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Abstract
Salmonellosis is associated with massive public health and economic losses globally. It is estimated
to cost poultry farmers in the United States of America up to US$114 million annually. Attempts to
develop effective vaccines and eradicate Salmonella enterica serovar Enteritidis (S. Enteritidis) from hen
houses are undermined by serious limitations. This article reviews documented contamination routes and
limitations to the rapid development of vaccines. Host-parasite interactions and clinical pathology are
discussed and methods for reducing S. Enteritidis infection and transmission suggested.
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Introduction
Salmonellosis is associated with contaminated poultry
products. It presents major public health and economic
concerns globally. Previous reports indicate that up to 3.7
million cases of salmonellosis occur in the United States
of America (USA) every year, with economic losses to
poultry farmers estimated at US $64 million to US $114
million annually13. Attempts to develop effective vaccines
and eradicate Salmonella enterica serovar Enteritidis from
hen houses are undermined by serious limitations. To
ensure safety of products and maximization of proﬁts, there
is a need to gain ﬁrm knowledge on improved breeding
techniques to ensure protection against possible outbreaks
of Salmonella food poisoning. This article reviews S.
Enteritidis contamination routes and control, giving a
fresh look at documented contamination routes and reexamines limitations to vaccine development. Host-parasite
interactions and associated clinical pathology are discussed
and methods for reducing S. Enteritidis infection and
transmission suggested.

Salmonella enterica serovars associated with food
poisoning
Salmonella enterica is one of the most common causes
of food poisoning in humans76. It has 6 subspecies and about
2,500 serotypes99, of which the two most frequently reported
serovars are Salmonella enterica serovar Typhimurium (S.
Typhimurium) and S. Enteritidis, a Gram-negative bacterium
that negatively affects both human and animal health.
Using the Colindale phage-typing scheme, 37 phages have
been used to identify more than 210 phage types for S.
Typhimurium2,3,15,29. On the other hand, 16 phages have
been used to identify 65 phage types for S. Enteritidis97.
Historically, S. Typhimurium was among the most common
serovars isolated from poultry across many countries from the
1950s to the late 1970s, but was overtaken by S. Enteritidis
as the most common serovar isolated from poultry in the
mid 1980s to date75. In England and Wales, the percentage
of S. Enteritidis isolated from poultry rose from 3.3% of all
Salmonella serovars in 1985 to 47.8% in 1988 and 48.3% in
198975. Of these, the S. Enteritidis phage type 4 (PT4) was
the most frequently reported and accounted for 71% of the
isolates in 198862. A three month survey conducted in 1990
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to estimate prevalence and distribution of S. Enteritidis in
spent laying hens in commercial egg production ﬂocks in
the USA demonstrated the presence of S. Enteritidis in 3%
of 23,431 pooled caecal samples collected from 406 layer
houses26.

S. Enteritidis and the burden of salmonellosis in
humans and poultry
Salmonella Enteritidis has been associated with pandemics in Europe and elsewhere. Up to 3.7 million cases of
salmonellosis were estimated to occur annually in the United
States alone63 with economic losses to poultry farmers
estimated at US$ 64 to 114 million due to salmonellosis
in young chickens13. Persons infected with S. Enteritidis
usually develop fever, abdominal cramps and diarrhea
beginning 12 to 72 hours after consuming contaminated
food. The illness often lasts 4 to 7 days and most persons
recover without antibiotic treatment. However, in the
elderly, infants and persons with impaired immune systems,
diarrhea can be severe and the persons may be ill enough
to require hospitalization. In such patients, infection may
spread to other body organs and can cause death if prompt
antibiotic treatment is not administered. The cost estimates
per case of human salmonellosis range from approximately
US $40 to US $4.6 million respectively for uncomplicated
cases to those ending with hospitalization and death100.
Epidemiological data in Hungary, United Kingdom, USA,
and Germany have conﬁrmed that the food most commonly
associated with increased illness in humans was the egg72,85,90
and that S. Enteritidis accounted for 85% of all cases of
human salmonellosis in Europe30.
Cases of animal and human salmonellosis have been
grossly underestimated due to lack of systematic methods
of reporting27. Also, whether or not speciﬁc incidences are
reported depends on intensity of surveillance34, submission
of isolates for serotyping84, severity of illness and association
with a recognized outbreak in human populations1,88,92. Thus,
although outbreaks would easily attract media attention,
80% of all salmonellosis cases occur individually rather than
as outbreaks100.

Host–parasite interactions and clinical symptoms
in chickens
The outcome of an interaction between Salmonella
and its host is dependent upon multiple factors including
the genetic background of the host51. Previous studies have
revealed considerable differences between lines in the level
of colonization of the gastrointestinal tract and response to
vaccination57,59. Also, while salmonellosis in young chickens
is characterized by severe clinical signs of systemic disease
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associated with diarrhea, dehydration and high mortality
rates93, adult chickens can produce Salmonella-contaminated
eggs without evidence of discernible illness31. Poultry
infected with other egg contaminating serotypes, such as
Salmonella enterica serovar Pullorum and Salmonella
enterica serovar Gallinarum, are associated with drastic
weight loss, a sharp decrease in egg production, and increased mortality80,82. On the other hand, there are typically
no clinical signs in birds infected with S. Enteritidis44.

Contamination of eggs with S. Enteritidis
Previous reports indicate that S. Enteritidis is the only
human pathogen that contaminates eggs routinely even
though the chicken farm environment is a rich source of
other Salmonella serotypes12,14,83. Also, while penetration of
cracked eggshells by bacteria was seen as a frequent cause
of human illness before the introduction of grading schemes
in the 1970s, but it is now known that egg contamination
by S. Enteritidis may occur by vertical transmission in the
reproductive tract before deposition of the shell37,48,64. In
one study, adult laying hens were inoculated orally with
108 colony-forming units (cfu) of S. Enteritidis and the
bacterium was isolated 2 days post infection from spleen,
liver, heart, gall bladder, intestinal tissues, and from various
sections of the ovary and oviduct47,49. Additional reports
indicate that eggs can be contaminated with faeces from hens
excreting Salmonella11,39,79,86,89,101. In such cases, Salmonella
in faeces are believed to penetrate egg shell pores as the
egg cools and before the establishment of the proteinaceous
cuticular barrier10,31,86,101. Fecal matter adherent to the shell
may also contaminate eggs via cracks on egg shells or when
eggs are broken open for preparation of food products11.
Previous reports indicate that forming eggs are subjected to
descending infections from colonized ovarian tissue, lateral
infections from upper oviduct and ascending infections from
colonized vaginal and cloacal tissues49. It has also been
suggested that S. Enteritidis may actively gain access to the
egg by penetrating marginally faulty shells that exclude most
other bacteria5.

Horizontal infection of S. Enteritidis in poultry
Horizontal transmissions occur during hatching of
chicks, with spread of S. Enteritidis in aerosol contamination,
litter, dust, and faecal as well as caecal droppings of littermates71. There is evidence that S. Enteritidis spreads rapidly
from infected day old chicks to pen mates reared on litter78,81.
Poultry may also get infected from feed43,66, water36,
rodents4,17,40, or by contact with other poults or chicks.
Infection by these routes in chicks reached 100% within
seven days of contact81. Contamination through water

JARQ 44 (1) 2010

S. Enteritidis: Impacts and Control

results from the fact that young chicks and poults often dip
their beaks, walk in, and defaecate in drinking water before
drinkers are raised from the ﬂoor of the barn. In one study,
laying hens experimentally inoculated with 105 S. Enteritidis
phage type 4 (PT4) spread the infection via drinking
water to un-inoculated hens in only 1 to 5 days69. Further
evidence shows that short-term exposure to environmental
stresses, such as introduction of young chicks to the same
rearing room, and moulting (removal of feed and water from
laying hens for 2 days), is associated with an increase in S.
Enteritidis shedding by laying hens69.

Hen-house management and environmental
considerations
The ubiquitous presence of Salmonella within the
poultry shed environment provides opportunity for multiple
modes of transmission18. However, management styles or
the manner in which chickens are kept in poultry houses
can inﬂuence the rate of infection. In one study, a lower
prevalence of S. Enteritidis PT4 was reported among
176,000 caged laying hens compared to free-range hens
(1.7% vs. 50%) and the prevalence in culled hens kept in
dirt-ﬂoor houses ranged from 14% to 42%52. Exposure to
airborne S. Enteritidis PT4 can lead to generalized infection,
even at low exposure doses7. Also, S. Enteritidis PT4 can
survive in aerosols up to 2 hours with a negligible reduction
in numbers61. A report by Davies and Wray19 indicated that S.
Enteritidis can survive for at least one year in empty poultry
sheds, where naturally infected ﬂocks have been housed, but
will decline rapidly in litter. Elsewhere, S. Enteritidis from
human sewage efﬂuent discharged upstream of a chicken
farm infected chickens in a commercial farm in southern
California19,20,53. Isolates from hens were of the same phage
type (PT4) as those found in eggs, sewage efﬂuent and mice
trapped in hen houses, and from cats and skunks on the
premises19,20,95. Another report revealed that S. Enteritidis
and ﬁfty other different Salmonella serovars were isolated
from hen house environment samples (litter and water) in
Canadian ﬂocks74.
Infected domestic animals can become healthy carriers,
latently infected or less frequently clinically ill, but may
excrete Salmonella in their feces and form a large reservoir
and source of environmental contamination for other
animals and humans. Cross-contamination between the
environment and domestic animals then progresses through
mass transportation and slaughter68. Subsequently, wild
birds including pigeons and sparrows, rodents, cats, dogs,
and insects may be contaminated by contact or ingestion
of spilled meat meal, feather meal and other animal byproducts outside rendering departments at slaughtering
plants, poultry houses and open trucks. These may lead

to contamination of efﬂuents, surface waters, creeks, lakes,
rivers, pastures, and soils to colonization of birds, cattle,
pigs, sheep, and horses as well as to contamination of animal
feeds, or direct re-colonization of farm animals11,24,54,67,87.
Reportedly however, contamination of the environment by
S. Enteritidis from meat waste of domestic sources going
into the refuse system may be small compared to animal
waste and human sewage68. Figure 1 presents contamination
routes of S. Enteritidis in the hen house environment.

Recent advances in the search for effective vaccines
to S. Enteritidis
Following the dramatic increase in the last two
decades in prevalence of S. Enteritidis worldwide, it is
becoming a leading cause of food borne illnesses and serious
attempts have been made to examine potency of many
candidate vaccines to S. Enteritidis. There is evidence that
administration of live Salmonella bacterium orally to newly
hatched chicks results in extensive gut colonization and a
strong adaptive immunity often leading to rapid protective
effects within 24 hours94. In this process, establishment and
colonization by other bacteria is inhibited by competitive
exclusion96 probably due to competition for binding sites.
The presence of a large number of bacteria originating from
a live Salmonella vaccine in the intestine can also induce
inﬁltration of polymorphonuclear cells into intestinal walls
and confer resistance to invasion and systemic spread by
virulent Salmonella strains.
A recent report suggested the role of SEF14 ﬁmbrial
protein in adhesion of S. Enteritidis to the host60. SefA gene
which encodes the subunit of the SEF14 ﬁmbrial protein was
cloned, ligated into a temperature sensitive expression vector
and transformed into an avirulent strain of Escherichia coli.
The recombinant strain was used as a vaccine to elicit
speciﬁc immune responses against the SefA protein of S.
Enteritidis in one-day old chickens and was re-isolated from
the intestines of treated birds for up to 21 days thereafter.
Using ELISA, IgA against SefA protein was detected in
intestinal secretions from treated birds at 7 days and in bile
samples from 14 to 21 days post treatment. Untreated birds
did not show evidence of intestinal colonization by the
recombinant strain or anti-SefA IgA response in their bile or
intestinal secretions.
Additional studies evaluated the effect of oral S.
Enteritidis and S. Typhimurium vaccine (metabolic drift
mutants produced by chemical mutagenesis) on colonization
of reproductive tract and internal egg contamination among
laying hens35. Three groups of 30 laying hens were vaccinated orally at day 1, 6 weeks and 16 weeks of age with one
or a combination of both vaccine strains and a fourth group
(control) was not vaccinated. Birds were intravenously
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Fig. 1. Salmonella Enteritidis: contamination routes in the hen-house environment

challenged at 24 weeks of age with 0.5 mL of inoculum
containing 5 × 107 cfu of S. Enteritidis PT4 S1400/94. At
three weeks post challenge, the number of oviducts from
which Salmonella was isolated was signiﬁcantly lower in
the vaccinated than in the non-vaccinated hens. Twelve of
105 (11.4%) batches of eggs were contaminated in birds
vaccinated with either vaccine compared to 28 of 105
(26.7%) batches in the unvaccinated group. Contamination
was much lower at only 1 of 105 (1.0%) in hens vaccinated with both vaccine strains. These data support the
thesis that live vaccines could be valuable in controlling
intestinal colonization and internal egg contamination with
S. Enteritidis. There is compelling evidence that an ironrestricted S. Enteritidis PT4 strain 109 vaccine is effective
in laying chicken following intramuscular injections and
intravascular challenge102. Since S. Enteritidis spreads
through a ﬂock primarily via faecal contamination, vaccines
would be considered effective if it increased speciﬁc
antibody levels in the digestive tract and reduced the
amounts of S. Enteritidis shed in feces while preventing egg
contamination and overall disease transmission by limiting
invasion of the bird’s internal organs such as the ovaries
where eggs are infected internally.
While killed vaccines stimulate only humoral immunity,
live Salmonella vaccines have the capacity to stimulate both
cell-mediated and humoral immunities. Table 1 presents a
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list of recent attempts by different laboratories to evaluate
efﬁcacy of S. Enteritidis vaccine candidates.

Limitations to complete eradication of S. Enteritidis
from the hen house
Although identiﬁcation of eggs as the main source of S.
Enteritidis food poisoning outbreaks suggested that effective
control could be achieved by intensive sampling of birds and
diversion of suspect eggs from the market, farmers, public
health ofﬁcials and retailers have been confounded by the
intractable nature of the problem of S. Enteritidis12,14,83. The
S. Enteritidis pandemic has been most frustrating because
it involves the interaction of the pathogen with multiple
environments including the hen house (presence of rodents,
insects, wild birds, poor ventilation, and accumulation of
dust in the hen house), poultry and eggs, as well as the
human host. Thus while many laboratories have put in
place elaborate efforts to control Salmonella infections
through vaccinations, creation of a S. Enteritidis free hen
house remains evasive. This is confounded by the fact that
(i) infected adult chickens may remain asymptomatic while
producing Salmonella contaminated eggs, (ii) infections can
be transmitted through cracks on egg shells (iii) horizontal
infection is possible among birds in a ﬂock, and (iv)
infections are associated with environmental factors such
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Table 1. Recent attempts at evaluation of Salmonella Enteritidis vaccine candidates

Source

Vaccine type

De Buck et al.
200522

Puriﬁed type 1 ﬁmbriae
from S. Enteritidis.

Betancor et al.
20059

Methods

Chickens immunized intra-peritoneally at
18 and 21 weeks of age; Three weeks later,
immunized and non-immunized birds (n = 18)
were challenged intravenously with 2 × 107 live
S. Enteritidis.
AroC derivative (LVR02) Oral administration to newly hatched chicks and
of Uruguay strain S.
second dose at 15 days post-hatching.
Enteritidis.

De Buck et al.
200421

Parent strain S.
Enteritidis Or ﬁmD
mutant (without type 1
ﬁmbriae).

Chickens inoculated intravenously with ﬁmD
mutant or its parent strain.

Babu et al.
20046

Live and killed S.
Enteritidis.

Chickens 1st immunized at 2 weeks of age
followed by a booster dose at 4 weeks, then
challenged with S. Enteritidis 2 weeks later (6
weeks of age) and tested for CMI and antibody
responses to S. Enteritidis 1 week postchallenge (7 weeks of age).

Khan et al.
200350

S. Enteritidis outer
membrane proteins
(OMPs) : 75.6 and
82.3kDa proteins

Fukutome et al.
200132

Liposome-associated
ultrasonicated whole cell
extracts of S. Enteritidis
PT4 strain 582

Cooper et al.
199416

Wild-type S. Enteritidis,
LA5 and a genetically
deﬁned S. Enteritidis
aroA vaccine candidate
CVL30 (attenuated in
BALB/c mice).

Twelve 9-wk-old speciﬁc-pathogen-free
chickens were put in 3 groups of four (I&II
immunized subcutaneously with 10 μg of
82.3 kDa, 75.6 kDa, respectively and III; not
immunized). Immunized chickens were boosted
twice with the same amount of proteins at two
week intervals and challenged one week after
last boost with 1 ml of 8 × 108 cfu S. Enteritidis
culture. All chickens were sacriﬁced 48 h after
the challenge.
Eight-week-old chickens were immunized
with liposome-associated or liposome-free S.
Enteritidis cell lysates either intraocularly or
intranasally (200 μg or 4 mg protein/100 μL into
both eyes or nasal cavities or the same doses
in 4 mL orally into the gizzard using a vinyl
catheter). Immunization was repeated twice or
thrice at 2-week intervals and peripheral blood
and intestinal mucosa were collected 1 or 2
weeks after the last immunization.
Newly hatched chicks were orally dosed with
109 cfu of bacteria.

Observation
IgG and IgA were found in eggs and sera
of immunized birds. Higher infections in
oviducts and Salmonella contamination
in eggs of non immunized birds
Protective immunity to oral challenge
with S. Enteritidis. Systemic and
intestinal infection prevented. Shedding
of challenge strain in birds faeces
signiﬁcantly reduced.
ﬁmD mutant present in blood 3 weeks
after infection but wild-type parent
strain was cleared in the ﬁrst 3 days.
Eggs of birds infected with ﬁmD were
less frequently contaminated with
Salmonella, but shells of eggs were more
frequently contaminated with the wildtype strain than with the mutant.
S. Enteritidis ﬂagellae and con A induced
higher splenic cell proliferation. S.
Enteritidis shedding was lower in live
vaccine group. Splenic CD3 signiﬁcantly
lower and B cells were higher in
control group compared to S. Enteritidis
challenged group. Serum antibodies to
S. Enteritidis ﬂagella and envelope were
signiﬁcantly higher in killed vaccine
group.
Immunization with OMPs 75.6 and 82.3
kDa proteins led to reduced colonization
of S. Enteritidis in intestinal mucosa of
chicken. Sera from immunized birds
reacted with the 76.5 and 82.3 kDa
proteins and not unimmunized sera

Liposome-associated antigen induced
Serum IgA, IgG, and IgM, but
immunization with antigen alone
induced only IgG in the intestines.
Higher responses were obtained with
intra-ocular immunization followed by
intra-nasal then oral immunization.

Wild-type S. Enteritidis LA5 caused
death of 1 in 25 chicks, and gross
pathologic symptoms, including
pericarditis and perihepatitis in 6 of the
24 survivors after an oral dose of 109 cfu.
S. Enteritidis aroA attenuated in BALB/c
mice was not virulent.

cfu: colony-forming units; MI: cell-mediated immunity.
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as presence of wild birds, insects, rodents in or around the
hen house, and farm material. These factors are further
confounded by globalization of food supplies, inadvertent
introduction of pathogens into new geographic areas by
shipping eggs or chickens, movement of travelers, refugees
and immigrants, and changing lifestyles with more people
eating out at restaurants, canteens, fast food outlets, and
street vendors. Insects such as cockroaches and house-ﬂies,
as well as chicken droppings can easily get into drinking
and feeding trays. Also, wild birds using the hen house as
shelter, contamination with human sewage and other wastes,
poor ventilation, and high dust levels are believed to aid
dissemination of bacteria among chickens by colonization
of mucosal surfaces i.e. nares, and conjuctiva46. Of the
rodents, the house mouse, Mus musculus is a rich source of
S. Enteritidis20,38,40,42 and the possibility that it may enrich
both chicken and human pathogenic strains in the hen house
is real.
Although bacteriological screening of hen houses can
help to identify ﬂocks at risk19,42,44, it is equally difﬁcult to
isolate S. Enteritidis from hen houses even if the ﬂock is
producing contaminated eggs14,19,33,41,77. Previous reports
have suggested that S. Enteritidis infection can be decreased
in poultry using competitive exclusion by inoculating
hatching chicks with beneﬁcial bacterial cultures65,70. Also,
moulting, a temporary cessation in egg production induced
in older birds by withholding feed and water23 has been
suggested as a strategy that can alter commensal gut ﬂora of
poultry. Although this practice increases productivity and
extends useful life of the ﬂock, it leads to increased shedding
of Salmonella in feces45,46 and risk analysis has suggested
that it may double the incidence of egg contamination91.
According to Kogut et al. (1999)55, moulting is stressful to
birds.

methods of bacterial inactivation, and animal models
used thereby making it difﬁcult to compare results8. That
inactivated vaccines would lead to serum antibody responses
but fail to elicit cell mediated immune responses which are
considered important for long term protection and secretory
IgA which is needed for protection of mucosal surfaces
raises more questions about their efﬁcacy. Use of live
vaccines on the other hand raises fears that residual virulence
could enter the human food chain or that the public may not
readily accept use of genetically manipulated organisms
in the food producing animals. Also, given the relatively
longer time required to develop and register new live
vaccines before use and the threat of rapid emergence and
decline of different serovars as seen in S. Enteritidis PT4,
there is a possibility that the Salmonella problem for which
a vaccine is developed may no longer exist by the time the
vaccine is licensed for use in the ﬁeld8. The risk that residual
virulence may also result in vertical transmission and affect
productivity cannot be overstated. On the contrary, use of
inactivated or subunit vaccines overcome these problems in
that they are relatively quick to produce, are stable, and do
not contaminate the environment with genetically modiﬁed
micro-organisms. While fully deﬁned genetic deletions are
preferable in live vaccines for purposes of quality control,
attenuated pathogens though attractive lack the virulence
of live pathogens25. Also, differences in types of antigens
used, dosing, routes of administration, timing, as well as age
and genotypes of chicken used6,32,35,60 (Table 1) have slowed
consensus on the way forward. In addition, while it is not
clear whether data obtained from environmentally naive
day-old or young chicks can be applicable to chickens of all
ages, data obtained from in vitro experiments in complete
exclusion of in vivo regulatory mechanisms may arguably
not be entirely representative of the in vivo situation.

Limitations to faster development of viable
vaccines

Suggested methods for reducing S. Enteritidis
infection and transmission

Despite the elaborate efforts by many laboratories
to produce viable vaccines to Salmonella infection (Table
1), serious limitations remain to be addressed. The fact
that chicks are essentially gnotobiotic when hatched and
have gastrointestinal tracts ﬁlled with meconium makes
them particularly susceptible to colonization of the gastrointestinal tract by Salmonellae and other microﬂora73 and
may affect attempts to control colonization by live oral
vaccines16.
Although unrelated studies have suggested that inactivated Salmonella vaccines can protect experimental animals
against salmonellosis28,56,58, there are contradictions in the
literature relating to their efﬁciency. These contradictions
partly arise from variations in formulations, adjuvants,

Although the data so far generated are of good scientiﬁc
merit, the threat of S. Enteritidis remains and consensus on
data from different laboratories using different approaches
(Table 1) is hard to achieve. That S. Enteritidis was found
in sheds after cleaning and disinfection21 suggests that total
elimination from poultry houses would be a daunting task.
However, infection rates can be reduced substantially if
multi-sectional approaches are embraced by researchers,
environmental law enforcement agencies, public health
departments, breeders, food handlers including transporters,
those working at slaughter houses, retailers, restaurant
workers, and consumers. The following approaches could
be considered.
(i) Establishment of inter-laboratory research groups
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each addressing speciﬁc questions. These studies should be
consistent with regard to genotypes of chickens used, study
environments, age, sex, feed composition, vaccine types
and quantities administered per unit weight of chicks, and
routes and timing of vaccine delivery, as well as the types
of data collected. Regular peer review of research ﬁndings
at appropriate symposia would facilitate consensus on
management strategies. This approach would be effective
especially in areas where chickens or chicks are traded.
(ii) Since vaccinations do not always provide a 100%
guarantee that a disease would be prevented from causing
losses and widespread use of antibiotics may lead to resistance,
breeders should be trained on cleaning and disinfection,
use of drag swabs to monitor Salmonella contamination
before re-stocking poultry houses and hatcheries, regular
cleaning of ventilation inlets and fans, occupational health
inspections and cool storage to limit growth of Salmonella
in eggs, and observance of environmental hygiene and
prompt vaccination. Testing of feeds especially those of
animal origin, and testing to identify positive ﬂocks should
be conducted regularly.
(iii) Strict enforcement of environmental safety laws
governing transportation of livestock to slaughter houses,
hygienic handling at processing plants, safe transportation
of offal meats to consumer outlets, prompt sterilization of
sewage, dirt removal, and safe disposal of wastes should be
observed.
(iv) Because S. Enteritidis passes through the food chain
from primary production to food service establishments,
institutions, and house-holds, there is a need to educate
food handlers including those working at slaughter houses,
processing factories, transporters, and retailers on good
manufacturing practices. Home-based consumers should
be cautioned to cook poultry products adequately before
consumption.
(v) Constructing a prompt reporting system of new S.
Enteritidis isolates for researchers would counter emerging
threats and facilitate epidemiological analysis. Actually,
PulseNet of the Centers for Disease Control and Prevention
in the USA (http://www.cdc.gov/pulsenet/) and PulseNet
Europe (http://www.pulsenet-europe.org/) provide useful
information on S. Enteritidis. A similar approach is under
consideration in Japan98. These databases provide standardized molecular subtyping (or “ﬁngerprinting”) of food borne
disease-causing bacteria by pulsed-ﬁeld gel electrophoresis.

Conclusion
Because poultry products are regularly consumed by
humans, the risks of S. Enteritidis-derived salmonellosis
with the attendant public health and economic problems are
real. Proper management practices can lead to signiﬁcant

reduction in the degree of transmission and infections. Interlaboratory approaches to vaccine development and training
of breeders on environmental management at and around
hen houses can lead to signiﬁcant reductions in transmission
and overall infections. Good manufacturing practices, hygienic handling of poultry products at processing plants and
retail outlets as well as strict adherence to environmental
protection laws governing safe transportation of livestock to
slaughter houses and offal meat to consumer outlets should
be observed. Prompt and efﬁcient sewage treatment and safe
waste disposal, as well as hygienic handling and adequate
cooking of poultry products before consumption can also
limit spread of infections.

References
1. Altekruse, S. et al. (1993) A comparison of Salmonella
enteritidis phage types from egg-associated outbreaks and
implicated laying ﬂocks. Epidemiol. Infect., 110, 17-22.
2. Anderson, E. S. & Wilson, E. M. J. (1961) Die Bedeutung der
Salmonella typhimurium-phagen-typisierung in der Human
und Veterinarmedizin. Zentralblatt für Bakteriologie, Microbiologie und Hygiene series I. Abteilung Orig., 224, 368373.
3. Anderson, E. S. et al. (1977) Bacteriophage-typing designations of Salmonella typhimurium. J Hygiene, Cambridge, 78,
297-300.
4. Anon. (1995) Salmonella enteritidis pilot project progress
report. A cooperative effort of the Pennsylvania Poultry
Producers, Pennsylvania Poultry Federation, Egg Association
of America, Pennsylvania Department of Agriculture,
Pennsylvania State University, and the United States
Department of Agriculture, Washington DC, 48-49.
5. Anon. (2000) Public meeting on Salmonella enteritidis
research. In Transcripts of proceedings, September 8,
Hapesville, GA, Food and Drug Administration, USDA,
Washington, DC.
6. Babu, U. et al. (2004) Salmonella enteritidis clearance and
immune responses in chickens following Salmonella vaccination and challenge. Vet. Immunol. Immunopathol., 101,
251-257.
7. Bakersville, A. et al. (1992) Airborne infection of laying hens
with Salmonella enteritidis phage type 4. Vet. Rec., 130, 395398.
8. Barrow, P. A. & Wallis, T. S. (2003) Vaccination against
Salmonella infections in food animals: rationale, theoretical
basis and practical application. In Salmonella in domestic
animals, eds. Wray, C. & Wray, A., CABI Publ., 323-339.
9. Betancor, L. et al. (2005) An attenuated Salmonella enteritidis
strain derivative of the main genotype circulating in Uruguay
is an effective vaccine for chickens. Vet. Microbiol., 107, 8189.
10. Board, R. G. (1996) The course of microbial infection of the
hen’s eggs. J. Applied Bacteriol., 29, 319-341.
11. Borland, E. D. (1975) Salmonella infection in poultry. Vet.
Rec., 97, 406-408.
12. Byrd, J. A. et al. (1999) Evaluation of Salmonella serotype
distributions from commercial broiler hatcheries and grower

13

C. O. A. Omwandho & T. Kubota

houses. Avian Dis., 43, 39-47.
13. Bryan, E. D. & Doyle, M. P. (1995) Health risks and
consequences of Salmonella and campylobacter jejuni in raw
meat. J. Food Prot., 58, 326-344.
14. Caldwell, D. J. et al. (1995) Evaluation of persistence and
distribution of Salmonella serotype isolation from poultry
farms using drag-swab sampling. Avian Dis., 39, 617- 621.
15. Callow, B. R. (1959) A new phage typing scheme for
Salmonella typhimurium. J. Hygiene, Camb., 57, 346-559.
16. Cooper, G. L. et al. (1994) Invasiveness and persistence of
Salmonella enteritidis, Salmonella typhimurium and genetically deﬁned S. enteritidis AroA strain in young chickens.
Infect. Immunol., 62, 4739-4746.
17. Davies, R. H. & Wray, C. (1995) Mice as carriers of
Salmonella enteritidis on persistently infected poultry units.
Vet. Record, 137, 337-341.
18. Davies, R. H. & Wray, C. (1996a) Determination of an
effective sampling regime to detect Salmonella enteritidis in
the environment of poultry units. Vet. Microbiol., 50, 117127.
19. Davies, R. H. & Wray, C. (1996b) Persistence of Salmonella
enteritidis in poultry units and poultry food. Brit. Poult. Sci.,
37, 589-596.
20. Davies, R. H. & Wray, C. (1996c) Studies of contamination
of three broiler breeder houses with Salmonella enteritidis
before and after cleansing and disinfection. Avian Dis., 40,
626-633.
21. De Buck, J. et al. (2004) Effect of type 1 ﬁmbriae of
Salmonella enterica serotype Enteritidis on bacteraemia and
reproductive tract infection in laying hens. Avian Pathol., 33,
314-320.
22. De Buck, J. et al. (2005) Protection of laying hens against
Salmonella enteritidis by immunization with type 1 ﬁmbriae.
Vet. Microbiol., 105, 93-101.
23. Deitch, E. A., Winterton, J. & Berg, R. (1987) Effect of
starvation on malnultrition and trauma on the gastrointestinal
tract ﬂora and bacterial translocation. Arch. Surg., 122, 10191024.
24. Diesch, S. L. (1978) Environmental aspects of salmonellosis.
In Proceedings of national salmonellosis seminar, United
States Animal Health Association and Co-sponsors, Washington DC, pp.11.
25. Dougan, G. et al. (1993) The genetics of Salmonella and
vaccine development. In Biology of salmonella, eds. Cabello, F. et al., Plenum Press, New York, 323-332.
26. Ebel, E. D., David, M. J. & Mason, J. (1992) Occurrence of
Salmonella enteritidis in the U.S. commercial egg industry:
report on a national spent hen survey. Avian Dis., 36, 64654.
27. Edwards, P. R. (1958) Salmonellosis: observations and
control. Annals of the New York Acad. Sci., 70, 598-613.
28. Eisenstein, T. K., Killar, L. M. & Sultzer, B. M. (1984)
Immunity to infection with Salmonella typhimurium: mousestrain differences in vaccine and serum-mediated protection.
J. Infect. Dis., 150, 425-435
29. Felix, A. & Callow, B. R. (1943) Typing of paratyphoid B
bacilli by means of Vi bacteriophage. Brit. Med. J., ii, 127130.
30. Fisher, I. (2001) Enter-net quarterly Salmonella report.
(www2.phls.co.uk/reports/latest.html). Public Health Laboratory Service.

14

31. Forsythe, R. H., Ross, W. J. & Ayres, J. C. (1967) Salmonella
recovery following gastrointestinal and ovarian inoculation
in the domestic fowl. Poult. Sci., 46, 849-855.
32. Fukutome, K. et al. (2001) Intestinal mucosal immune response in chickens following intraocular immunization with
liposome-associated Salmonella enterica serovar enteritidis
antigen. Dev. Comp. Immunol., 25, 475-484.
33. Fuzihara, T. O., Fernandes, S. A. & Franco, B. D. (2000)
Prevalence and dissemination of Salmonella serotypes along
the slaughtering process in Brazilian small poultry slaughter
houses. J. Food Prot., 63, 1749-1753.
34. Galton, M. M., Steele, J. H. & Newell, K. W. (1964)
Epidemiology of salmonellosis in the United States. In The
world of salmonellosis, ed. van Oye, E., W. Junk Publishers,
The Hague, 421-444.
35. Gantois, I. et al (2006) Oral immunization of laying hens
with live vaccine strains of TAD Salmonella vac E and TAD
Salmonella vac T reduces internal egg contamination with
Salmonella enteritidis. Vaccine, 24, 37-39.
36. Gauger, H. C. & Greaves, R. E. (1946) Isolation of Salmonella
typhimurium from drinking water in an infected environment.
Poult. Sci., 25, 476-478.
37. Gast, R. K. & Holt, P. S. (2000) Deposition of phage type
4 and 13a Salmonella enteritidis strains in the yolk and
albumen of eggs laid by experimentally infected hens. Avian
Dis., 44,706-710.
38. Guard-Petter, J. et al. (1997) On-farm monitoring of MouseInvasive Salmonella enterica serovar Enteritidis and a model
for its association with the production of contaminated eggs.
Applied and Environmental Microbiol., 63, 1588-1593.
39. Guard-Petter, J. (2001) The chicken, the egg and Salmonella
enteritidis. Environmental Microbiol., 3, 421- 430.
40. Henzler, D. J. & Opitz, H. M. (1992) The role of mice in the
epizoology of Salmonella enteritidis infection on chicken
layer farms. Avian Dis., 36, 625- 631.
41. Henzler, D. J. et al. (1994) Salmonella enteritidis in eggs
from commercial chicken layer ﬂocks implicated in human
outbreaks. Avian Dis., 38, 37-43.
42. Henzler, D. J., Kradel, D. C. & Sischo, W. M. (1998) Management and environmental risk factors for Salmonella
enteritidis contamination of eggs. Am. J. Vet. Res., 59, 824829.
43. Higgins, R. et al. (1982) Studies on the dissemination of
Salmonella in broiler-chicken ﬂocks. Avian Dis., 26, 26-33.
44. Hogue, A. et al. (1997) Epidemiology and control of egg
associated Salmonella enteritidis in the United States of
America. Rev. Sci. Tech., 16, 542- 553.
45. Holt, P. S. et al. (1994) Effect of two different molting
procedures on Salmonella enteritidis infection. Poult. Sci.,
73, 1267-1275.
46. Holt, P. S., Mitchell, B. W. & Gast, R. K. (1998) Airborne
horizontal transmission of Salmonella enteritidis in molted
laying chickens. Avian Dis., 42, 45-52.
47. Humphrey, T. J. et al. (1992) Infection of laying hens with
Salmonella enteritidis PT4 by conjunctival challenge. Vet.
Rec., 131, 386-388.
48. Humphrey, T. J. (1994) Contamination of egg shell and
contents with Salmonella enteritidis: a review. Int. J. Food
Microbiol., 21, 31-40.
49. Keller, L. H. et al. (1995) Salmonella enteritidis colonization
of the reproductive tract and forming and freshly laid eggs of

JARQ 44 (1) 2010

S. Enteritidis: Impacts and Control

chickens. Infection and Immunity, 63, 2443-2449.
50. Khan, M. I., Fadl, A. A. & Venkitanarayanan, K. S. (2003)
Reducing colonization of Salmonella enteritidis in chicken
by targeting outer membrane proteins. J. Applied Microbiol.,
95, 142-145.
51. Kinde, H. et al. (2000) Pathologic and bacteriologic ﬁndings
in 27-week-old commercial laying hens experimentally
infected with Salmonella enteritidis, phage type 4. Avian
Dis., 44, 239-248.
52. Kinde, H. et al. (1996a) Salmonella enteritidis, phage type 4
infection in a commercial layer ﬂock in Southern California:
bacteriologic and epidemiological ﬁndings. Avian Dis., 40,
665-671.
53. Kinde, H. et al. (1996b) Sewage efﬂuent: likely source of
Salmonella enteritidis, phage type 4 infections in a commercial chicken layer ﬂock in Southern California. Avian Dis.,
40, 672-676.
54. Kirkwood, J. K. et al. (1994) Salmonella enteritidis excretion
by carnivorous animals fed on day-old chicks. Vet. Rec., 134,
683.
55. Kogut MH, Genovese KJ & Stanker LH (1999) Effect of
induced molting on heterophil function in White Leghorn
hens. Avian Dis., 43, 538-548.
56. Kuusi, N. et al. (1981) Immunization with outer membrane
protein (porin) preparations in experimental murine salmonellosis: effect of lipopolysaccharide. Infection and
Immunity, 34, 328-332.
57. Lamont, S. J., Kaiser, M. G. & Liu, W. (2002) Candidate
genes for resistance to Salmonella enteritidis colonization in
chickens as detected in a novel genetic cross. Vet. Immunol.
Immunopathol., 87, 423- 428.
58. Lindberg, A. A. et al. (1974) Effect of synthetic disaccharideprotein conjugate as immunogen in Salmonella infection in
mice. Infection and Immunity, 10, 541-545.
59. Liu, W., Kaiser, M. G. & Lamont, S. J. (2003) Natural
resistance-associated macrophage protein 1 gene polymorphisms and response to vaccine against or challenge with
Salmonella enteritidis in young chicks. Poult. Sci., 82, 259266.
60. Lopes, V. C. et al. (2006) Preliminary evaluation of the use
of the sefA ﬁmbrial gene to elicit immune response against
Salmonella enterica serotype enteritidis in chickens. Avian
Dis., 50, 85-190.
61. McDermid, A. S. & Lever, M. S. (1996) Survival of
Salmonella enteritidis PT4 and Salmonella typhimurium
Swindon in aerosols. Letters in Applied Microbiology, 23,
107-109.
62. McIlroy, S. G. & McCracken, R. M. (1990) The current status
of the Salmonella enteritidis control programme in the United
Kingdom. In Proceedings of the 94th annual meeting of the
United States Animal Health Association, Carter Printing,
Richmond, Virginia, 450-462.
63. Mead, P. S. et al. (1999) Food-related illness and death in
United States. Emerg. Infect. Dis., 5, 607-625.
64. Methner, U., al-Shabibi, S. & Meyer, H. (1995) Experimental
oral infection of speciﬁc pathogen-free laying hens and cocks
with Salmonella enteritidis strains. Zentralbl. Veterinarmed.
[B], 42, 459-469.
65. Methner, U. et al. (1997) Comparative study of the protective
effect against Salmonella colonisation in newly hatched SPF
chickens using live attenuated Salmonella vaccine strains,

66.
67.

68.
69.
70.

71.
72.
73.
74.

75.
76.
77.
78.
79.

80.
81.
82.
83.

84.

wild-type Salmonella strains or a competitive exclusion
product. Int. J. Food Microbiol., 35, 223-230.
Morris, G. K. et al. (1969) A study of the dissemination of
salmonellosis in a commercial broiler chicken operation. Am.
J. Vet. Res., 30, 1413-1421.
Morse, E. V. (1978) Salmonellosis and pet animals. In
Proceedings of the national seminars, United States Animal
Health Association and other Co-sponsors, Washington, DC,
pp.6.
Murray, C. J. (2003) Environmental aspects of Salmonella.
In Salmonella in domestic animals, eds. Wray, C. & Wray, A.,
CABI Publ., 265-283.
Nakamura, M. et al. (1994) Horizontal transmission of
Salmonella enteritidis and effect of stress on shedding in
laying hens. Avian Dis., 38, 282-288.
Nuotio, L. et al. (1992) Use of competitive exclusion to
protect newly-hatched chicks against intestinal invasion and
colonization by Salmonella enteritidis PT4. Br. Poult. Sci.,
33, 775-779.
Oosterom, J. (1991) Epidemiological studies and proposed
preventive measures in the ﬁght against human salmonellosis.
Int. J. Food Microbiol., 12, 41-52.
PHLS (1989) First report on Salmonella in eggs. PHLS
Evidence, London: Agricultural Committee of the House of
Commons, UK, 14-53.
Popiel, I. & Turnbull, P. C. B. (1985) Passage of Salmonella
enteritidis and Salmonella thompson through chick ileocecal
mucosa. Infect. Immunol., 47, 786-792.
Poppe, C. et al. (1991) The prevalence of Salmonela
enteritidis and other Salmonella spp. among Canadian registered commercial chicken broiler ﬂocks. Epidemiol. Infect.,
107, 201-211.
Poppe, C. (2003) Salmonellosis infections in the domestic
fowl. In Salmonella in domestic animals, eds. Wray, C. &
Wray, A., CABI Publ., 107-132.
Rabsch, W., Tschape, H. & Baumler, A. J. (2001) Nontyphoidal salmonellosis: emerging problems. Microbes
Infect., 3, 237-247.
Riemann, H. et al. (1998) A survey of Salmonella by drag
swabbing manure piles in California ranches. Avian Dis., 42,
67-71.
Rigby, C. E. & Pettit, J. R. (1979) Some factors affecting
Salmonella typhimurium infection and shedding chickens
raised on litter. Avian Dis., 23, 442-455.
Schaaf, J. (1936) Die salmonellose (infektiöse Enteritis,
Paratyphose) des Gelﬂügels ihre Bedeutung und Bekämpfung.
Zeitschrift für Infektionskrankheiten, Parasitäre Krankheiten
und Hygiene der Haustiere, 49, 322-332.
Shivaprasad, H. L. (2000) Fowl typhoid and pullorium
disease. Rev. Sci. Tech., 19, 405-424.
Snoeyenbos, G. H. et al. (1969) Dynamics of Salmonella
infection in chicks reared on litter. Avian Dis., 13, 72-83.
Snoeyenbos, G. H. (1991) Pullorium disease. In Disease
of poultry, ed. Calnek, B. W., Iowa State University Press,
Ames, 73-86.
Soerjadi-Liem, A. S. & Cumming, R. B. (1984) Studies on
the incidence of Salmonella carriers in broiler ﬂocks entering
a poultry processing plant in Australia. Poult. Sci., 63, 892895.
Sojka, W. J. et al. (1975) Incidence of Salmonella infection
in animals in England & Wales, 1968-73. Vet. Rec., 96, 280-

15

C. O. A. Omwandho & T. Kubota

287.
85. St Louis, M. E. et al. (1988) The emergence of grade A eggs
as a major source of Salmonella enteritidis infections. New
implications for the control of salmonellosis. JAMA, 259,
2103-2107.
86. Stokes, J. L., Osborne, W. W. & Bayne, H. G. (1956) Penetration and growth of Salmonella in egg shells. Food Res., 21,
510-518.
87. Tannock, G. W. & Smith, J. M. B. (1971) Studies on the
survival of Salmonella typhimurium and Salmonella bovismorbiﬁcans on pasture and in water. Australian Vet. J., 47,
557-559.
88. Telzak, E. E. et al. (1990) Anosocomial outbreak of
Salmonella enteritidis infection due to the consumption of
raw eggs. New Engl. J. Med., 32, 394-397.
89. Timoney, J. F. et al. (1989) Egg transmission after infection of
hens with Salmonella enteritidis phage type 4. Vet. Rec., 125,
600-601.
90. Ullmann, R. & Scholtze, H. K. (1989) Salmonella occurrence
in the Erfurt district. Z Gesamte Hyg., 35, 676-679.
91. USDA (1989) Salmonella enteritidis risk assessment: egg
shells and egg products. US Dept. of Agriculture, Washington,
DC.
92. Van de Giessen, A. W. et al. (1992) The identiﬁcation of
Salmonella enteritidis-infected poultry ﬂocks associated with
an outbreak of human salmonellosis. Epidemiol. Infect., 109,
405-411.
93. Van Hemert, S. et al. (2006) Gene expression responses to
Salmonella infection in the chicken intestine differ between
lines. Vet. Immunol. Immunopathol., 114, 247-258.
94. Van Immerseel, F. et al. (2002) The effect of vaccination

16

with a Salmonella Enteritidis aroA mutant on early cellular
responses in caecal lamina propria of newly-hatched chickens.
Vaccine, 20, 3034-3041
95. Van Immerseel, F. et al. (2004) Cats as a risk for transmission
of antimicrobial drug resistant Salmonella. Emerg. Infect.
Dis., 10, 2169-2174.
96. Van Immerseel, F. et al. (2005) Vaccination and early
protection against non-host-speciﬁc Salmonella serotypes
in poultry: exploitation of innate immunity and microbial
activity. Epidemiol. Infect., 133, 959-978.
97. Ward, L. R., De Sa, J. D. H. & Rowe, B. (1987) A phagetyping scheme for Salmonella enteritidis. Epidemiol. Infect.,
99, 291-294.
98. Watanabe, H. et al. (2002) PulseNet Japan: surveillance
system for the early detection of diffuse outbreak based on
the molecular epidemiological method. Kansenshogaku
Zasshi, 76, 842-848 [In Japanese].
99. WHO (2007) Antigenic formulae of the Salmonella serovars
2007, 9th ed.
http://www.pasteur.fr/sante/clre/cadrecnr/salmoms/WKLM_
2007.pdf.
100. WHO (2005) Fact sheet No. 139 (Revised April, 2005).
http:/www.who.int/mediacentre/factsheets/fs139/en/prnt.
html.
101. Williams, J. E., Dillard, L. H. & Hall, G. O. (1968) The
penetration patterns of Salmonella typhimurium through the
outer structures of chicken eggs. Avian Dis., 12, 445-446.
102. Woodward, M. J. et al. (2002) The efﬁcacy of Aalenvac, a
Salmonella enterica, subsp. Enteritidis iron-restricted bacterine vaccine, in laying chickens. Avian Pathol., 31, 383-392.

JARQ 44 (1) 2010

