a strong humoral immune 
response, high antibody titers do not necessarily correspond with a higher degree of 
protection against infection (Mizumoto et al., 2006). There are also concerns about 
local pathological consequences following parenteral injection of toxic bacterial cell 
constituents such as lipopolysaccharides, or oil-emulsion adjuvants (Gast, 2011). 
Finally, administration of killed vaccines is done by injecting each bird individually, 
which is labor intensive and thus brings about high labor costs (Gast, 2011).

4.2 � LIVE SALMONELLA VACCINES
Live attenuated Salmonella vaccines are Salmonella strains containing mutations or 
deletions in genes that are essential for metabolism, virulence, or survival in the 
host, which should result in an avirulent strain that is still able to induce a protec-
tive immune response (Van Immerseel et al., 2005b; Desin et al., 2013). Different 
aroA mutants of S. Enteritidis have already been developed, resulting in vaccine 
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strains that are no longer able to synthesize certain aromatic compounds required for 
in vivo growth (Cooper et al., 1994b). Such vaccine strains are able to induce a long-
lasting reduction of fecal shedding, horizontal transmission, organ invasion, and egg 
contamination in chickens experimentally infected with S. Enteritidis (Cooper et al., 
1993, 1994a, 1996). A S. Typhimurium Δcya-Δcrp mutant strain, unable to produce 
functional adenylate cyclase and cyclic adenosine monophosphate receptor proteins, 
was able to induce a strong protection against intestinal and internal organ coloni-
zation by a wild-type challenge strain (Hassan and Curtiss, 1994). A ΔguaBfliC S. 
Enteritidis double-deletion mutant, which is nonflagellated and deficient for guanine 
synthesis, was able to reduce internal organ colonization after challenge, while still 
allowing for serological differentiation between infected birds and vaccinated birds 
(Adriaensen et al., 2007). Other Salmonella mutants that are able to protect against 
S. Enteritidis infection have been developed as well, such as a temperature-sensi-
tive mutant strain (Cerquetti and Gherardi, 2000), and a mutant strain obtained after 
repeated passage through chicken heterophils (Kramer, 1998).

It has been shown that certain live Salmonella vaccines are able to induce cross-
protection between different serotypes. A Salmonella Gallinarum 9R (SG9R) strain, 
able to protect poultry against Salmonella Gallinarum infection, offers protection 
against S. Enteritidis infection as well (Feberwee et al., 2001). In addition, it has been 
shown that an avirulent S. Typhimurium vaccine strain reduced colonization, organ 
invasion, and egg contamination by S. Enteritidis (Hassan and Curtiss, 1997). Other 
live vaccines, however, are often not able to induce cross-protection against other 
serotypes, and as such, findings concerning this aspect of live vaccines are somewhat 
inconsistent (Gast, 2007). One such example is that an attenuated S. Enteritidis aroA 
mutant strain was not cross-protective against S. Typhimurium (Cooper et al., 1993).

Live Salmonella vaccines have several advantages over inactivated vaccines, 
as they stimulate both cell-mediated and humoral immune responses and usually 
express a wider array of antigens in vivo (Babu et al., 2004; Van Immerseel et al., 
2005b). As such, live Salmonella vaccines are often considered to offer better protec-
tion against Salmonella infection than killed vaccines. Moreover, they can easily be 
administered orally (Gast, 2007; Desin et al., 2013). A major disadvantage of live 
vaccine strains is that these might persist in the chickens as well as in the environ-
ment, possibly resulting in the introduction of the vaccine in the food chain with the 
potential risk of posing a threat to human health (Tan et al., 1997; Barbezange et al., 
2000b). On the other hand, some persistence can be desirable, as horizontal spread of 
the live vaccine would result in the protection of birds that were not originally immu-
nized (Desin et al., 2013). Other disadvantages of live vaccines are possible interfer-
ence with Salmonella testing procedures and the possibility of reversion to virulence 
(Barbezange et al., 2000a; Adriaensen et al., 2007). This reversion to virulence has 
already been observed in the field (Van Immerseel et al., 2013), yet can be avoided 
by using vaccine strains in which a genetic modification is introduced by deleting the 
target genes instead of mutating them. In addition, using sensitive culturing meth-
ods, certain live vaccine strains could also be detected in vaccinated hens long after 
administration, which is undesirable as well (Tan et al., 1997). Several challenges are 
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associated with administering live vaccines and vaccines in general to poultry, such 
as the high costs of vaccine administration, a too late induction of immunity, and 
difficulties with delivering the vaccine in a uniform way to the poultry flock (Desin 
et al., 2013). However, because live vaccines can easily be administered orally, dif-
ferent methods to administer these on a large scale have been developed. Applica-
tions through the drinking water or by spray are most widely used for Salmonella 
vaccines, allowing for a relatively uniform, easy, and economical administration.

4.3 � SUBUNIT VACCINES
Subunit vaccines, consisting of or displaying defined antigens, can be used to protect 
poultry against Salmonella infections as well. It has been shown that subunit vac-
cines consisting of Salmonella outer membrane proteins administered in combina-
tion with adjuvants or incorporated into immunostimulating complexes are able to 
offer protection against S. Enteritidis infection (Charles et  al., 1994; Khan et  al., 
2003). Immunization of laying hens with purified S. Enteritidis fimbria resulted in 
a reduced reproductive organ invasion and egg contamination by S. Enteritidis (De 
Buck et al., 2005). Cecal colonization by S. Enteritidis was reduced after adminis-
tration of a flagellar subunit vaccine (Toyota-Hanatani et al., 2009b). And although 
subunit vaccines are currently infrequently applied in practice, they thus represent 
another viable option to protect poultry against Salmonella infections. Therefore, 
there are some that believe that the next generation of poultry vaccines will consist 
of subunit vaccines delivering antigens from possibly multiple pathogens using viral 
or DNA vectors (Kaiser, 2010).

5. � ALTERNATIVE PREHARVEST STRATEGIES TO CONTROL 
SALMONELLA IN POULTRY

5.1 � BACTERIOPHAGES
Another possible, yet more experimental alternative to combat Salmonella is bacte-
riophage therapy. Bacteriophages are natural predators of their bacterial hosts and 
can cause lysis of bacterial cells as part of their life cycle. Although the potential 
of bacteriophages for pathogen control was already being investigated before the 
discovery of antibiotics, interest in bacteriophages has been rekindled due to wide-
spread microbial antibiotic resistance following the overzealous usage of antibiotics 
in both human and veterinary medicine (Sulakvelidze et al., 2001). Indeed, it has 
been shown that certain bacteriophages are able to reduce carriage of Salmonella in 
live birds. One study showed that administration of bacteriophages to chickens in the 
drinking water or via coarse spray before experimental infection resulted in a signifi-
cant reduction of Salmonella colonization (Borie et al., 2008). Another study showed 
that different bacteriophages can be used to reduce colonization by S. Enteritidis, 
Typhimurium, and Hadar (Atterbury et al., 2007). However, other studies showed no 
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or minimal reduction in Salmonella colonization after bacteriophage therapy, illus-
trating the importance of the choice of bacteriophage, method of administration, and 
titer administered (Berchieri et al., 1991; Sklar and Joerger, 2001).

A major advantage of bacteriophages is their flexibility, as different phages tar-
geting different Salmonella serovars can be combined in a single treatment, offering 
protection against multiple serotypes (Van Immerseel and Atterbury, 2013; Grant 
et al., 2016). A disadvantage is that bacteriophages are able to mediate horizontal 
transfer of DNA between bacteria through transduction, which might result in the 
undesirable transfer of genes associated with pathogenicity, survival, and virulence 
(Ho and Slauch, 2001; Van Immerseel and Atterbury, 2013). In addition, bacterio-
phage therapy can strongly reduce Salmonella colonization, but complete elimina-
tion of the pathogen will be difficult to achieve (Van Immerseel and Atterbury, 2013).

5.2 � BREEDING
Another option to decrease the susceptibility of poultry for Salmonella infections 
is the targeted breeding of Salmonella-resistant chicken lines. It is clear that some 
chicken lines are more resistant to Salmonella infections than others (Guillot et al., 
1995; Berchieri et al., 2001). As such, it is believed that the genetic traits that confer 
this higher resistance to the chickens can be selected for through breeding, resulting 
in chicken lines more resistant to Salmonella infections (Beaumont et al., 2008).

The observed variation between chicken lines in Salmonella susceptibility has 
been attributed to both the innate and the adaptive immune system. It has been shown 
that resistant chicken lines possess macrophages that are able to clear Salmonella 
infection more quickly than those of more susceptible lines, and that this clearance 
is accompanied by a strong respiratory burst (Wigley et al., 2002). In addition, mac-
rophages from resistant chicken lines also express proinflammatory cytokines and 
chemokines more quickly and to a higher degree after challenge with Salmonella 
(Wigley et al., 2006). Beal et al. showed that resistance to S. Typhimurium infection 
correlates with an increased T-cell response (Beal et al., 2005). In addition, it has 
been shown that certain chicken lines expressing different levels of β-defensins are 
not equally susceptible to Salmonella infection, suggesting a role for β-defensins and 
thus highlighting their potential importance as a genetic trait (Derache et al., 2009). 
This was confirmed in another study, in which chicken lines that are susceptible to 
Salmonella were shown to express higher levels of chemokines, cytokines, antimi-
crobial mediators, and defensin genes (Sadeyen et al., 2006).

Genetic selection is an attractive control option for Salmonella, as this would 
increase resistance of the chickens without bringing about the additional costs associ-
ated with administration of additives, vaccination, or other control measures. However, 
at the moment, little progress in breeding Salmonella-resistant laying lines is being 
made. Conversely, it has even been reported that commercial layer lines, selected for 
reproduction and egg production, display lower cytokine gene expression levels after 
S. Enteritidis infection when compared with a native chicken line, suggesting that the 
currently used chicken lines are more susceptible to Salmonella as a consequence of 
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selective breeding for other traits than resistance to Salmonella (Redmond et al., 2009). 
In addition, if a newly bred Salmonella-resistant chicken line would be less productive 
than the current laying lines, the use of this new line would be limited. Consequently, 
developing a new chicken that is resistant to Salmonella infection while maintaining its 
productive capabilities will be an ambitious approach to control Salmonella in poultry.

6. � FUTURE TRENDS—ZERO SALMONELLA PREVALENCE 
CONCEPT?

At the moment, control efforts for Salmonella mainly focus on quality assurance pro-
grams that embody risk reduction measures throughout the entire production cycle. 
An important objective within these programs is reducing the susceptibility of laying 
hens to Salmonella infections, as it is not always possible to prevent introduction of 
a pathogen in a flock. In addition, it is believed that an integrated approach in which 
protective measures are applied at multiple steps in the production process is the most 
effective approach to reduce the number of Salmonella-contaminated eggs (Hope 
et al., 2002). Therefore both pre- and postharvest measures contribute strongly to the 
reduction of Salmonella, and even limited improvements in the efficacy of these pro-
tective treatments can enhance the overall success of control programs (Gast, 2011).

However, despite these control measures, it is still possible to find Salmonella-
positive eggs that are introduced in the food chain (EFSA, 2015). In Europe, legisla-
tion dictates that no Salmonella is to be found in 5 × 25 g of eggs at retail, otherwise 
these products are to be eliminated (EU legislation 2073/2005). Although this is a 
good strategy to monitor for highly positive egg batches, introduction of Salmonella-
contaminated eggs into the food chain cannot be excluded. However, achieving truly 
zero Salmonella-positive eggs will be difficult due to the fact that Salmonella is ubiq-
uitous in the environment, and currently, no control measures ensure full protection of 
hens against the pathogen. In addition, the cost associated with the measures needed 
to ensure the production of only Salmonella-free eggs would be tremendously high. 
As such, the acceptable level of protection currently enforced by European legisla-
tion, which minimizes the number of Salmonella-positive eggs, is both a technologi-
cally and economically better alternative to strive for.
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1. � INTRODUCTION
There are over 2500 serotypes of Salmonella enterica. Among them, Salmonella 
Enteritidis (SE), Salmonella Heidelberg (SH), and Salmonella Typhimurium (ST) 
are commonly associated with chickens and to various extents with other food ani-
mals and human infections. Over the past two decades, the Centers for Disease 
Control and Prevention (CDC) and US Department of Agriculture (USDA) annual 
surveillance summaries consistently show SE as the most common serotype impli-
cated in human illness in the United States (CDC, 2014a,b; USDA, 2015) and most 
commonly associated with chickens and eggs (CDC, 2012, 2014a,b; Elson et  al., 
2005; Kuehn, 2010; Hennessy et al., 2004; Roy et al., 2002; USDA, 2015). SH is also 
found in most major food animal species, eggs, and retail meat samples and is among 
the top five most common serotypes associated with human disease (Chittick et al., 
2006; Han et al., 2011; Hennessy et al., 2004, 1996).

2. � CHALLENGES TO SALMONELLA CONTROL
Traditionally, antibiotics have been used to treat bacterial infections and for growth 
promotion in food animals. However, these applications of antibiotics contributed 
to increasing rates of antibiotic resistance (Bailar and Travers, 2002; CDC, 2013), 
resulting in contamination of flocks and food products by antibiotic-resistant Cam-
pylobacter, Salmonella, Enterococcus, and Escherichia coli and thereby increasing 
risks of difficult-to-treat human infections (Cohen and Tauxe, 1986). Public concerns 
over the spread of antibiotic resistance in zoonotic bacterial pathogens, which poses 
a threat to the effectiveness of existing antibiotic therapy in both clinical medical and 
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veterinary practices (Batz et al., 2005; CDC, 1997; Hoffmann et al., 2012; Schleifer 
et al., 1984; Williams and Benson, 1978), led the European Union, in 1999, to ban 
use of most antibiotics for growth promotion to preserve the effectiveness of impor-
tant human drugs (Casewell et al., 2003). In 2004, the US FDA banned enrofloxacin 
in food animals on the grounds that its use contributed to fluoroquinolone resistance 
in human pathogens (FDA, 2005). More recently, FDA and the food animal indus-
try have agreed to cease use of growth-promoting antimicrobials. However, there 
are concerns that reductions in antibiotic use in animal production may lead to an 
increase in food-borne pathogens and incidence of other bacterial infections such as 
Clostridium perfringens, the etiologic cause of necrotic enteritis (Mot et al., 2014).

3. � SALMONELLA CONTROL
It is necessary to develop other effective ways to control Salmonella in poultry flocks 
besides relying entirely on management practices to reduce Salmonella infections. 
The most widely used control measures against Salmonella are preventive biose-
curity and vaccination with live and inactivated Salmonella vaccines. Vaccines are 
a key component in preharvest Salmonella control programs. Since contaminated  
food and especially poultry products are the major source of human Salmonella 
infection, vaccination of chickens is an important strategy to reduce the levels of 
Salmonella in poultry flocks, which should ultimately lower the risk of Salmonella 
zoonosis. The European Food Safety Authority baseline survey into the prevalence of 
Salmonella in large-scale laying hen holdings reported that vaccination reduces the 
probability of SE infection by 88% (EFSA, 2007).

4. � VACCINATION TO REDUCE SALMONELLA ENTERITIDIS 
INFECTION IN LAYERS

The ultimate goal of vaccination against a disease is to develop protective immunity 
so that when the host encounters the pathogen, it is “remembered” by the immune 
system and the infection is either prevented or the disease is significantly reduced. 
Live attenuated and inactivated whole-cell or subunit vaccines against Salmonella 
spp. have been used to reduce Salmonella prevalence in chickens, which in turn 
reduces the risk for food-borne disease transmission (Berghaus et al., 2011; Khan 
et al., 2003; Van Immerseel et al., 2005). The cellular immune response, induced by 
live vaccines enhances phagocytes and T cells, is necessary for control and clear-
ance of Salmonella from blood and tissues. Inactivated vaccines, although able to 
boost the phagocyte response by way of production of antibodies, do not stimulate 
T-cell immunity and thus is unable to prevent bacterial growth in infected organs or 
bacteremia and are unable to control the spread of Salmonella (Babu et al., 2003, 
2004; Coward et al., 2014). However, the long-term immunity stimulated by vaccina-
tion with both live and inactivated Salmonella vaccines increases resistance against 
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infection by reducing the duration, severity, and shedding of Salmonella (Berghaus 
et al., 2011; Dórea et al., 2010; FDA, 2009; UEP, 2016). Live and inactivated Salmo-
nella vaccines are therefore an integral part of a Salmonella control program when 
used in conjunction with good sanitation, biosecurity, and management practices.

5. � LIVE ATTENUATED SALMONELLA VACCINES
Live attenuated Salmonella vaccines are a weakened form of the bacteria that stimu-
late an intensified immune response in poultry that reduces or eliminates the patho-
gen. Two commonly used methods to attenuate ST or SE bacteria involve either 
chemical mutagenesis or modification of the bacterial genome by classical or recom-
binant methods. Live attenuated vaccines have the advantage of ease of mass applica-
tion to young chicks and pullets through coarse spray or in drinking water, delivering 
a bolus of antigens to the host, and can induce both antibody and cell-mediated 
immune responses (Atterbury et al., 2010; Babu et al., 2003, 2004; Holt et al., 2003; 
Linde et al., 1997). These live vaccines have used diverse attenuation strategies for 
strains of ST (Curtiss and Kelly, 1987; Hassan and Curtiss, 1994; Dórea et al., 2010; 
Gantois et al., 2006; Kelly et al., 1992; Linde et al., 1997) and SE (Cerquetti and 
Gherardi, 2000; Cooper et  al., 1994; De Cort et  al., 2015a; Gantois et  al., 2006; 
Linde et al., 1997; Methner et al., 2011; Nandre et al., 2012; Springer et al., 2011).  
Although chicks are immunologically immature, administering attenuated Salmonella  
bacteria orally to newly hatched chickens results in extensive colonization of the 
intestinal tract and persistence in internal effector lymphoid tissues (Cooper et al., 1994; 
Hassan and Curtiss, 1990, 1994, 1996; Van Immerseel et al., 2002). The application 
of live attenuated Salmonella vaccines provides the 1-day-old chick with direct resis-
tance against colonization by Salmonella and prevents establishment of a persistent 
infection. Table 14.1 shows a list of the currently available live Salmonella vaccines 
approved for commercial use in poultry.

Methner et  al. (1999) demonstrated the advantage of administration of a  
Salmonella vaccine and a competitive exclusion (CE) culture used in combination to  
produce a better protective effect than either single prophylactic application alone. 
The best protective effect was observed when the Salmonella vaccine strain was 
administered before or simultaneously with the CE culture because the combina-
tion ensured an adequate persistence of the vaccine strain as a prerequisite for the 
expression of the colonization inhibition effect of the CE product and induction of 
a strong immune response. This CE effect was also demonstrated by Barrow et al. 
(1987) when Salmonella strains were observed to competitively exclude each other 
in the intestinal tract of chicks, suggesting that live Salmonella vaccines colonizing 
attachment sites in the intestinal tract may preclude later colonization by wild-type 
Salmonella sp. Van Immerseel et al. (2002) also demonstrated that a rapid onset of 
resistance to intestinal colonization by other Salmonella strains was induced when 
newly hatched chicks were inoculated with an attenuated live Salmonella vaccine. 
The cecal lamina propria was shown to infiltrate with heterophils as early as 12 h 
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4Table 14.1  Registered Live Attenuated Salmonella Vaccines for Commercial Use in Poultry

Product Company Bacteria Claims

Cevac SG9R
Chickens

Cevaa Salmonella Gallinarum For the active immunization of healthy 
chickens from 4 weeks of age against 
infections due to Salmonella Gallinarum, 
S. Pullorum

AviPro Megan Vac 1
For young growing chickens

Elanco Animal Healthb Salmonella Typhimurium Δcya Δcrp
(Registered in the United States, 
Canada, South Africa, New Zealand, 
and Dominican Republic)

For the reduction of S. Heidelberg
S. Enteritidis
S. Typhimurium infections

AviPro Megan Egg
For pullets, layers, breeders, 
and turkeys

Elanco Animal Health Salmonella Typhimurium Δcya Δcrp
(Registered in the United States, 
Canada)

For the reduction of S. Enteritidis infection 
of organs, oviduct, and ovaries in pullet 
chickens and S. Typhimurium infection of 
turkeys

AviPro SalVac T
Layers and breeders

Elanco Animal Health Salmonella Typhimurium
Nal/Rif/Rtt metabolic drift mutant

Active immunization against Salmonella 
Typhimurium infections

AviPro SalVac E
Layers and breeders

Elanco Animal Health Salmonella Enteritidis
Nal/Rif/Rtt metabolic drift mutant

Active immunization against Salmonella 
Enteritidis infections

AviPro Salmonella Duo
Layers and breeders

Elanco Animal Health Salmonella Typhimurium and S. 
Enteritidis
Nal/Rif/Rtt metabolic drift mutant

Active immunization against Salmonella 
Typhimurium and S. Enteritidis infections

Salmovac SE
Chickens, layers, and breeders

IDT Biologika Animal 
Healthc

Salmonella Enteritidis
Adenine and histidine auxotroph

Active immunization against Salmonella 
Typhimurium and S. Enteritidis infections

– Merck Animal Healthd – –
Gallivac SE
Chickens, layers, breeders

Meriale Salmonella Enteritidis
Adenine and histidine auxotroph

For the reduction of colonization, per-
sistence, and invasion of the intestinal 
tract by Salmonella Enteritidis and S. 
Typhimurium

Poulvac ST
For young growing chickens

Zoetisf Salmonella Typhimurium ΔaroA serC Reduction of S. Heidelberg, S. Enteritidis, 
S. Typhimurium infections

ahttp://www.ceva.us/.
bhttps://www.elanco.us/products-services/poultry/vaccines/.
chttps://www.idt-animal-health.com/veterinarian/poultry/products-poultry/zoosaloral-h/.
dhttp://www.merck-animal-health-usa.com/species/poultry/index.aspx.
ehttp://www.merial.co.uk/Avian/Pages/Layer.aspx.
fhttps://www.zoetisus.com/species/poultry_new.aspx.

http://www.ceva.us/
https://www.elanco.us/products-services/poultry/vaccines/
https://www.idt-animal-health.com/veterinarian/poultry/products-poultry/zoosaloral-h/
http://www.merck-animal-health-usa.com/species/poultry/index.aspx
http://www.merial.co.uk/Avian/Pages/Layer.aspx
https://www.zoetisus.com/species/poultry_new.aspx
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postvaccination. Infiltration of macrophages and T-lymphocytes followed from 20 h 
and B-lymphocytes from 24 h postvaccination. When challenged with a wild-type ST 
strain, vaccinated animals had a lower number of the wild-type ST bacteria in their 
organs and cecal contents in the first days after challenge compared with nonvacci-
nated animals. Van Immerseel et al. (2005) suggested that the early protective effect 
of vaccination may be a result of interactions with the host, either by competition for 
intestinal adhesion sites or through inducing innate immunity or both. This coloniza-
tion inhibition effect provided by early application of a live Salmonella vaccine was 
observed by McReynolds et al. (2007) when chicks were protected as early as 48 h 
posthatch from colonization by wild-type Salmonella. Additional information on the 
benefits of CE products provided through direct-fed microbial products to reduce 
Salmonella colonization is available in the detailed review by Lee et al. (2010).

6. � INACTIVATED SALMONELLA VACCINES
Live Salmonella vaccines generally confer better protection than inactivated ones by 
providing local, cell-mediated, and humoral immunities, whereas inactivated Salmo-
nella vaccines stimulate long-term specific immunity and extend protection through 
the egg-laying period. Inactivated Salmonella whole-cell vaccines have the advan-
tage of being prepared rapidly from specific serotypes identified on the premises 
as prevalently attributing to product contamination. Inactivated vaccine preparations 
have been shown to provide strong protection to hens and progeny against targeted 
species of Salmonella (Bailey et al., 2007; Gast et al., 1992; Paiva et al., 2009; Tran 
et al., 2010). Inactivation of Salmonella spp. is achieved by either formalin or acetone 
treatment, by heating or by electron-beam irradiation (Jesudhasan et al., 2015). An 
adjuvant is an ingredient of the inactivated vaccine product that enhances the immune 
response to the bacterial antigen. Water-in-oil and water-in-oil-in-water emulsions 
are commonly used in the preparation of bacterin poultry vaccines (Vazquez, 2014). 
Table 14.2 shows a list of inactivated ND-IB-Salmonella combination, mono-, and 
polyvalent, vaccines approved for use in commercial poultry.

Because administering injectable vaccines to pullets is labor intensive, using 
polyvalent vaccines is cost-effective and reduces multiple handling of birds. Vac-
cine manufacturers often combine other antigens, such as Newcastle disease virus 
and infectious bronchitis virus, with Salmonella Enteritidis whole-cell bacterin 
in one vaccine presentation to provide a wider spectrum of protection (see Table 
14.2). Pavic et al. (2010) showed that a trivalent autogenous vaccine [serogroups B 
(Typhimurium), C (Mbandaka) and E (Orion)] significantly reduced serogroups B 
and C cecal colonization after challenge infections, induced higher serological and 
maternal antibody titers, and protected progeny of vaccinated hens from cecal colo-
nization after a challenge with wild-type ST. Inactivated commercial SE vaccines 
decreased fecal shedding of SE in molted hens (Nakamura et al., 2004).

Although there are currently no subunit Salmonella vaccines commercially avail-
able in the United States, some studies have shown promise in their use to reduce SE 
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Table 14.2  Registered Inactivated Mono- and Polyvalent Vaccines for Commercial Use in Breeders and Layers

Product Company Bacterial Strain(s) Viral Strain(s)

Layermune SE Cevaa Salmonella Enteritidis –
Layermune 3 Ceva Salmonella Enteritidis Newcastle disease virus (LaSota), infectious 

bronchitis (Mass, Mass Holland)
Cevac Salmune TEK Ceva Salmonella Typhimurium, S. Enteritidis,  

S. Kentucky
–

Cevac Corymune 4 Ceva Avibacterium paragallinarum serotypes 
A, B, and C, and Salmonella Enteritidis

–

Cevac Corymune 7 Ceva Avibacterium paragallinarum serotypes 
A, B, and C, and Salmonella Enteritidis

Newcastle disease virus (LaSota), infectious 
bronchitis (Mass), and B8/78 strain of the 
egg drop syndrome (EDS) virus

AviPro 109 SE4 Elanco Animal Healthb Salmonella Enteritidis –
AviPro 329
ND-IB2-SE4

Elanco Animal Health Salmonella Enteritidis Newcastle disease virus (LaSota), infectious 
bronchitis (Mass DG, Ark)

Avisan Secure
Layers and breeders

Hiprac Salmonella Enteritidis
S. Typhimurium

–

Bron-Newcavac-SE Merck Animal Healthd Salmonella Enteritidis Newcastle disease virus (LaSota), infectious 
bronchitis (Mass)

Garasol Merck Animal Health Escherichia coli, Salmonella 
Typhimurium, Pseudomonas  
aeruginosa

–

Nobilis Salenvac T Merck Animal Health Salmonella Typhimurium
Iron-regulated proteins subunit vaccine

–

Nobilis Salenvac E Merck Animal Health Salmonella Enteritidis –
SE Guard Merck Animal Health Salmonella Enteritidis –
Gallimune SE + ST Meriale Salmonella Enteritidis

Salmonella Typhimurium
–

Poulvac SE Zoetisf Salmonella Enteritidis –

Poulvac SE-ND-IB Zoetis Salmonella Enteritidis Newcastle disease virus (LaSota), infectious 
bronchitis (Mass)

ahttp://www.ceva.us/.
bhttps://www.elanco.us/products-services/poultry/vaccines/.
chttps://www.hipra.com/.
dhttp://www.merck-animal-health-usa.com/species/poultry/index.aspx.
ehttp://www.merial.co.uk/Avian/Pages/Layer.aspx.
fhttps://www.zoetisus.com/species/poultry_new.aspx.

http://www.ceva.us/
https://www.elanco.us/products-services/poultry/vaccines/
https://www.hipra.com/
http://www.merck-animal-health-usa.com/species/poultry/index.aspx
http://www.merial.co.uk/Avian/Pages/Layer.aspx
https://www.zoetisus.com/species/poultry_new.aspx
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infections in layers. De Buck et al. (2005) demonstrated that immunization of layers 
with a subunit vaccine comprising type 1 fimbriae from SE reduced colonization 
of the reproductive organs and reduced the number of contaminated eggs. An SE 
FliC polypeptide (SEp 9) was found to be as efficacious in reducing a wild-type SE 
challenge strain in the ceca as a commercial whole-cell inactivated vaccine (Toyota-
Hanatani et al., 2009). Khan et al. (2003) reported that SE outer membrane proteins 
75.6 and 82.3 kDa were effective in reducing colonization of SE on intestinal mucosa 
and ceca in chickens. Whether used alone or in combination with other antigens, 
inactivated and subunit vaccines have been shown to provide significant protection 
to egg-laying hens against Salmonella and poultry diseases of economic importance.

7. � SALMONELLA VACCINATION PROGRAMS
Immunization with commercial live and inactivated Salmonella vaccines is widely 
used in the United States and has been shown to reduce Salmonella infections in 
broiler breeders (Berghaus et al., 2011; Dórea et al., 2010) and in molted hens (Holt 
et al., 2003; Jesudhasan et al., 2015; Nakamura et al., 2004). When used as a compo-
nent in a comprehensive Salmonella control program, attenuated live and inactivated 
vaccines stimulate optimal immunity and provide a first-line of defense that directly 
increases the level of resistance to Salmonella infections in layers. Vaccination 
schemes using a combination of live and inactivated Salmonella vaccines have been 
shown to be effective in reducing egg contamination and shedding by SE and wild-
type Salmonella spp. in poultry and the environment (Arnold et al., 2014; Atterbury 
et al., 2009; Berghaus et al., 2011; Davies and Breslin, 2003; Feberwee et al., 2001; 
Young et al., 2007). By reducing the amount of Salmonella in layers and breeders 
through vaccination with live and inactivated vaccines and implementing risk reduc-
tion practices, the amount of Salmonella entering the food supply is also reduced.

8. � RECENT IMPROVEMENTS IN ENHANCING SAFETY, 
IMMUNOGENICITY, AND EFFICACY OF LIVE SALMONELLA 
VACCINES TO CONTROL SALMONELLA INFECTIONS IN 
POULTRY

Choice of strains to attenuate. The Salmonella strain selected to be the parent of 
live vaccine strains needs to be highly invasive for the target animal host to effectively 
colonize internal lymphoid tissues to high levels and persist for at least 2 weeks to 
be able to induce maximal mucosal, systemic, and cellular immunities (Curtiss et al., 
2010; McSorley, 2014). In general, the strain will have the lowest LD50 (median 
lethal dose; 50%) of all tested strains of a given serotype or species and attenuated 
derivatives of the selected strain should be able to induce protective immunity against 
challenge with all available strains of the same serotype or species. In terms of Salmo-
nella it is critically important for an attenuated vaccine to confer protective immunity 
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against all (or at least most) serotypes infecting poultry. Years ago, our group (Curtiss 
et al., 1991) chose ST UK-1 as the parent of vaccine strains. At the time, this strain 
had maximal ability to cause lethal infections in horses, cattle, mice, and chickens  
with an LD50 of 3000 colony forming units (CFU) for day-of-hatch chicks (Curtiss 
et al., 1991; Hassan and Curtiss, 1990). The strain was much more virulent than any 
strain of SE tested as well as all other tested strains of ST. It was subsequently shown 
that isogenic attenuated vaccine derivatives of UK-1 could induce protection against 
all other wild-type strains of ST, whereas the derivatives of SL1344, while inducing 
protective immunity against most ST strains, could not induce complete protection 
against wild-type UK-1 (Zhang et al., 1997). Genome sequencing demonstrated that 
UK-1 possessed additional virulence genes not present in other sequenced ST strains 
(Luo et  al., 2011). In comparative studies of ST strains for the ability to destroy 
tumors, the UK-1 derivative was far more effective than derivatives of the widely 
used ATCC 14028 ST strain (Felgner et al., 2016).

9. � ACHIEVING THE BALANCE BETWEEN ATTENUATION  
AND IMMUNOGENICITY

Traditional means of attenuating bacteria have invariably reduced immunogenic-
ity by reducing the ability of the vaccine to access and persist in lymphoid tissues. 
This is true by using the continuous passage means to select attenuated strains as 
worked out by Louis Pasteur over 150 years ago (Schwartz, 2009) or the more recent 
approach used for generating live vaccines by introducing specific mutations and 
especially multiple deletion mutations unable to revert (Cerquetti and Gherardi, 
2000; Cooper et  al., 1994; Curtiss and Kelly, 1987; De Cort et  al., 2015a; Dórea 
et al., 2010; Gantois et al., 2006; Hassan and Curtiss, 1994; Kelly et al., 1992; Linde 
et  al., 1997; Methner et  al., 2011; Nandre et  al., 2012; Springer et  al., 2011). To 
address problems of reduced immunogenicity associated with attenuation, improved 
live Salmonella vaccines have been designed to display a regulated delayed attenua-
tion in vivo phenotype (Curtiss et al., 2007, 2009, 2010). This approach enables the 
vaccine strain to display all the attributes of the wild-type invasive parent at the time 
of administration to animals to withstand host-mediated defense mechanisms and 
effectively invade and colonize effector internal lymphoid tissues before displaying 
the attenuated phenotype to be unable to cause harm or reduce growth performance. 
This has been achieved by using three different strategies.

The first strategy is to turn off the ability to synthesize lipopolysaccharide (LPS) 
O-antigen (and/or parts of the LPS core) in  vivo, which can be achieved using 
mutants unable to synthesize phosphomannose isomerase that synthesize LPS 
O-antigen when grown in the presence of mannose (Collins et al., 1991) and fail to 
do so in vivo since mannose is not present (Curtiss et al., 2007). Such vaccine strains 
gradually lose O-antigen as a function of cell division in the immunized animal host 
and become susceptible to complement-mediated cytotoxicity and are also more 
readily phagocytized and killed by macrophages. This regulated delayed attenuation 
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phenotype is also achievable by use of galE mutants (Clarke and Gyles, 1986;  
Germanier and Furer, 1971), which cease to synthesize LPS O-antigen and the LPS 
outer core in vivo due to the absence of galactose.

The second means of achieving regulated delayed attenuation is to replace pro-
moters for genes needed to display virulence with regulatable promoters that will be 
turned on for vaccine strain growth and initial colonization of the gastrointestinal 
tract and lymphoid tissues and then be turned off in vivo to preclude disease symp-
toms (Curtiss et al., 2009). In these cases, the promoters for the virulence genes are 
replaced with sugar-regulated promoters that are only expressed when strains are 
grown in the presence of sugars such as arabinose or rhamnose. Since these sugars 
are not present in vivo, the products of these virulence genes decrease by at least half 
at every vaccine cell division in vivo (Curtiss et al., 2009; Li et al., 2009; Shi et al., 
2010).

The third means of attenuation employs vaccine strains exhibiting regulated 
delayed lysis in vivo as the ultimate means of attenuation with complete biological 
containment and no shedding of survivors (Kong et  al., 2008). This strategy uses 
arabinose-regulated synthesis of muramic acid and diaminopimelic acid, two unique 
essential constituents of the rigid peptidoglycan layer of the cell wall. Vaccine strains 
exhibiting such regulated delayed lysis in  vivo have been shown to induce better 
immune responses and higher levels of protective immunity to challenge than similar 
vaccine strains not undergoing regulated delayed lysis (Ameiss et al., 2010; Ashraf 
et al., 2011; Jiang et al., 2015; Juárez-Rodríguez et al., 2012).

10. � INDUCTION OF CROSS-PROTECTIVE IMMUNITY AGAINST 
DIVERSE SALMONELLA SEROTYPES AND CLOSELY 
RELATED ENTERIC BACTERIA

There are some 2500 serotypes of Salmonella enterica and, insofar as is known, all 
have the same LPS core structure (Jansson et al., 1981; Lüderitz et al., 1971; Rick, 
1987) such that antibodies to the LPS core of either ST or SE react with the LPS core 
of all other serotypes. Only Salmonella Arizonae has a slightly different LPS core 
chemistry (Olsthoorn et al., 1998). Thus attenuated Salmonella vaccine strains with 
an inability to synthesize LPS O-antigen due to a mutation of the pmi gene encoding  
phosphomannose isomerase (Markovitz et al., 1967) cease to synthesize the O-antigen  
in vivo since free mannose is unavailable (Curtiss et al., 2007). Similarly, attenu-
ated Salmonella vaccines with galE mutations also fail to synthesize LPS O-antigen 
and the outer part of the LPS core (Raetz, 1996) in vivo due to the unavailability of 
free galactose. In this regard, synthesis of GDP-mannose and UDP-galactose, which 
cease to be synthesized in  vivo due to the pmi and galE mutations, respectively, 
are required precursors for LPS synthesis. Growing such vaccine strains with man-
nose and galactose yields strains with complete LPS that are maximally invasive 
to colonize internal effector lymphoid tissues, but gradually lose LPS components 
in vivo to expose the LPS core and surface outer membrane proteins to surveillance 
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by the immune system. These strains become sensitive to complement-mediated tox-
icity (Reeves, 1995; Rowley, 1968) and increased phagocytosis (Fields et al., 1986), 
which is the basis for their attenuation. Thus vaccine strains with pmi and galE muta-
tions induce antibodies directed against the LPS core and thus confer some level of 
cross-protective immunity to other Salmonella serotypes (Curtiss et al., 2007).

It has been learned from multiple studies that iron-regulated outer membrane pro-
teins (IROMPs) can induce protective immune responses against various enteric bacte-
rial pathogens (Bolin and Jensen, 1987). Thus a bacterin derived from growing virulent 
Salmonella strains under iron starvation conditions that leads to overproduction of 
IROMPs, induces better protective immunity to heterologous Salmonella serotypes 
than a bacterin derived from Salmonella grown with iron excess (Clifton-Hadley et al., 
2002). Unfortunately, this bacterin is licensed in Europe and is not available in the 
United States (see Nobilis Salenvac T in Table 14.2). In terms of live vaccines, the regu-
lated delayed cessation in the synthesis of the Fur protein (Curtiss et al., 2007), which 
controls expression of multiple genes for iron acquisition including those for IROMPs 
(Earhart, 1996), causes an upregulation of IROMP synthesis in vivo to induce protec-
tive immunity (Curtiss et al., 2009). In fact, the antibodies induced react with IROMPs 
from all Salmonella serotypes tested (Curtiss et al., 2007). It would thus be surmised 
that live Salmonella vaccines that included regulated delayed attenuation features that 
would expose the common LPS core and cause synthesis of IROMPs would induce 
better cross-protective immunity against diverse Salmonella serotypes than would a 
traditionally attenuated live Salmonella vaccine.

11. � SIMULTANEOUS CONTROL OF SALMONELLA INFECTION 
AND PERSISTENCE BY CONTROL OF OTHER AVIAN 
COLONIZERS AND PATHOGENS

Attenuated Salmonella strains have been widely used experimentally as vectors for 
delivery of protective antigens specified by DNA sequences encoding such antigens 
derived from other pathogens (Galen and Curtiss, 2014). Recombinant attenuated 
Salmonella vaccines (RASVs) make use of plasmid DNA vectors complementing a 
Salmonella chromosomal mutation so as to avoid using antibiotic-resistance genes. 
The uses of plasmid–host combinations that establish a balanced lethal situation are 
ideal in that loss of the plasmid vector leads to death of the RASV. Mutations that 
confer a requirement for a peptidoglycan-specific amino acid such as diaminopi-
melic acid (Nakayama et al., 1988) or d-alanine (Xin et al., 2012) have been particu-
larly useful. In terms of reducing Salmonella persistence in poultry, the development 
and use of RASVs delivering C. perfringens antigens to reduce necrotic enteritis  
(Kulkarni et  al., 2008; Jiang et  al., 2014, 2015; Zekarias et  al., 2008), avian 
pathogenic E. coli antigens to reduce colisepticemia (Roland et  al., 1999, 2004),  
Campylobacter jejuni antigens to reduce intestinal colonization (Buckley et al., 
2010; Laniewski et al., 2014; Layton et al., 2011; Theoret et al., 2012), and Eimeria 
antigens to reduce coccidiosis (Konjufca et al., 2006, 2008) would all be beneficial.
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12. � IMPROVED VACCINATION PRACTICES FOR ULTIMATE 
CONTROL OF PERSISTENCE OF SALMONELLA AND 
ENTERIC PATHOGENS IN POULTRY TO ENHANCE 
POULTRY HEALTH, REDUCE ANTIBIOTIC USAGE,  
AND ENSURE FOOD SAFETY

Live attenuated Salmonella vaccines as well as RASVs designed to protect against 
other bacteria and parasite infections of poultry can be administered by coarse spray 
to newly hatched chicks in the hatchery (Atterbury et al., 2010; De Cort et al., 2015b; 
Kelly-Aehle, 2004) with second or third immunizations administered in the drinking 
water or by coarse spray from 10 days of age or older. Since mixtures of two RASVs 
each delivering a different protective antigen have been found to induce protective 
immunity equivalent to that induced by immunization with a single RASV delivering 
both antigens (Jiang et al., 2015; Xin et al., 2012), it can be surmised that mixtures 
of live vaccines will be efficacious in controlling infections and thereby reduce use 
of antibiotics. Booster immunizations with RASVs 2–4 weeks before administering 
inactivated bacterin vaccines at 12–17 weeks of age will be appropriate for pullets to 
maintain the level of protective immunity through the lay period, and administering 
RASVs by coarse spray or drinking water 1 or 2 weeks before molting (Holt et al., 
2003) will be important to boost immunity during a second period of egg production. 
Since vaccination of breeding hens leads to transfer of maternal immunity to chicks 
and since such maternal immunity appears to enhance success of immunizing chicks 
with the same vaccine (Hassan and Curtiss, 1996), it would be logical to immunize 
breeders, as well as chicks and pullets destined to be egg layers, as an important 
intervention to reduce Salmonella prevalence vertically from top-down and to reduce 
colonization in progeny, and most importantly, transmission through the food chain 
to humans.

13. � SUMMARY
Live attenuated and killed bacterin vaccines, used alone but often in combination to 
lessen presence of important Salmonella enterica serotypes in egg-producing layer 
hens, are currently available. These vaccines are safe and have significantly reduced 
the presence of Salmonella in and on eggs and have thus enhanced food safety. 
New improved live vaccines are being developed that induce protective immunity 
to other pathogens that cause economic losses to poultry producers in addition to 
inducing immunity against Salmonella carriage and persistence. It can be expected 
that more widespread use of existing and newly developed vaccines for breeders 
as well as for production layer hens will significantly reduce problems associated 
with Salmonella and other bacterial pathogens. Increased reliance on using such 
vaccines should also reduce use of antibiotics during poultry production and thus 
decrease selection pressure for proliferation of antibiotic-resistant commensal and 
pathogenic bacterial strains.
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1. � INTRODUCTION
Modern food production systems are aimed at producing as much food as efficiently 
and quickly as possible, while maintaining the safety and wholesomeness of the end 
product. The success of this effort can be seen in increasing concerns about caloric 
excess in the food supply, as well as in the high degree of safety of the food chain. 
However, improvements remain to be made in enhancing animal production effi-
ciency, animal health, and food safety.

The US egg-laying flock is composed of more than 285 million hens that produce 
in excess of 81 billion eggs per year (Board, 2016). Eggs are produced by mature hens, 
and this presents the opportunity to improve production efficiency, poultry health, and 
food safety, not only during egg production, but during the growth phase of the hens 
until they reach maturity. A significant issue facing the poultry industry is that food-
borne pathogenic bacteria can be harbored asymptomatically in or on poultry and their 
environments (Borland, 1975; Doyle and Erickson, 2006; Dunkley et al., 2009; Galiş 
et al., 2013). Each year, too many illnesses are associated with consumption of foods 
of animal origin (Scallan et  al., 2011) and the total cost of food-borne illnesses in 
the United States is more than US$75 billion (Scharff, 2012). The indirect and direct 
cost each year of the five most common food-borne pathogenic bacteria in the United 
States totals more than US$8 billion (Hoffmann et al., 2015). Although enterohemor-
rhagic Escherichia coli (including E. coli O157:H7), Salmonella, Campylobacter, and 

* Proprietary or brand names are necessary to report factually on available data; however, the USDA 
neither guarantees nor warrants the standard of the product, and the use of the name by the USDA 
implies neither approval of the product nor exclusion of others that may be suitable.
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Listeria have all been isolated from cattle, swine, and poultry (Borland, 1975; Calla-
way et al., 2006; Oliver et al., 2005), the biggest threats to the poultry and egg industry 
remain Salmonella enterica and Campylobacter. Although the presence of these zoo-
notic pathogens is largely asymptomatic, carriage of these bacteria represents a threat 
to the integrity as well as the efficiency and profitability of the food supply.

To improve growth production efficiency, many approaches have been tested 
to improve growth, health, and production efficiency in poultry from prophylactic 
antibiotic usage to a variety of housing systems (Weeks et al., 2016). One that has 
gained increasing recognition for long-term efficacy is the use of probiotics [in the 
animal industry called direct fed microbials (DFM)] (Nava et al., 2005; Patterson and  
Burkholder, 2003; Smith, 2014). The use of DFM in poultry seeks to harness the 
power of the gastrointestinal microbial ecosystem to both eliminate pathogens and 
improve growth and growth efficiency. In this chapter, we will discuss the theory 
behind probiotic approaches to improving egg production, as well as the benefits and 
challenges for future development and implementation.

2. � MICROBIAL COMPETITIVE ENHANCEMENT WITHIN  
THE GUT

The gastrointestinal tract of mature poultry is a complex ecosystem that occu-
pies all environmental niches and utilizes nearly all available fermentable nutri-
ents. The symbiotic relationship between the host and its resident gastrointestinal 
microbial ecosystem is critical to animal health, food safety, and production effi-
ciency (Fuller, 1989; Jayne-Williams and Fuller, 1971). The native gastrointestinal  
microbiota compete with each other fiercely for nutrients, and the winners of this 
competition directly affect animal performance and health by fermenting substrate 
in the gut to produce volatile fatty acids (VFAs) that are absorbed by the bird to 
provide energy for maintenance, growth, and production. In recent years, the role 
of the microbial ecosystem or “microbial organ” has been examined in regard to 
its role in health, well-being, skeletal structure, as well as in production parameters 
(Finegold, 2008; Ley et al., 2006; Lyte, 2010; McCabe et al., 2015; Murphy, 2004; 
Turnbaugh et al., 2006, 2009; Xu and Gordon, 2003). Increasingly, research has 
delved into the microbial organ (Bailey et  al., 2011; Freestone and Lyte, 2010; 
Pullinger et al., 2010), for example, the two-way communication between the host 
and the resident microbiome (now called microbial endocrinology) offers a poten-
tial new mechanism to the animal industry (Lyte, 2010). Another new field that has 
lately evolved is that of “osteoimmunology,” which demonstrates that the microbi-
ome of the gut and microbial populations from DFM can alter skeletal fitness, bone 
density, and strength in humans and other animals (Charles et al., 2015; McCabe 
et al., 2015). With the possibility that microbial populations (native or added as a 
DFM) can be used as a type of drug delivery mechanism, tailored modification of 
animal performance and food safety via alterations in the microbial population is 
at last a real possibility (Price et al., 2010).
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Unfortunately, the composition of the microbial ecosystem of an animal is not 
always ideal for peak production efficiency (from the point of view of the host or 
producer) or for excluding bacteria that are pathogenic to the bird or human consum-
ers. When chicks are hatched, the naïve gastrointestinal tract contains a bacterial 
population that is very low in both numbers and diversity (Falk et al., 1998). Over 
time, environmental exposure beginning with the eggshell passage out of the hen 
populates the intestinal tract with a succession of microbial species and an increasing 
diversity, resulting in the establishment of a mature, complex, microbial ecosystem 
that occupies all ecological niches and is more resistant to penetration by pathogens 
and other opportunistic infections (Lu et al., 2003). Thus, the diversity and richness 
of the microbial population provides a beneficial inertia, preventing drastic changes 
while remaining remarkably plastic. Disturbances in the environment (host animal) 
such as dietary changes, environmental or social stress, or transport, can disrupt the 
microbial ecology in the intestinal ecosystem, allowing pathogen penetration or dra-
matically impacting the efficiency of production.

Historically, studies in food animals examining probiotic/DFM approaches have 
been hampered by a lack of understanding of the microbial ecology of the gastroin-
testinal tract, as well as a lack of understanding of the ecological role of the selected 
probiotic organisms (Barroga et  al., 2007; LeJeune et  al., 2006). Some interstudy 
challenge and variation can be attributed to the fact that mature animals contain a 
stable, relatively individualistic intestinal microbial population with which the pro-
biotic must come to equilibrium. However, when probiotics are applied to newly 
hatched chicks that have a sparse or poorly established intestinal population, results 
are more consistent. All of these factors have contributed to difficulties in repro-
ducing effects of some probiotics beyond the newly hatched phase (Patterson and  
Burkholder, 2003).

Molecular methodologies such as pyrosequencing and next-generation sequenc-
ing have now allowed researchers to begin to define “normal” and “most efficient” 
microbial ecosystem compositions (Benson et  al., 2010; Callaway et  al., 2009), 
which has allowed precise monitoring of specific changes caused by DFM feeding or 
environmental/production stresses. These scientific advances can lead to the develop-
ment of highly tailored probiotic products for use in specific production situations 
(e.g., heat/cold stress, broiler production versus egg production).

Because antibiotics are cheap and effective but are often antagonistic to the action 
of DFM, the use of probiotic products in the poultry industry has been sporadic and 
relatively limited (Steer et al., 2000). However, as concerns over the dissemination of 
antimicrobial resistance have grown (Witte, 1999), it appears that prophylactic anti-
microbial usage in food animals will become more closely regulated and expensive, 
causing probiotic strategies to become more economically viable (Taylor, 2001). 
Furthermore, future trade regulations within the European Union (EU 1003/2005) 
are expected to increase the use of nonantibiotic methods (such as DFM) to reduce 
Salmonella on eggs and in chicks shipped into the European Union.

Probiotic strategies that enhance the competition within the microbial population 
are diverse, and include (Fuller, 1989; Collins and Gibson, 1999): (1) addition of a 
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microbial supplement to the ration (DFM) that enters an established gastrointestinal 
tract and improves gastrointestinal health and the diversity of the microbial popula-
tion, (2) introduction of a “normal” adult microbial population to a naïve gastrointes-
tinal tract (competitive exclusion, or CE), (3) adding a limiting, non–host digestible 
nutrient (prebiotic) that provides an existing (or introduced) commensal microbial 
population with a competitive advantage in the gastrointestinal tract, and (4) use of 
prebiotics along with a DFM or CE culture, known as “synbiotics.” Each of these 
approaches seeks to harness the activities of the native microbial ecosystem by capi-
talizing on the natural microbial competition and offering a natural “green” method 
to improve animal production and food safety.

2.1 � DIRECT-FED MICROBIALS
In this chapter, we will utilize the original definition of “Direct-Fed Microbials” 
(DFM) as “microbial feed supplements which beneficially affects the host animal 
by improving intestinal microbial balance” to enhance performance, or to reduce 
zoonotic pathogens (Fuller, 1989). A more recently proposed definition for probiot-
ics is “a preparation or a product containing viable, defined microorganisms… which 
alter the micro-flora…and exerts beneficial health effects in this host” (Schrezenmeir 
and De Vrese, 2001). The microorganisms used in DFM are typically classified as 
generally recognized as safe, and do not have to be isolated from the host they will be  
used in. Probiotic cultures (DFM or CE) may be composed of a single organism or 
a mixture of organisms and these cultures may also be defined or undefined, meaning 
their composition is known or unknown. Long-term efficacy of undefined cultures 
has sometimes been problematic, thus their rate of use in the industry has decreased 
(Van Immerseel et al., 2005).

Cultures used in DFM can be: (1) live cultures of yeast or bacteria, (2) heat-
treated (or otherwise inactivated) cultures of yeast or bacteria, or (3) fermentation 
end products from growth of yeast or bacteria. The ultimate goal of DFM feed-
ing is to improve animal growth, performance, and health by filling all ecological 
niches in the gut to maximize nutrient degradation and fermentation by the bac-
teria and exclude or displace opportunistic pathogens (affecting animal or human 
health) from the animal (Endt et al., 2010). Stimulation of intestinal populations of  
Bifidobacterium in broilers has been shown by some DFM (Mountzouris et  al., 
2015), and higher populations of this bacterium are linked with healthier gut popula-
tions (Vandenplas et al., 2015).

2.2 � COMPETITIVE EXCLUSION CULTURES
CE is a specific probiotic approach that is simply the addition of a nonpathogenic 
bacterial culture of a single or multiple strains derived from an adult of the same 
animal species to the naïve (or nearly so) intestinal tract to prevent pathogen coloni-
zation or improve growth (Fuller, 1989; Nisbet et al., 1993a; Nurmi et al., 1992). This 
harnesses the symbiotic relationship between the host animal and its native microbial 
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ecosystem that developed evolutionarily and can cause the early establishment of a 
“normal” or “ideal” microbial population, prevent the establishment of a pathogenic 
bacterial population, and improve growth efficiency and/or rate (Nurmi et al., 1992; 
Steer et al., 2000). This is especially critical in broiler and egg production because 
eggs and newly hatched chicks are naïve microbiologically and can be quickly col-
onized at hatch by pathogens such as Salmonella and Campylobacter (Cox et al., 
1990). However, when CE is used in older birds, it must compete against the previ-
ously discussed established native population, and therefore results are inconsistent. 
Best results have been obtained by utilizing CE shortly after hatch and then working 
with this established population as the bird matures. Therefore, the best mixture of 
bacteria (or yeast) chosen for use as a CE/DFM treatment regime will differ based on 
strain/species characteristics (Bozkurt et al., 2011), production stage, and scenario in 
which it will be utilized.

Although the mode of action of CE (and many DFM for that matter) remains 
unknown, there are several hypotheses for how these compounds improve animal 
performance and reduce pathogens, including: (1) direct and indirect nutrient com-
petition, (2) physical attachment site competition, (3) antimicrobial compound pro-
duction (including VFA, medium chain fatty acids, and lactic acid), (4) host immune 
system activity stimulation, and (5) a synergistic interaction of two or more of these 
(Chichlowski et al., 2007). Nutrients are utilized by the added species that produce 
VFA, which can be utilized by the host, preventing “inefficient” (from the host per-
spective) species or pathogens from flourishing. By denying physical binding sites 
to opportunistic pathogens or bacteria that are less efficient than the chosen culture, 
transient bacteria that may depend on epithelial adherence would be washed out of 
the gut (Collins and Gibson, 1999; Lloyd et al., 1977). VFAs and lactic acid pro-
duced by the normal microbial population (or from DFM) can also inhibit some 
opportunistic pathogens (such as Salmonella or Campylobacter) and may reduce the 
competitive fitness of pathogens, and VFAs serve as an additional source of energy to 
the bird (De Keersmaecker et al., 2006; Neal-McKinney et al., 2012; Prohaszka and 
Baron, 1983; Wolin, 1969). Some bacteria used in CE or DFM produce antimicro-
bial protein compounds, such as bacteriocins (including colicins), which can inhibit 
or eliminate species competing within the same niche (Al-Qumber and Tagg, 2006; 
Jack et al., 1995; Schamberger et al., 2004; Walsh et al., 2008). Collectively, the natu-
ral antipathogen and pro-“normal flora” activity of CE/DFM has been called “bacte-
rial antagonism” or “bacterial interference” (Lloyd et al., 1974; Nurmi et al., 1992).

3. � PROBIOTIC IMPACTS IN CHICKENS
Growing birds: Because laying hens must mature before they can produce eggs, 
they experience an extended growing period and share many of the same challenges 
and opportunities for improvement as broiler production. If the gastrointestinal tract 
is disturbed during development, subsequent impacts may last throughout the pro-
duction cycle or even the life of the animal (Yeoman and White, 2014), potentially 
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including the long-term colonization of a laying hen by Salmonella or Campylo-
bacter. Therefore much of the probiotic research in broiler production is applicable 
not only to ensuring a pathogen-free laying flock, but also to animal health, welfare, 
and, ultimately, productivity of the laying hen.

Chicks are hatched with an essentially sterile intestinal tract, which is sequen-
tially colonized by bacteria as the bird ages (Lu et al., 2003; Uyeno et al., 2010); 
however, the sterile intestinal tract is an “open field” for colonization by Campylo-
bacter and Salmonella. In addition, if a pathogen-free microbial population can be 
inserted into the intestinal tract rapidly, then feedstuffs can be fermented to produce 
VFAs, which can improve the energy status of the chick, allowing a rapid start to 
growth. This has prompted CE cultures to be developed and used in many countries 
on day of hatch chicks (Bielke et al., 2003; Stavric, 1992; Stavric and D’Aoust, 1993; 
Stavric and Kornegay, 1995). In the United States, a mixed, defined (e.g., the exact 
species included are identified) commercial CE product that comprises 28 species of 
bacteria was developed and used to reduce Salmonella colonization in day of hatch 
chicks (Nisbet et al., 1994, 1996). Subsequently, alternative undefined CE products 
have also been relatively widely adopted in the poultry industry (Schneitz, 2005; 
Zhang et al., 2007). Further studies have found that Campylobacter colonization of 
poultry can be inhibited by the use of specific CE cultures in newly hatched chicks 
as well (Zhang et  al., 2007). The use of these CE cultures has been dramatically 
impacted by the efficacy and cost of prophylactic antibiotic treatment.

Lactobacilli have been widely used as DFM components because they often 
improve animal performance and can inhibit pathogen populations (Neal-McKinney 
et al., 2012), and some yeast-based DFM have been shown to directly increase native 
Lactobacillus populations in the gut (Han et al., 1999). This is critical not only because 
Lactobacilli [and other lactic acid bacteria (LAB)] produce a strong acid (lactate) that 
can reduce the pH rapidly and impact the microbial ecosystem as a whole (Neal-McK-
inney et al., 2012), but also because these bacteria can produce antimicrobial peptides 
(bacteriocins) that are toxic to Salmonella and Campylobacter (Joerger, 2003; Lima 
et al., 2007; Van Coillie et al., 2007).

A culture of Lactobacillus salivarius fed to 1-day-old leghorn chicks by dos-
ing in feed and water prevented S. Enteritidis long-term colonization; but more than 
one dose was needed as the DFM disappeared from the intestinal population after 
21 days (Pascual et al., 1999). Other studies found that treatment with a combina-
tion of Lactobacillus acidophilus and Streptococcus faecium DFM culture, coupled 
with specific antibodies for key Salmonella serotypes, reduced the colonization 
of S. Enteritidis in market-aged broilers (Tellez et  al., 2001). Similarly, a Lacto-
bacillus-based DFM decreased the incidence of S. Enteritidis–positive crops and 
ceca in broiler chicks (Wolfenden et al., 2007). A four-species Lactobacillus DFM  
(L. acidophilus, Lactobacillus fermentum, Lactobacillus reuteri, and L. salivarius) 
fed to 1-week-old broilers resulted in a decrease in S. Enteritidis populations in the 
cecum of more than 10-fold (Penha Filho et  al., 2015). Other LAB DFM signifi-
cantly reduced Salmonella Typhimurium populations and fecal shedding in growing 
chicks (Hsu et al., 2016). Campylobacter jejuni colonization of day-old chicks was 
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also reduced by nearly 50% through day 21 by PrimaLac (a Lactobacillus-based 
DFM) feeding (Willis and Reid, 2008). Lactobacilli isolated from the cloaca and 
vagina of hens reduced the growth of S. Enteritidis cultures, indicating a potential 
role of these organisms either as a dietary/environmental DFM additive, or as a 
method to reduce S. Enteritidis contamination of eggshells directly (Miyamoto et al., 
2000). Other poultry cloacal and vaginal isolates of L. salivarius, L. acidophilus, and  
L. reuteri exhibited significant in vitro activity against S. Enteritidis (linked to lac-
tate production) and these strains were further demonstrated as a DFM that reduced  
S. Enteritidis colonization in chicks (Van Coillie et al., 2007). Oddly, there have been 
sex differences observed in the effectiveness of some Lactobacillus-based DFM, and 
it has been shown that the feeding regimen can play a critical role in the efficacy 
of DFM treatment as it impacts growth (Willis and Reid, 2008). Horizontal trans-
mission of S. Enteritidis among chicks was also reduced by LAB DFM treatment  
(Jarquin et al., 2007).

Cultures of Bacillus cereus have also been used as DFM in food animals to 
improve performance and food safety (Abudabos et  al., 2014; Vilà et  al., 2009). 
Although early research with B. cereus var. toyoi focused on piglets (Lodemann 
et al., 2008; Scharek et al., 2007; Schierack et al., 2007), other research with poultry 
has demonstrated that the use of these spores can inhibit S. Enteritidis colonization in 
poultry (Vilà et al., 2009). The use of Bacillus subtilis as a commercial DFM reduced 
cecal Salmonella populations in broilers by 1000-fold and slightly improved the 
feed conversion rate (Knap et al., 2011). Bacillus culture addition in growing chicks 
also demonstrated a reduction in S. Enteritidis colonization (Abudabos et al., 2014). 
Replacement of antibiotic treatment with B. cereus DFM treatment demonstrated an 
equal impact on production parameters as did antibiotic treatment (Abudabos et al., 
2014; Duarte et  al., 2014), Interestingly, the use of a specific aflatoxin-degrading 
B. subtilis strain reversed some of the deleterious effects of feeding aflatoxin B1 to 
laying hens, and improved liver and kidney function (Ma et al., 2012); these data 
underscore that in addition to production parameters, DFM feeding can also impact 
animal health and well-being and counteract known toxins in the ration.

Saccharomyces yeasts (including Saccharomyces boulardii and Saccharomy-
ces cerevisiae) have been used as DFM products in many animal species, including 
poultry (El-Deek et al., 2009; Isik et al., 2004; Katoch et al., 2013). An S. boular-
dii DFM reduced Salmonella colonization but not Campylobacter populations in 
broiler chicks by more than 50% (Line et al., 1998). Interestingly, one of the modes 
of action suggested for another DFM from S. boulardii included the reduction in 
motility of a challenge strain of S. Enteritidis, thereby decreasing its invasiveness 
(Pontier-Bres et al., 2012).

A mixed DFM product comprising Enterococcus faecium, Pediococcus aci-
dilactici, L. salivarius, and L. reuteri was dosed daily in the drinking water of 
1-day-old chicks (Ghareeb et al., 2012). Following oral administration of Campylo-
bacter jejuni, cecal colonization was reduced at both 8 and 15 days after challenge  
(Ghareeb et al., 2012). Day-of-hatch chicks were treated with the commercial pro-
biotic compound Floramax an hour after challenge with Salmonella Heidelberg, and 
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the probiotic reduced the incidence of S. Heidelberg in the ceca of chicks after 24 and 
72 h (Menconi et al., 2011). One-day-old Ross broiler chicks treated with a probiotic 
mixture of L. reuteri, B. subtilis, and S. cerevisiae had a better feed conversion rate 
through day seven and had greater body weight gain from 0 to 21 days compared 
with controls, and was similar to levels from birds fed virginiamycin (Salim et al., 
2013). Neither virginiamycin nor the DFM treatment affected Salmonella incidence 
in these birds (Salim et al., 2013). A mixed DFM (comprising lactobacilli, strepto-
cocci, and an unspecified yeast) demonstrated greater growth performance among 
broiler chicks and higher microbial populations in the gastrointestinal tract than con-
trols fed a normal or a Ca/P-deficient diet (Katoch et al., 2013).

Lactose, as well as more traditional prebiotic oligosaccharides (fructo- and man-
nooligosaccharides; FOS and MOS), are indigestible by poultry, and have been used 
to significantly decrease Salmonella in broiler chicks (Corrier et  al., 1990, 1991, 
1997). Interestingly, the simultaneous use of lactose along with CE or a DFM-type 
culture (a synbiotic-type approach) yielded mixed results. Feeding of lactose along 
with used broiler litter reduced Salmonella colonization in broiler chicks, but not in 
mature hens (Corrier et al., 1993), indicating a role of the maturity of the gastroin-
testinal population. In another study investigating the use of CE along with lactose, a 
synergistic impact of both treatments was observed in colonization of broiler chicks 
by S. Typhimurium, and this was correlated to a reduced cecal pH and increased 
propionate concentration in the gut (Nisbet et al., 1993b).

Addition of a probiotic, and synbiotic mixtures at a variety of levels throughout 
the 42-day growing period improved feed conversion ratio (Midilli et al., 2008). A 
study comparing antibiotic treatment to probiotic, prebiotic, and synbiotic treatments 
in male broiler chicks found that the feed conversion was higher in probiotic-treated 
birds compared with controls or antibiotic-treated groups, although this was not sta-
tistically significant (Mokhtari et al., 2010). A synbiotic treatment including a lactate-
producing probiotic and a proprietary prebiotic found that the probiotic alone had the 
lowest feed-to-gain ratio, and that the synbiotic treatment had the greatest weight 
gain (Falaki et  al., 2010). A probiotic mixture of L. acidophilus, S. faecium, and 
Bifidobacterium bifidum coupled with inulin (a prebiotic) treatment demonstrated 
that both the probiotic and synbiotic treatment resulted in greater weight gain for the 
first 21 days of growth compared with flavomycin treatment (Da Silva et al., 2011). 
However, flavomycin treatment did reduce feed intake for the first 21 days compared 
with probiotic and synbiotic treatments (Da Silva et al., 2011).

Mature laying hens: Although immunization against Salmonella species have 
been effective in reducing horizontal and vertical transmission, probiotic approaches 
still have an important role in improving food safety in laying hens (Trampel et al., 
2014). When 40-week-old laying hens were treated with either B. subtilis- or Bacil-
lus methylotrophicus-based DFM and subsequently challenged with Salmonella 
Gallinarum, egg production was improved in the hens following treatment with 
the Bacillus probiotic and Salmonella populations were reduced (Upadhaya et al., 
2016). Avian intestinal spirochetosis is an increasing problem in the European Union 
that is caused by Brachyspira pilosicoli; feeding laying hens an L. reuteri-based 
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DFM reduced B. pilosicoli populations and pathological changes and increased body 
weights and egg weights of hens fed this DFM (Mappley et al., 2013). Feeding of a 
B. subtilis dried culture increased egg production, feed consumption, as well as feed 
conversion while also reducing cholesterol levels in the yolk and improving yolk 
color (Xu et al., 2006). Synbiotic treatments improved egg weight, egg mass, and 
egg production as well as feed conversion ratio in hens from 24 to 36 weeks of age 
(Abdel-Wareth, 2016). In 25- to 45-week-old laying hens, supplementation with a B. 
subtilis probiotic increased egg production and egg mass significantly, and improved 
egg mass/kg feed (P < .08) (Ribeiro et al., 2014). Layers from 20 to 59 weeks that 
were fed a Lactobacillus-based DFM had greater feed consumption and egg size than 
did controls, and had improved N and Ca retention (Nahashon et al., 1996). Supple-
mentation of an E. faecium DFM to mature laying hens produced an increase in egg 
production, egg weight, and eggshell thickness, and also increased fecal Lactobacil-
lus populations (Zhang and Kim, 2013). Supplementation with a Bacillus lichenifor-
mis DFM in 28-week-old laying hens increased egg production and egg mass, but the 
feed conversion ratio remained unchanged (Lei et al., 2013).

Heat stress in laying hens takes a toll on egg production and impacts growth 
and production efficiency. A synbiotic approach using MOS and a probiotic mixture 
was shown to alleviate some of the growth-depressing effects of chronic heat stress 
on growing chicks (Sohail et al., 2012). A specific Lactobacillus DFM strain that 
produced γ-aminobutyric acid was fed to heat-stressed Hy line brown hens, and the 
DFM treatment improved egg production, egg weight, daily feed intake, feed conver-
sion ratio, and misshaped egg percentage compared with control heat-stressed hens 
(Zhu et al., 2015). The deleterious effects of heat stress on egg production and feed 
intake were also mitigated largely by feeding a B. licheniformis DFM to 60-week-old 
hens, and DFM treatment restored the villus height impairment in these heat-stressed 
hens (Deng et al., 2012).

The use of lactic acid bacteria as DFM has a role in mature laying hens as well as 
in growing birds. A LAB-containing probiotic was fed to hens from 24 to 72 weeks 
of age, and during this period, probiotic treatment significantly increased the egg 
production, shelf weight, shell thickness, and serum calcium, and reduced the con-
centrations of cholesterol in the serum and yolk, but did not impact feed conversion 
rate (Panda et al., 2003). A marginal amino acid deficiency in 33- to 44-week-old 
laying hens was partially alleviated by DFM treatment, but the Lactobacillus-based 
DFM did improve intake-to-egg mass ratios (Applegate et al., 2009). Feeding a DFM 
of Rhodobacter capsulatus to 30-week-old hens increased polyunsaturated fatty acid 
and decreased the cholesterol content of egg yolks (Salma et  al., 2012). In other 
studies, a Lactobacillus-based DFM increased egg weight, egg mass, egg size, and 
body weight, but did not affect feed consumption, feed conversion, or egg qual-
ity (Nahashon et al., 1994). Feeding a different type of Lactobacillus-based DFM 
resulted in an increase in egg size and lowered feed costs in caged hens (Davis and 
Anderson, 2002), and improved the cholesterol content of eggs without impacting 
egg quality (Tang et al., 2015). A study examining a Bacillus-based spore product 
found an increase in egg specific gravity, but no impact on feed consumption, egg 
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production, egg weight, or body weight of hens (Sohail et  al., 2002). Another B. 
subtilis DFM improved yolk color, albumen quality, and shell thickness, but growth 
parameters were not affected by DFM (Sobczak and Kozłowski, 2015).

In molting hens: As laying hens age, egg production decreases; to initiate a new 
egg-laying cycle characterized by increased egg production and size, aging hens are 
induced to molt (Bell, 2003; Berry, 2003). Traditionally, feed withdrawal (for up to 
10 days) has been used to initiate molting, but feed withdrawal inhibits the immune 
system of layers (Berry, 2003; Klasing, 2007), especially reducing heterophil effi-
ciency (Kogut et al., 1999), resulting in molting layers being more susceptible to col-
onization by Salmonella, especially S. Enteritidis (Holt, 1993, 2003; Porter and Holt, 
1993; Ricke, 2003). Furthermore, starvation causes change in the intestinal microbial 
population of laying hens (Callaway et al., 2009; Durant et al., 1999; Ricke, 2003), 
likely due to the reduced amount of substrate present in the gut for bacteria to fer-
ment. Starvation creates a selective pressure in the gut for bacteria that can survive 
long nutrient deprivation or can attach to epithelial tissues (Nettelbladt et al., 1997), 
and molting has been correlated with an increase in intestinal lesions, potentially 
providing a route of entry to the bird for Salmonella (Porter and Holt, 1993).

As an alternative approach to feed withdrawal, providing a fermentable substrate 
that is unavailable to the host (similar in concept to a prebiotic-type of approach) to 
layers during feed withdrawal has been shown to reduce Salmonella colonization 
(Corrier et al., 1997; Park et al., 2013; Ricke et al., 2013), as has feeding of alfalfa 
crumbles (Donalson et  al., 2005; Dunkley et  al., 2007b,c; Landers et  al., 2005; 
Woodward et al., 2005). Fermentation of these substrates produces VFAs (Callaway 
et al., 2009), which can directly inhibit the growth of pathogenic bacteria in the crop 
and gut, such as Salmonella and Campylobacter (Durant et al., 1999), and it also 
provides a level of energy to the bird that may enhance immune function by reduc-
ing stress and subsequent inflammation (Dunkley et al., 2007a). Inclusion of alfalfa 
in growing chicks at levels as high as 25% and 50% of the diet reduced Salmonella 
populations but did not negatively impact average daily gain during a short (7-day) 
feeding period (Escarcha et al., 2012). The inclusion of a true prebiotic (FOS) along 
with alfalfa supplementation to molting layers during feed withdrawal reduced 
cecal S. Enteritidis populations and penetration of the liver and ovary (Donalson 
et  al., 2008). It should be noted that there were no differences in intestinal VFA 
concentrations in these studies, but there were higher intestinal lactate concentra-
tions in FOS-supplemented birds compared with layers undergoing feed withdrawal 
(Donalson et al., 2008).

3.1 � SKELETAL FITNESS
Studies in animal species and humans have led to the development of “osteoimmunol-
ogy,” a theory that bone development and strength can be linked with the microbial 
population of the gut (Charles et al., 2015; McCabe et al., 2015). Rapidly developing 
information from this blossoming area of investigation indicates that DFM can play a 
significant role in altering skeletal fitness (Charles et al., 2015; McCabe et al., 2015). 
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In poultry, the use of B. licheniformis- and B. subtilis-based DFM fed broilers for 
6 weeks showed increased tibial strength and medullary canal diameter (Mutuş et al., 
2006). Although data are lacking that show dramatic impacts on bone health in poul-
try, it is clear to see that the interaction between microbiome and host may play a role 
in skeletal fitness, which can impact egg production and hen longevity and morbidity 
(Charles et al., 2015; McCabe et al., 2015).

3.2 � GUT ARCHITECTURE
Although it is clear that feeding DFM of all types can impact gut microbial popula-
tions, it has also become increasingly clear that these changes can also impact gut 
health and the ability to take up nutrients. An L. salivarius- and L. reuteri- based 
DFM fed to growing broilers increased villus height and crypt depth in parts of 
the small intestine (Awad et al., 2010), as did a DFM comprising L. johnsonii and  
L. crispatus that resulted in increased bird body weight (Taheri et al., 2010). Further-
more, treatment with Lactobacilli caused an apparent increase in glucose transport 
in the small and large intestine (Awad et al., 2008) and enhanced the maintenance 
and function of the gut epithelium, and this also resulted in a slight improvement 
in weight gain (Awad et  al., 2010). A DFM composed of Clostridium butyricum 
was linked to higher villus height and lower crypt depth in broiler chicks (Zhang 
et al., 2016). Bacillus cultures also improved ileal epithelial morphology (Abudabos 
et al., 2014). Other types of Bacillus cultures were fed to broiler chicks and caused 
increased villus height and crypt depth (Lee et al., 2010). Crypt depths were reduced 
and villus heights were increased in 28-week-old laying hens supplemented with a 
B. licheniformis DFM (Lei et al., 2013). Further studies with a B. cereus/Aspergil-
lus oryzae DFM indicated that DFM treatment improved the intestinal integrity of 
broiler chickens (Murugesan et al., 2014). Intestinal length and weight were reduced 
by DFM treatment in hens from 7 to 59 weeks of age (Nahashon et al., 1996).

3.3 � IMPACTS ON POULTRY IMMUNITY
Chicks have an immature immune system upon hatch, and the humoral response can be 
enhanced by feeding of probiotics, but this takes time. The innate immune system can 
respond more rapidly to pathogen threats, and this has been shown to be stimulated by 
probiotics. Dosing of chicks with probiotic cultures of B. subtilis, Lactococcus lactis 
sbsp. lactis, and L. acidophilus cultures at 108 colony forming units per chick resulted 
in increased heterophil degranulation and oxidative burst size (Farnell et al., 2006). 
Probiotic treatment of both a Lactobacillus culture and chicory (a prebiotic) showed 
a decrease in the heterophil to lymphocyte ratios in adult birds subjected to transport 
stress (Ghareeb et al., 2008). This suggested that probiotic and prebiotic supplementa-
tion could attenuate the physiological impacts of stress (Ghareeb et al., 2008), such as 
the effects of a Bacillus DFM that reduced levels of the inflammatory marker α-1-acid 
glycoprotein (Lee et al., 2010). Other results have also indicated a role for DFM in 
mediating the effects of heat stress (Roul et al., 2015; Zulkifli et al., 2000).
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The humoral immune system can also be impacted by probiotic treatments. It has 
been suggested by studies that DFM feeding in broilers can lead to a repartitioning 
of energy to the immune system, increasing (Qiu et al., 2012) or inducing (Haghighi 
et al., 2006) antibody production. Some probiotics have been shown to increase CD8 
production, as well as IgG and IgM concentrations in the serum and the gut of swine 
(Duncker et al., 2006; Walsh et al., 2008; Zhang et al., 2008). High doses of Lactoba-
cilli cultures given to young broiler chicks (up to 3 weeks) did modulate the immune 
system, but in older layers a lower dose administered sporadically improved immune 
response (Koenen et al., 2004). A proprietary culture of lactic acid bacteria decreased 
the expression levels of the inflammatory markers interferon-γ and interleukin  
(IL)-1β in growing chicks (Hsu et  al., 2016). Chicks treated with a mixture of  
L. reuteri, B. subtilis, and S. cerevisiae had higher white blood cell counts, monocyte 
levels, and plasma immunoglobulin levels (Salim et al., 2013). Results can vary dra-
matically based on the composition of DFM fed to growing chicks; a DFM contain-
ing Propionibacterium downregulated ileal expression of toll like receptor ( TLR)-2b, 
IL-2, IL-4, IL-6, IL-10, and IL-13, whereas a DFM containing three Bacillus strains 
downregulated ileal expression of the same interleukins except for IL-10 and IL-13, but 
downregulated IL-10 and upregulated IL-13 in the spleen (Waititu et al., 2014). A DFM 
composed of C. butyricum was fed to growing broilers and increased tumor necro-
sis factor-aα and caused greater IL-4 concentrations than did controls (Zhang et al., 
2016). A four-species mix of Lactobacillus resulted in a reduction of proinflammatory 
cytokines (IL-1β, lipopolysaccharide-induced tumor necrosis factor-alpha factor) and 
stimulated cecal tonsil expression of TLR2 (Penha Filho et al., 2015). In other studies, 
however, the addition of a probiotic, a prebiotic, and a synbiotic all failed to impact 
serum IgG in growing broilers (Midilli et al., 2008). Collectively, these data indicate 
that the type and dose of culture or synbiotic, as well as age of birds, can play critical 
roles in probiotic effectiveness and impact on both branches of the immune system.

4. � CONCLUSIONS
Collectively, the data from around the world suggest that probiotic approaches 
can enhance poultry production efficiency, health, and, ultimately, food safety. 
Probiotics can alter the microbiome of the gut, which, in turn, impacts gut archi-
tecture, bone structure, and the immune system. All of these factors in turn affect 
egg production and efficiency, as well as animal health and well-being, all of 
which have an important bearing on the bottom line of producers. Increasing 
evidence has shown that probiotic approaches can reduce food-borne pathogens 
in laying hens and therefore on eggs, which can be a powerful adjunct to improve 
public health that can be performed on the farm (Steinmuller et al., 2006). Unfor-
tunately, probiotics are not “one size fits all,” and the type of probiotic approach 
(i.e., CE, DFM, or synbiotic), composition (e.g., Lactobacillus, Bacillus, Sac-
charomyces), and timing of application will vary based on the age of the hen, 
breed, environmental conditions, production demands, pathogens endemic to the 
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farm, and the nutritional plane of the hen. Advances in understanding how the 
populations of the gut change and how these specifically impact animal health 
are changing how we manage the gastrointestinal microbiota, and this will allow 
the development of probiotic products that are tailored to meet specific produc-
tion needs and conditions.
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1. � INTRODUCTION
Food-borne Salmonella species and serovars and their association with food pro-
duction continues to be an ongoing problem not just for poultry but domestic ani-
mals in general as well as fresh produce (Wray and Wray, 2000; Braden, 2006; 
Hanning et al., 2009; Finstad et al., 2012; Foley et al., 2008, 2011, 2013; Howard 
et al., 2012). Of the readily identified food-borne Salmonella serovars, Salmonella 
enterica subspecies enterica serovar Enteritidis (S. Enteritidis) has historically 
been associated with poultry and it has been suggested that part of this is due 
to its niche displacement of the closely related host-specific poultry Salmonella 
Gallinarum and Pullorum serovars that had previously been eradicated from com-
mercial flocks (St. Louis et al., 1988; CDC, 2000; Bäumler et al., 2000; Rabsch  
et  al., 2000, 2001; Porwollik et al., 2005; Martelli and Davies, 2012). Although  
S. Enteritidis can be found in most types of poultry production including broilers  
and layers, it is the infection of layers and subsequent contamination of eggs during 
production that has been the primary concern and where most of the research on  
potential control measures has been directed (Ricke, 2003a; Braden, 2006; Howard  
et  al., 2012; Martelli and Davies, 2012; Galiş et  al., 2013). Given the apparent  
tissue tropism toward the layer hen reproductive tract, much of the research effort 
has been focused on genetic mechanisms that S. Enteritidis possesses that can be 
directly linked to colonization, subsequent transovarian internal contamination of 
eggs during formation, and survival in the egg contents (Thiagarajan et al., 1994; 
Keller et  al., 1995; Guard-Petter, 2001; Lu et  al., 2003b; Gantois et  al., 2009;  
Gast et al., 2009; Van Immerseel, 2010; Raspoet et al., 2011; Shah et al., 2012;  
De Vylder et al., 2013).
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Colonization of the layer hen gastrointestinal tract (GIT) has also been identified 
as a source of S. Enteritidis occurrence in flocks and eventual systemic infection 
leading to contaminated eggs (Dunkley et al., 2009; Howard et al., 2012). Of course 
young layer chicks, like their broiler chick counterparts, are highly susceptible to 
Salmonella colonization due to the underdeveloped GIT microbiota and lack of a 
GIT barrier (Ricke et  al., 2004; Ricke, 2014). Consequently, considerable efforts 
have been undertaken to introduce probiotics and other dietary amendments to limit 
Salmonella colonization either directly or indirectly via early enhancement and sub-
sequent development of the protective GIT microbiota. Likewise administering bio-
logicals such as bacteriophage to eliminate the already established GIT Salmonella 
or the use of vaccines to trigger the host’s immune responses to limit colonization 
have been suggested and/or put into practice (Galiş et al., 2013). Given the number 
of potential reservoirs including rodents, insects, feed, just to name a few, along with 
differences in layer house management (Davies and Breslin, 2003a,b; Garber et al., 
2003; Maciorowski et al., 2004; Mollenhorst et al., 2005; Park et al., 2008; Carrique-
Mas et al., 2009; De Vylder et al., 2009, 2011; Silva et al., 2012), it would appear 
to be critical to employ several interventions that mechanistically provide more of a 
multiple hurdle approach to live bird protection.

Although a mature layer hen possesses a diverse GIT microbial population that 
would normally be considered a viable barrier to invasion and colonization, circum-
stances do occur where extensive Salmonella colonization happens. Such circum-
stances would probably involve some sort of major perturbation or disruption of the 
GIT microbiota in the laying hen. The most noteworthy example of this was the histori-
cal use of complete feed withdrawal over an extended period of time to induce molt 
as an initiation for an additional egg laying cycle (Holt, 2003; Ricke, 2003a; Park, 
2004; Golden et  al., 2008; Mazzuco et  al., 2011; Ricke et  al., 2013; Ricke, 2014). 
Based on extensive research a better understanding of the role of the layer hen GIT 
was developed and a wide range of alternative nonfeed withdrawal strategies were 
developed over time to limit S. Enteritidis colonization and infection as well retain egg 
performance parameters (Ricke, 2003a; Park et al., 2004; Ricke et al., 2013). This in 
turn led to the concept that dietary modifications could impact the layer hen GIT and 
dietary amendments such as fermentable nondigestible carbohydrates and prebiotics 
were thus examined for possible Salmonella mitigation properties (Ricke et al., 2013). 
In this chapter the development of the layer hen GIT will be examined, followed by a 
discussion on the relationship with food-borne Salmonella colonization and the impact 
of fermentable nondigestible carbohydrates and prebiotic supplementation on the GIT 
microbiome, Salmonella ecology, and layer hen performance.

2. � THE CHICKEN GIT MICROBIOTA
Much of the work on understanding the microbial ecology of the avian microbiota 
has focused on broilers. In particular, interest has centered on the development of 
the microbiome as the bird matures and how that process impacts the host health, 
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performance, and nutritional responses (Gabriel et al., 2006). In the early stages most 
of the characterizations were based on cultural approaches employing anaerobic cul-
tivation techniques originally developed for rumen microorganisms (Salanitro et al., 
1974; Fan et al., 1995; Ricke and Pillai, 1999; Krause et al., 2013; Ricke, 2015a). 
Unfortunately such approaches only detected a fraction of the total microorganisms 
present in the GIT with the large majority uncultivated and/or unidentified (Ricke and 
Pillai, 1999; Gabriel et al., 2006; Stanley et al., 2014). With the emergence of molec-
ular approaches that allowed for noncultivation characterization, more was learned 
about the GIT microbial profiles in chickens. One of the more commonly applied 
approaches, denatured gradient gel electrophoresis (DGGE), involved polymerase 
chain reaction (PCR) amplification of 16S rRNA to generate a range of amplified 
products from unique sequences that could be separated via a gradient gel and poten-
tially be representative of each microorganism present (Hanning and Ricke, 2011; 
Ricke et  al., 2015). Analyses of leghorn chick and adult laying hen GIT contents 
using DGGE was reported to be capable of detecting differences in intestinal, cecal, 
colonic, and fecal populations (Hume et al., 2003; Dunkley et al., 2007e).

Since the early 2000’s there has been a virtual explosion in the development 
of various molecular and analytical tools for a more complete “omics” approach 
to delineating microbial ecosystems that has led to a better understanding of the 
GIT microbiota and host health (Marchesi et al., 2016). Much of this has derived 
from the sequencing technology originally developed for the human genome proj-
ect (Venter et al., 2001; Choudhuri, 2003, 2006; Ricke et al., 2015). This led to the 
whole genome sequencing of a wide range of food-borne pathogens including those 
associated with poultry for applications such as tracking in food production systems, 
evolution of pathogen strain emergence and development of improved molecular-
based detection systems (Kwon and Ricke, 2011; O’Flaherty and Klaenhammer, 
2011; Douglas et  al., 2013; Gerner-Smidt et  al., 2013; Park et  al., 2014; Ricke 
et  al., 2015). On a separate track, 16S rRNA sequencing offered the opportunity 
for the routine characterization of a more complete set of the organisms within the 
GIT microbial community (Kwon and Ricke, 2011). This led to initial studies over 
several years on the human GIT microbiome followed by animal GIT microbiome 
studies that elucidated impact factors such as aging, nutrition, and diet (Ley et al., 
2006; Gordon, 2012; Nicholson et al., 2012; O’Toole and Jeffery, 2012; Walker and 
Parkhill, 2013; Lahti et al., 2014; Firkins and Yu, 2015; Hanning and Diaz-Sanchez, 
2015; Marchesi et al., 2016). As more of these interactions became known, func-
tionality of individual commensal members of the GIT community were identified 
and characterized as well as the role that human and nonhuman immune systems 
play in the interchange with the GIT microbiome (Hooper et al., 2012; Nicholson 
et al., 2012; Smith et al., 2013; Chaucheyras-Durand and Ossa, 2014; Hanning and 
Diaz-Sanchez, 2015; Hevia et al., 2015; Sivan et al., 2015).

In the last few years, the avian GIT microbiota has become more of a focal point 
of next-generation sequencing. This interest has been driven in part by the impact 
of diet and nutrition on broiler performance and the potential influence of the GIT 
microbiome as it develops with maturity of the growing bird. It was known before 
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sequencing that the avian ceca was the primary fermentation site for carbohydrates, 
particularly those considered nondigestible, and was the GIT site where most of the 
short chain fatty acids (SCFAs) were produced as well as methane from resident 
methanogens (McNab, 1973; Ricke, 2003b; Józefiak et al., 2004; Ricke et al., 2004; 
Saengkerdsub et al., 2007a,b; Saengkerdsub and Ricke, 2014), but much less was 
known about the detailed composition of the cecal microbiome as well as the rest 
of the avian GIT. Early work on molecular profiling summarized by Apajalahti et al. 
(2004) indicated that in addition to the large majority of bacteria being uncultur-
able, environment and diet influenced the GIT microbiome composition and that 
the GIT ileal and cecal populations become fairly dense early in the bird’s life, not 
long after hatching. Based on studies by Van der Wielen et al. (2002) and Lu et al. 
(2003a), Stanley et al. (2014) also pointed out that, although there are distinctive dif-
ferences in the avian GIT compartments (crop, duodenum, ileum, and ceca), they are 
still highly connected and influence each other with compartmentalization continu-
ing as the bird matures. As next-generation sequencing methods have been applied, 
the composition of these respective GIT microbial populations has become even 
clearer. Oakley et  al. (2014) in an overview of published research on the chicken 
GIT microbiome concluded that the phyla Firmicutes and Bacteroides dominate the 
cecal microbial consortia. However, they also noted that as more in-depth taxonomic 
distinctions were made, even with more diversity being evident, similar metabolic 
functions such as carbohydrate metabolism still prevailed based on metagenomic 
comparisons. However, discernible phylogenetic differences are more prevalent 
among different avian species. For example, Wei et al. (2013) reported that chickens 
and turkeys possessed distinct intestinal populations sharing only 16% similarity at 
the species-equivalent level.

3. � LAYING HEN GIT MICROBIOTA
Most of the chicken GIT microbiome work has been done on broiler chickens, which 
as Stanley et al. (2014) has noted are sent to slaughter generally at no more than 
7 weeks and thus they are still relatively juvenile and immature. Even though the 
growing cycle can be slightly longer for nonconventional pasture flock broiler birds 
(Park et al., 2013), this is still a much shorter life span than the considerably older 
laying hens, which can undergo a complete laying cycle and sometimes multiple 
cycles resulting in a life span of more than a year (Bell, 2003). It is not really known 
how much this difference in maturity may be reflected in the corresponding birds as 
considerably less microbiome work has been conducted on mature laying hens.

It does appear that disturbances occurring at an early age of the layer chick can 
influence the host as well as the GIT microbiome later in life. Simon et al. (2016) 
demonstrated that administering antibiotics at an early age caused early life altera-
tions in the GIT microbiome and impacted adaptive immunity in older layer hens as 
evidenced by the lower T-cell-dependent antibody titers. Establishment of pathogens 
in the GIT and the timing at which this occurs may also be a factor. For example, 
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when birds of two different genetic lines were infected with S. Enteritidis on day 
one, the overall diversity of the layer chick GIT cecal microbiome was not only 
reduced but also was accompanied by an increase in the Enterobacteriaceae family 
(Mon et al., 2015). Although the genetic line of bird did not appear to be a factor, 
they did note an inverse relationship between the families Enterobacteriaceae and 
Lachnospiraceae. It would be interesting to conduct follow-up studies to see if other 
Salmonella serovars also had similar impacts on the layer chick GIT microbiome 
and what the long-term consequences of such shifts might be. It is conceivable that if 
virulence properties differ among Salmonella serovars, this could in turn impact the 
GIT microbiota such that it would be somewhat distinct for each particular serovar. 
Likewise, it would be important to establish the mechanism(s) of how this shift is 
occurring.

Juricova et al. (2013) noted that the greatest impact on the cecal microbiota was in 
chicks inoculated on day one with S. Enteritidis versus days 4 and 16 with an increase 
in Enterobacteriales and concomitant decreases in Clostridiales, Bifidobacteriales, 
and Lactobacillales on days 3 and 10 postinfection. However, they also concluded 
that these changes would be considered relatively minor and speculated that this may 
be because they were examining lumen GIT bacteria and not bacteria on the epithe-
lial surfaces where Salmonella-induced inflammation could occur and be accompa-
nied by more dramatic changes in microbiota composition. There is precedence for  
this as Salmonella-induced inflammation to alter the surrounding epithelial micro-
biota ecology in mammalian species has been reported and described by others  
(Barman et al., 2008; Ahmer and Gunn, 2011; Winter and Bäumler, 2011). Resolving  
the microbiome GIT site of the greatest impact and mechanism(s) by Salmonella  
could have practical implications for Salmonella vaccine applications and offer 
opportunities to further optimize their effectiveness.

In mature laying hens the most notable impact on the GIT microbiome and  
S. Enteritidis was documented to occur when a drastic alteration in nutritional man-
agement via complete feed withdrawal was used to induce molt. Historically, in the 
United States complete removal of feed over a series of days had been the means  
to consistently shift the reproductive tract into a resting state and thereby halt egg 
production until the layers were returned to full feed and a second egg laying cycle 
was initiated (Brake, 1993; Bell, 2003; Berry, 2003; Holt, 1995, 2003; Ricke, 2003a). 
Although there were economic incentives for molt induction, the increased incidence 
of S. Enteritidis in eggs appeared to coincide with the implementation of these types 
of layer management systems (Bell, 2003; Holt, 1999, 2003; Ricke, 2003a; Golden 
et al., 2008; Dunkley et al., 2009; Ricke et al., 2013). This connection was further 
established by the increased horizontal distribution of S. Enteritidis infection to 
molted hens in nearby cages and more eggs contaminated with the bacterium (Holt, 
1995; Holt et al., 1995, 1998). The relationship between feed withdrawal, followed 
by GIT emptying, and systemic S. Enteritidis invasion into tissues such as the liver, 
spleen, and ovaries was more clearly established in a series of experimental infec-
tion studies (Holt, 1995; Durant et al., 1999; Kubena et al., 2005; Moore and Holt, 
2006; Dunkley et al., 2007d). Although somewhat difficult to completely distinguish 
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between molt physiology versus feed withdrawal responses, general layer hen physi-
ology as a function of immune response, stress protein levels, and blood metabolite 
changes appeared to parallel overall host susceptibility and hen behavior patterns 
also followed suit (Holt and Gast, 2002; Dunkley et al., 2007a,b, 2008a,b).

As the connection between feed withdrawal and increases in systemic invasion of 
S. Enteritidis became more established the key question remained as to what factors 
were serving as signals in the laying hen GIT microenvironment to trigger invasion. 
Using DGGE, Hume et al. (2003) detected shifts in the cecal microbiome in hens  
undergoing feed withdrawal that were distinguishable from nonmolted birds. Dunkley  
et  al. (2007e) also reported similar shifts in DGGE fecal and cecal profiles of  
hens undergoing feed withdrawal on samples collected over the entire molting time 
period. Studies that examined SCFA production in the ceca indicated a fairly uniform 
reduction in SCFA production in birds undergoing feed withdrawal (Corrier et al., 
1997; Woodward et al., 2005; Dunkley et al., 2007e; Donalson et al., 2008a). Taken 
together these studies suggested that there was some sort of alteration occurring in 
the cecal microbiota and/or their metabolic activities that limited cecal microbial 
population’s ability to not only serve as a barrier to prevent S. Enteritidis coloniza-
tion but also actually enhance invasiveness of S. Enteritidis in some fashion. Durant 
et al. (1999) conducted an S. Enteritidis infection study in birds either full fed or 
molted via a 9-day feed withdrawal. Birds were challenged with an S. Enteritidis 
marker strain on day 4 of the molt period and cultured for Salmonella on day 9. 
Salmonella Enteritidis crop and cecal colonization along with spleen and liver inva-
sion all increased in the molted hens when compared with the nonmolted controls. 
When the crop contents were cultured on days 4 and 9 of the molt period, lactobacilli 
populations and the concentrations of lactate, acetate, propionate, butyrate, and total 
SCFA decreased but pH increased in the molted hens compared with the controls.

Based on the findings of Durant et al. (1999) it was concluded that removal of 
feed did indeed, after a few days, not only decrease fermentation but actually reduce 
the crop lactobacilli populations. Consequently, high levels of fermentation acids 
and a low pH were both diminished as barriers to S. Enteritidis. So do these changes 
alter the crop microenvironment in such a way to directly influence S. Enteritidis 
pathogenesis? There was some precedent for suspecting that this might be the case. 
It was already well known that virulence phenotypes in pathogens can be induced by 
numerous environmental conditions (Mekalanos, 1992) and from what is now known 
this is also in line with the hypothesis that nutrient limitation may be one of the pri-
mary drivers for initiating pathogenesis (Rohmer et al., 2011). To test this, Durant 
et  al. (1999) incubated a hilA fusion strain of S. Enteritidis in the crop contents 
from the molted and unmolted birds that had been pooled separately, centrifuged, 
and filter sterilized. Although the overall regulation of Salmonella pathogenesis is 
complex, the transcriptional activator HilA is a good indicator of virulence initia-
tion as it regulates the invasion genes resulting in expression of the invasion phe-
notype and by using a lacZY transcriptional fusion to the hilA gene (structural gene 
of β-galactosidase combined with the hilA promoter), hilA expression level can be 
quantitated as a simple enzyme assay (Bajaj et al., 1995, 1996). When the sterile crop 
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contents were incubated with the S. Enteritidis hilA fusion strain, hilA increased 1.6- 
to 2.1-fold in crop contents from feed withdrawal birds, which was consistent with 
observed increases in organ invasion in these birds. Nearly 10 years later, Dunkley 
et al. (2007d) used real-time PCR to quantitate hilA of a nonfusion strain of S. Enter-
itidis in an infection experiment from day 6 and 11 fecal samples and day 12 cecal 
samples. The advantage of the PCR assay compared with the earlier fusion studies 
was that it could be directly applied to S. Enteritidis recovered from the in vivo infec-
tion study. In general, hilA expression was higher in feed withdrawal layers, parallel-
ing the corresponding levels of organ invasion and confirming the earlier results by 
Durant et al. (1999).

Although it appeared that the conditions in the laying hen GIT experiencing com-
plete removal of feed for an extended period of time was conducive for S. Enteritidis 
colonization and subsequent invasion, it was less clear what signals were serving as the 
trigger for these activities. To determine nutrient and crop microenvironment impact, 
Durant et al. (2000a) used Luria broth to simulate crop contents and compared undi-
luted (LB) versus diluted (DLB, simulated nutrient poor conditions) and examined 
the effects of pH, carbohydrate sources, amino acids, and lactate on S. Enteritidis hilA 
expression. Expression levels of hilA were nearly threefold higher in DLB broth com-
pared with LB broth but addition of 0.2% glucose, fructose, or mannose to LB and 
DLB reduced hilA expression 1.5- to 2-fold. Although 0.2% casaminoacids, arabinose, 
fucose, or lactose had little effect, lactate (25 and 50 mmol/L) reduced hilA expres-
sion at pH 6, 5, and 4 compared with the same lactate levels at pH 7, with the low-
est expression occurring at pH 4, 50 mmol lactate per liter. Durant et al. (2000b) also 
demonstrated that SCFAs (acetate, propionate, and butyrate) could influence hilA and 
invF–lacZY transcriptional fusion expression in S. Typhimurium and Kwon and Ricke 
(1998) demonstrated that the SCFA could alter acid tolerance in S. Typhimurium.

In summary, it appears that even an adult laying hen can experience sufficient dis-
ruption in the GIT microbiome to become susceptible to colonization and infection 
by S. Enteritidis. Although there are indications that both the GIT microbiota and the 
associated fermentation activities are impacted, it is not certain whether these are mutu-
ally exclusive. Put another way, it is not clear how much of the observed reduction in 
fermentation is due to a shift/actual reduction in the GIT microbial population versus a 
limitation of fermentable substrates. Given the potential functional redundancies such 
as carbohydrate metabolism that exist in the avian GIT microbiota (Oakley et al., 2014) 
some resiliencies in the overall GIT population response is possible. However, it is 
also possible that some GIT compartments such as the crop are actually undergoing 
a microbial population reduction, whereas the cecal microbiota are simply ferment-
ing less. Part of this could be the high variability in passage rate observed in the crop 
because depending on the diet, the crop can be empty within 4 h or ingested feed can 
remain much longer (Heuser, 1945; Bayer et al., 1978; May et al., 1988, 1990). In 
contrast, ceca are believed to empty once every 24–48 h with one cecum emptying at 
a time and completely empty ceca are rarely observed (McNab, 1973). Consequently, 
the ceca may be more resilient to dietary changes than the upper parts of the layer 
hen GIT. Particle size of the feed may also be a factor in controlling GIT passage rate 
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(Hetland et al., 2004). Although some passage rate work has been attempted with lay-
ing hens using rare earth markers (Dunkley et al., 2008c), more studies need to be done 
to delineate both compartmental as well as entire GIT passage rates for different layer 
hen diets as well as when feed intake is reduced. It would be particularly interesting to 
compare these values with microbiome composition in the different GIT compartments 
and if overall changes in passage rate are reflected in detectable microbiome differ-
ences. Individual passage rate changes among different GIT compartments might also 
play a role in this as well. Finally, how much each compartment influences the others 
could dictate the level of impact of feed removal over time.

4. � DIETARY NONDIGESTIBLE CARBOHYDRATE MITIGATION 
STRATEGIES—MOLTING LAYER HENS

Once it was realized that the laying hen GIT microbiota and associated fermenta-
tion activities could serve as a barrier to S. Enteritidis colonization and subsequent 
infection, strategies that involved some means to retain these microorganisms and 
still achieve the physiological state associated with an induced molt were explored. 
Fundamentally, the concept was to provide the laying hen GIT microorganisms with 
fermentable dietary substrates that were nutritionally unavailable to the host (Ricke, 
2003a). From the late 1990s onward a plethora of dietary schemes, either revisited 
from earlier alternative molt diets or newly developed dietary approaches, were 
examined for their capabilities of limiting S. Enteritidis under molt induction condi-
tions. The criteria were fairly straightforward, namely, prevent S. Enteritidis estab-
lishment, shift the laying hen into a complete shutdown of egg production fairly soon 
after receiving the diet and allow for complete restoration of optimal egg production 
once the molt period had ended and the birds were once again being fed normal layer 
rations. Molt induction dietary strategies ranged from nutritional imbalances, incor-
poration of ingredients that decreased appetite, to feeding of low-energy bulking 
agent fillers (Bell, 2003; Berry, 2003; Park et al., 2004; Yousaf and Chaudhry, 2008; 
Mazzuco et al., 2011; Ricke et al., 2010, 2013). Although many of these approaches 
were effective in either limiting S. Enteritidis or inducing a successful molt, fewer 
were successful at accomplishing both and/or were considered commercially imprac-
tical by the egg industry (Ricke et al., 2013).

At this point in time the concept of introducing molt diets that consisted primarily of 
dietary fiber or nondigestible carbohydrates came into vogue. The idea was that these 
types of diets would be low-energy high-bulk “filler”-type ingredients that would be 
relatively unavailable nutritionally to the laying hen but still fermentable by the cecal 
GIT. Strategies varied from using molt diets that consisted entirely of these sources to 
partial supplementation in combination with conventional layer diets to ensure rapid 
adaptation and continued intake (Ricke et al., 2010, 2013). A myriad of nondigestible  
carbohydrate sources were examined including alfalfa, barley, cotton seed, grape pom-
ace, rice hulls, tomato extract, wheat gluten, and middlings and the pros and cons of these 
sources have been extensively discussed in previous reviews (Ricke et al., 2010, 2013).  
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Among these sources, alfalfa and wheat middlings were shown to consistently  
reduce S. Enteritidis in molting layer hens while still inducing molt (Seo et al., 2001; 
Woodward et al., 2005; Ricke et al., 2010, 2013). In a series of in vitro studies it was 
demonstrated that alfalfa was fermentable by cecal microorganisms and could support 
the production of SCFA as well as methane as fermentation end products that would be 
expected to be present in live bird cecal contents (Saengkerdsub et al., 2006; Dunkley 
et al., 2007c; Donalson et al., 2008b). When alfalfa was used to induce molt in layer 
hen trials, an examination of cecal contents revealed a general increase in SCFAs along 
with reduction of S. Enteritidis and a corresponding shift in fecal and cecal microbial 
populations when profiled by DGGE (Dunkley et al., 2007d,e). Utilizing bacterial tag-
encoded FLX amplicon pyrosequencing in a follow-up experiment, Callaway et  al. 
(2009) reported that the greatest number of cecal bacterial genera were present in the 
alfalfa-fed layer hen group and the least number in the feed withdrawal group. In addi-
tion, they noted that microbial diversity was the least in the birds undergoing feed 
withdrawal and Lactobacillus populations could not be detected. In an effort to further 
optimize administration of dietary alfalfa, different physical forms were examined such 
as a crumbles product as well as different ratios of alfalfa to layer diet and combined 
with antimicrobials in an effort to improve consistency of intake, retain molt response, 
and enhance S. Enteritidis colonization limitation (Donalson et al., 2005; McReynolds 
et al., 2005, 2006; Woodward et al., 2005; Dunkley et al., 2007a,b,d,e, 2008a,b).

5. � PREBIOTICS—DEFINITION AND GENERAL CONCEPTS
Despite the relative success of the nondigestible carbohydrate diets such as the 
alfalfa-based molt-induction diets, inconsistencies remained in terms of reducing  
S. Enteritidis under all conditions. Although combinations such as adding the antimi-
crobial chlorate to the drinking water were tested (McReynolds et al., 2005) as a  
possible means to further reduce S. Enteritidis during molt, there was interest in 
developing approaches that could incorporate dietary ingredients directly into the 
molt diet that would complement the benefits of these types of diets and perhaps 
further enhance antagonism to the establishment of S. Enteritidis. Intuitively, ingre-
dients that would not only support general GIT fermentation as most nondigestible 
carbohydrate sources already do, but also selectively support the metabolism of resi-
dent GIT bacteria considered to particularly beneficial to the host could potentially 
offer a better, more consistent, and focused protection against pathogen colonization.

A prebiotic compound falls into this category according to the original definition by 
Gibson and Roberfroid (1995) as being “a non-digestible food ingredient that benefi-
cially affects the host by selectively stimulating the growth and/or activity of one or a 
limited number of gastrointestinal (GI) microflora.” Although this definition has contin-
ued to be further refined as more has become known about the microbiome composition 
and their corresponding responses to prebiotic compounds (Rastall and Maitin, 2002; 
Rastall, 2004; Patterson and Burkholder, 2003; Wang, 2009; Hutkins et al., 2016), the 
essence of this definition still holds true. They are essentially nondigestible carbohydrates 
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that are resistant to the animal’s digestive processes and thus pass onto the lower parts 
of the GIT such as the colon and the cecum where they can be fermented by the resident 
microbial population to produce SCFAs. In general, prebiotics elicit benefits to the host 
including, among others, altering the GIT microbiome, stimulating the immune system, 
and reducing growth and host invasion by pathogens such as Salmonella (Cummings and 
Macfarlane, 2002; Bengmark, 2012; Roto et al., 2015).

Bacteria in the GIT microbiome that are believed to be specifically stimulated 
by prebiotic supplements are lactobacilli and bifidobacteria but as the microbiome 
becomes more defined with increased availability of microbial community sequenc-
ing information there may be other unidentified bacteria that are also selectively 
supported by certain prebiotics (Kaplan and Hutkins, 2000; Ricke, 2015b; Hutkins 
et al., 2016). Likewise, the list of nondigestible carbohydrates that may be consid-
ered to possess prebiotic-like properties has continued to expand and includes the 
classically defined prebiotics such as fructooligosaccharide products (oligofructose, 
inulin-type fructans), as well as compounds such as trans-galactooligosaccharides, 
lactulose, maltooligosaccharides, xylooligosaccharides, stachyose, raffinose, and 
yeast cell walls (mannan oligosaccharides, MOS) to name a few, along with a multi-
tude of other fermentable carbohydrates that at most are only minimally digested in 
the upper GIT (Monsan and Paul, 1995; Flickinger et al., 2003; Collins and Gibson, 
1999; Bird et al., 2010; Ricke, 2015b; Roto et al., 2015; Hutkins et al., 2016). It is 
anticipated that this list will continue to expand as more becomes known about the 
interaction between the GIT microbiome, potential candidate compounds, and other 
nondigestible carbohydrates (Bird et al., 2010; Hutkins et al., 2016).

6. � PREBIOTICS—LAYER HENS AND EGG PRODUCTION
For poultry production in general, considerably more work on prebiotics has been 
done with broiler production and correspondingly less so with layer hens and egg 
production. Application of prebiotics for layer hens has primarily focused on spe-
cific administration for particular management situations such as molting or more 
generally for potentially beneficial influences on overall egg production parameters. 
For example, Tang et al. (2012) looked at the influence of the prebiotic isomaltooli-
gosaccharide (IMO) alone and in combination with a commercial probiotic on the 
chemical composition of egg yolks and quality of eggs from Hisex Brown pullets at 
28, 32, and 36 weeks. They reported that traditional egg quality parameters such as 
Haugh units, yolk color, specific gravity, and shell thickness, among others, were not 
impacted. However, egg composition did change as both IMO and the combination 
with a probiotic decreased egg yolk cholesterol and total saturated fatty acids while 
increasing total unsaturated fatty acids, total omega 6 and polyunsaturated fatty acids 
including linoleic and alpha-linoleic acids. Tang et al. (2012) concluded that feeding 
hens IMO with and without the probiotic improved the nutritional quality of the eggs 
produced by these hens without compromising the corresponding egg production 
quality.
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As a prebiotic, MOS is believed to behave somewhat differently than some of 
the other prebiotics as it appears to interfere with pathogen attachment to GIT epi-
thelial cells by binding to the bacterial fimbriae, thus preventing them from binding 
to carbohydrate sites of the intestinal lining (Hooge, 2004). When Fernandez et al. 
(2002) supplemented 30-week-old hen diets with MOS, they observed cecal popu-
lation decreases in Gram-negative Enterobacteria and increases in Gram-positive 
Enterococcus spp. Bozkurt et al. (2012) compared MOS and an essential oil mixture 
fed to 36-week-old layers under moderate and hot environmental conditions and did 
not observe improvements in the efficiency of egg production or humoral immune 
response to counteract the heat stress adversity experienced by these hens but they 
did see amelioration by both MOS and essential oils on eggshell characteristics. 
Jahanian and Ashnagar (2015) examined the impact of MOS in Escherichia coli 
challenged laying 55-week-old hens over 77 days (7 days for adaptation and 70 days 
as the experimental period). Although they did not observe differences in ileal E. coli 
and total GIT bacteria, they did note decreases in Salmonella and increases in Lac-
tobacillus. In addition, they reported increases in egg production percentage and egg 
mass and a decrease in feed conversion ratio for birds fed MOS over the first 35 days.

Fructooligosaccharides (FOS) are considered nondigestible and nonabsorbable 
and are composed of short-chain polymers of linked fructose units that can be pro-
duced commercially either by hydrolysis of inulin or by enzymatic synthesis from 
sucrose or lactose (Patterson and Burkholder, 2003; Ricke, 2015b). Various forms 
of FOS have been examined for potential benefits in laying hens and early stud-
ies established precedent for possible impacts on the layer hen cecal microbiome. 
For example, Rada et al. (2001) demonstrated that feeding inulin at 5% of the diet 
increased inulin-fermenting bifidobacteria twofold in cecal contents when compared 
with control birds not fed inulin. To demonstrate that FOS could selectively alter the 
ceca microbiota to directly inhibit Salmonella, Donalson et al. (2007) used an in vitro 
cecal incubation system to assess the effect of combining FOS with poultry feeds on 
the growth of S. Typhimurium. In this study, cecal contents were pooled from three 
laying hens, diluted in an anaerobic dilution solution, and subsequently added to 
sterile test tubes containing either alfalfa or layer ration with and without FOS. These 
in turn were inoculated with an S. Typhimurium marker strain and plated at 0 and 
24 h after inoculation. Another set was incubated for 24 h to adapt the cecal inocula to 
FOS and feed combinations in the absence of S. Typhimurium then inoculated with 
the pathogen at hour 24 followed by another 24 h incubation. The samples immedi-
ately inoculated with S. Typhimurium without prior cecal fermentation did not lower 
S. Typhimurium 24 h later but those preincubated for 24 h with cecal microorgan-
isms and feed combinations before S. Typhimurium inoculation did result in a 2 log 
reduction of S. Typhimurium with the most dramatic decreases seen in incubations 
from alfalfa or layer ration combined with FOS. Donalson et al. (2007) concluded 
that addition of FOS to feed substrate diets in combination with cecal contents syner-
gistically acted to decrease S. Typhimurium growth only after adaptation of the cecal 
microbiota to the feed and FOS. In a follow-up study, Donalson et al. (2008b) using 
the same in vitro cecal incubation system observed some inconsistencies between 
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trials but still noted that the addition of FOS to both alfalfa and the layer rations 
appeared to further enhance fermentation as demonstrated by generating higher pro-
pionate, butyrate, total SCFA, and lactic acid concentrations.

Donalson et al. (2008a) used an S. Enteritidis marker strain challenge study in a 
series of four independent trials to determine whether FOS when added to a combi-
nation of 90% alfalfa and 10% layer ration at two levels (0.750% and 0.375%) would 
influence GIT fermentation, S. Enteritidis GIT colonization, and organ invasion. The 
impact of FOS was apparent in some trials but not others. For example, lactic acid 
was increased in the crop in birds fed the higher level of FOS in the alfalfa diet at 
concentrations comparable with full fed birds but this was not seen in other trials. In 
the ceca, total SCFA were generally increased for both alfalfa alone and alfalfa-FOS 
combination fed birds compared with feed withdrawal treated birds, whereas lactic 
acid was higher in birds fed all three molt diets versus full fed birds and birds under-
going feed withdrawal. Although birds fed molt diets in most trials exhibited less 
S. Enteritidis colonization in the crop and ceca, organ invasion, and intestinal shed-
ding than birds undergoing feed withdrawal, there were minimal differences among 
alfalfa fed birds versus those fed alfalfa and FOS. Donalson et al. (2008a) concluded 
that, although FOS addition did reduce S. Enteritidis organ invasion in half of the 
trials, lack of uniform response to FOS addition may have been due to inconsistent 
intake of the alfalfa-based diets and reduced consumption of FOS. They also specu-
lated that there may have simply been fewer microorganisms capable of specifically 
responding directly to FOS as a substrate and/or alfalfa providing sufficient levels 
of similar compounds to mask any direct response to the FOS. Certainly, comparing 
the overall fermentation profiles among treatments would support this, although in 
individual trials some increases in crop lactate were noted for FOS-fed birds.

The in vitro work with cecal inoculations by Donalson et al. (2007, 2008b) would 
suggest that there are cecal microorganisms capable of fermenting FOS but perhaps 
part of the issue in the bird feeding trials is that most of the FOS is fermented before 
reaching the ceca in GIT sites such as the crop that are known to harbor lactobacilli 
(Fuller and Brooker, 1974; Fuller, 1977). In summary, it is difficult to draw conclu-
sions linking the GIT microbiome to fermentation without further characterizing the 
composition of the microbiome and identifying the impact on individual groups such 
as the lactobacilli and bifidobacteria that are known to respond to specific prebiotics. 
The ability to now accomplish this with next-generation sequencing and metabolomic 
assessments should provide the tools to evaluate and potentially optimize administra-
tion of prebiotics to achieve a consistent response from adult birds (Park et al., 2013).

7. � CONCLUSIONS AND FUTURE DIRECTIONS
Gaining a better understanding of the laying hen GIT microbiota was one of the fac-
tors that led to understanding of the S. Enteritidis risks associated with management 
practices such as feed withdrawal molting. Another outcome of these research efforts 
was the appreciation of the importance of the adult laying hen GIT microbiome 



7.  Conclusions and Future Directions 335

along with its interaction and responses to dietary changes. However, it also became 
apparent how complex and unpredictable this microbial ecosystem could be and that 
outcomes were not always the expected or projected scenario. Certainly the advent 
of molecular tools such as next-generation sequencing and other omics approaches 
along with the corresponding bioinformatic programs offer the possibility to conduct 
more in-depth analysis to unravel and interpret some of these complexities.

Prebiotics and nondigestible carbohydrates represent dietary ingredients that can 
be used as potential GIT microbiome modifiers either by direct selection/enrichment 
of certain GIT bacterial species known to be beneficial to the host or by indirectly 
serving as substrates that favor particular fermentation pathways of GIT microorgan-
isms. Historically, it has always been viewed that a prebiotic such as FOS is being 
selectively fermented exclusively by certain specific bacteria and thus leading to 
enrichment of these organisms in the GIT. As more becomes known about the intri-
cacies of the GIT it is now being realized that GIT ecology is probably much more 
complex with potentially many more GIT microorganisms involved in hydrolysis 
and utilization of these prebiotic compounds. This is not surprising since this sort of 
metabolic communication and cross-feeding of substrates and end products is com-
monly observed in other GIT microbial consortia involved in fiber and nondigest-
ible carbohydrate breakdown such as the rumen in ruminant animals (Ricke et al., 
1996; Mackie, 2002; Weimer et al., 2009). As this becomes better understood, this 
also changes the perception of what defines a “prebiotic” compound and a refined 
definition may be more of a function of the host and microbiome response rather 
than being exclusively classified only as traditional polymers such as FOS (Hutkins 
et al., 2016). Consequently, nondigestible carbohydrates such as resistant starch may 
qualify as having prebiotic properties along with a myriad of complex fibers with 
indeterminate structure and chemistry (Bird et al., 2010; Bengmark, 2012). The very 
nature of their being more chemically complex may actually be advantageous by 
providing a multitude of potentially different substrates to a much broader spectrum 
of GIT microorganisms.

The other aspect to consider is when to target the layer hen with the addition of 
the dietary prebiotic. Certainly in the adult layer during times of GIT microbiome 
upheaval such as during molting would represent a reasonable application, but may 
not have the greatest impact. It is well known that Salmonella can colonize the GIT 
early in the chick’s life and often quite easily (Ricke et  al., 2004; Ricke, 2014). 
Combine this with the possibility that Salmonella may have some control over the 
development of the GIT microbiota and an appreciation for mitigation at early stages 
of bird development becomes apparent. Consequently, rather than emphasizing addi-
tion of prebiotics in more mature birds where, based on some of the studies reported 
here, the results can be variable, it may make more sense to start layer chicks out 
on prebiotic-based diets long before they reach maturity. For example, in the same 
trial that Fernandez et al. (2002) examined mature hens fed MOS they also looked at 
MOS administered to young broiler chicks challenged with an S. Enteritidis marker 
strain and observed decreases in this pathogen over several weeks. Likewise, Santos 
et al. (2012) were able to demonstrate a synergistic protective effect of MOS and 
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threonine administered to 1-day-old broiler chicks against S. Enteritidis infection 
based on numbers of organisms enumerated from the ceca.

Although young broiler chick studies may suggest similar GIT responses for layer 
chicks when fed prebiotics, this may in fact not be the case. When Walugembe et al. 
(2015) compared broiler and layer chicks fed corn-soybean meal diets containing 
wheat bran and dried distiller grains with solubles, they noted distinctive differences 
between the two in both cecal SCFA concentrations and corresponding microbiota 
composition. Consequently, it will be important to test prebiotics directly in young 
layer chicks to draw definitive conclusions on their GIT responses and the potential 
of candidate prebiotics to limit Salmonella colonization. In addition, long-term stud-
ies need to be conducted on early age layer chicks with immediate introduction of 
dietary prebiotics that continues throughout the grow out period and onto their entry 
into layer flocks to determine if long-term exposure not only is protective against 
Salmonella establishment throughout this time frame but also would consistently 
improve egg production performance qualities. In addition, it would be of interest 
to monitor the GIT microbiome to determine whether a particular profile is selected 
for after early exposure to prebiotics and if this profile remains stable over time or 
requires continued feeding of the same prebiotic. With the emergence of molecular 
tools to conduct in-depth analysis of the layer hen GIT microbiome, some of these 
questions can now be addressed.
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1. � INTRODUCTION
The use of antibiotic growth promoters (AGPs) in food animal agriculture has 
tremendously improved productivity by improving intestinal health and reducing 
disease incidence in animals (Hao et al., 2014). However, the emergence of anti-
biotic-resistant bacteria and their potential food-borne transmission to humans 
have raised concerns leading to restrictions or possible substitution of AGPs with 
alternatives. Both situations should be considered with caution since the broad 
food safety gap that the antibiotics leave has to be filled with options with simi-
lar antimicrobial efficacy and growth-supporting potential. Given the situation, 
researchers worldwide are exploring viable, safe alternatives to antibiotics that 
could work well with the antibiotics during the phasing out period, and eventu-
ally act independently against current and emerging pathogens in food animals 
without affecting production or economic viability of the industry. However, cur-
rently, no alternatives have been tested extensively for their efficacy, safety, and 
health outcomes in poultry. This situation warrants research efforts for devel-
oping viable alternative/adjuncts to antibiotics in animal agriculture, including 
poultry production. This chapter focuses on plant-derived compounds (PDCs) 
that have the potential to improve the preharvest microbiological safety of eggs, 
with proposed mechanisms of action, experimental challenges, and hurdles for 
adoption by the industry.

2. � SALMONELLA—A CONTINUING THREAT TO LAYER SAFETY
Among the infectious agents causing food-borne diseases, Salmonella ranks high 
along with Campylobacter and Shigatoxigenic Escherichia coli O157. Since des-
ignated as a notifiable disease in 1943, the incidence of nontyphoidal salmonellosis 
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(NTS) has steadily increased over the years (Angulo and Swerdlow, 1999; Tauxe, 
1999). Poultry and eggs contribute to 22% of the outbreak-associated Salmonella 
infections in humans (Painter et al., 2013), indicating the significant role played by 
poultry as the source of salmonellosis.

Salmonella can colonize the intestines of domesticated poultry due to several 
potential contributing factors supporting pathogen survival on farms, including 
intensive production, contaminated feed and water, personnel, rodents, flies, dust, 
and others (Marin et al., 2011; Galiş et al., 2013). Live poultry serves as a natural 
reservoir host of Salmonella where the bacterium colonizes the gastrointestinal 
tract (GIT) of poultry, with the highest persistence noticed in the ceca. Once colo-
nized, the pathogen could be excreted in the feces with birds showing no obvious 
signs of infection. Pathogen shedding via feces will eventually lead to the horizon-
tal transmission of the infection to other healthy birds and flocks. Moreover, colo-
nization of the pathogen results in the contamination of whole carcasses during 
the evisceration process. Furthermore, fresh eggs may get contaminated with feces 
containing the pathogen in the cloaca/vent, the common exit point for reproduc-
tive, digestive, and urinary systems (De Reu et  al., 2006; Gantois et  al., 2008), 
which in turn may result in the entry of the pathogen into the egg at the time of lay 
(oviposition).

The potential of Salmonella to contaminate eggs via systemic and extrasystemic 
routes has been discussed in detail (Borland, 1975; Baskerville, 1992; Miyamoto 
et al., 1997; Leach et al., 1999; Vazquez-Torres et al., 1999; Okamura et al., 2001; 
Timoney et al., 1989; Shivaprasad et al., 1990; Gantois et al., 2008). After entering 
poultry, Salmonella can invade the intestinal cells, cecal tonsils, and Peyer patches, 
which may ultimately result in their uptake by and multiplication in macrophages. 
The pathogen may end up in internal organs such as the crop, gizzard, lungs, liver, 
spleen, and reproductive organs such as ovaries and oviduct (Miyamoto et  al., 
1997; Okamura et  al., 2001; Gast et  al., 2007; Gantois et  al., 2008; Kollanoor 
Johny et al., 2009, 2012a; Foley et al., 2011; Upadhyaya, 2015). Salmonella can 
reach the internal contents of the eggs by direct transmission from infected ovaries 
and/or several areas of oviduct such as infundibulum, magnum, isthmus, and/or 
vagina (Baskerville, 1992; Leach et al., 1999; Vazquez-Torres et al., 1999). In addi-
tion to the systemic spread, Salmonella colonization of hen’s reproductive tract can 
result from an ascending infection from the cloaca (Reiber et al., 1995; Miyamoto 
et al., 1997). Cloaca may contain feces infected with Salmonella that may invade 
the oviduct cells resulting in a progressive upward movement of the pathogen to 
colonize the reproductive tract. Moreover, a potential for descending infection 
from the ovary to oviduct tissues, called a retrocontamination, has been reported 
(Keller et al., 1995). Even after laying, egg shells can come into contact with the 
pathogen surviving in the fecal material on the coop/farm floors, potentially result-
ing in the contamination of egg contents. Whichever route Salmonella enter eggs, 
consumption of contaminated eggs and egg products is epidemiologically linked 
to NTS incidence (Hennessy et al., 2004; Braden, 2006; CDC, 2010; reviewed by 
Foley et al., 2011).
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It is known that Salmonella is versatile in employing different virulence mecha-
nisms such as flagellar motility, multiplication in the GIT, pathogenicity island-medi-
ated invasion, and secretion systems that induce pathogen uptake to the intestinal 
cells. Macrophages will carry the pathogen to cause systemic spread to internal 
organs, including the reproductive organs and eggs (Van Immerseel et  al., 2004). 
Therefore strategies that would reduce Salmonella pathogenesis and systemic spread 
in layer chickens are of paramount importance. This situation is chiefly due to the 
multiple sources of Salmonella at the farm, and the multipronged strategies of the 
pathogen to survive and grow under adverse conditions (Davies and Breslin, 2004; 
Upadhyaya, 2015).

In the poultry industry, antibiotics are used to treat specific bacterial infec-
tions, and a few are used as growth promoters (Rabsch et al., 2001). However, the 
situation has been complicated by the emergence of multidrug-resistant strains 
of pathogenic bacteria with increased virulence potential (Shea, 2003; Bywater, 
2005). Numerous investigators have reported Salmonella strains that are resis-
tant to a variety of antibiotics (Chadfield and Hinton, 2003; Daly et  al., 2005; 
Dias de Oliveira et al., 2005; Erdem et al., 2005; Kilmartin et al., 2005). More-
over, with restricted use of antibiotics, alternatives that have similar antibacterial  
potential as antibiotics and with sufficient growth-supporting capacity need to 
be explored.

3. � PLANT-DERIVED COMPOUNDS
Historically, plants have served to support human and animal life by providing 
oxygen, food, wood, shade, and heat. In addition, plants have contributed signifi-
cantly to the improvement of overall human health and well-being in the form of 
traditional medicines, health supplements, food preservatives, and flavor enhancers 
(Upadhyay et al., 2014; Savoia, 2012). A plethora of PDCs responsible for multiple 
benefits have been investigated extensively in vitro, but only selectively in vivo 
(Osbourn, 1996; Burt, 2004; Newman, 2008; Antony and Singh, 2011; Dixon, 
2001; Upadhyay et al., 2014). The PDCs synthesized in response to the interac-
tion of plants with invading microorganisms, stress conditions, and predators, are 
produced during the specific developmental period of plant growth (Hashemi and 
Davoodi, 2012; Han et  al., 1981). Due to the volatility of PDCs and difficulty 
in mass manufacture, they are produced as essential oils (EOs) containing a few 
analyzable PDCs or as crude plant extracts/powders containing several different 
compounds in them.

Plant extracts and EOs containing these critical PDCs have been investigated 
for their antimicrobial, antiinflammatory, antioxidative, and antiparasitic activi-
ties in poultry (Vondruskova et al., 2010; Hashemi and Davoodi, 2011). A few 
EOs have been investigated against coccidia, Clostridium perfringens, and His-
tomonas meleagridis in turkeys (Oviedo-Rondon et al., 2006). However, several 
inconsistencies with the use of EOs across investigations have been identified that 
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could be attributed to several factors. These factors include the differences in the 
concentration of active components of the tested EOs; their potential synergistic, 
additive, and counteractive effects with other components and feed ingredients; 
hygienic conditions in which the birds are kept; and the overall health condition 
of the flock (Zeng et al., 2015). Individual PDCs or EOs with known PDCs are 
being explored to avoid such discrepancies across experiments (Tiihonen et al., 
2010). Due to the presence of multiple active sites in the chemical structure of 
PDCs, and their multiple mechanisms of action on bacteria, it is unlikely that 
bacteria develop resistance against them. It is interesting that among the new 
antimicrobial drugs approved from 1981 to 2006, 69% were naturally derivatized 
(Newman, 2008), underscoring the relevance of PDCs with high bioactivity for 
potential inclusion in the list of approved drugs. Deciphering and understanding 
the most active ingredient in the EOs are required for bringing up consistency 
in results. Some of the potential PDCs that may have significant implications 
for long-term use in chickens, especially layers, are discussed in the following 
sections.

3.1 � CHEMICAL COMPOSITION
Windisch and Kroismayr (2007) classified phytobiotics, the plant-derived prod-
ucts added to feed to improve livestock health, into (1) herbs (flowering, non-
woody, and nonpersistent plants), (2) botanicals (entire or processed parts of a 
plant such as roots, leaves, and bark), (3) EOs (hydrodistilled extracts of plant 
volatile compounds), and (4) oleoresins (extracts based on nonaqueous solvents) 
(Yang et al., 2009). The PDCs are derived from very complex natural mixtures of 
active secondary metabolites from plants, and may amount to 20–60 components 
at different concentrations. For example, 70 different kinds of PDCs along with 
some nonidentified, bioactive compounds are reported to be present in hawthorn 
fruit (Wang and Slavik, 1998). PDCs are responsible for giving specific odors, 
color (pigments), flavor, and therapeutic activity to the plants or their deriva-
tives. For example, some terpenes and terpenoids contribute to odor, quinones 
and tannins give color, whereas other terpenoids are responsible for flavor (e.g., 
capsaicin from chili peppers) (Cowan, 1999). Although many in numbers, these 
compounds can be further classified into major and trace components. The major 
components may be present at fairly high concentrations (20–70%), whereas the 
trace components occur at low to very low (trace) concentrations. Some of the 
major components that are commonly present in plant extracts are cinnamalde-
hyde, eugenol, carvacrol (CR), thymol (THY), linalool, α and β thujones, cam-
phor, 1,8-cineole, α phellandrene, limonene, carvone, menthol, and menthone. 
These compounds fall into two different groups based on the biosynthetic origin, 
the main group composed of terpenes and terpenoids, and the other group con-
sisting of aromatic and aliphatic constituents (Bakkali et al., 2008). Some of the 
major plant sources and active PDCs that have potential in poultry production are 
listed in Table 17.1.
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Table 17.1  Potential PDCs for Use in Poultry

Plant Source Major PDC Chemical Structure

Angelica root α-Pinene

Bergamot β-Pinene

Cinnamon bark Cinnamaldehyde

Coriander Linalool

Dill Limonene

Eucalyptus Citronellal

Geranium Citronellol

Juniper berry α-Pinene

Continued
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Plant Source Major PDC Chemical Structure

Lime Limonene

Mandarine Limonene

Nutmeg α-Pinene

Orange Limonene

Rosemary 1,8-Cineole

Rosewood Linalool

Sage α,β-Thujones

Savory Carvacrol

Table 17.1  Potential EOs and Major PDCs for Use in Poultry—cont’d
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3.2 � TERPENES, SESQUITERPENES, AND TERPENOIDS
Terpenes are made from combinations of several 5-carbon base units called isoprenes 
and are categorized as monoterpenes (C10) and sesquiterpenes (C15), which are the 
major classes. A monoterpene is formed by the coupling of two isoprene units, and 
constitute the most representative compounds in the group (90%) and allow a variety 
of structures (Bakkali et al., 2008). Monoterpenes are abundantly present in different 
plants such as Pinus sp., Coriander, Camphor, and Eucalyptus. On the other hand, 
sesquiterpenes are formed by the assembly of three isoprene units (C15). A variety of 
structures can be obtained by the increase in the cyclization in each extension. They are 
commonly present in plants such as Angelica, Bergamot, Celery, Citronella, Coriander, 
Geranium, Lavender, Lemon, Orange, Pine, Rosemary, Sage and Thyme. Other minor 
classes include hemiterpenes (C5), diterpenes (C20), triterpenes (C30), and tetraterpenes 
(C40). A terpene containing oxygen is referred to as a terpenoid (Bakkali et al., 2008).

3.3 � AROMATIC COMPOUNDS
Based on the biosynthetic origin, the second major group is aromatic compounds, 
which are derived from phenylpropane. They occur less frequently than terpenes. 
The aromatic group comprises aldehydes, alcohols, phenols, methoxy derivatives, 
and methylene dioxy compounds and occur abundantly in plant species such as 
Anise, Cinnamon, Clove, Fennel, Nutmeg, and other plant families such as Apia-
ceae, Lamiaceae, Myrtaceae, and Rutaceae (Bakkali et al., 2008). The majority of 
these aromatic compounds fall under phenolics and polyphenols, which includes 
simple phenols and phenolic acids, quinones, flavones, flavonoids, flavonols, tan-
nins, and coumarins, and are being tested extensively against food-borne pathogens 
and improving shelf-life of foods (Upadhyay et al., 2014).

Phenols and phenolic acids: Phenols and phenolic acids are some of the natural 
phytochemicals consisting of a single substituted phenolic ring and could have high 
oxidation states that make them potential antimicrobial agents. It has been reported 
that the more highly oxidized the phenols are, the greater is their inhibitory activity 
against pathogenic bacteria. Similarly, hydroxylation increases their activity toward 
pathogenic organisms (Geissman, 1963). PDCs such as cinnamaldehyde, cinnamyl 
alcohol, catechol, and pyrogallol are phenolic derivatives that possess high oxida-
tion potential and strong inhibitory effects on bacteria (reviewed in Cowan, 1999). 
Phenolic compounds that lack oxygen and thus remain at lower oxidation status are 
classified under EOs. Phenolic compounds that have C3 side chains such as eugenol 
are representative EO compounds (Cowan, 1999).

Quinones: These are highly reactive compounds that have aromatic rings with 
two ketone substitutions. They are colored and give the materials their dyeing prop-
erties (reviewed by Upadhyay et al., 2014). These compounds are considered to be 
providers of stable free radicals, and complex irreversibly with nucleophilic amino 
acids in proteins, leading to inactivation of surface-exposed attachment proteins, cell 
wall polypeptides and membrane-bound enzymes, consequently leading to the inac-
tivation of pathogens.



CHAPTER 17  Plant-Derived Compounds for Layer Chicken Safety354

Flavones, flavonoids, and flavonols: Flavones are phenolic compounds containing 
one carbonyl group. The addition of 3-hydroxyl group yields flavonols and flavonoids, 
but the flavonoids are occurring as a C6–C3 unit linked to an aromatic ring. There are 
14 classes of flavonoids, differentiated based on their chemical nature and the position 
of substituents on the different rings (Savoia, 2012). They have a similar mechanism 
of action as quinones. Catechins are the most reduced form of the C3 unit in flavonoid 
compounds that are much more abundantly present in green teas. Common examples 
of this group include quercetin, naringin, hesperidin, chrysin, abyssinone, and totarol 
(Cowan, 1999).

Tannins: Found in every part of the plant, these polymeric phenolic compounds 
are divided into two groups—hydrolyzable and condensed tannins (Scalbert, 1991). 
Tannins are formed either by polymerization of quinone units or by condensation of 
flavan derivatives transported to wood tissues of plants. They are abundantly present 
in green teas and red wines (Serafini et al., 1994). Tannins such as ellagitannin bind 
to proteins such as adhesins, inhibit enzymes, deprive substrates, complex with cell 
wall leading to membrane disruption, and sometimes cause bacterial death by metal 
ion complexation (Schultz, 1988; Stern et al., 1996).

Coumarins: These are phenolic substances that contain benzene and α-pyrone 
rings (O’Kennedy and Thornes, 1997). Coumarins are well known for their anti-
thrombotic, antiinflammatory, and vasodilatory activities (Thastrup et  al., 1985; 
Piller, 1975; Namba et al., 1988). Coumarins such as scopoletin, chalcones, and phy-
toalexins have been shown to exert significant antimicrobial activity.

In addition to the above-mentioned classification, PDCs can be classified as those 
with and without nitrogen in their structure. The PDCs without nitrogen include 
monoterpenes, sesquiterpenes, diterpenes, triterpenes, saponins, steroids, tetrapenes, 
flavonoids, polyacetylenes, polyketides, and phenylpropanes. On the other hand, the 
PDCs with nitrogen include alkaloids, nonprotein amino acids, amines, cyanogenic 
glycosides, and glucosinolates (Acamovic and Brooker, 2005). Among all the bio-
logical activities attributed to PDCs, the antimicrobial activity of the compounds is 
of paramount importance and discussed in the following section.

4. � ANTIMICROBIAL ACTIVITY OF PDCS IN BROILER 
CHICKENS

In our studies, we focused on two PDCs as preharvest in-feed supplements, 
namely trans-cinnamaldehyde (TC) and eugenol (EG) to control S. Enteritidis in 
broiler chickens. TC, the major PDC in cinnamon (Cinnamomum zeylandicum), 
and EG, the major PDC of clove oil (Eugenia caryophillis), possess antibacterial 
properties against gram-negative and gram-positive bacteria (Burt, 2004). Both 
of these compounds are generally recognized as safe chemicals for use in foods 
[generally recognized as safe (GRAS)] by the US Food and Drug Administra-
tion (FDA). After examining the anti-Salmonella potential of these PDCs in vitro 
(Kollanoor Johny et  al., 2008, 2010a,b), studies were designed to assess their 
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efficacy in reducing S. Enteritidis intestinal colonization in broiler chickens. The 
prophylactic efficacy of TC and EG was tested against S. Enteritidis populations 
in commercial day-old broiler chicks. Birds were supplemented with either 0.5% 
or 0.75% TC, and 0.75% or 1% EG through feed for 20 days. Results indicated 
that TC at 0.5% and 0.75% and EG at 1% reduced S. Enteritidis in the cecum 
[approximately 3 log10 colony forming units (CFU)/g]) and cloaca (approximately 
2 log10 CFU/g), respectively, after 10 days of infection in challenged birds. Neither 
compound altered the cecal pH or the endogenous cecal microbiome populations. 
Feed intake and body weight were not significantly different for TC-supplemented 
groups. However, EG-treated groups had significantly lower body weight than the 
control birds (Kollanoor Johny et al., 2012d).

In follow-up studies, two experiments were conducted with market-age broiler 
chickens to determine the therapeutic efficacy of TC and EG for decreasing S. Enter-
itidis in birds. TC was added at 0.75% and EG at 1% as an antimicrobial additive in 
the feed given to market-age chickens for 5 days before slaughter. It was observed 
that TC and EG consistently reduced significant populations of S. Enteritidis in both 
experiments. These plant molecules reduced cecal colonization of S. Enteritidis 
by approximately 1.5 log10 CFU/g. In the cloacal contents, TC and EG decreased 
S. Enteritidis populations by approximately 1.5 and 2 log10 CFU/g, respectively  
(Kollanoor-Johny et al., 2012b).

Our studies with another PDC, CR, yielded inconsistent results. CR is the major 
PDC in oregano oil, obtained from Origanum glandulosum. The oil has been found 
effective against bacterial and fungal infections of the gastrointestinal and genitouri-
nary tract (Blumenthal et al., 2000; Chun et al., 2005). CR at 0.9% reduced cecal and 
cloacal S. Enteritidis counts by approximately 4 log10 CFU/ml/g in trial 1, reduced 
1.4 log10 CFU/ml/g of cloacal contents with no difference in cecal S. Enteritidis in 
trial 2 and reduced cecal S. Enteritidis by 0.9 log10 CFU/ml/g in trial 3. Compared 
with control birds, CR at 0.6% reduced cloacal counts in trial 1 by a log with no 
change in cecal S. Enteritidis, reduced approximately 2 log10 CFU/ml/g in ceca and 
cloaca in trial 2 and did not reduce S. Enteritidis counts in both the organ samples 
(P > 0.05) in trial 3. Although CR did not alter the pH, endogenous bacterial counts 
in the cecum, feed intake, or body weights across trials, supplementation of the PDC 
through feed had an inconsistent effect on S. Enteritidis colonization and shedding 
(Kollanoor-Johny et al., 2011).

5. � ANTIMICROBIAL ACTIVITY OF PDCS IN LAYERS
Following successful model studies in broiler chickens, we determined the efficacy of the 
PDCs, TC, and EG to reduce egg-borne transmission of Salmonella in layer chickens. In 
a related preliminary study, Upadhyaya et al. (2013) reported that the subinhibitory con-
centrations (concentration that does not inhibit bacterial growth) of four PDCs, namely, 
TC, CR, THY, and EG, reduced S. Enteritidis adhesion to and invasion of chicken ovi-
duct epithelial cells, and survival in chicken macrophages. Found abundantly in the 
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oil of thyme, THY, the isomer of CR, exerts significant antibacterial effects similar to 
other PDCs (Blumenthal et al., 2000; Chun et al., 2005). The effect of all four PDCs on  
S. Enteritidis genes critical for oviduct colonization and macrophage survival was also 
determined using quantitative real-time PCR (RT-qPCR). All four PDCs significantly 
reduced S. Enteritidis adhesion to and invasion of chicken oviduct epithelial cells. The 
PDCs, except THY, consistently decreased S. Enteritidis survival in macrophages. RT-
qPCR results revealed that the PDCs downregulated the expression of S. Enteritidis genes 
involved in its colonization and macrophage survival (Upadhyaya et al., 2013).

Following the in  vitro study, the efficacy of in-feed supplementation with TC 
in reducing S. Enteritidis cecal colonization and systemic spread was determined 
in layer chicken trials (Upadhyaya et  al., 2015a). The consumer acceptability of 
eggs from TC-treated birds was also determined. Supplementation of TC in feed 
for 66 days at 1% or 1.5% (vol/wt) to 40- or 25-week-old layer chickens decreased 
S. Enteritidis on eggshell and in the yolk. In addition, S. Enteritidis persistence in 
the cecum, liver, and oviduct in TC-supplemented birds was decreased compared 
with that in controls. No significant differences in feed intake, body weight, or egg 
production in birds or consumer acceptability of eggs were observed. The results 
suggested that TC may potentially be used as a feed additive to reduce egg-borne 
transmission of S. Enteritidis in chickens (Upadhyaya et al., 2015a).

It was evident from our broiler and layer trials that TC could be a potentially 
effective PDC to control horizontal and vertical transmission of S. Enteritidis in 
chickens. However, TC at 0.3% was unable to reduce Campylobacter jejuni in broiler 
chickens in a seeder model (Hermans et al., 2011). In another study, Arsi et al. (2014) 
observed that THY, CR, or their combination resulted in significant reduction of  
C. jejuni in broiler chicks, although inconsistently.

6. � POTENTIAL MECHANISMS OF ACTION OF PDCS
6.1 � EFFECTS ON BACTERIAL CELL WALL
Although the literature proposes multiple ways of antimicrobial action of PDCs based on 
in vitro screening, they are not validated using bird trials. However, knowing the mecha-
nisms of action of PDCs is essential to develop and refine PDC-based strategies for Sal-
monella control in poultry. It is possible that when used in appropriate concentrations, 
PDCs could exert significant bacteriostatic or bactericidal properties on the pathogens 
in layer chickens. The direct activity of PDCs on pathogens is reflected on the bacterial 
membranes. PDCs such as TC, CR, THY, and EG act on the bacterial cell membrane, 
resulting in the loss of membrane potential, impaired ATP production, inhibition of glu-
cose uptake and utilization, and leakage of intracellular components. Other membrane-
related bactericidal activities include chelation of metal ions, inhibition of ATPases, and 
altered membrane permeability leading to the death of the pathogen (Borneman et al., 
1986; Hashimoto et al., 1999; Tsuchiya and Iinuma, 2000; Lambert et al., 2001; Gill and 
Holley, 2006a,b; Oussalah et al., 2006).
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6.2 � EFFECTS ON ATTENUATING VIRULENCE
Until recently, attenuation of bacterial virulence was not considered as a strategy to 
control food-borne pathogens. Pathogens use multiple strategies to infect a host and are 
mediated by several virulence factors (Upadhyay et al., 2014). It is thought that reduc-
ing the expression of these virulence factors would result in reduced infections by these 
pathogens. More recently, virulence factors have become the targets for designing thera-
peutic interventions (Wu et al., 2008). The major virulence factors in Salmonella include 
those responsible for quorum sensing, attachment and invasion of epithelial cells, motil-
ity, and multiplication and colonization in live hosts. In a follow-up investigation to 
broiler studies in which TC and EG exerted anti-Salmonella activity, Kollanoor-Johny 
et al. (2012d) reported that the subinhibitory concentrations of the PDCs could reduce S. 
Enteritidis motility and invasion of avian intestinal epithelial cells. Results also revealed 
that TC and EG reduced these virulence attributes of S. Enteritidis, and downregulated 
the expression of invasion genes hilA, hilD, and invF, and motility genes, flhC and motA  
(Kollanoor-Johny et al., 2012d). Later, we concluded using DNA microarray that these 
two PDCs exerted anti-Salmonella activity by downregulating several key genes includ-
ing those involved in the regulation of Salmonella Pathogenicity Island-1, type three 
secretion systems, outer membrane proteins, metabolic pathways, and electron acceptors 
under anaerobiosis (Kollanoor-Johny et al., 2012c).

6.3 � EFFECTS ON INCREASING PATHOGEN SENSITIVITY TO 
ANTIBIOTICS

PDCs have also been investigated for increasing the sensitivity of drug-resistant 
pathogens. This bioactivity is important since the knowledge on the combinatorial 
effects of low concentrations of antibiotics and PDCs could be helpful to devise strat-
egies to control antibiotic-resistant bacterial pathogens in food animals, including 
poultry. Low concentrations of sesquiterpenes such as nerolidol, bisabolol, and apri-
tone increased the sensitivity of Staphylococcus aureus and E. coli to clindamycin, 
tetracycline, vancomycin, and ciprofloxacin (Brehm-Stecher and Johnson, 2003). 
Similarly, geraniol was found to increase the efficacy of quinolones, chlorampheni-
col, and beta-lactams against multidrug-resistant pathogens, including Acinetobacter 
baumannii (Lorenzi et al., 2009). In another study, five PDCs, TC, CR, THY, EG, 
and beta resorcylic acid were found to increase the sensitivity of multidrug-resistant 
Salmonella Typhimurium DT104 to ampicillin, chloramphenicol, tetracycline, strep-
tomycin, and sulfamethoxazole (Kollanoor Johny et al., 2010b). The aforementioned 
studies indicate the potential of PDCs to sensitize pathogens to lower concentrations 
of antibiotics to bring about synergistic outcomes.

6.4 � EFFECTS ON METABOLIC ENZYMES
Stimulation of digestive enzymes is also considered to be one of the mechanisms of 
action of PDCs. Digestive enzymes such as lipases, amylases, and carbohydrases 
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may be positively influenced by the PDCs, resulting in improved nutrient utilization. 
However, studies to validate the positive findings are scarce (Applegate et al., 2010). 
Although results suggest that PDCs exert improved effects on pancreatic trypsin, 
amylase, and intestinal maltase (Jang et al., 2007), other studies indicate no effect on 
alpha amylase, sucrase, or pancreatic amylase (Jang et al., 2004; Jamroz et al., 2005). 
Supplementation of garlic at 1% and 2%, and black tea at 2% resulted in reduction 
of total cholesterol, total triglyceride, and LDL- and HDL-cholesterol levels in eggs 
(Azeke and Ekpo, 2009). Other studies have also indicated the cholesterol-lowering 
effects of garlic in layers and eggs (Chowdhury et  al., 2002; Yalcin et  al., 2006).  
Garlic was found to be effective in reducing cholesterol content in broiler meat also. 
It was found that garlic specifically inhibited key enzymes in the cholesterol synthe-
sis: 3-hydroxyl-3-methyl-glutaryl-coenzyme-A-reductase and cholesterol-7-hydrox-
ylase (Stanacev et al., 2011; Puvaca et al., 2013).

6.5 � EFFECTS ON INTESTINAL MICROBIOTA
Intestinal microbiota play a significant role in the defense against invading pathogenic 
microorganisms, in conjunction with the gut-associated immune system (Applegate 
et al., 2010). It is critical that chickens keep a balanced microbiota for inhibiting patho-
genic microorganisms from attaching to the receptors in the intestinal epithelium and 
maintaining the integrity of the intestine. A perfect microbial balance will invoke a 
minimal immune response, reducing the burden on the health status of a bird given 
its intense nutritional requirement for growth (Applegate et al., 2010). Effective non-
antibiotic alternative interventions such as PDCs should be able to stabilize the gut 
microbial system with minimal changes in the normal population and/or result in a 
significant shift toward beneficial organisms such as bifidobacteria and lactobacilli.

Potent PDCs may exert positive effects on the intestinal function and microbiota 
in chickens. Similar to antibiotics, the majority of benefits of PDCs are attributed to 
their pathogen suppressive activity, especially in the early life of chickens, where 
they are more prone to infections. Providing feed hygiene along with supplemental 
PDCs may improve overall gut health (Franz et al., 2010). Although PDCs show high 
antimicrobial activity in vitro at very low concentrations, their activity tends to be 
diminished or lowered in vivo, although alteration of intestinal microbiota composi-
tion is reported in some literature, especially toward selecting beneficial microorgan-
isms (Gong et al., 2008; Manzanilla et al., 2004). Similar to these studies, Tiihonen 
et al. (2010) reported that inclusion of THY and cinnamaldehyde in feed at 15 and 
5 g/ton, respectively, in two diet phases, namely, 0–21 days and 22–42 days, resulted 
in a 4–5% increase in the body weight gain in Ross broilers. An increase in the 
concentration of Lactobacillus at 41 days was also noticed. In another study, it was 
shown that supplementation of PDCs, including CR, TC, and capsaicin resulted in 
a positive effect on gut microbiota (Jamroz et al., 2005; Jamroz and Kamer, 2002). 
They also noticed a reduction in the pathogen attachment onto intestinal epithelial 
cells due to the increased production of mucus in response to PDC supplementa-
tion (Jamroz et al., 2006). In the Tiihonen study (2010), the researchers observed 
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a notable difference in the microbiota concentration between the percentage G + C 
values of 46 and 52 in the control groups, which indicated potentially harmful patho-
gens such as E. coli and Salmonella. In PDC-treated groups, this concentration was 
very low, and there was an increased relative proportion of microorganisms at the 
high end of the percentage G + C range that included beneficial microbes. Similarly, 
Upadhyaya et al. (2015c) observed a relatively stable cecal microbiota population 
in layer chickens, with no significant changes to the Bacteroidetes, Firmicutes, and 
Proteobacteria populations after supplementation of 1.5% TC for 60 days.

Conversely, it has been reported that cinnamaldehyde exerted inhibition on  
Bacteroides and Clostridium perfringens populations (Lee and Ahn, 1998). Although 
EO blends were primarily tested against pathogens for their potential antimicrobial 
effect (Mitsch et al., 2004), one study reported that the lactobacilli population was 
also sensitive to EOs (Jamroz et al., 2005).

7. � EFFECT OF PDCS ON PRODUCTION PARAMETERS
In poultry, a paradigm change would not occur in feed intake, but the inclusion of 
EOs and their constituent PDCs might result in improved weight gain and feed con-
version ratio (FCR). It should be highlighted that not many experiments have used 
constituent PDCs to determine their effects on production parameters such as feed 
consumption, FCR, average daily gain, carcass weight, and egg production with 
very few exception. For example, adding 60 ppm of CR-rich thyme oil to the diet of 
quails resulted in improved FCR and decreased abdominal fat weight (Denli et al., 
2004). Turkeys fed with 1.25–3.75 g/kg oregano resulted in a clearly improved FCR  
(Bampidis et al., 2005). However, this was not the case when THY was fed to broil-
ers. THY at 200 mg/kg did not have any effect on feed intake, weight gain, or FCR. 
When fed with its isomer CR to broilers, it resulted in the lowering of values of all 
these parameters (Lee et al., 2003). Similarly, PDCs such as 50 mg/kg of CR, 25 mg/
kg of terpinene and p-cymene, and 0.1–1% THY showed no significant effects on 
growth of broilers (Haselmeyer et  al., 2015). Likewise, Upadhyaya et  al. (2015a) 
observed feeding TC at 1% or 1.5% did not adversely affect feed intake, body weight 
gain, and egg production in layers.

In an earlier study, Aydin et al. (2008) determined the effects of various levels of 
dietary black cumin seed (1%, 2%, and 3%) on egg production, egg weight, FCR, 
egg shell quality, and egg yolk cholesterol. The researchers reported that the groups 
fed with 3% black cumin seed–supplemented diet had greater egg production and 
shell strength, compared with the controls. The two higher concentrations (2% and 
3%) resulted in increased egg weight and shell thickness. Also, these two concentra-
tions significantly decreased egg cholesterol per gram of yolk. All concentrations of 
cumin seed increased yolk weights of the eggs, compared with the control groups, 
without resulting in any adverse effects on live weight, feed consumption, FCR, 
organ weights, and abdominal adipose tissue. Similarly, when garlic and thyme were 
investigated for their effects on egg production and egg mass, Ghasemi et al. (2010) 
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reported no significant difference in these parameters, although the inclusion of the 
combination of herbs at 0.2% resulted in increased egg yolk color and blood lympho-
cyte counts. However, this concentration resulted in a decreased egg shell weight. In 
another study, Islam et al. (2011) found that Nigella sativa L. seed powder resulted 
in decreased serum triglycerides and egg cholesterol, without affecting feed intake, 
body weight, egg production, or physical properties of the eggs. A positive effect of 
Nigella seed powder on egg production, egg mass, and egg shell thickness in layer 
hens was reported previously (Akhtar et al., 2003).

Apart from improving production parameters, the effect of oregano supplemen-
tation on lipid oxidation in the shell eggs in Lohmann layers was examined by 
Florou-Paneri et  al. (2005). Lipid oxidation was lowered in the oregano-supple-
mented group. Since oregano is composed of 78–82% of CR or THY (Adam et al., 
1998; Yanishlieva et al., 1999), the delay in the oxidation could be attributed to the 
activity of these PDCs. In a previous study, dietary supplementation of extracts of 
thyme and rosemary had resulted in delaying lipid oxidation in eggs (Botsoglou 
et al., 1997; Galobart et al., 2001). Bozkurt et al. (2012) observed that a combina-
tion of an EO blend (CR, THY, 1:8-cineole, p-cymene, and limonene), and prebi-
otic mannan-oligosaccharide resulted in improved egg production and egg shell 
weight, without any influence on other performance indices and egg quality traits. 
The combination resulted in higher antioxidant activity in egg yolk and retained 
the oxidative stability in the liver that was indicated by higher liver antioxidant 
enzymes such as superoxide dismutase, and glutathione peroxidase. Similarly, in 
other studies, EOs of oregano and rosemary could increase the oxidative stability 
of egg yolk (Galobart et al., 2001; Botsoglou et al., 2005) when incorporated in 
layer diets.

8. � CHALLENGES WITH USING PDCS
8.1 � LACK OF CONSISTENCY OF CONSTITUENT PDC 

CONCENTRATIONS IN EOS
Although there exists abundant published research on the in vitro efficacy of PDCs 
on various food-borne pathogens of public health importance, studies validating their 
efficacy in animals are limited. Also, the exact quantity of the active ingredient pres-
ent in the EOs or plant extracts are not similar across trials (Cross et al., 2007). This 
is because most research on EOs is, for the most part, product driven, but not function 
driven. There is a dearth of information on the absorption, distribution, metabolism, 
and excretion and mode of action of the EOs and PDCs as ingredients in the feed 
(Lahlou, 2004). There is a need for reliable and reproducible methods to study the 
bioactivity of PDCs for comparing the results obtained by different investigators 
on EOs and their ingredient PDCs. In addition, active PDCs in the EOs can vary in 
concentration depending on several factors, such as plant species; growing location; 
harvest conditions; different processes of manufacturing; storage conditions such as 
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light, temperature, oxygen tension, and time; concentration of the compounds; and 
compatibility with other PDCs in EOs and interactions with other nutrients in the 
feed (Huyghebaert et al., 2011).

There is no sufficient evidence to suggest where EOs or their constituents are 
located in a plant when considered for PDC isolation. It is reported that the parts richer 
in EOs such as cones, fruits, leaves, and bark are to be included for preliminary chemi-
cal screening. Also, species belonging to aromatic classes need to be given due con-
sideration (Lahlou, 2004). In addition, since the active compounds present in the EOs 
could be modified as a result of the extraction process, selection of the appropriate 
extraction process is important (Bruneton, 1995). Different extraction methods include 
hydrodistillation, steam distillation, hydrodiffusion, CO2 extraction (Buchbauer, 2000), 
microwave irradiation-assisted process, and mechanical and thermochemical reactions 
(Bouzid and Chaaban, 1997). Once extracted, the chemical analysis of EOs is per-
formed using gas chromatography (GC) and/or GC/MS (mass spectrometry) analysis. 
If the compounds are not easily separated by GC, 13C nuclear magnetic resonance 
techniques could be used as well (reviewed by Lahlou, 2004).

8.2 � POOR SOLUBILITY IN WATER
Another major problem associated with the use of PDCs is their poor solubility in 
water. Poor solubility is of particular importance when preliminary studies are car-
ried out to determine their minimum inhibitory concentration against various test 
pathogens. Also, if the PDCs are soluble in water, they could be added as antimi-
crobials to the water given to poultry. Therefore various solvents such as acetone, 
alcohol, ethylene glycol, ethanol, methanol, dimethyl sulfoxide, Tween 20, or Tween 
80 are used to dissolve them for bioactivity studies. However, ethanol, Tween 20, and 
Tween 80 would decrease the antimicrobial activity of tested EOs in a solid medium, 
in addition to the antagonist effect in a liquid medium. Moreover, the use of any of 
these diluents in large volumes in production animals, such as poultry is impractical 
(reviewed by Lahlou, 2004).

8.3 � PROBLEM OF VOLATILITY AND OXIDATION OF PDCS
No research has been conducted to ascertain the stability of the PDCs in poultry feeds, 
their ability to withstand the pelleting process, and the storage/shelf life of the product 
(Darre et  al., 2014). For accurate calculations on the amount of PDCs to be added 
to the diet, one has to determine the effective concentration of the compounds in the 
feed that would remain stable for the longer duration of time. The PDCs in the feed 
are relatively unstable due to their volatile nature. Also, PDCs may undergo reaction 
with air and lose their antimicrobial effect. Kollanoor Johny et al. (2012b,d) found that 
daily mixing of PDCs to poultry feed improved the antimicrobial effect compared with 
one-time addition in liquid fats while mixing feed in large amounts, underscoring the 
relative instability of PDCs in the mixed feed stored for a longer period of time. How-
ever, mitigation methods such as microencapsulation or coating can be can potentially 
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overcome this problem to provide enhanced antimicrobial activity (Timbermont et al., 
2010; Verlinden et al., 2013). Encapsulation may give sustained effect of the PDCs in 
a matrix to which they are applied. Since PDCs are lipophilic in nature, they can be 
mixed with liquid fats added to the diet (Darre et al., 2014). Another challenge with 
PDCs is that not many studies have focused on the palatability issues in poultry and 
the resultant effect on feed intake. It is advisable to give a period of adaptation to birds 
for circumventing the problem of reduced feed intake (Franz et al., 2010). In most of 
the studies involving broilers, stimulation of feed intake has been reported with PDC 
supplementation, which may not be just a consequence of improved palatability, but 
may be due to enhanced digestion as well (Giannenas et al., 2003). Another limitation 
is that much less is known about the interactions that the PDCs might have with other 
feed ingredients, especially those with high lipophilic properties. In addition, there is 
a high likelihood of potential interactions between PDCs and other essential nutrients 
in the feed. Adverse interactions between EOs and enzymes and/or proteins have been 
previously discussed (Sarica et al., 2005; Anadon et al., 2005).

8.4 � DEARTH OF LONG-TERM TOXICOLOGY STUDIES
Most EOs have generally recognized as safe (GRAS) status approved by the Food and 
Drug Administration for use in foods as flavor ingredients. The level of inclusion of 
EOs at lower levels (less than 100 ppm) in food may not lead to adverse safety issues 
since the no-observed-adverse-effect levels are typically more than 100,000 times as 
their use as flavor ingredients (Adams et al., 1996; Smith et al., 2005; Lis-Balchin, 
2006). In a study that explored the potential of EO ingredients, TC and EG against S. 
Enteritidis in broiler chicks, Kollanoor-Johny et al. (2012d) reported that the supple-
mentation of EG for 21 days reduced feed consumption and body weight, signifi-
cantly (P < .05). However, when EG was supplemented for 5 days before slaughter 
at 6 weeks, the EO ingredient did not cause any untoward effect. Although mild to 
severe congestion was noticed in the liver with 21-day prophylactic supplementation, 
no pathological lesions in the liver were noticed with 5-day therapeutic supplementa-
tion (Kollanoor-Johny et al., 2012b). However, studies that determined the long-term 
effects of PDCs on bird health are not available. Therefore increased knowledge about 
the pharmacokinetics, pharmacodynamics, and potential toxicity of PDCs adminis-
tered by the oral route is required in poultry (Solórzano-Santos and Miranda-Novales, 
2012). In addition, it is also difficult to identify and quantitate different activities of 
the compounds present in the extracts that determine growth, feed utilization, physi-
ology, and health status of the animals (Cheng et al., 2014).

8.5 � RAPID ABSORPTION IN INTESTINE
PDCs are easily absorbed in the stomach and may leave minimal amounts for action 
in the hind part of the intestine, especially if low concentrations are used (Michiels 
et al., 2008). Moreover, EOs are easily absorbed to feed particles (Chambers and Gong, 
2011), which may necessitate protective delivery of the active components to the target 
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site. As mentioned earlier, encapsulation of EOs and their ingredient PDCs will be 
beneficial to render them active. For example, in a human clinical study, microencapsu-
lation of EO provided better performance in the treatment of irritable bowel syndrome 
compared with the uncoated formulation (Liu et al., 1997; Logan and Beaulne, 2002). 
However, it needs to be known if encapsulation of EOs or PDCs will result in improve-
ments in intestinal health and performance by reducing the burden of enteric pathogens 
(Timbermont et al., 2010). However, since chicken digesta appears less liquid in nature, 
delivery of encapsulated EOs may present other challenges as a result of less beneficial 
interactions (Chambers and Gong, 2011). Although there are several potential methods 
for encapsulating EOs as reviewed by Bakry et al. (2016), evaluation of costs associ-
ated with each has not been ascertained by the industry for use in poultry feeds.

8.6 � POTENTIAL CARRY-OVER PROBLEM IN PRODUCTS
Another factor to consider is the effect on the flavor of the animal products produced 
from animals raised with supplemental PDCs in the feed. The effects could be either 
beneficial or detrimental. Further research is needed to determine if PDCs could result 
in “off flavor” of poultry products. Upadhyaya et al. (2015a,d) and Upadhyaya (2015) 
concluded that a PDC, TC, and a medium chain fatty acid, caprylic acid, did not result in 
any off flavor in eggs produced by layers that were fed these compounds for 60–66 days 
during their active laying phase. Although this would indicate that these PDCs may 
leave negligible or no carry-over effect in the products, extended studies are warranted 
to determine the residue build up in poultry products. Moreover, a reliable analytical 
method for the identification and quantification of PDC traces in feeds, animal tissues, 
and carcasses, eggs, and milk is required (Brenes and Roura, 2010).

9. � ECONOMIC CONSIDERATIONS
At the current market price, EOs or PDCs are not cheap; industry may be reluctant 
to introduce them in formulating feeds. For example, THY (21CFR 172.515) costs 
$367.40 for conventional and $484/kg for certified organic, CR (21CFR 172.515) 
costs $48.40/kg, and TC (21CFR 182.60) costs $4.40/kg. However, as the demand 
rises, it is likely that the prices on PDCs may become economical for inclusion in 
poultry rations. With less effective antimicrobial solutions against pathogens in the 
organic poultry industry, these farmers might be the early adopters of the use of 
PDCs because of their GRAS status with the FDA (Darre et al., 2014).

10. � CONCLUSION AND FUTURE DIRECTIONS
A trend in the increased usage of herbal products as human dietary supplements has 
resulted in an emerging interest for their use in animal agriculture, specifically for 
improving feed and food safety (Franz et al., 2010). If PDCs are potential candidates 
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to support health, they should be safe to feed animals and not expected to result in 
residual effects that may adversely affect humans. In this context, feed components 
such as PDCs with no direct nutritive value, yet having a high impact on animal and 
human health, has great significance. Current research indicates a tremendous oppor-
tunity for the use of PDCs in poultry production as feed and food safety enhancers. 
It is clear that PDCs have strong antibacterial and antioxidant properties, potentially 
improving the shelf life of feed or animal-derived foods. Similarly, research indicates 
that PDCs have a potential role in the overall stimulation of growth, especially due 
to their effects on FCR, attributed to the reduced gastric emptying, higher enzymatic 
activity, and, therefore, better absorption of nutrients. The PDCs also could cause 
increased mucus production thereby resulting in reduced attachment of the patho-
gens onto intestinal epithelial cells. It is also proved that they exert significant effects 
on pathogens that cause a significant economic impact on public health. However, 
further research on the stability of PDCs in feed, especially during storage, needs to 
be undertaken. In addition, although many of the PDCs have GRAS status, long-term 
toxicological studies in chickens, and research on the presence of potential residues 
in poultry products and their impact on product quality need to be performed.
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1. � INTRODUCTION
It is well known that the main microbiological hazard derived from egg consump-
tion is the presence of Salmonella, with the serovars Enteritidis and Typhimurium 
being the most frequently implicated in food-borne outbreaks (EFSA, 2010; Howard 
et al., 2012; Pande et al., 2016; Wright et al., 2016). Other enteric pathogens have 
been isolated from eggs and egg products including Campylobacter spp. and Listeria 
spp. (Leasor and Foegeding, 1989; Farber et al., 1992; Shane et al., 1986). Bacteria 
can reach the inside of eggs by transovarian passage in the hen, but the main path of 
contamination is most likely through the shell pores or when the egg is broken for 
use in cooking or processing (Hutchison et al., 2003). There are numerous preharvest 
methods in use for reducing egg contamination such as house sanitation and biosecu-
rity (Arnold et al., 2010; Holt et al., 2011), vaccination (Van Immerseel et al., 2005), 
bacteriophages (Waseh et  al., 2010), and feed components and additives (Tellez 
et al., 2001, 2012; Van Immerseel et al., 2002; Doyle and Erickson, 2006). These 
preharvest methods are not completely successful in eliminating contamination of 
shell eggs and therefore postharvest measures have been investigated to reduce or 
eliminate contamination in shell eggs. The aim of this chapter is to review many of 
the postharvest methods for reducing contamination of shell eggs (Table 18.1).

2. � WASHING
In the United States, as well as Canada, Australia, and Japan, shell eggs are washed 
before distribution in commerce, although washing is not permitted in the European 
Union (Bartlett et al., 1993; Hutchison et al., 2003, 2004). Shell eggs are washed, 
rinsed and sanitized during the grading process; this process removes the cuticle 
from the outside of the shell increasing moisture loss and transfer of CO2 into the 
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eggs and therefore the eggs are coated with food grade mineral oil and subsequently 
refrigerated to retard these processes (USDA, 2000).

US Department of Agriculture (USDA) regulations dictate that egg wash water must 
be at least 32.2°C, or 11.1°C warmer than the warmest egg entering the processing line 
(USDA, 2000). These regulations were put into place based on research that indicated 
that when eggs were placed in a bacterial suspension cooler than the egg, the resulting 
temperature gradient would draw bacteria into the egg (Haines and Moran, 1940) and 
on research that indicated that eggs washed in cold water were more likely to spoil than 
eggs washed in warm water (Lorenz and Starr, 1952). However, these experiments were 
conducted when eggs were washed by immersion, which is now banned in favor of 
spray washing (USDA, 1975). These high wash water temperatures can raise the inter-
nal temperature of the egg by at least 6°C providing an optimal environment for growth 
of any contaminating bacteria (Caudill et al., 2010) and making it difficult to quickly 
cool the eggs to 7.2°C or below where Salmonella will not grow (Gast and Holt, 2000). 
Caudill et al. (2010) investigated the use of lower water temperatures to wash eggs and 
the effect on egg quality and microbial growth within the egg. They determined that 
using cool water at a pH of 10–12 lowered postprocessing egg temperatures and allowed 
for more rapid cooling. Washing in the cool water did not result in a decline in egg qual-
ity and bacteria within the egg did not increase during 5 weeks of storage.

Table 18.1  Methods of Decontamination of Shell Eggs to 
Reduce the Risk of Food-borne Illness From Egg and Egg 
Product Consumption

Chemical Methods

Washing with sanitizers
Electrolyzed water
Ozone

Physical Methods

Pasteurization
Irradiation
Microwaves
Ultraviolet light
Pulsed light
Gas plasma
Ultrasound
Thermoultrasonificatoin

Biological Methods

Chitosan
Nisin
Lauric arginate

Organic acids
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Wang and Slavik (1998) investigated the impact of using three commercial egg-
washing chemicals, including a quaternary ammonium compound (QAC, pH 7.5), 
sodium carbonate (Na2CO3, pH 12), and sodium hypochlorite (NaOCl, 100 ppm, pH 
7.5). They washed separate groups of intact shell eggs at 43.3°C in one of the three 
chemicals whereas a control group was washed with tap water at the same tempera-
ture. Subsequent to washing, the eggs were contaminated with Salmonella Enteritidis 
on the shell and allowed to dry; the washed and inoculated eggs were stored at 4°C 
and checked at 0, 7, 14, and 21 days for penetration of Salmonella into the interior of 
the egg. Control eggs (washed with tap water) had a bacterial penetration rate of less 
than 6.7% on day 1 and 20% on day 21. Treatment with QAC and sodium hypochlo-
rite produced penetration rates of less than 3.4% and 6.7%, respectively, on day 1 and 
16.7% on day 21, whereas the sodium carbonate treatment increased bacterial pen-
etration during storage from 30% on day 1 to 76.7% on day 21. Electron microscopy 
revealed that sodium carbonate altered the eggshell surface, which allowed bacterial 
penetration into the egg.

Although egg washing removes feces and debris from the outside of the eggs, thus 
reducing the microbial load on the eggs, this does not prevent eggs from being the 
source of food-borne illness, especially salmonellosis (Kim and Slavik, 1996). Wash-
ing also damages or removes the cuticle of the egg, which is the primary defense of 
the egg against bacterial contamination (EFSA, 2005; Board and Halls, 1973). When 
contaminated eggs are washed under optimum conditions (conveyor belt speed of 
111 cm/min, prewash water at 44°C and 138 kPa, wash water containing 3 g/L chlo-
rowash at 44°C, 262 kPa, rinse water containing 2.5 mL/L Quat 800 at 48°C, 262 kPa, 
and eggs air dried for 2 min at 42°C) a 5 log reduction of Salmonella colony forming 
units (CFU) was achieved on the shell surface and Salmonella was not found inside 
the egg (Hutchison et  al., 2004). However, any deviations in time or temperature 
enabled Salmonella to penetrate the egg shell and contaminate the egg contents.

3. � ELECTROLYZED WATER
Electrolyzed oxidizing water (EOW) is generated by electrolysis of a weak salt water 
solution producing an acidic EOW (pH 2.6) and an alkaline EOW (pH 11.4). Use of 
EOW has been demonstrated to be effective at inactivating bacteria in solutions (Kim 
et al., 2000), in foods (Park et al., 2002), and on solid surfaces (Venkitanarayanan 
et  al., 1999). Bialka et  al. (2004) proposed that EOW could fit into the washing 
process for table eggs since alkaline EOW has a high pH making it suitable as a sub-
stitute for high pH detergents, whereas the acidic EOW with low pH, high oxidation 
reduction potential, and available chlorine would be a good sanitizer. They inocu-
lated the shell of eggs with S. Enteritidis and Escherichia coli K12 and soaked them 
in alkaline EOW followed by soaking in acidic EOW for different times at different 
temperatures and compared the results with the typical commercial treatment. Com-
mercial treatments achieved a decrease of S. Enteritidis and E. coli K12 of between 
less than 1 log and 2.6 logs, whereas the EOW treatment led to greater than 2 logs 
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reduction for both organisms. However, the dissolved chlorine gas volatilizes rapidly 
from the acidic EOW because of the low pH, which decreases the bactericidal activ-
ity over time as well as affects the health of workers, plus the low pH was corrosive 
to the processing equipment (Len et al., 2000).

Slightly acidic EOW (SAEOW) is produced by electrolysis of dilute hydrochloric 
acid and has a pH value of 5.0–6.5. The predominant form of chlorine in SAEOW 
is hypochlorous acid (HOCl), which has a very strong antibacterial activity and also 
is less corrosive and does not lead to health issues from chlorine gas off-gassing 
(Yoshifumi, 2003; Guentzel et  al., 2008). Cao et  al. (2009) tested the efficacy of 
SAEOW on shell eggs artificially contaminated on the surface with S. Enteritidis. A 
reduction of 6.5 log of S. Enteritidis was achieved by SAEOW after 3 min as com-
pared with 0.9 to 1.2 log reduction for eggs in water alone. Ni et al. (2014) compared 
SAEOW with chlorine dioxide, acidic EOW, and NaClO on eggs artificially inocu-
lated with S. Enteritidis, E. coli O157:H7, or Staphylococcus aureus. They found 
no significant bactericidal difference for any treatment for food-borne pathogens or 
indigenous flora on shell eggs. They did determine that SAEOW was more effective 
when used with acidic EOW, and higher reductions were obtained with immersion 
treatment, rather than spray. Effect of the SAEOW on the penetration of Salmonella 
into the interior of the eggs was not explored in any of these experiments.

4. � PASTEURIZATION
Pasteurization is the process of using heat to destroy bacteria in primarily liquid 
foods. Heat is an effective means of eliminating Salmonella from numerous food 
products (Bermúdez-Aguirre and Corradini, 2012; Silva and Gibbs, 2012; Jarvis 
et al., 2016). Pasteurization of liquid whole eggs, egg whites, and yolks is widely 
practiced and has been extensively investigated but there are fewer studies of in-shell 
pasteurization of eggs using heat (Jarvis et  al., 2016). Pasteurization is known to 
reduce the growth of Salmonella in shell eggs and has been approved for use in eggs 
sold to consumers in the United States by the Food and Drug Administration (FDA, 
2011). The Food Safety and Inspection Service of the USDA conducted a risk assess-
ment of S. Enteritidis in shell eggs and predicted that a reduction of just 3 logs would 
reduce illness caused by this organism by 70% (USDA-FSIS, 2005). USDA-FSIS 
(2011) requires a 5 log reduction of Salmonella in shell eggs for them to be labeled 
as pasteurized.

4.1 � HOT AIR PASTEURIZATION
Hou et  al. (1996) inoculated intact shell eggs with S. Enteritidis and investigated 
pasteurization methods including use of a water bath or a hot air oven. Eggs were 
immersed in a circulating water bath set at 57°C for 25 min, which resulted in a 
3 log reduction of the inoculated Salmonella. However, use of a hot air oven set at 
55°C for 180 min led to a 5 log reduction of S. Enteritidis. A combination of the two 
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methods (water-bath heating at 57°C for 25 min followed by hot-air heating at 55°C 
for 60 min) produced 7 log reductions in Salmonella. Egg white functionality was 
found to be acceptable after all treatments. Although these methods were promising, 
they would be difficult to apply on line and the time for the hot air oven would be 
too long. Brackett et al. (2001) investigated the use of a humidity-controlled oven 
for pasteurizing shell eggs inoculated with a Salmonella cocktail of six strains of 
Enteritidis, Heidelberg, and Typhimurium. They determined that treating the eggs 
at 57.2°C at an unspecified humidity for 70 min produced at least a 5 log decrease in 
inoculated Salmonella.

Pasquali et  al. (2010) developed a hot air gun prototype and tested it on egg-
shells contaminated with S. Enteritidis; they were able to achieve at least a 1 log 
reduction in Salmonella without affecting egg quality. Manfreda et al. (2010) tested 
this prototype on the eggshell surfaces of table eggs experimentally infected with S. 
Enteritidis, E. coli, or Listeria monocytogenes. They also determined the impact of 
the treatment on egg quality traits as compared with untreated samples. The hot air 
pasteurization was accomplished by treating eggs, which were rotating on rolling 
cylinders, with two blasts of 8 s each of hot air at 600°C from two hot air genera-
tors positioned above the rolling cylinders, and cold air (20–25°C) from a generator 
positioned under the rolling cylinders; in between blasts of hot air the eggs received 
only cold air for 32 s. Treated eggs were evaluated for levels of bacteria as well as 
quality parameters periodically during a storage period of 1 month at a temperature 
of 20–25°C. Levels of Salmonella and Listeria were significantly reduced on treated 
eggs as compared with untreated, but E. coli loads were not different for treated as 
compared with untreated. There were also no detrimental effects on quality recorded 
immediately after treatment or after storage. To minimize regrowth of any bacteria 
remaining after the process, this hot air pasteurization could be coupled with refrig-
eration and/or modified atmosphere packaging.

4.2 � HOT WATER PASTEURIZATION
Schuman et  al. (1997) followed up on the work done by Hou et  al. (1996) by 
determining the effects of immersion in water at 57°C or 58°C on contaminating  
S. Enteritidis as well as effects on egg quality attributes. They inoculated the center of 
eggs with 8.5 logs of a six-strain cocktail of S. Enteritidis and immersed the inocu-
lated eggs in a preheated circulating water bath at 57°C or 58°C and held them for 
varying time periods. They observed that no Salmonella was recovered by direct 
plating when eggs were heated for 57.5 min at 58°C or 75 min at 57°C (Schuman 
and others 1997). However, albumen functionality was negatively impacted by 
these treatments.

A method for pasteurizing shell eggs in a heat transfer medium at a temperature 
between 53.3°C and 61.1°C was patented by Davidson (1998) and there have been 
other patents obtained in this area (Cox et al., 1996; Polster, 1999; Vandepopuliere 
and Cotterill, 2001). A hot water immersion process has been commercialized and is 
being used to pasteurize 1 million shell eggs per day (Sinclair, 2012). Although these 
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eggs compare favorably with nonheat pasteurized eggs where taste is concerned, the 
albumen is still negatively affected and does not form stiff peaks when whipped, 
even with the addition of cream of tartar (Day, 2010). Egg white is well known 
for having excellent foaming properties, which are challenging to match with other 
ingredients. Damage to the proteins in the white affects the volume and stability of 
egg white foams that are necessary for foods such as angel food cakes, sponge cakes, 
meringues, soufflés, and omelets (Cunningham, 1995). Herald and Smith (1989) also 
observed that pasteurization of whole eggs at higher temperatures decreased pie fill-
ing expansion.

4.3 � MICROWAVE PASTEURIZATION
Conventional heating methods may result in the outside of the egg being over-
heated before the interior reaches the appropriate temperature (Dev et al., 2008). 
Dev et al. (2008) therefore investigated the use of microwaves, which heat the food 
from the inside out. Theoretically the albumen should heat faster in a microwave 
than yolk, and this was confirmed in studies with the individual components (Dev 
et  al., 2008). However, in trials with intact shell eggs Dev et  al. (2008) demon-
strated that in actuality the yolk and albumen heated at a similar rate. Shenga et al. 
(2010) inoculated the yolk of intact shell eggs with Salmonella Typhimurium and 
compared the effects of moist heat, dry heat, or microwave to inactivate the patho-
gen. Moist heat was applied in a circulating water bath at 57°C for 15 min, dry heat 
with a hot air oven at 55°C for 2 h and microwave at power nine for 20 s (make 
and model of microwave were not specified). Both moist and dry heat resulted in 
a 2 log reduction of Salmonella, whereas the microwave treatment generated only 
a 1 log reduction.

Lakins et al. (2008) investigated the use of a new directional microwave technol-
ogy for the inactivation of S. Enteritidis inoculated into shell eggs. The directional 
microwave has both horizontal and rotary movement as well as several sources of 
microwaves as compared with traditional microwaves that use only rotary movement 
and have only one source of microwaves (Lakins et al., 2008). The directional micro-
wave technology resulted in a 2 log reduction of S. Enteritidis regardless of inocula-
tion level. They detected no differences in water activity, albumen pH, or combined 
pH as compared with controls. However, there were significant changes in yolk pH, 
with treated eggs having a yolk pH of 6.53 as compared with 6.13 for controls, indi-
cating a possibility of protein denaturation.

Dev et al. (2010) compared the effects of microwave pasteurization and hot water 
bath pasteurization of in-shell eggs on the functional properties of the egg white 
as compared with untreated eggs. They determined that, although both means of 
pasteurization affected viscosity and clarity of egg white as well as foam density 
and stability, the microwave pasteurization produced less change than did water bath 
pasteurization. They stated that the viscosity, foam density, and foam stability of the 
microwave heated egg white were not statistically significantly different from those 
of the untreated ones, as opposed to the water bath–heated egg whites.
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5. � THERMOULTRASONICATION
Burgos et  al. (1972) discovered that when they used ultrasound to clean bacterial 
spores of debris the spores were subsequently more sensitive to heat treatment than 
were spores that did not receive the ultrasound treatment. Later they observed that a 
combination of ultrasound and heat were more effective against vegetative cells than 
either treatment alone (Ordonez et al., 1984). This new process, which they named 
thermoultrasonication, decreased the decimal reduction time for heat treatment of S. 
aureus by 63% in buffer and 43% in milk (Ordonez et al., 1987). Cabeza et al. (2004) 
attempted to develop this process for use in sanitizing shell eggs. They studied the 
effects of thermoultrasonication on S. Enteritidis in a liquid medium as well as on the 
shells of intact eggs. In their laboratory-scale equipment the combined process demon-
strated a higher killing effect than heat treatment alone; they obtained a 99.5% reduction 
of the original bacterial load as compared with a 90% reduction for the heat treatment 
alone. When they applied the process to Salmonella Senftenberg, which is known to 
have greater resistance to heat than other Salmonella serovars, they determined that 
thermoultrasonication had more effect than heat alone but they did not achieve as great 
a reduction as with S. Enteritidis (Cabeza et al., 2005a). Cabeza et al. (2005b) extended 
their work to determine the effects of thermoultrasonication on functional properties 
of treated eggs including shelf-life, emulsifying and foaming capacities, emulsion and 
foam stabilities, texture properties of egg white gel, breakage resistance of shell, and 
sensory properties of cooked egg. No significant differences were observed in any 
of these properties between treated and untreated eggs. Although this methodology 
appears to be promising, it has yet to be commercialized, and it is effective only on 
bacteria on the surface of the egg and does not affect those inside the egg.

6. � GAS PLASMA
Gas plasma is an ionized gas containing equal numbers of positively and negatively 
charged particles (Moisan et al., 2001). A gas plasma can be produced by exposing 
gas to an electric field producing charged particles and free radicals, which, sepa-
rately or in synergistic combination, react with essential components of the bacteria 
to disrupt the metabolism of the bacteria (Laroussi and Leipold, 2004). The use of 
atmospheric pressure and low temperatures render the process inexpensive and prac-
tical to use and it has some applications in health care (Baier et al., 1992; Lloyd et al., 
2009). Studies have been done on application of this technology to the food industry 
including research into packaging sterilization (Deilmann et al., 2008), disinfecting 
almonds contaminated with E. coli (Deng et  al., 2007), inactivating pathogens in 
water from poultry chill tanks (Rowan et al., 2007), and decontamination of produce 
(Critzer et al., 2007).

Davies and Breslin (2003) investigated the use of a gas plasma air ionizer (HSC 
Associates, London) on eggs artificially contaminated with S. Enteritidis PT4. They 
determined that the ionized air did not reduce the number of S. Enteritidis-positive 
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eggs as compared with controls, although treatment for 20 min as opposed to 5 min 
appeared to marginally reduce the number of positive eggs.

Intecon Systems, Inc. (Carlsbad, CA) developed a cleaning and disinfection 
process consisting of passing a mist through gas plasma, which they named Binary 
Ionization Technology (US Patent 6343425, 2002; US Patent 6343425, 2004). This 
system works at standard atmospheric conditions and does not require a vacuum and 
thus does not require containment, and by-products include only water and oxygen. 
Higgins et al. (2005) used this technology to treat shell eggs that had been inoculated 
on the shell with S. Enteritidis and achieved a greater than 7 log reduction as com-
pared with water treatment.

Ragni et al. (2010) tested the effectiveness of a prototype of a resistive barrier dis-
charge technique for disinfecting eggs artificially contaminated with S. Typhimurium 
or S. Enteritidis. They determined that 90 min of treatment yielded reductions of 
2.5 log at low relative humidity and 4.5 log at high relative humidity. No detrimental 
effects of the gas plasma were seen on the egg quality.

7. � PULSED LIGHT
Pulsed light processing uses broad-spectrum high-intensity light in short bursts to 
kill microorganisms and has applications in food packaging, processing equipment, 
and medical devices (Dunn, 1996). Dunn (1996) inoculated shell eggs with S. Enter-
itidis and subsequently treated the inoculated eggs with pulsed light; he determined 
that the treatment was able to eradicate the inoculum from the shells of the eggs. 
In a further study, Dunn (1996) used a temperature differential between eggs and 
inoculum to potentially draw Salmonella into the pores of the eggs. He determined 
that when the inoculum was colder than the egg, Salmonella was drawn through the 
pores of the shell into the interior of the egg, and although reduction of Salmonella 
was lowered in this case, he still observed reductions ranging from 2 to 4 logs as 
compared with untreated controls.

Hierro et al. (2009) used pulsed light on eggs inoculated with S. Enteritidis and 
compared the effects on washed and unwashed eggs. They noted that treated washed 
eggs had greater numbers of Salmonella surviving the treatment. They attributed this 
better survival on washed eggs to the damage incurred by the cuticle during the wash-
ing process, which in turn allowed the bacteria to penetrate within the pores of the 
eggs. These authors concluded that the pulsed light treatment should be applied soon 
after the eggs are laid and on unwashed eggs for maximum effectiveness.

Keklik et al. (2010) also evaluated effectiveness of pulsed light on eggs inocu-
lated with S. Enteritidis and also determined temperature of eggshells during treat-
ment and effect on quality parameters of egg components. A maximum log reduction 
of 5.3 logs/cm2 of Salmonella was observed with a 20-s treatment and a dose of 0.1 J/cm2,  
without any visual damage to the egg. Egg surface temperatures rose proportion-
ate to the distance of the lamp from the egg, with a distance of 9.5 cm raising the  
temperature by 16.3°C.
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No negative quality effects were observed. Lasagabaster et  al. (2011) further 
investigated the use of pulsed light to inactivate S. Typhimurium intentionally inocu-
lated onto the eggs. Pulsed light reduced Salmonella from 6 logs on untreated eggs 
to 2.5, 1.7, and 1.1 logs on eggs treated with doses of 0.35, 0.7, and 2.1 J cm2, respec-
tively. There were no adverse effects on albumen quality and a sensory panel was not 
able to detect any differences between treated and untreated eggs.

8. � OZONE
Ozone (O3) is a very strong antimicrobial agent active against microorganisms at 
relatively low concentrations (Khadre et  al., 2001). Ozone has been researched 
for potential uses in the food industry (Kim et  al., 1999, 2003) and it has been 
approved by the US FDA for use as an antimicrobial in foods (FDA, 2001). Ozone 
is unstable and decomposes quickly to oxygen and is also effective at low tem-
peratures (Khadre et  al., 2001). Rodriguez-Romo and Yousef (2005) noted that 
O3 had been tested for disinfection of hatching eggs (Ito et al., 1999; Whistler and 
Sheldon, 1989) and subsequently tested the use of O3 to disinfect shell eggs. Shell 
eggs were externally contaminated with S. Enteritidis and then treated with O3 at 
various concentrations for times from 0 to 20 min. Three minutes of O3 treatment 
caused a rapid decrease in Salmonella of approximately 5 logs as compared with 
controls up to 3 min of treatment but longer treatment times did not provide more 
inactivation. This group was also able to demonstrate that O3 would penetrate the 
egg shell and inactivate Salmonella located in the yolk of the egg (Rodriguez-
Romo et al., 2007).

Foods with a high fat content require a higher dose of O3 and therefore may be 
subject to more rapid oxidation leading to off flavors and odors (Kim et al., 2003). 
Since the yolk of eggs contains a high amount of fat, Kamotani et al. (2010) used sen-
sory panels to evaluate and compare eggs treated with either O3 or heat with untreated 
eggs. On visual inspection the yolk and albumen of treated eggs were perceived to be 
cloudier than that of controls, although the O3-treated eggs were considered closer to 
control eggs than thermally treated eggs. Hedonic scales and just-about-right scales 
were used to evaluate several attributes of cooked eggs. Overall liking, appearance, 
aroma, flavor, color, and texture were not significantly different but heat-treated and 
O3-treated eggs were perceived as less moist than the control.

9. � ULTRAVIOLET LIGHT
Ultraviolet (UV) light occupies a wide band of wavelengths in the nonionizing region 
of the electromagnetic spectrum between X-rays (200 nm) and visible light (400 nm), 
but only UV in the range of 250–260 nm (short-wave UV radiation, or UVC) may 
be lethal to most microorganisms (Sastry et al., 2000). Among its practical applica-
tions several should be noted including inhibition of microorganisms on surfaces, 
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destruction of microorganisms in the air, and sterilization of liquids (Bintsis et al., 
2000).

Chavez et al. (2002) treated eggs with UV light while they were being turned 
on a manually operated egg roller. They assessed total aerobic plate counts (APC) 
to determine reduction of natural microbial load on the eggs and determined that 
with an exposure of 30 s there was a significant reduction of 1–2 log CFU/egg as 
compared with untreated eggs. Eggs rotated for 60 s had significantly greater reduc-
tions of APC than the other time intervals of exposure (15 and 30 s) compared with 
controls (Chavez et al., 2002). De Reu et al. (2006) studied the effect of UV light 
for the decontamination of egg surfaces. Eggs were contaminated with E. coli or S. 
aureus and treated on a double-roller conveyor belt with standard UV light (254 nm) 
at an intensity of 10 mW/cm2; UV treatment for 4.7 and 18.8 s resulted in reductions 
of 3–4 logs for E. coli and S. aureus, respectively. The natural bacterial load of unin-
oculated eggs that were visually clean was reduced from 4.47 to 3.57 log by standard 
UV treatment of 4.7 s, but those eggs that were visually dirty had no reduction in bac-
terial load. In addition, E. coli placed in the interior of eggshells was not inactivated. 
Although UV treatment can be a reliable, nonthermal alternative to traditional treatments 
for the exterior of shell eggs, the shells are impermeable to UV light and therefore 
no internal bacteria will be inactivated by this treatment. Combinations of UV with 
other nonthermal methods or with a mild heat treatment should be investigated.

10. � IRRADIATION
In 2000 FDA approved the use of ionizing radiation up to 3 kGy for fresh shell 
eggs (FDA, 2015). Serrano et al. (1997) investigated the sensitivity to gamma irra-
diation of five S. Enteritidis isolates inoculated on or inside of whole shell eggs. 
They irradiated the inoculated eggs at doses of 0, 0.5, 1.0, or 1.5 kGy. The dose of 
0.5 kGy eliminated all the isolates from the surface of eggs, but there was a great 
variation in sensitivity among the isolates on the inside of the egg. They concluded 
that an irradiation dose of 1.5 kGy should be sufficient to reduce Salmonella counts 
by approximately 4 logs in both whole shell and liquid eggs. They also determined 
that color and quality of egg proteins was not affected by a 1.5 kGy dose of gamma 
irradiation.

Wong and Kitts (2003) used electron beam irradiation (EBI) to treat shell eggs 
inoculated with L. monocytogenes, E. coli, or S. Typhimurium. Dosages of EBI at 
3 and 4 kGy were effective at reducing all bacteria in eggs to an undetectable level. 
However, S. Typhimurium was determined to be slightly more resistant to EBI than 
were the other bacteria. The irradiated eggs exhibited loss of quality of the albumen, 
which translated to reduced foaming and gelling capacity. Yolk also lost color and the 
vitelline membrane was weakened by irradiation, which decreased the eggs’ useful-
ness for further processing due to yolk breakage during shell breaking because of the 
weakened membrane.
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11. � STORAGE TO MINIMIZE GROWTH
11.1 � REFRIGERATION
One recommendation to restrict the growth of Salmonella and other contaminants 
in shell eggs is to refrigerate the eggs as soon as possible at temperatures that 
do not allow the growth of these pathogens. Gast and Holt (2000) contaminated 
different components of eggs with small numbers of S. Enteritidis (15–150 CFU) 
and then stored them at different temperatures for up to 3 days. In contents stored 
at 25°C that had been contaminated with 150 cells the Salmonella grew rapidly, 
especially in yolk. Less growth was observed with the lower inocula, with storage 
for only 1 day, when storage was at lower temperatures (10–17.5°C) and when S. 
Enteritidis was only introduced into the albumen. In the Final Egg Rule (FDA, 
2009), the FDA specifies a maximum ambient temperature of 7.2°C not only 
during storage, but also during transport, beginning 36 h after the time of lay. In  
Canada, shell eggs must be kept under refrigeration (20°C or less) for a maximum 
of 6 days or they may be stored at 20–30°C for a maximum of 2 days (Health Canada, 
2011). However, eggs are not allowed to be refrigerated in the European Union  
(EC, 2008).

11.2 � MODIFIED-ATMOSPHERE PACKAGING
Modified-atmosphere packaging using CO2, O2, or N2 gases is frequently applied 
to extend the shelf-life of foods by inhibiting chemical, enzymatic, and microbial 
spoilage (Rajkovic et al., 2010). Packaging in a high-CO2 atmosphere has been 
shown to maintain the quality aspects of fresh shell eggs, particularly on albu-
men factors that lend stability to foams (Rocculi et  al., 2009, 2011). Pasquali 
et al. (2012) artificially inoculated table eggs with S. Enteritidis, E. coli, or L. 
monocytogenes and stored the eggs in air, 100% CO2, or 100% O2 filled packag-
ing. Eggs were stored for 30 days at 4°C, 25°C, or 37°C and pathogen counts 
as well as total aerobic counts were determined periodically during storage. 
Using these parameters they determined that the temperature of the storage was 
more influential on bacterial survival than the type of gas used in the package. 
Spoilage bacteria and E. coli were controlled best at 4°C, but L. monocytogenes 
counts were lower on eggs stored at 37°C regardless of the gas used. The CO2 
packaging and storage at 4°C was the best treatment for reducing Salmonella 
loads, and CO2 was better than either air or O2 for eggs inoculated with L. 
monocytogenes and stored at 4°C as well as eggs containing only spoilage bac-
teria and stored at 25°C. These studies involved packing egg cartons individu-
ally into pouches, which were flushed and filled with the modified atmosphere. 
Individual pouches of this nature with 100% CO2 would be a novel interven-
tion for maintaining egg characteristics during transport and retail storage, but 
once these packages are in the domestic refrigerator, the modified atmosphere  
would be lost.
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12. � CONCLUSIONS
Although washing of shell eggs is mandated in many countries, it still carries a risk of 
allowing pathogens to enter the egg because the cuticle is lost. In addition, washing 
of eggs is prohibited in the European Union. The methods reviewed in this chapter, 
both thermal and nonthermal, are able to reduce the microbial numbers on the egg-
shell. However, few of these approaches were able to effectively inactivate bacteria 
within the egg itself, and those that did inactivate internal bacteria also had some neg-
ative effects on the functionality of the egg. However, irradiation and pasteurization 
could be satisfactory options for high-risk populations, such as the elderly, immuno-
compromised, children, and pregnant women. Other decontamination options need 
further investigation, especially into the feasibility and cost of scaling up for com-
mercial use. In particular, combination methods should be explored as with ther-
moultrasonifcation where the use of ultrasound allows for less heat to be used thus 
mitigating the negative effects of heat on the functional properties of egg whites.
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1. � INTRODUCTION
Eggs represent a globally popular, inexpensive, and nutritionally rich food product. 
Eggs have a high nutritive value, particularly being a less expensive source of excel-
lent animal protein than meat and milk (Friedman, 1996). Moreover, research has 
highlighted additional benefits associated with egg consumption, including immu-
nomodulatory, anticarcinogenic, and antihypertensive activities that further contribute  
to human health and well-being (Kovacs-Nolan et  al., 2005). This has led to an 
increase in world egg production from 51 million tons per year to 63.8 million tons 
between 2000 and 2010 (FAO, 2010). The US egg industry is the second largest 
producer of chicken eggs in the world after China (NASS, 2009), and on an average, 
Americans consume 250 eggs annually (Anonymous, 2015). Eggs are used as an 
economical food source in the form of shell eggs, liquid, frozen, and dried products 
(Ricke et al., 2001; Howard et al., 2012). According to United Egg Producers, more 
than 95% of egg production in the United States comes from only 240 egg producing 
companies that have flocks of more than 75,000 layers per flock. Despite this fact,  
the US shell egg production totaled 6.91 billion in December of last year (Anonymous,  
2015; AEB, 2016) with table egg producing flock size reaching 277 million layers. 
Currently, there are approximately 63 egg producing companies with more than 
1 million hens that contribute approximately 86% of the total production, and 17 
companies with greater than 5 million hens (Anonymous, 2015). Although eggs are 
low priced, healthy, and form a critical part of the American diet, the microbiological 
safety of eggs is a concern, since they constitute the primary source of Salmonella 
spp., the most common bacterial agents causing disease in humans (Guard-Petter, 
2001; Latimer et al., 2002; Bialka et al., 2004; Namata et al., 2008; Thomas et al., 
2009; De Vylder et al., 2009; Li et al., 2013; Ricke et al., 2013).
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The egg industry primarily relies on Good Agricultural Practices and Hazard 
Analysis Critical Control Point programs (HACCP) for improving the microbiological 
safety of eggs. Cleaning and sanitation of shell eggs by washing is a common practice 
mandatory for plants operating under the Federal Grading Service (Anonymous, 
2013). Currently, egg washers use a variety of detergents and sanitizers to reduce the 
microbial load on the eggshell surface (USDA, 2008; Zeidler, 2002). These practices 
have met with varying degrees of success against different pathogens, and the com-
monly employed chemicals have been shown to possess limited antimicrobial effect, 
thereby not rendering eggs pathogen-free (Moats, 1978; Wang and Slavik, 1998).

This chapter focuses on the major food-borne pathogens that affect the safety of 
eggs and egg products, with special emphasis on Salmonella spp. contamination. 
Moreover, traditional and natural postharvest intervention methods for reducing egg 
and egg product contamination are addressed.

2. � MAJOR CONTAMINANTS IN EGGS
2.1 � SALMONELLA
Epidemiological investigations around the world suggest that Salmonella Enteritidis 
is the most common serotype of Salmonella isolated from poultry products, includ-
ing eggs (Machado and Bernardo, 1990; Plummer et al., 1995; Uyttendaele et al., 
1999; Antunes et al., 2003). This is true for United States as well, where an estimated 
2.2 million S. Enteritidis contaminated eggs are produced each year (Braden, 2006).

2.1.1 � Major Outbreaks
Analysis of several epidemiological investigations during the last 20 years have high-
lighted a strong correlation between consumption of contaminated eggs and human 
salmonellosis (Anonymous, 1988, 1990; Angulo and Swerdlow, 1999; Braden, 2006; 
Guard-Petter, 2001). During the period from 1990 to 2001, the US Centers for Dis-
ease Control and Prevention (CDC) reported 677 outbreaks of egg-borne S. Enteritidis 
that caused 23,366 illnesses, 1988 hospitalizations, and 33 deaths in the United States 
(Anonymous, 2003). However, the largest egg-borne Salmonella outbreak reported in 
the United States was in Iowa in 2010 from May to November 2010, leading to a total of 
3578 reported illnesses with significant economic losses (CDC, 2010). More recently, 
an ongoing outbreak due to Salmonella contamination of shelled eggs in the United 
States has led to multiple confirmed cases of salmonellosis in humans (Anonymous, 
2016). Similarly, eggs and egg products have been documented as a major source of 
S. Enteritidis in the European Union (EFSA, 2007). This is further underscored by a 
report from the United Kingdom, which implicated eggs as the primary source of S. 
Enteritidis in humans (Anonymous, 2014). These aforementioned reports collectively 
indicate that contaminated eggs are a major source of human salmonellosis, emphasiz-
ing the need for effective control strategies.

In light of the mounting evidence linking human salmonellosis with shell eggs, the 
US Department of Agriculture (USDA)-Food Safety and Inspection Service (FSIS), 
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and Food and Drug Administration (FDA), issued a “farm-to-table” risk assessment 
of S. Enteritidis in eggs in 1996, which served as the basis for the Federal and State 
Egg Safety Action Plan (Braden, 2006). During the same time, the US President’s 
Council on Food Safety identified egg safety as a major public health problem war-
ranting immediate federal and interagency action. The council published a report 
with the objective of reducing, and ultimately eliminating, egg-borne salmonellosis 
(Anonymous, 2000). In July 2009, to further control egg contamination, the FDA 
issued a final rule that requires egg producers to implement strict measures to prevent 
S. Enteritidis egg contamination on the farm and subsequent growth during storage 
and transportation. In addition, egg producers are required to maintain records con-
cerning compliance with the rule and to register with the FDA (FDA, 2009).

2.1.2 � Mechanism of Egg Contamination in Salmonella
S. Enteritidis is the most frequently isolated Salmonella from layer flocks (Baird-
Parker, 1990; Braden, 2006; Gast et al., 2005; EFSA, 2007). The primary coloni-
zation site of S. Enteritidis in chicken is the ceca (Allen-Vercoe and Woodward, 
1999; Filho et al., 2000; Stern, 2008), with cecal carriage of S. Enteritidis leading to 
horizontal transmission of the infection, contamination of eggshell with feces, and 
probably retrocontamination of ovaries (Keller et  al., 1995; Gantois et  al., 2009). 
Egg contamination with S. Enteritidis occurs due to penetration of the eggshell from 
contaminated feces during or after oviposition (De Reu et al., 2006; Gast and Beard, 
1990; Messens et al., 2005, 2006). Trans-shell route of egg contamination with S.  
Enteritidis can also occur from other sources such as farmers, pets, and rodents (Latimer  
et al., 2002). Following oviposition, Salmonella survival and/or growth on the outer 
shell surface of eggs is facilitated by the presence of chicken manure and other 
organic materials (Gantois et al., 2009). Researchers have suggested that S. Enteriti-
dis can penetrate the eggshell (Miyamoto et al., 1998; Padron, 1990). In addition, egg 
becomes exposed to temperatures cooler than the chicken body temperature, poten-
tially creating a negative pressure that allows bacteria to penetrate the eggshell and 
the membranes (Board, 1966; Howard et al., 2012). Moreover, it has been hypoth-
esized that when the warm egg encounters a moist, cool environment, conditions 
are ideal for penetration of the shell by bacteria (Berrang et al., 1999). Apart from 
temperature, it is believed that the cuticle, which plays the first line of defense against 
bacterial penetration of the egg, can potentially dry and shrink with time resulting 
in bacterial penetration through the pores (Mayes and Takeballi, 1983). In addition, 
studies have indicated that in the absence of cuticle deposition, bacterial penetration 
can occur (De Reu et al., 2006; Messens et al., 2007). However, other investigations 
have found no significant correlation between the deposition of the cuticle and pen-
etration of Salmonella through the shell (Messens et al., 2005; Nascimento et al., 
1992). Furthermore, the quality of the eggshell as defined by shell specific gravity, 
shell weight, or shell thickness, has been hypothesized to have a role in bacterial 
penetration into the egg (Howard et al., 2012). It has been reported that selecting 
strains of birds for higher egg production and greater egg weight potentially results 
in poorer quality shells (Roberts and Brackpool, 1994; Howard et al., 2012), which 
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are more susceptible to contamination (Jones et al., 2002). Likewise, age of the hen 
is a factor affecting shell quality and contamination of shells as air cells and contents 
have been found to increase in older hens thereby contributing to increased bacterial 
penetration (Jones et al., 2002).

2.2 � CAMPYLOBACTER SPP.
Campylobacter spp. is another major food-borne pathogen that is the leading cause of 
diarrheal illness in the United States. According to the Foodborne Diseases Active Sur-
veillance Network (FoodNet), approximately 14 cases are being diagnosed per 100,000 
people in the population (CDC, 2014). Among the different species in the genera, Cam-
pylobacter jejuni is most commonly implicated in outbreaks associated with the con-
sumption of contaminated poultry products. The domestic poultry population harbors 
the bacterium as a part of their endogenous flora, thereby acting as an important source 
of transmission (Izat et al., 1986; Lin, 2009; Keener et al., 2004). The source of sev-
eral sporadic illnesses associated with poultry products were traced back to horizontal 
transmission of the pathogen and carcass contamination. However, the prevailing infor-
mation on vertical transmission is weak, indicating that egg-borne transmission of the 
pathogen is rare as Campylobacter is not a strong invasive pathogen.

Table eggs and hatching eggs are not generally reported to be contaminated with 
Campylobacter (Jacobs-Reitsma et  al., 2008). Studies conducted during the later 
1900s reported frequent occurrence of a high population of Campylobacter in turkey 
feces, but apparently it was not transmitted through fertile eggs (Acuff et al., 1982; 
Izat et al., 1986). However, several other studies showed that following the experi-
mental inoculation in eggs, Campylobacter was recovered from both the contents of 
unhatched eggs and from the newly hatched chicks (Shanker et al., 1986; Clark and 
Bueschkens, 1985). Furthermore, Doyle (1984) and Shanker et al. (1986) isolated the 
pathogen from the inner and outer shells and membranes of eggs laid by naturally 
infected commercial layers and broilers, but not from the internal contents. Stud-
ies have also shown the persistence of Campylobacter in the reproductive tract of 
healthy broiler and laying breeder hens and in the semen of healthy broiler breeder 
roosters (Camarda et al., 2000; Cox et al., 2002). Moreover, the presence of Campy-
lobacter DNA in hatchery, embryos, and hatched chicks indicates the possibility of 
vertical transmission (Chuma et al., 1994, 1997; Hiett et al., 2002; Silva et al., 2011). 
However, Sahin et al. (2003) and Fonseca et al. (2014) showed that the ability of C. 
jejuni to penetrate eggs and survive within eggs was comparatively poor. Therefore 
despite the different potential sites of colonization in the host and contamination in 
eggs, the relevance of vertical transmission in campylobacteriosis is less compared 
with other sources of infection.

2.3 � OTHER CONTAMINANTS: FUNGUS AND VIRUSES
Apart from bacterial contamination, mycotoxins produced by toxigenic molds 
and viruses such as avian influenza viruses (AIVs) and Newcastle disease viruses 
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(NDVs) can potentially contaminate eggs and egg products. Although the prevalence 
of mycotoxins and viruses in eggs or egg products is relatively lower than bacterial 
infections, these contaminants should be carefully controlled due to the potential 
public health concerns.

2.3.1 � Mycotoxins
Mycotoxins are secondary metabolites produced by molds, which contaminate 
food crops or animal feed either before or after harvest and their concentrations 
increase during postharvest storage. Once chickens consume mycotoxin-contam-
inated feed, these mycotoxins can be transferred to eggs. Moreover, the normal 
industrial processing cannot remove mycotoxins from food products since they are 
heat resistant due to their stable chemical structure (Kabak, 2009; da Cruz Cabral 
et al., 2013). The major mycotoxins detected in eggs include aflatoxin, ochratoxin 
A, and zearalenone.

Aflatoxins are the most commonly occurring mycotoxin contaminants on 
foods. They are produced by Aspergillus flavus and Aspergillus parasiticus, and 
are considered as one of the most potent mycotoxins because of their toxicity and 
their ability to biotransform in animal and human systems. Moreover, aflatoxin B1 
is listed as a group 1 human carcinogen by the International Agency for Research 
on Cancer (IARC, 2002), and it mainly targets liver (Yunus et al., 2011). Since A. 
flavus and A. parasiticus primarily contaminate peanut, corns, and cottonseeds, 
which are often used as feed for animals (Gong et  al., 2004), aflatoxin residues 
can be transferred to chicken eggs (Hussain et al., 2010) when the birds consume 
aflatoxin-contaminated feed. A study conducted by Aly and Anwer (2009) demon-
strated that aflatoxin transmission ratios from aflatoxin-contaminated feed to egg 
after 60 days’ exposure at the levels of 25, 50, and 100 ppb aflatoxin were 625:1, 
500:1, and 1428:1, respectively. Moreover, aflatoxin is heat resistant in eggs, where 
only 0.2–1% detoxification was found in eggs after boiling for 20 min (Aly and 
Anwer, 2009). Ochratoxin A is another common mycotoxin produced by Asper-
gillus ochraceus and Penicillium verrucosum, which contaminates predominantly 
foods and feedstuffs of cereal origins (Basilico and Basilico, 1999; Höhler, 1998) 
after harvest. Ochratoxin A can cause renal toxicity, nephropathy, and immuno-
suppression in several animal species, and it has been found to be carcinogenic in 
experimental animals (Stein et al., 1985; Richard et al., 1999). A prevalence study 
conducted in Pakistan reported that, of 80 egg samples collected in the region, 35% 
were found to be contaminated with ochratoxin A (Iqbal et al., 2014). Zearalenone 
is yet another mycotoxin primarily produced by Fusarium graminearum, which 
can contaminate wheat, barley, and rye. Zearalenone binds to estrogen receptors 
and results in hormonal changes (Mirocha et al., 2013). Although zearalenone has 
reduced toxicity to chickens compared with aflatoxin and ochratoxin A, studies 
have shown that zearalenone residues can be transferred from contaminated feed 
to chicken eggs (Dailey et al., 1980; Sypecka et al., 2004). The presence of zeara-
lenone in eggs is critical to human health because of its estrogenic and genotoxic 
properties.



CHAPTER 19  Improving Postharvest Safety of Egg and Egg Products396

2.3.2 � Viral Contamination of Eggs
Egg or egg product contamination by viruses is uncommon; however, AIV and NDV 
are potential viruses transmitted through eggs. According to the World Organiza-
tion for Animal Health, AIV of high pathogenicity and NDV of the mesogenic and 
velogenic pathotypes are considered to cause diseases of high significance affecting 
poultry health and economy (Dortmans et  al., 2011; Costa-Hurtado et  al., 2015). 
AIV is a heat-labile single-stranded RNA virus of the family Orthomyxoviridae, 
genus Influenza virus A, whereas NDV is a single-stranded RNA virus of the fam-
ily Paramyxoviridae, genus Avulavirus, serogroup avian paramyxovirus 1 (APMV-1) 
(Büchen-Osmond, 2002). These viruses can potentially be present in the internal 
egg contents or on the egg surface from virus-infected feces. These viruses can 
be partially protected from heat inactivation by the presence of organic materials  
(Alexander, 2003).

3. � TRADITIONAL METHODS OF IMPROVING EGG SAFETY
Currently, there are no mandatory regulations that detail specific requirements for 
disinfection of shell eggs before sale as table eggs in the United States. However, the 
Agricultural Marketing Service has a voluntary shell egg-grading program, which 
includes specific egg washing and sanitizing requirements (Howard et  al., 2012). 
Mostly, egg washers use a variety of detergents and sanitizers for reducing the micro-
bial load on the eggshell surface (USDA, 2008; Zeidler, 2002). Generally, eggs are 
subjected to a wash cycle on a conveyor belt using recirculated water and brushes 
(Howard et al., 2012). Alkaline detergents are added to wash water to clean the egg 
surface and maintain a high pH for bacterial control. However, organic matter accu-
mulates in the recirculated water and reduces the ability of the detergent to kill bacte-
ria (Kinner and Moats, 1981). Immediately following the detergent wash, operations 
participating in the grading program may sanitize shell eggs with a potable water 
rinse containing a chlorine concentration of 100–200 ppm, or quaternary sanitizers 
compatible with the washing compound. In addition to the currently employed rou-
tine, government agencies and the egg industry are interested in alternative decon-
tamination methods that could be more effective and economical, thus benefiting 
both the public and the industry. In this regard, numerous chemicals and methods 
have been investigated as post wash sanitation methods for reducing bacteria (How-
ard et  al., 2012). However, since there are no effective postharvest interventions 
available to reduce mycotoxins, reduced mycotoxin exposure to chickens appears to 
be the most practical method to ensure egg safety for human consumption (Wood, 
1988; Park et al., 2007). Current methods for reducing mycotoxin contaminations in 
eggs include mostly synthetic fungicides at the preharvest level, but these fungicides 
can accumulate in the environment such as soil, plants, and water, thereby potentially 
resulting in egg contamination because of their nonbiodegradable nature. In addition, 
the inclusion of aflatoxin-binding adsorbent in feed is employed to protect birds from 
the harmful effects of mycotoxins. However, several adsorbents have been shown to 
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impair nutrient utilization (Chung et al., 1990; Kubena et al., 1993; Scheideler, 1993) 
and mineral absorption in chickens (Chestnut et al., 1992; Edrington et al., 1997) 
thereby limiting their use.

In selecting a suitable disinfectant to clean eggshells, factors such as the anti-
microbial effectiveness of the agent to eliminate target bacterium from eggshell, 
safety, and cost should be considered (Scott and Sweetnam, 1993). The chemicals 
used to wash eggs are considered potential food additives and hence are regulated 
by the FDA. An ideal egg wash antimicrobial should be effective in reducing large 
populations of the target pathogen in a rapid time frame, even in the presence of 
organic matter. Furthermore, it should be safe to workers and the environment, 
cost-effective (Scott and Sweetnam, 1993) and should be easily incorporated in an 
HACCP plan. A variety of disinfectants in egg wash water, including hydrogen per-
oxide (Padron, 1995), chlorine and iodine-based sanitizers (Knape et  al., 1999), 
ozone (Koidis et  al., 2000), quaternary ammonium and sodium carbonate (Wang 
and Slavik, 1998), zinc sulfate and formaldehyde fumigation (Bierer and Barnett, 
1962), and electrolyzed oxidizing (EO) water (Russel, 2003) have been investigated 
to reduce or eliminate pathogens on table eggs and hatching eggs. However, many 
of the aforementioned chemicals have been shown to possess limited antimicro-
bial effect, especially in the presence of organic matter, and many did not render 
eggs pathogen-free (Frank and Wright, 1956; Moats, 1978; Wang and Slavik, 1998).  

Table 19.1  Traditional and Natural Methods for Improving Postharvest 
Safety of Egg and Egg Products

Egg Product Target Organism References

1. Traditional Methods

1.1 Wash Treatment With Sanitizers

Peroxidase-catalyzed 
compound

Shell eggs S. Enteritidis Kuo et al. (1997a,b)

Distilled deionized water Shell eggs Salmonella spp. Knape et al. (2001)
Iodine-based detergent Shell eggs Salmonella spp. Knape et al. (2001)
Chlorine (200 ppm) Shell eggs Salmonella spp. Knape et al. (2001)
Quaternary ammonium 
compound

Shell eggs S. Enteritidis Wang and Salvik 
(1998)

Sodium hypochlorite Shell eggs S. Enteritidis Wang and Salvik 
(1998)

1.2 Ultraviolet (UV) Radiation

UV radiation Shell eggs Aerobic bacte-
ria, molds, S. 
Typhimurium

Gao et al. (1997) and 
Keklik et al. (2010)

Continued
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Egg Product Target Organism References

1.3 Electrolyzed Water

Electrolyzed oxidizing 
water

Shell eggs S. Enteritidis Bialka et al. (2004) 
and Howard et al. 
(2012)

1.4 Whole-Egg Pasteurization

57°C 25 min in water bath Shell eggs S. Enteritidis Barbour et al. (2001)
100°C 2 s steam Shell eggs Salmonella spp. James et al. (2002)
Hot water alone, hot 
air alone, and the 
combination

Shell eggs Salmonella spp. Jeng et al. (1987) 
and Van Lith et al. 
(1995)

1.5 Ionizing Radiation

Ionizing radiation Shell eggs Salmonella spp.,  
Campylobacter spp.

Howard et al. (2012)

1.6 Ozone

Gaseous ozone Shell eggs S. Enteritidis Rodriguez-Romo 
et al. (2005, 2007)

Aqueous ozone Shell eggs S. Enteritidis Davies and Breslin 
(2003)

1.7 Antimicrobial Coating

Chitosan-based coating Shell eggs S. Enteritidis Leleu et al. (2011)
Nisin, allyl isothiocynate, 
lauric arginate ester, and 
organic acids applied as a 
chitosan or polylactic acid 
coating

Shell eggs S. Enteritidis Jin et al. (2013)

1.8 Other Methods

Microwave technology Shell eggs S. Enteritidis Lakins et al. (2008)
Pulsed light technology Shell eggs S. Enteritidis Dunn (1996) and 

Hierro et al. (2009)
Gas plasma technology Shell eggs S. Typhimurium,  

S. Enteritidis
Ragni et al. (2010)

Ultrasound Shell eggs S. Enteritidis Cabeza et al. (2011)

2. Natural Approaches

2.1 Phytochemicals

Trans-cinnamaldehyde 
carvacrol, eugenol  
(washing treatment)

Shell eggs S. Enteritidis Upadhyaya et al. 
(2013)

Table 19.1  Traditional and Natural Methods for Improving Postharvest 
Safety of Egg and Egg Products—cont’d
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Egg Product Target Organism References

Pomegranate rind (wash-
ing treatment)

Shell eggs S. Enteritidis Pohuang et al. (2011)

Trans-cinnamaldehyde 
and carvacrol (antimicro-
bial coating)

Liquid egg 
albumen

S. Enteritidis Jin and Gurtler (2011)

Trans-cinnamaldehyde, 
eugenol (fumigation)

Embryonated 
eggs

S. Enteritidis Upadhyaya et al. 
(2015)

Carvacrol, eugenol, beta-
resorcylic acid (pectin- 
or gum arabic–based 
coating)

Shell eggs S. Enteritidis Upadhyaya et al. 
(2016)

2.2 Organic Compound

DBS (1-bromo-3- 
chloro-2,2,5,5-tetramethy-
limidazolidin-4-one) and 
DC (1,3-dichloro-2,2,5,5,-
tetramethylimidazolidin-
4-one)

Shell eggs S. Enteritidis Worley et al. (1992)

Disodium ethylenediamine 
tetra acetic acid

Egg white S. Typhimurium Garibaldi et al. (1969)

β-Propiolactone, ethylene 
oxide, and butadiene 
dioxide

Liquid whole 
egg

S. Typhimurium Lategan and Vaughn 
(1964)

Acetic acid, lactic acid, 
citric acid, or malic acid 
with heat

Whole egg, 
egg yolk, egg 
white, whole 
egg+10% salt,  
and egg yolk + 
10% salt

S. Typhimurium 
DT104 and non-
DT104 strains

Jung and Beuchat 
(2000)

2.3 Probiotics

Streptomyces, 
Amycolaptosis, 
Micromomospora, 
Plantactinospora, and 
Solwaraspora

Endangered 
Sea turtle egg

Fusarium falciforme Sarmiento-Ramírez 
et al. (2014)

2.4 Bacteriophages

Salmonella-lytic 
bacteriophages

Fertile eggs S. Enteritidis Henriques et al. 
(2013)

Egg yolk S. Typhimurium Guenther et al. 
(2012)

Liquid egg S. Typhimurium Zinno et al. (2014)

Table 19.1  Traditional and Natural Methods for Improving Postharvest 
Safety of Egg and Egg Products—cont’d
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The different approaches for improving the microbiological safety of eggs are sum-
marized in Table 19.1.

3.1 � WASH TREATMENTS WITH SANITIZERS
Kuo et al. (1997a) tested the use of a peroxidase-catalyzed compound (PCC) for sani-
tizing shell eggs. They determined that dipping eggs in PCC reduced S. Enteritidis by 
almost 4 log CFU as compared with less than 1 log for water only, but PCC-mediated 
reduction was not significantly greater than that due to 200 ppm chlorine. Knape 
et al. (2001) found that washing in distilled deionized water, an iodine-based deter-
gent, and chlorine (200 ppm) decreased Salmonella populations inoculated on eggs 
compared with dry egg controls, but the efficacy of egg sanitizers appeared to depend 
on the level of total dissolved solids in the egg wash water. In another study by Wang 
and Slavik (1998), three commercial egg-washing chemicals, including a quaternary 
ammonium compound, sodium carbonate, and sodium hypochlorite, were compared 
for reducing S. Entertidis. The results showed that both quaternary ammonium com-
pound and sodium hypochlorite treatments reduced bacterial penetration; however, 
sodium carbonate treatment facilitated bacterial penetration during egg storage due 
to altered eggshell surface allowing further recontamination.

3.2 � UV RADIATION
Radiation using UV wavelengths has been investigated as a means of sanitizing 
shell eggs especially since it does not damage the cuticle (Gritz et al., 1990). Previ-
ous research demonstrated that UV radiation could kill a variety of microorganisms 
on different surfaces such as contact lenses (Gritz et  al., 1990), poultry carcasses 
(Wallner-Pendleton et al., 1994), fiber or plastic belts, metal, or eggshells (Gao et al., 
1997). Kuo et al. (1997b) determined that UV radiation significantly reduced aerobic 
bacteria, molds, and S. Typhimurium inoculated on shell eggs. An extension of the 
aforementioned technology known as pulsed UV light was tested for inactivating 
pathogens on food surfaces, and initially approved by the FDA (Federal Register, 
1999). The effectiveness of pulsed UV light for 1–30 s was evaluated for decon-
tamination of eggs inoculated with S. Enteritidis. Briefly, the eggs were placed at a 
distance of 9.5 and 14.5 cm from the UV lamp. A 20-s treatment at 9.5 cm produced 
a log reduction of 5.3 CFU/cm2 without any visual damage to the egg (Keklik et al., 
2010). Longer exposure times resulted in an increase of the egg temperature. How-
ever, due to health hazards associated with UV, this methodology is not commonly 
used in the egg industry.

3.3 � ELECTROLYZED WATER
EO water is generated by combining electrolysis and membrane separation to produce  
an acidic and an alkaline component from a weak salt-water solution (Venkitanaray-
anan et al., 1999). A few studies have demonstrated the effectiveness of EO water for 
inactivation of pathogens in suspension solutions (Kim et al., 2000; Venkitanarayanan 
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et  al., 1999), and in foods (Bari et  al., 2003; Russell, 2003). Bialka et  al. (2004) 
compared EO water treatment with a commercial detergent-sanitizer treatment, 
both in vitro and using a pilot-scale egg washer. These researchers reported that EO 
treatment decreased S. Enteritidis by 2.3 CFU/g compared with 2.0 CFU/g reduc-
tion brought about by commercial detergent-sanitizer treatments (Bialka et al., 2004; 
Howard et al., 2012). Neither treatment significantly affected albumen height or egg-
shell strength, but both had significant effects on the cuticle.

3.4 � TEMPERATURE AND STORAGE
Howard et al. (2006) demonstrated that S. Typhimurium survives within the egg and 
even exhibits growth during 8 weeks of storage under refrigeration conditions. In fur-
ther studies, Howard et al. (2007) inoculated egg components with S. Enteritidis and 
studied its survival and growth during refrigerated storage for 8 weeks. The results 
suggested that egg components recovered from refrigerated eggs only inconsistently 
supported S. Enteritidis growth, although they did not inhibit survivability. With 
regards to the survival of Campylobacter in eggs, Stern and Kazmi (1989) reported 
that heating at 60°C was adequate for completely inactivating the pathogen. C. 
jejuni was also reported highly susceptible to freezing conditions ≤−15°C. In addi-
tion, Doyle and Roman (1982) observed that Campylobacter is sensitive to drying 
and storage at room temperature, in an anhydrous environment, and in the presence 
of skim milk on a glass surface. But studies investigating mycotoxins in eggs have 
shown that once eggs are contaminated by mycotoxins, the thermal processing of 
eggs is not effective for detoxification of these toxins in eggs, thereby underscoring 
that preventing the contamination at the preharvest level is the most effective control 
measure (Wood, 1988; Park et al., 2007).

Prompt refrigeration of eggs has been recommended as a viable approach to 
reduce S. Enteritidis and further prevent transmission to humans (Gast and Holt, 
2000; Galiş et al., 2013). Refrigeration reduces the metabolic activities of the patho-
gen, thereby decreasing the risk of horizontal transmission of S. Enteritidis (Ham-
mack et al., 1993; Chen et al., 2005; Martelli and Davies, 2012). Hence, FDA (2009) 
in its final egg rule emphasized that commercially available eggs must be stored at 
refrigeration temperature in United States (less than 45°F; FDA, 2009; USDA, 2011).

3.5 � WHOLE-EGG PASTEURIZATION
The USDA-FSIS risk assessment of S. Enteritidis in shell eggs has predicted that pas-
teurization of shell eggs resulting in a 3 log reduction of S. Enteritidis would reduce 
illness caused by this organism by 70% (USDA-FSIS, 2005). There have been several 
studies done to evaluate the effects of pasteurization and dry heat treatments of intact 
shell eggs on S. Enteritidis. In one study, eggs were inoculated internally with a five-
strain S. Enteritidis cocktail, and treated for 25 min at 57°C in a water bath followed 
by 57 min at 55°C in a hot oven (Barbour et al., 2001). This treatment resulted in a 6 
log reduction of S. Enteritidis with no effect on the overall functionality of the eggs 
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(Barbour et al., 2001). Similarly, James et al. (2002) demonstrated that shell eggs sub-
jected to steam exposure for 2 s at 100°C yielded significant reductions in bacterial 
numbers on the shell without increasing the interior temperature of the egg contents. 
Other methods such as hot water, hot air, or their combinations have been used with 
some success for reducing bacteria on eggs (Jeng et al., 1987; Van Lith et al., 1995).

3.6 � IONIZING RADIATION
The FDA has approved ionizing radiation up to 3 kGy for the reduction of patho-
gens in fresh eggs (FDA, 2000). However, when eggs were irradiated with doses 
in the range of 0.5–3.0 kGy, Meszaros et al. (2006) observed changes in different 
characteristics of eggs, including the flow behavior of egg white, brittleness of yolk 
membrane, whippability and foam stability of egg white, and sensory changes of 
raw and soft-boiled eggs. It was concluded that a minimal dose of 1.5 kGy would be 
required for radiation inactivation of Salmonella, without significantly affecting the 
quality of shell eggs. In the case of Campylobacter spp., since egg and egg products 
could possibly become cross-contaminated with the pathogen by infected rearing 
environments, irradiation has been used to eliminate the pathogen from eggs without 
adversely affecting the egg quality. It was shown that 0.2 kGy is required to reduce 
Campylobacter by one decimal log or 1 kGy to reduce it by 5 decimal logs (Tauxe, 
2001). Verde et al. (2004) showed that gamma radiation at the dose rate of 1.0 kGy/h 
could eliminate Campylobacter in artificially contaminated eggs.

3.7 � OZONE
Ozone is another potent sanitizer known to be active against all forms of microorgan-
isms at relatively low concentrations (Khadre et al., 2001; Galiş et al., 2013). Ozone 
in aqueous phase has been demonstrated as a strong microbicidal agent to effectively 
inactivate Salmonella in shell eggs (Galiş et al., 2013). Rodriguez-Romo et al. (2007) 
showed that S. Enteritidis was reduced by ≥5 log on the surface of shell eggs by high 
ozone concentrations (12–14% wt/wt O3 in O2 mix). In addition, Rodriguez-Romo 
et  al. (2005) demonstrated that application of pressurized gaseous ozone for up to 
20 min resulted in significant decrease in S. Enteritidis population on shell eggs. How-
ever, when Davies and Breslin (2003) used dry and moist ozonated air, 95.8% of eggs 
remained contaminated after treatment compared with 91.7% controls for the dry form, 
and 33.3% treated eggs were contaminated compared with 75% control eggs subjected 
to the moist ozone treatment. Therefore the application of ozone in either type of envi-
ronment was only partially effective. Furthermore, due to its low stability, ozone cannot 
be stored, and has to be produced on demand (Khadre et al., 2001; Galiş et al., 2013).

3.8 � ANTIMICROBIAL COATING
Significant research has been done on the use of materials with film-forming 
or coating capacity together with antimicrobial properties for improving the 
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microbiological safety and shelf life of foods (Dutta et al., 2009; Valencia-Cham-
orro et al., 2011). Antimicrobial agents have been successfully incorporated into 
edible composite coatings based on polysaccharides or proteins (Falguera et al., 
2011; Ponce et  al., 2008; Martínez-Camacho et  al., 2010). In this regard, chito-
san, a polysaccharide obtained from crustaceans, has been employed as an effec-
tive antimicrobial coating for reducing S. Enteritidis on eggs (Leleu et al., 2011). 
Moreover, coating eggshells with chitosan has been shown effective in preserving 
the internal quality and extending the shelf life of eggs (Bhale et al., 2003; Caner, 
2005; Caner and Cansiz, 2007; Kim et al., 2006). Jin et al. (2013) determined the 
antimicrobial efficacy of nisin, allyl isothiocyanate, lauric arginate ester (LAE), 
and organic acids applied as a chitosan or polylactic acid coating in reducing S. 
Enteritidis on shell eggs. These researchers observed that chitosan coatings with 
0.5% and 1% LAE decreased S. Enteritidis counts on eggs by more than 5 log 
CFU/cm2. In another study, Leleu et al. (2011) reported that chitosan (2%) coating 
of eggs significantly reduced trans-shell penetration of S. Enteritidis, but failed to 
decrease the pathogen load on shell.

In addition to the aforementioned methods, other approaches such as microwaves 
(Lakins et al., 2008), pulsed light (Dunn, 1996; Hierro et al., 2009), gas plasma tech-
nology (Kayes et al., 2007; Ragni et al., 2010), and ultrasound treatment (Cabeza 
et al., 2011) have been explored with limited success to improve the microbiological 
safety of eggs.

4. � NATURAL APPROACHES
Antibiotics have been traditionally used in poultry operations for maintaining 
health and production performance of layers as a preharvest measure. However, 
their continued use, especially at subtherapeutic levels has led to the emergence 
of antimicrobial resistant bacteria, including multidrug-resistant food-borne 
pathogens in layers. Due to the inability of the commonly employed postharvest 
interventions to reduce the risk of egg contamination and the current threat of 
antibiotic-resistant bacteria in the poultry industry, there has been an increased 
interest for an alternative strategy for improving the microbiological safety of egg. 
In this regard, the use of natural, environment-friendly, and biological approaches 
have gained importance in the recent past as these interventions pose fewer risks 
to the consumer compared with chemical methods. The major natural approaches 
employed for improving postharvest egg safety are discussed in the following sec-
tions and also summarized in Table 19.1.

4.1 � PHYTOCHEMICALS
Plant-derived essential oils are a group of natural and environmental-friendly antimi-
crobials that have traditionally been used as food preservatives and flavor enhancers 
(Pitasawat et al., 2007; Upadhyay et al., 2014). Plants are capable of synthesizing a 



CHAPTER 19  Improving Postharvest Safety of Egg and Egg Products404

large number of molecules, many of which are phenolic compounds or their deriva-
tives (Geissman, 1963). More recently, the use of phytochemicals has gained sig-
nificant attention due to increasing concerns over the safety of synthetic chemicals 
and the emergence of antibiotic-resistant strains of microorganisms (Salamci et al., 
2007). The antimicrobial activities of many phytochemicals against a wide range 
of Gram-positive and Gram-negative bacteria have been documented (Blumenthal 
et  al., 2000; Adams et  al., 2004; Burt, 2004; Chun et  al., 2005; Gill and Holley, 
2006), with many compounds applied to improve postharvest egg safety. Since lim-
ited studies have investigated the effect of phytochemicals on Campylobacter and 
viruses on eggs and egg products, this chapter primarily focuses on the effect of 
phytochemicals on Salmonella.

Upadhyaya et al. (2013) investigated the efficacy of trans-cinnamaldehyde, a 
major component of bark extract of cinnamon (Cinnamomum zeylandicum), car-
vacrol obtained from oregano oil (Origanum glandulosum), and eugenol derived 
from cloves (Eugenia caryophillis) as wash treatments for reducing S. Enteritidis 
on the eggshell surface (Upadhyaya et al., 2013). Eggs treated with the aforemen-
tioned phytochemical solutions at 42°C for 30 s significantly reduced S. Enteritidis 
on eggs, where trans-cinnamaldehyde (0.75%) was the most effective treatment 
that completely inactivated the pathogen on eggs. These phytochemicals were also 
found to be effective in the presence of organic matter. In another study, extracts 
from pomegranate rind (Punica granatum L.) used as antimicrobial wash treat-
ments at 1.25 or 2.5% effectively inactivated S. Enteritidis on eggs (Pohuang et al., 
2011). Jin and Gurtler (2011) investigated the efficacy of antimicrobial coating of 
phytochemicals in reducing Salmonella in liquid egg albumen. Four-ounce glass 
jars were coated with a mixture of polylactic acid polymer and phytochemicals 
(trans-cinnamaldehyde or carvacrol), and then liquid egg white inoculated with S. 
Enteritidis was stored at 10°C for 28 days. However, only 1 log CFU/mL reduction 
was observed in the presence of trans-cinnamaldehyde and carvacrol as compared 
with control during 28 days of storage. Similarly, the efficacy of trans-cinnamal-
dehyde and eugenol applied as a fumigation treatment to reduce S. Enteritidis on 
embryonated eggs was investigated (Upadhyaya et  al., 2015). Day-old embryo-
nated eggs were spot inoculated with S. Enteritidis (∼6.5 log CFU) and subjected 
to fumigation with the aforementioned phytochemicals (0 or 1% concentration) 
for 20 min in a hatching incubator, and pathogen populations on shell and embryo 
were enumerated on days 1, 3, 6, 9, 13, 16, and 18 of incubation. On day 13, the 
eggs were reinoculated, followed by fumigation treatment for 20 min. It was found 
that both phytochemicals were more effective in reducing S. Enteritidis on the 
shell and embryo compared with controls (Upadhyaya et al., 2015). In a follow-
up study, Upadhyaya et al. (2016) determined the efficacy of carvacrol, eugenol, 
and β-resorcylic acid (derived from cherries) as a pectin- or gum arabic–based 
coating for reducing S. Enteritidis on shell eggs. S. Enteritidis was spot inoculated 
on shelled eggs followed by coating with pectin or gum arabic solution contain-
ing each phytochemical (0, 0.25, 0.5, or 0.75%), and stored at 4°C for 7 days. 
Approximately 4.0 log CFU/egg of the pathogen was recovered from inoculated 
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and pectin- or gum arabic–coated eggs on day 0. All coating treatments containing 
carvacrol, eugenol, and β-resorcylic acid at 0.75% reduced Salmonella to unde-
tectable levels on day 3 itself, suggesting that the aforementioned phytochemicals 
could effectively be used as a coating to reduce S. Enteritidis on shell eggs.

Yin et  al. (2015a) reported that carvacrol and trans-cinnamaldehyde were 
effective in reducing growth and aflatoxin production in A. flavus and A. par-
asiticus in  vitro. In addition to reducing the fungal growth, these compounds 
decreased the aflatoxin production in poultry feed (Yin et al., 2015a). Follow-up 
in vivo studies showed that in-feed supplementation of carvacrol and trans-cin-
namaldehyde was effective in reducing aflatoxicosis in chickens fed with afla-
toxin-contaminated feed (Yin et al., 2015b). However, more studies to establish 
the effect of phytochemicals in reducing mycotoxins and virus contamination of 
eggs are warranted.

4.2 � ORGANIC COMPOUNDS
Several organic compounds have been evaluated as potential replacement dis-
infectants for chlorine in egg processing. For instance, several N-halamine 
compounds were tested against S. Enteritidis on the surface of egg shells. Com-
pounds DBS (1-bromo-3-chloro-2,2,5,5-tetramethylimidazolidin-4-one) and DC 
(1,3-dichloro-2,2,5,5,-tetramethylimidazolidin-4-one) significantly reduced S. 
Enteritidis on egg shells and were more effective than chlorine as a spray (Worley 
et  al., 1992). Garibaldi et  al. (1969) investigated the effect of disodium ethyl-
enediamine tetra acetic acid (EDTA) on S. Typhimurium in egg white. Results 
revealed that EDTA supplementation at 5 and 50 mg/mL significantly reduced 
S. Typhimurium in egg white at 2°C and completely inactivated the pathogen 
after 28 days of storage. Moreover, EDTA was found more effective in killing S. 
Typhimurium in egg white at 28°C and decreased the bacterium by 6 log CFU 
after 60 h of storage. Another study investigated the efficacy of β-propiolactone, 
ethylene oxide, and butadiene dioxide in reducing S. Typhimurium in liquid 
whole egg and found that these compounds significantly reduced the bacterium in 
the whole egg at 30°C (Lategan and Vaughn, 1964).

Organic acids are potential antimicrobials for prevention of Salmonella outbreaks 
due to consumption of contaminated poultry meat and eggs (Jung and Beuchat, 2000; 
Mani-Lopez et al., 2012). Jung and Beuchat (2000) investigated the thermal inac-
tivation of S. Typhimurium DT104 and non-DT104 strains when preexposed to a 
reduced pH media supplemented with acetic acid, lactic acid, citric acid, or malic 
acid (adjusted pH at 5.4, 4.4, 4.0, and 3.7) in five liquid egg products, including 
whole egg, egg yolk, egg white, whole egg+10% salt, and egg yolk+10% salt. Both 
DT104 and non-DT104 strains were more sensitive to heat when suspended in egg 
white compared with the other four liquid egg products. Addition of 10% salt pro-
tected bacteria against heat inactivation. However, when bacteria were preexposed 
to lactic acid supplemented media at pH 4.3, they became more sensitive to heat 
compared with the untreated control.
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4.3 � PROBIOTICS
The use of beneficial bacteria or probiotics is another potential strategy than can be 
used to improve postharvest safety of egg and egg products. Probiotics are defined 
as live microorganisms that, when administered in adequate amounts, confer a 
health benefit on the host (Morelli and Capurso, 2012). Numerous studies have 
investigated the efficacy of probiotics in improving the immune status (Toms and 
Powrie, 2001), intestinal health (Fuller, 1989; Coates and Fuller, 1977; Gilliland 
and Kim, 1984; Saarela et  al., 2000; Prins, 1977), productivity (Kurtoglu et  al., 
2004; Van Immerseel et al., 2006; Panda et al., 2003, 2008; Youssef et al., 2013), 
and egg quality (Nahashon et al., 1994; Panda et al., 2008; Hassanein and Soliman, 
2010) in chickens. In addition, the potential of probiotics for reducing pathogens 
in chickens preharvest has been documented (Kabir, 2009; Perumalla et al., 2012). 
However, their postharvest antimicrobial efficacy in improving egg safety has not 
been explored. Recent microbiome research on eggshell of various avian species  
such as homing pigeon (Grizard et al., 2014) and red-carp larks (Grizard et al., 2015) 
has revealed that the egg shell harbors a variety of bacterial and fungal communi-
ties, some of which might confer protection against pathogens. Sarmeinto-Ramírez 
et al. (2014) analyzed the microbiome on egg shells of the endangered sea turtle 
Eretmochelys imbricate infected with the fungal pathogen Fusarium falciforme. 
Metagenomic analysis revealed several genera (Streptomyces, Amycolaptosis, 
Micromomospora, Plantactinospora, and Solwaraspora) that inhibited the growth 
of the pathogen in  vitro. Similar concepts need to be explored to improve the 
microbiological safety of chicken eggs.

4.4 � BACTERIOPHAGES
Bacteriophages have emerged as potential tools for biocontrol of bacterial contami-
nation of foods and balancing environmental microflora (Tiwari et al., 2011). Bacte-
riophages are viruses that infect and multiply in bacteria (Delbrock, 1946). For many 
bacteriophages, release into the environment after replication is accompanied by lysis 
of the host bacterium (Delbrock, 1946; Cohen, 1948). In light of the emergence of 
microbial antibiotic resistance in animals and humans and food safety concerns over 
residual effects of antibiotics, bacteriophages have been proposed as potential candi-
dates to serve as an alternative to antibiotics in animal disease prevention and control, 
and can be particularly very effective in treating drug-resistant bacterial infections 
both in humans and in animals (Jassim and Limoges, 2014). Previous research has 
mainly focused on the application of bacteriophages for the treatment of enteric and 
respiratory infections in livestock and in poultry and food products as a preharvest 
intervention. For instance, Salmonella-lytic bacteriophages (Fiorentin et al., 2004) 
have been isolated previously and a few of these bacteriophages have been admin-
istered in vivo to S. Enteritidis PT4-infected broilers for reducing the pathogen up 
to 3.5 (log CFU/g) (Fiorentin et al., 2005). Other researchers have also successfully 
reported reductions in Salmonella counts by using bacteriophages in chicken internal 
organs and feces (Toro et al., 2005), skin (Goode et al., 2003), or poultry products 
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(Whichard et al., 2003). A number of studies have indicated the applicability of bac-
teriophages both as prophylactics and as therapeutic agents in fighting various bacte-
rial pathogens in poultry, including Escherichia coli, S. Enteritidis, S. Typhimurium, 
C. jejuni, Camplyobacter coli and Listeria monocytogenes. Due to the wide range of 
antimicrobial activity possessed by phages, the feasibility of using bacteriophages in 
food products also has been studied. Henriques et al. (2013) reported the potential 
efficacy of bacteriophages for reducing Salmonella on fertile eggs, wherein a cock-
tail of two phages isolated from chicken litter, F1055S and F12013S, was applied by 
aerosol spray on fertile eggs challenged with S. Enteritidis. The phage treatment of 
Salmonella-challenged eggs was found to reduce the disease symptoms in the hatch-
ing chicks. Bacteriophages are promising agents that could complement and poten-
tially replace current antibiotics, but their use as postharvest egg safety applications 
needs to be investigated in depth.

5. � EGG PRODUCTS
Eggs provide a reliable source of nutrition and in conjunction with egg products, 
serve a variety of functions in other food products (Howard et al., 2012). The emul-
sifying properties of lecithin and cholesterol within the egg yolk make eggs valuable 
components of mayonnaise and other food systems requiring an emulsifier (Baker 
and Bruce, 1994). Moreover, albumen or egg white is used for its ability to form heat-
stable foams in cakes, meringues, and other baked products. Moreover, a number of 
other foods containing egg products include noodles, candy, and ice creams (Ricke 
et al., 2001). Eggs used in products with other primary ingredients are referred to 
as hidden eggs. Egg products are popular in foodservice operations due to conve-
nience of use, cost savings (for labor and storage), and for portion control (Messens 
et al., 2002). The various egg products include whole eggs, egg whites, and egg yolks 
in frozen, refrigerated liquid, and dried forms, as well as specialty egg products. 
Specialty egg products include prepeeled hard-cooked eggs, omelets, egg patties, 
quiches, quiche mixes, scrambled eggs, fried eggs, and others (Howard et al., 2012; 
Ricke et al., 2001). Due to the widespread use of eggs as a food source, the safety of 
various egg products is important.

In addition to table and hatching eggs, several frozen and fresh poultry products 
have been found to be contaminated with Campylobacter (Jacobs-Reitsma et  al., 
2008). However, Izat and Gardner (1988) collected eggs from two commercial egg-
processing facilities to determine if C. jejuni could be isolated from the raw prod-
uct or from further-processed egg products intended for human consumption. They 
could not detect the pathogen in raw eggs or in any processed eggs. This suggested 
that properly processed egg products were unlikely to be a source of C. jejuni. Clark 
and Bueschkens (1986) showed that C. jejuni could withstand lysozyme-mediated 
antimicrobial effect in egg white, whereas yolk was found to be toxic to the patho-
gen. Sato and Sashihara (2010) isolated Campylobacter isolates from unpasteurized 
liquid egg samples collected from egg-breaking facilities in Japan. However, these 
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researchers found that pasteurized liquid egg samples were devoid of the bacterium 
due to its sensitivity to heat, suggesting that the current legal pasteurization condi-
tions could eliminate the pathogen efficiently.

Traditionally, pasteurization of egg products has been employed to improve egg 
safety since the 1930s by inactivating Salmonella from eggshell or from the internal 
contents of the egg (Froning et al., 2002). In addition, a side benefit of pasteurization 
of egg products includes inactivation of other bacterial species as well as various 
viruses or fungi that could potentially affect human health. Currently, egg products 
are subjected to low temperature treatments (<70°C) to eliminate AIV and NDV 
contaminations (Zuber et al., 2013). In liquid egg products such as whole-egg blends, 
fresh liquid egg white, and fat-free egg products (FFEP), heat inactivation of H5N2 
was shown to be more than 5 log with the application of time–temperature combi-
nations according to industry pasteurization standards (Froning et al., 2002). King 
(1991) investigated the survivability of NDV and AIV in eggs when subjected to 
57°C for 5, 10, 15, 30, 40, 50, and 60 min. Results revealed approximately 5.2 log 
reduction of AIV in the albumen samples when treated between 5 and 10 min, how-
ever, prolonged treatment was required to inactivate NDV, where approximately 7 
log reduction of NDV was observed when treated for 40 and 50 min (King, 1991). 
For the yolk samples, NDV was not inactivated even after a treatment of 1 h. Another 
study showed that when H5N2 virus was heat treated at 60°C for 6.2 min in whole-
egg blends, the viral load was predicted to decrease by 13.7 log reduction (Swayne 
and Beck, 2004). In addition, approximately 5.7 log reduction of H5N2 was observed 
when FFEP was heated at 57.7°C for 6.3 min (Chmielewski and Swayne, 2011). 
However, heat treatment (54.4°C for 7–10 days) was not effective for inactivating 
high pathogenic AIV in dried egg white (Swayne and Beck, 2004), indicating that 
the moisture content of different egg products is also one of the factors influencing 
the efficacy of heat-inactivation treatment.

In addition to pasteurization, the antimicrobial effect of bacteriophages against 
Salmonella in liquid eggs has been investigated (Guenther et al., 2012; Zinno et al., 
2014). Guenther et al. described the application of the bacteriophage FO1-E2 to con-
trol S. Typhimurium in ready-to-eat foods, including egg yolk, and observed a reduc-
tion in bacterial counts up to 2 days after the application of bacteriophage. Similar 
results were observed by Zinno et al. (2014), wherein bacteriophage-22 reduced S. 
Typhimurium in liquid eggs within 48 h of application.

6. � CONCLUDING REMARKS
Shelled egg has both physical barriers and several antimicrobial constituents in 
the egg contents to prevent microbial contamination. Under natural conditions, 
the presence of microorganisms inside the egg is rare; however, S. Enteritidis 
is potentially unique in its ability to migrate to the interior of the egg by the 
transovarian route and multiply without inducing noticeable changes. Although 
postharvest interventions exist and are relatively successful, there is a need for 
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continued research on the potential application of alternative natural and bio-
control measures to ensure egg safety, especially under field and commercial 
settings.
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