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Salmonella enterica consists of over 2,000 serovars that are major causes of morbidity and mortality asso-
ciated with contaminated food. Despite similarities among serovars of Salmonella enterica, many demonstrate
unique host specificities, epidemiological characteristics, and clinical manifestations. One of the unique
epidemiological characteristics of the serovar Enteritidis is that it is the only bacterium routinely transmitted
to humans through intact chicken eggs. Therefore, Salmonella enterica serovar Enteritidis must be able to
persist inside chicken eggs to be transmitted to humans, and its survival in egg is important for its transmis-
sion to the human population. The ability of Salmonella enterica serovar Enteritidis to survive in and transmit
through eggs may have contributed to its drastically increased prevalence in the 1980s and 1990s. In the
present study, using transposon-mediated mutagenesis, we have identified genes important for the association
of Salmonella enterica serovar Enteritidis with chicken eggs. Our results indicate that genes involved in cell wall
structural and functional integrity, and nucleic acid and amino acid metabolism are important for Salmonella
enterica serovar Enteritidis to persist in egg albumen. Two regions unique to Salmonella enterica serovar
Enteritidis were also identified, one of which enhanced the survival of a Salmonella enterica serovar Typhi-
murium isolate in egg albumen. The implication of our results to the serovar specificity of Salmonella enterica

is also explored in the present study.

Salmonellosis is one of the leading causes of food-borne dis-
eases in the United States and throughout the world (10, 44, 56;
http://www.who.int/salmsurv/en/). The causative agent for salmo-
nellosis, Salmonella enterica, can be further classified into over
2,000 serovars (6). Among the Salmonella enterica serovars, the
complete genomes of five serovars Choleraesuis, Enteritidis,
Paratyphi, Typhi, and Typhimurium have been determined (13,
40, 41, 45; http://www.ncbinih.gov; http://www.sanger.ac.uk
/Projects/Microbes/). These serovars of Salmonella enterica
share remarkable similarities in both linear organization and
sequence of the genomes, with sequence homologies of the
conserved regions ranging from 96 to 99% (16). However, each
serovar can differ significantly from another serovar in host
specificity, as well as clinical and epidemiological characteris-
tics. For example, serovar Typhi only infects humans, whereas
serovars Typhimurium and Enteritidis infect a wide range of
hosts including humans, rodents, and poultry (41, 45). Serovars
of Salmonella enterica also display distinct routes of transmis-
sion. Both serovars Typhimurium and Enteritidis infect poul-
try; however, serovar Typhimurium is more likely to be trans-
mitted to humans through chicken meat, whereas serovar
Enteritidis is mostly transmitted to humans through chicken
eggs (5, 24, 32). The molecular basis that underlies the serovar
specificity is poorly understood.

The two leading Salmonella enterica serovars that cause sal-
monellosis in the United States are Salmonella enterica serovar
Typhimurium (22% of all Salmonella infections) and Enter-
itidis (17% of all Salmonella infections) (6). In the mid 1990s,
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Salmonella enterica serovar Enteritidis temporarily surpassed
Salmonella enterica serovar Typhimurium as the primary cause
of salmonellosis and is considered an emerging bacterial
pathogen (59). Salmonella enterica serovar Enteritidis is the
only human pathogen routinely found in intact chicken eggs,
although other serovars of Salmonella are often found in a
poultry farm environment and may contaminate eggs when
egg shells are cracked (5, 24, 26, 43). It has been shown that
both Salmonella enterica serovar Typhimurium and Salmonella
enterica serovar Enteritidis infect the reproductive organs of
chickens and contaminate forming eggs (internal eggs before
they are laid). However, only Salmonella enterica serovar En-
teritidis persists after eggs are laid (31, 32), and contaminated
eggs may then transmit Salmonella enterica serovar Enteritidis
to humans through the consumption of raw or undercooked
eggs. Therefore, the contamination and persistence of Salmo-
nella enterica serovar Enteritidis in chicken eggs represent a
unique epidemiological characteristic of this bacterium that is
essential for its eventual transmission to humans.

Little is known about the bacterial factors that allow Salmo-
nella enterica serovar Enteritidis to survive in eggs and contrib-
ute to its epidemiological association with chicken eggs. In
contaminated eggs, Salmonella enterica serovar Enteritidis can
be deposited into both albumen and yolk. It is more frequently
deposited into the albumen, especially in naturally contami-
nated eggs (8, 27, 52). We and others have shown that egg
albumen can control the proliferation of Salmonella enterica
serovar Enteritidis (1, 21, 22) and is bactericidal toward Sal-
monella enterica serovar Enteritidis when the inoculum is low
(37). However, it is unclear how egg albumen controls bacteria
and what constitutes its antimicrobial activities. We have pre-
viously reported that genes yafD and xthA are necessary for
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Salmonella enterica serovar Enteritidis to survive in egg albu-
men, possibly by repairing DNA damage caused by egg albu-
men (37). In the present study, we sought to determine the
molecular basis of the survival of Salmonella enterica serovar
Enteritidis in chicken egg albumen by systematically identify-
ing genes necessary for this survival using transposon mutagen-
esis and mutant library screening approach. Here we report the
identification of Salmonella enterica serovar Enteritidis gene
families and functional systems that are responsible for its
persistence in egg albumen and discuss the implications of our
findings to the interaction of Salmonella enterica serovar En-
teritidis with egg albumen and the serovar specificity of Sal-
monella enterica.

MATERIALS AND METHODS

Bacterial strains and plasmids. All bacterial strains used in this analysis are
listed in Table 1. Isolates of S. enterica serovar Enteritidis and Typhimurium used
in this analysis are clinical isolates, whereas both animal isolates and laboratory
strains of Escherichia coli were used in this analysis (Table 1). Bacteriophage P22
was used for generalized transduction (39). All bacterial strains were grown in
Luria-Bertani (LB) broth (Difco, Sparks, MD) at 37°C with shaking. Antibiotics
were added as appropriate.

Quantification of survival of bacteria in egg albumen. The ability of different
bacterial strains to survive in egg albumen was quantified as described previously
(37). Organic, antibiotic-free eggs from a local farm were bought and stored at
4°C for up to 1 week until use. Egg albumen from two to eight eggs was pooled
and beaten with an electric mixer for 3 min at the lowest speed. All bacterial
strains were grown in LB broth overnight at 37°C with shaking before being used
for assays. Antibiotics were added when appropriate. An overnight culture of
bacteria was added to 2 ml of albumen in an Eppendorf tube to a final concen-
tration of 1 X 10° to 2 X 10° CFU/ml and thoroughly mixed. The tubes were
incubated at 37°C, and aliquots of the bacteria and egg albumen mix were plated
on LB agar plates at the beginning and after different periods of incubation.
Surviving bacteria were enumerated after overnight incubation. Each assay was
repeated at least three times.

Construction of transposon (Tn) mutant library of Salmonella enterica serovar
Enteritidis. A transposon mutant library of Salmonella enterica serovar Enter-
itidis SE2472 was constructed by using the EZ::Tn system by Epicentre (Madi-
son, WI). The kanamycin resistance gene was PCR amplified from plasmid pKD4 (12)
with the primers 5'-AACTGAGAATTCGTGTAGGCTGGAGCTGCTTC-3’
and 5'-CCACATGAATTCCATATGAATATCCTCCTTAG-3'. The PCR prod-
ucts were digested with EcoRI and cloned into the EcoRI site of the vector
pMOD3 (Epicentre, Madison, WI). The resulting plasmid contains a kanamycin
resistance cassette and is referred to as pMOD3-Kan (see Fig. 2). Transposon
DNA was amplified from the pMOD3-Kan plasmid DNA by PCR with primers
5'-GTCAGTGAGCGAGGAAGCGGAAG-3' and 5'-ATTCAGGCTGCGCAA
CTGT-3', digested with PshAI to generate phosphorylated ends, and used to
assemble transposomes according to the manufacturer’s instructions (Epicentre).
The assembled transposomes were then electroporated into SE2472 for trans-
position to occur, and bacteria carrying transposons were selected for resistance
to kanamycin. By using this method, a transposon library of approximately 3,000
independent colonies was constructed. It is generally believed that insertions by
EZ:: Tn are random. To confirm this, we randomly selected 15 colonies and
prepared genomic DNA for southern hybridization. The genomic DNA was
digested with XhoI and hybridized with a probe for Kan". The DNA fragments
containing the Kan" are of different sizes, a finding consistent with the notion that
the Tn insertions are likely to be random (data not shown). Subsequent identi-
fication of Tn insertion sites in the mutants characterized in the present study
also showed that the insertion sites are widely distributed in the genome.

Screening the Salmonella enterica serovar Enteritidis SE2472 Tn mutant li-
brary for ES mutants. Egg albumen was prepared as described above for the
quantification of survival of bacteria in egg albumen. Two hundred microliters of
egg albumen was placed into each well of a 96-well plate, and an overnight
culture of bacteria was diluted to a concentration of approximately 3 X 10°
CFU/ml in the egg albumen and thoroughly mixed. Ten-microliter aliquots from
each well were plated on LB agar plates immediately after the addition of
bacteria to egg albumen (0-h samples) and after incubation at 37°C for 24 h (24-h
samples). The bacterial concentration after 24 h of incubation was calculated and
compared to the concentration at 0 h. Mutants that demonstrated a significant
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TABLE 1. Bacterial strains“

Bacterial strain Characteristics Source or
reference
E. coli
DH5a F~¢$80dlacZAM15A(lacZYA- Gibco-BRL
argF)U169 deoR recAl
endAl hsdR17(ri my™)
phoA supE44 N~ thi-1
gyrA96 relAl
HB101 F~ mcrB mrr hsdS20(rg~ myg~)  Sigma-Aldrich
recAI3 leu ara-14 proA2
lacY1 galK2 xyl-5 mtl-1
rpsL20(Sm") supE441
MG1665 Wild-type E. coli K-12
KSU-9 Animal isolate of E. coli 34
KSU-12 Animal isolate of E. coli 34
S. enterica serovar
Enteritidis
SE2472 Clinical isolate, phage type 4 38
SE6782 Clinical isolate, phage type 4 38
SE8464 Clinical isolate, phage type 4 38
SE8743 Clinical isolate, phage type 4 38
SE10871 Clinical isolate, phage type 4 38
SE4052 Clinical isolate, phage type 8 38
SE4081 Clinical isolate, phage type 8 38
SE4191 Clinical isolate, phage type 8 38
SE4241 Clinical isolate, phage type 8 38
SE4386 Clinical isolate, phage type 8 38
SE2107 Clinical isolate, RDNC This study
SE2606 Clinical isolate, phage type 8 This study
SE0052 Clinical isolate, phage type 13 This study
SE0718 Clinical isolate, phage type 4 This study
SE0430 Clinical isolate, phage type 4 This study
S. enterica serovar
Typhimurium
ST3665 Clinical isolate This study
ST3744 Clinical isolate 37
ST3964 Clinical isolate This study
ST3864 Clinical isolate This study
ST10428 Clinical isolate This study
ST2258 Clinical isolate This study
ST2297 Clinical isolate This study
ST2298 Clinical isolate This study
ST2302 Clinical isolate This study
ST2327 Clinical isolate This study

“The E. coli, Salmonella enterica serovar Enteritidis, and Salmonella enterica
serovar Typhimurium strains used in this study are listed. The genotype of each
bacterial strain is listed when known; otherwise, the source of the bacterial strain
is listed. For Salmonella enterica serovar Enteritidis isolates, the phage type for
each strain is listed. RDNC, reacts but does not conform.

decrease in survival compared to the wild-type SE2472 were selected and des-
ignated egg-susceptible (ES) mutants. Subsequently, the Tn insertions in the ES
mutants from the initial screening were transduced into fresh SE2472, and their
susceptibility to egg albumen was retested at least three times. ES mutants that
consistently demonstrated decreased survival in egg albumen were chosen for
further analysis.

Identification of Tn insertion sites. The transposon insertion sites in the Tn
mutants were identified either by a three-step PCR or a rescue cloning procedure
(15). For the three-step PCR procedure, a single primer K4 (5'-GATCTCATG
CTGGAGTTC-3") was used for all PCRs. Briefly, 1 ml of overnight bacterial
culture in LB was spun down and resuspended in 50 pl of water. A bacterial
lysate was prepared by boiling the resuspended bacteria for 10 min and spinning
at maximum speed in a microcentrifuge for 15 min. One microliter of the lysate
prepared from the Tn mutants was first amplified at 94°C for 30 s, 55°C for 30's,
and 72°C for 45 s (35 cycles). The PCR product after the first round of ampli-
fication was ethanol precipitated and digested with Dpnl (New England Biolabs,
Beverly, MA). After digestion, 1 ul of digestion mix was used as a template for
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a second-round PCR amplification (94°C for 30 s, 30°C for 30 s, and 72°C for 45 s
[35 cycles]). The PCR products were further amplified at the same conditions as
the first-round PCR, purified with a PCR purification kit (QIAGEN, Valencia,
CA), and sequenced by using primer Sqfp (5'-GCCAACGACTACGCACTA
GCCA-3') to determine the junction sequence where the Tn meets genomic
DNA. The sequence of the junction region of the Tn mutants was searched
against the genome sequences of Salmonella enterica serovars Enteritidis, Typhi,
and Typhimurium, and genes disrupted by Tn insertions were identified (http:
/www.sanger.ac.uk/Projects/Microbes/; http://www.ncbi.nih.gov).

A rescue cloning procedure was used as an alternative method to identify the
Tn insertion sites in the transposon mutants of Salmonella enterica serovar
Enteritidis when the three-step PCR procedure failed. Specifically, 10 pg of
purified genomic DNA of a mutant was first digested with restriction enzyme
Sspl and then Pvul and EcoRV concurrently (New England Biolabs, Beverly,
MA). Digested DNA was then ligated with T4 DNA ligase (New England
Biolabs) and electroporated into E. coli pir-116 (Epicentre). Plasmid DNA from
the transformants was purified and sequenced with primer Sqfp to obtain the
sequence of the junction regions of the Tn and the genome. Genes disrupted by
Tn insertions were identified from the sequence of the junction regions as
described above for the three-step PCR strategy.

The transposon insertion sites in all mutants were confirmed by designing
primers flanking the putative insertion sites, and amplifying genomic DNA of the
mutants and wild-type Salmonella enterica serovar Enteritidis by PCR. Mutants
that yielded a PCR product that was 1.8 kb larger (the size of the transposon)
than the PCR product from the wild-type bacteria were considered correct. PCR
products from selected mutants were also sequenced to further confirm the site
of Tn integration. All insertion sites proved to be correct.

Determination of the growth curves of the ES mutants and their ability to
survive under stress conditions. The growth of the ES mutants was tested in both
LB broth and M9 minimal medium (51). ES mutants were cultured in LB broth
at 37°C overnight with shaking. Overnight cultures were diluted 1:100 in LB
broth or M9 minimal medium in 96-well plates. Diluted cultures were incubated
at 37°C and bacterial concentrations were determined by plating appropriately
diluted bacterial cultures on LB agar plates at 0, 2, 4, 8, 12, and 24 h to construct
a growth curve. The ability of the ES mutants to survive and grow under general
stress conditions was determined by measuring the growth curves of the mutants
in LB broth at pH 4.0, LB broth with 1 M NaCl, or LB broth with 5% sodium
dodecyl sulfate at 37°C (38).

Expression of Salmonella enterica serovar Enteritidis protein in Salmonella
enterica serovar Typhimurium. Primers 5'-ATAGCAACAAGCTTCTACTTC
GGTAATGGTGG-3' and 5'-AGACCAGGAAGCTTGATGAGGCCACGC
TACACA-3' were used to amplify genomic DNA of Salmonella enterica serovar
Enteritidis SE2472. The PCR product contained the full coding sequence of
SEN4287, the Salmonella enterica serovar Enteritidis unique gene disrupted in
ES16, and was cloned into the vector pRB3-273C (3) at the HindIII site. The
resulting plasmid, pRB3-SEN4287 was transformed into Salmonella enterica se-
rovar Typhimurium isolate ST3665 for egg resistance assays.

RESULTS

Salmonella enterica serovar Enteritidis demonstrates better
survival in egg albumen than Salmonella enterica serovar
Typhimurium and E. coli. The association of Salmonella
enterica serovar Enteritidis with chicken eggs may be due to its
enhanced ability to survive in eggs. To explore this possibility,
we measured the survival of clinical isolates of Salmonella
enterica serovars Enteritidis and Typhimurium and animal and
laboratory strains of E. coli in egg albumen. Overnight cultures
of bacteria were mixed with egg albumen and incubated at
37°C for 24 h, and the resistance of bacteria to egg albumen
was measured by the survival rate of bacteria after the incu-
bation. A comparison of the survival rates was performed with
15 clinical isolates of Salmonella enterica serovar Enteritidis, 10
clinical isolates of Salmonella enterica serovar Typhimurium,
and 5 E. coli strains including the laboratory strains DH5e,
HB101, K-12 (MG1665) and 2 animal isolates of E. coli (34)
(Table 1). After 24 h of incubation in egg albumen, Salmonella
enterica serovar Enteritidis isolates displayed an average sur-
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FIG. 1. Survival of clinical isolates of Salmonella enterica serovar
Enteritidis (SE), Salmonella enterica serovar Typhimurium (ST), and
animal and laboratory strains of E. coli after incubation with egg
albumen for 24 h. Each datum point represents an independent bac-
terial strain listed in Table 1. The percentage of survival represents the
ratio of surviving bacteria after 24 h of incubation to the input bacteria.
At least three experiments were performed, and results from a repre-
sentative experiment performed in triplicate are shown.

vival rate of 25.8%, Salmonella enterica serovar Typhimurium
isolates displayed a rate of 6.5% and E. coli isolates displayed
a rate of 1.8% (Fig. 1). Thus, Salmonella enterica serovar En-
teritidis isolates survive better in egg albumen than serovar
Typhimurium isolates (P = 0.01, Student’s ¢ test) and E. coli
isolates (P = 0.002, Student’s ¢ test). Although the survival
rates of Salmonella enterica serovar Typhimurium isolates
overlapped with those of Salmonella enterica serovar Enteriti-
dis isolates, only Salmonella enterica serovar Enteritidis isolates
demonstrated high rates of survival (Fig. 1).

Construction of a transposon mutant library of Salmonella
enterica serovar Enteritidis. Since the survival of Salmonella
enterica serovar Enteritidis in egg albumen is critical for its
transmission to human populations and contributes to its epi-
demiological association with chicken eggs, we decided to use
a genetic approach to identify the molecular determinants of
Salmonella enterica serovar Enteritidis that are necessary for its
survival in egg albumen. We used a systematic approach by
screening a Tn mutant library to identify genes that play a role
in the survival of Salmonella enterica serovar Enteritidis in egg
albumen.

We used the vector pMOD3, which contains the highly ac-
tive mosaic ends for transposition, and the origin of replication
of R6Kry for rescue cloning of the adjacent chromosomal DNA
to identify genes disrupted by the Tn (Epicentre). Since the Tn
coded by pMOD3 was not marked, we first introduced a kana-
mycin resistance gene (Kan") into the vector at the EcoRI site.
The resulting clone is referred to as pMOD3-Kan (Fig. 2), and
it was used to construct the transposon mutant library. We
obtained a library with approximately 3,000 individual trans-
poson mutants.

Screening of a transposon mutant library of Salmonella
enterica serovar Enteritidis for mutants susceptible to egg al-
bumen. A total of 2,850 transposon mutants were screened for
a decreased ability to survive in egg albumen compared to the
wild-type Salmonella enterica serovar Enteritidis SE2472 after
24 h of incubation at 37°C. The wild-type SE2472 was included
in all screenings as a control and usually demonstrated over
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FIG. 2. Transposon used for the construction of the Salmonella
enterica serovar Enteritidis transposon mutant library. The structure of
the transposon encoded by the plasmid pMOD3-Kan is shown. The
19-bp mosaic end sequence for transposition flanks the transposon.
Ro6KYy ori was used to rescue the adjacent chromosomal sequence into
a plasmid for insertion site identification. The kanamycin resistance
cassette (Kan") was cloned into the construct to provide a selection
marker. The PshAI sites were used to release the transposon sequence
from the vector.

80% survival after 24 h of incubation in egg albumen. Mutants
that had less than 10% of survival after the same incubation
period were designated potentially susceptible to egg albumen.
Sixty mutants were isolated from the screening and were des-
ignated as ES mutants (data not shown).

To confirm that the egg albumen susceptibility displayed by
the ES mutants obtained from the initial screening was due
to Tn insertions instead of unexpected mutations or other
changes in the bacteria, we transduced the Tn mutations into
fresh Salmonella enterica serovar Enteritidis SE2472 by general
transduction with phage P22 (39). Phage-free mutants were
selected and tested for their survival in egg albumen. Each
mutant was tested in at least three independent assays and 36
mutants that were consistently more susceptible to egg albu-
men than the wild-type parental strain SE2472 were selected
(data not shown).

To determine whether the susceptibility to egg albumen
displayed by the ES mutants was due to general growth defects
that are unrelated to their resistance to egg albumen, we de-
termined the growth curves of the ES mutants in both LB
broth and M9 minimal medium. One mutant that displayed
defective growth in M9 minimal medium was excluded from
further analysis. Thirty-five ES mutants that did not display
defects in growth in either LB or M9 medium were further
characterized (data not shown).

We identified genes inactivated in the ES mutants by deter-
mining the DNA sequence surrounding the Tn insertion sites.
The two methods used were a 3-step PCR and a rescue cloning
procedure (see Materials and Methods). For each ES mutant, the
genomic DNA sequences immediately adjacent to the Tn inser-
tion site were obtained and searched against genome sequences
of Salmonella enterica serovars Enteritidis, Typhimurium, and
Typhi (http://www.sanger.ac.uk/Projects/Microbes/; http://www
.ncbinih.gov). In this way, the location of the Tn insertion site in
the genome was determined, along with whether a Tn insertion
site was located in or near an open reading frame (ORF), as
predicted by the annotated genomic sequences. We chose to
select ES mutants with a Tn insertion that either disrupted an
ORF or was located within 35 bp upstream of an ORF. These
types of insertions are expected to disrupt the function of the
ORFs involved. Although Tn insertions downstream or further
upstream of an ORF may result in phenotypical differences in a
mutant by disrupting regulatory sequences or unidentified small
RNAs, we decided to focus on those mutants which clearly dem-
onstrated disruptions in ORFs in the present study. The insertion
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sites in all mutants were confirmed by PCR with primers adjacent
to the identified insertion sites. As a result, 32 ES mutants were
selected, and the ORF expected to be disrupted in each mutant
are listed in Table 2. Since the Salmonella enterica serovar
Enteritidis genome has not been fully annotated, genes dis-
rupted by a Tn insertion were named after their Salmonella
enterica serovar Typhimurium or Salmonella enterica serovar
Typhi homologs when possible. When a Tn insertion was iden-
tified in an un-named gene, the annotation number of the
Salmonella enterica serovar Enteritidis genome was used (http:
/lwww.sanger.ac.uk/Projects/Microbes/). One mutant, ES37, had
a Tn insertion in a region of the SE2472 genome that does not
have good homology to the Salmonella enterica serovar Enter-
itidis genome determined by the Sanger Institute (http://www
.sanger.ac.uk/Projects/Microbes/). Therefore, the annotation
for Salmonella enterica serovar Typhimurium was used (http:
/www.ncbi.nih.gov).

Categorization of the ES mutants according to the functions
or putative functions of genes disrupted by Tn insertions. The
ES mutants were categorized according to the functions or
putative functions of the ORFs expected to be disrupted in the
mutants. Five categories were used: cell wall structure and
function, putative cell wall proteins, metabolism, Salmonella
enterica serovar Enteritidis unique genes, and function un-
known (Table 2). Among the ES mutants, 16 of 32 mutants
(50.0%) were in the categories of cell wall structure and func-
tion or putative cell wall proteins. ES mutants in the cell wall
categories by far comprised the largest group of ES mutants
(Table 2). Another nine ES mutants had insertions in genes
that are involved in metabolism, six of which (ES3, -12, -20, -22,
-25, and -52) had a Tn insertion in genes that either encode
enzymes or transcription factors involved in amino acid me-
tabolism (ES20, -22, -25, and -52) or show significant homology
to proteins involved in amino acid metabolism (ES3 and
ES12). Two ES mutants (ES5 and 7) had Tn insertions in genes
involved in nucleic acid metabolism. We have also identified
two egg-susceptible mutants (ES16 and 47) that had Tn inser-
tions in genes that are unique to Salmonella enterica serovar
Enteritidis. The seven remaining ES mutants had Tn insertions
in genes of unknown function.

The 16 mutants that belonged to the cell wall categories had
Tn insertions either in genes known to be involved in cell wall
structure and function or in genes that are predicted to encode
membrane associated proteins. Among them, 10 mutants
(ES1, -2, -10, -11, -15, -21, -30, -46, -53, and -54) had insertions
in genes that code for structural proteins, putative structural
proteins, or proteins that modulate cell wall properties. In this
group, three mutants (ES2, -11, and -46) had Tn insertions in
genes involved in the type III secretion (9, 33, 48, 54). Three
ES mutants (ES10, -15, and -21) had Tn insertions in genes
involved in the transport of amino acids or metal ions. Two ES
mutants, ES30 and -53, had Tn insertions in genes involved in
fimbrial processing and lipopolysaccharide (LPS) synthesis, re-
spectively (30). One ES mutant, ES54, had a Tn insertion in
yijC, which has been shown to encode the transcription factor
FabR, a regulator of unsaturated fatty acid production and a
modulator of the physical properties of the cell membrane of
E. coli (63). Another mutant, ES1, had a Tn insertion in a gene
homologous to a mechanosensitive channel that may regulate



VoL. 72, 2006

GENES NECESSARY FOR SEROVAR ENTERITIDIS SURVIVAL 1059

TABLE 2. ES mutants of S. enterica serovar Enteritidis SE2472¢

Category Mutant Gene Function and/or feature

Cell wall structure or function ES1 SEN3892 Homologous to mechanosensitive ion channel
ES2 prgH Component of type III secretion apparatus
ES10 ginH Glutamine-binding periplasmic protein precursor
ES11 prgl Invasion protein of type III secretion apparatus
ES15 proY Proline-specific permease
ES21 modF Putative molybdenum transporter
ES30 befC Fimbrial usher protein
ES46 spaP Membrane protein of type III secretion system
ES53 waal LPS synthesis
ES54 yijC Transcription factor regulating fat production

Putative cell wall proteins ES17 SEN1188 Putative inner membrane protein
ES31 yigQ Putative periplasmic protein or exported protein
ES33 SEN1861 Putative inner membrane lipoprotein
ES37 STM3980 Putative outer membrane protein
ES41 SEN0784 Putative inner membrane protein
ES50 SEN1204 Putative membrane protein

Metabolism ES3 ordL Homologous to DadA involved in phenylalanine metabolism
ES5 tdk Thymidine kinase
ES7 yejD Ribosomal small subunit pseudouridine synthase
ES12 ydiB Putative shikimate 5-dehydrogenase involved in aromatic amino acid synthesis
ES20 ybdL Putative aminotransferase involved in phenylalanine metabolism
ES22 tyrR Regulator of aromatic amino acid biosynthesis and transport
ES25 cadA Lysine decarboxylase
ES52 lysC Lysine sensitive aspartokinase III

Unknown function ES6 SEN2128 Putative cytoplasmic protein
ES19 SEN2997 Putative ATP-dependent RNA helicase-like protein
ES27 ygdl Putative lipoprotein
ES28 SEN2263 Transcriptional regulator, function unknown
ES35 ybbN Putative thioredoxin protein
ES51 rssC Putative cytoplasmic protein

SE specific ES16 SEN4287 Possible restriction endonuclease gene
ES47 Prot6E gene Fimbrial biosynthesis

“ A summary of the characteristics of ES mutants isolated from screening a Tn mutant library for mutants with decreased survival in egg albumen compared to the
wild-type Salmonella enterica serovar Enteritidis is presented. The gene that was disrupted by the Tn insertion in each mutant is listed. If the Tn insertion was present
in a gene that is uncharacterized and unnamed, the annotation of Salmonella enterica serovar Enteritidis or Salmonella enterica serovar Typhimurium genome is used.
Salient features of the ORFs disrupted by the Tn insertion in each mutant are summarized.

cell wall properties in the hyperosmotic environment of egg
albumen.

In the second largest category of mutants, the Tn insertions
were in genes involved in the metabolism of the bacterium. Of
the eight ES mutants in this category, six had Tn insertions in
genes involved in amino acid metabolism (ES3, -12, -20, -22,
-25, and -52) and two had Tn insertions in genes encoding
enzymes that are involved in nucleic acid metabolism (ESS and
-7). Among the ES mutants with disruptions in the metabolism
of amino acids, genes disrupted by Tn insertions appear to be
involved predominantly in the metabolism of aromatic amino
acids and lysine (47; Kegg Pathway Database [http://www
.genome.jp/kegg/metabolism.html]). Two ES mutants, ES5 and
-7, had insertions in genes encoding thymidine kinase and
ribosomal small subunit psedouridine synthase, respectively.

Two ES mutants (ES16 and -47) had insertions in genes
unique to Salmonella enterica serovar Enteritidis (Fig. 3). ES16
had a Tn insertion in a gene homologous to a restriction
endonuclease. ES47 had a Tn insertion in the Prot6E gene,
which is in the pef operon that encodes fimbrial proteins in
Salmonella enterica serovars Enteritidis and Choleraesuis (Fig.
3). According to the genome sequence of Salmonella enterica

serovar Enteritidis as determined by the Sanger Institute, the
Tn insertion of ES16 was in the genome, while the Tn insertion
site of ES47 was in the virulence plasmid (http://www.sanger
.ac.uk/Projects/Microbes/).

The six ES mutants in the “unknown function” category had
Tn insertions in genes with un-identified functions (Table 2).
Although some predictions have been made regarding the cel-
lular locations and functions of proteins encoded by these
genes, these genes are yet to be characterized.

Analysis of the egg resistance of a Salmonella enterica sero-
var Typhimurium isolate expressing the gene interrupted in
ES16 (SEN4287). Since the Tn insertions in ES16 and ES47
disrupted genes unique to Salmonella enterica serovar Enteri-
tidis, we cloned the SEN4287 and Prot6E genes into the plas-
mid pRB3-273C and transformed them into Salmonella enterica
serovar Typhimurium isolate ST3665. The plasmid containing
SEN4287, pRB-SEN4287, was transformed into ST3665, and
the transformants were assayed for their survival in egg albu-
men and compared to vector pRB3-273C transformed ST3665,
untransformed ST3665, and Salmonella enterica serovar Enter-
itidis isolate SE2472. The plasmid pRB-SEN4287 increased
the survival of ST3665 compared to the untransformed or
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FIG. 3. 3 Salmonella enterica serovar Enteritidis unique DNA regions surrounding the transposon insertion sites in ES16 and ES47 mutants.
(A) ORFs near the Tn insertion site in ES16; (B) ORFs near the Tn insertion site in ES47. The insertion site in each mutant is marked by an

arrowhead.

vector pRB3-273C transformed ST3665 (Student’s ¢ test, P <
0.05) (Fig. 4). However, pRB-SEN4287 did not increase the
survival of ST3665 to the level of the Salmonella enterica ser-
ovar Enteritidis isolate SE2472 (Fig. 4). Plasmid containing the
Prot6E gene appeared to be harmful to Salmonella enterica
serovar Typhimurium. Few colonies were obtained after re-
peated attempts of transformation, and most of them failed to
grow in liquid culture (data not shown).

Specificity of egg albumen susceptibility of the ES mutants.
We have described previously that the selected ES mutants had
normal growth properties in both complete (LB broth) and min-
imal medium (M9 minimal medium). To determine whether the
susceptibility of the ES mutants to egg albumen is due to their

60

il

HH

Survival rate (%)

—

0 ]

SE2472 ST3665 ST3665

[RB3-SEN4287]

ST3665
[RB3-273C}

Bacterial strain

FIG. 4. Survival of Salmonella enterica serovar Typhimurium isolate
ST3665 derivatives after incubation with egg albumen for 24 h. Salmonella
enterica serovar Typhimurium ST3665, ST3665 transformed with plasmid
vector pRB3-273C (ST3665[RB3-273C]), ST3665 transformed with plas-
mid containing SEN4287 (ST3665[RB3-SEN4287]), and Salmonella
enterica serovar Enteritidis SE2472 were incubated with egg albumen
at 37°C. The percentage of survival represents the ratio of surviving
bacteria after 24 h of incubation to the input bacteria. The results
from three independent experiments are shown. Error bars indicate
standard deviation.

excessive susceptibility to general stress conditions, we tested
the growth and survival of the ES mutants in the presence of
low pH (pH 4.0 LB), salt (1 M NaCl in LB), and detergent (5%
sodium dodecyl sulfate in LB) (38). ES17 demonstrated less
growth in 1 M NaCl compared to the wild-type parental strain,
indicating that it has increased susceptibility to salt (data not
shown). All other mutants were able to grow to a similar extent
as the wild-type SE2472 in all conditions (data not shown),
demonstrating that they are not unusually susceptible to stress
conditions and that their susceptibility to egg albumen is rel-
atively specific.

DISCUSSION

Association of Salmonella enterica serovar Enteritidis with
chicken eggs. Over 2,000 serovars of Salmonella enterica exist
(18); many of which have unique characteristics regarding their
host specificity, epidemiology, and pathogenesis (41, 45). The
serovar Enteritidis has emerged from a minor serovar in the
1960s to become the second most prevalent Salmonella serovar
in the United States (2, 6, 24). The most prominent feature of
Salmonella enterica serovar Enteritidis is its association with
intact chicken eggs (2, 5, 6, 24, 32). Here we show that one of
the reasons for its association with chicken eggs may be its
enhanced ability to survive in chicken egg albumen, an envi-
ronment that is generally hostile to bacteria (Fig. 1). Com-
pared to the closely related serovar Typhimurium, clinical iso-
lates of Enteritidis demonstrated a statistically significant
enhanced survival in egg albumen. The serovar Typhimurium
is often transmitted through chicken meat to human popula-
tions. It is equally capable of colonizing the reproductive tis-
sues of chickens and forming eggs; however, it rarely causes
human infections through intact eggs (32). The differential
survival of Salmonella enterica serovar Enteritidis and Salmo-
nella enterica serovar Typhimurium in egg albumen may con-
tribute to the epidemiological differences regarding the food
vehicles through which they are transmitted.

The Tn mutant library screening described in the present
study isolated two ES mutants, ES16 and ES47, with Tn inser-
tions in regions of the Salmonella enterica serovar Enteritidis
genome that are absent from the genome of serovar Typhi-
murium (Table 2 and Fig. 3). These regions may contribute to



VoL. 72, 2006

the unique association of Salmonella enterica serovar Enter-
itidis with chicken eggs. The Tn insertion in ES16 resided in a
region of methylases and restriction endonucleases. When the
gene interrupted in ES16 (SEN4287) was expressed from a
plasmid in the Salmonella enterica serovar Typhimurium iso-
late ST3665, it increased the survival of ST3665. The survival of
ST3665 transformed with a plasmid containing SEN4287 was
still less than that of the Salmonella enterica serovar Enteritidis
SE2472, indicating factors other than SEN4287 are also im-
portant for survival in egg albumen (Fig. 4). The mechanism of
how SEN4287 affects the survival of Salmonella enterica sero-
var Enteritidis in egg albumen is yet to be determined. ES47
had a Tn insertion in the Prot6E, adjacent to the pef operon.
Although the pef operon is also present in the virulence plas-
mid of Salmonella enterica serovar Typhimurium, Prot6E is
absent from the genome and the plasmid of Salmonella enterica
serovar Typhimurium. Prot6E may provide unique surface fim-
briae to Salmonella enterica serovar Enteritidis and alter its
interaction with egg albumen components. This is consistent
with our findings that alteration of the surface properties of
Salmonella enterica serovar Enteritidis may render the bacte-
rium more susceptible to egg albumen (to be discussed below).

Closely related serovars of Salmonella are reported to have
a 10 to 12% difference between their genomes. Statistically,
three to four mutants among the 32 ES mutants are expected
to have a Tn insertion in regions of the serovar Enteritidis
genome that are absent in the serovar Typhimurium genome.
In addition to ES16 and ES47 that had Tn insertion in regions
of genome that are absent in the serovar Typhimurium, a third
mutant also had a Tn insertion in an Enteritidis unique region
that encodes a small ORF of 42 amino acids with no significant
similarities to any protein in the database (data not shown).
The mutant had growth defects in M9 minimal medium and
was excluded from this report. Therefore, we did not detect a
disproportionally large number of ES mutants that had Tn
insertions in genes unique to Salmonella enterica serovar En-
teritidis.

Interaction of Salmonella enterica serovar Enteritidis with
egg albumen. The chemical nature of the antimicrobial activ-
ities of egg albumen and how egg albumen controls bacteria
are not well understood. In the present study, we used the trans-
poson mutagenesis approach to identify Salmonella enterica ser-
ovar Enteritidis genes that are necessary for it to persist in egg
albumen. None of the genes in this report appeared to be
necessary for the growth or survival of Salmonella enterica
serovar Enteritidis in laboratory media or general stress
conditions such as low pH, detergent and salt, suggesting
that their functions in survival in egg albumen are relatively
specific. Those genes should provide insight into how Sal-
monella enterica serovar Enteritidis interacts with egg albu-
men and survives.

Egg albumen was previously reported to restrict the growth
of Salmonella enterica serovar Enteritidis (1, 8, 22), and we
have demonstrated that egg albumen is bactericidal toward
Salmonella (37). Egg albumen was reported to contain multiple
antimicrobial components, such as high concentrations of ovo-
transferrin and lysozyme (58). The principal antimicrobial
component of the egg albumen is believed to be ovotransferrin
that chelates iron that is necessary for bacteria to proliferate
(1, 7, 58). More recently, both ovotransferrin and lysozyme
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were reported to form pores in gram-negative bacteria through
cationic peptides (28, 29, 46). Moreover, we have discovered
that egg albumen may also damage bacterial DNA. A DNA
repair enzyme, exonuclease III, and a putative DNA repair
protein, YafD, are necessary for Salmonella enterica serovar
Enteritidis to survive in egg albumen (37). We propose that
egg albumen controls bacteria by (i) inhibiting bacterial growth
through iron chelation by ovotransferrin and (ii) killing bacte-
ria through the direct interaction of egg albumen components
with the bacterial cell wall and possible access to the cytoplasm
through some of those interactions. This hypothesis is sup-
ported by our finding that a large number of egg-susceptible
mutants isolated from our transposon library screening have
Tn insertions in genes involved in the structure and function of
the cell wall, which suggests that the direct interaction of bac-
teria with egg albumen components determine Salmonella
enterica serovar Enteritidis’ ability to survive in egg albumen.

Role of the cell wall in the survival of Salmonella enterica
serovar Enteritidis in egg albumen. Of the 32 ES mutants we
have isolated, 25 (78.1%) had a Tn insertion in genes involved
in either cell wall structure/function or amino acid metabolism.
In addition, these two systems are related to each other. For
example, ES10 and ES15 had insertions in cell wall proteins
that function in the transport of glutamine and proline, respec-
tively. ES25 and ES52, which had Tn insertions in genes in-
volved in lysine and cadaverine metabolism, were likely to have
had a cadaverine deficiency leading to destabilized LPS of
Salmonella (to be discussed below). Therefore, cell wall struc-
tural and functional integrity and amino acid metabolism are
essential for Salmonella enterica serovar Enteritidis to survive
the stress of exposure to egg albumen.

The cell wall of gram-negative bacteria is composed of an
outer membrane, a peptidoglycan layer, and a cytoplasmic
membrane. LPS is on the surface of the gram-negative bacte-
ria, making it the first barrier of the bacterial cell wall. It is
believed that positively charged cationic peptides can interact
with the negatively charged LPS leading to the insertion of the
peptides into the membranes (19, 25, 42). Such cationic pep-
tides are present in egg albumen. Both ovotansferrin and ly-
sozyme have been demonstrated to have cationic activity and
can form pores in the membranes of gram-negative bacteria
(28, 29, 46). Any change in the charge or structure of LPS in
Salmonella enterica serovar Enteritidis could alter its interac-
tion with ovotransferrin, lysozyme, or other cationic peptides
and cause Salmonella enterica serovar Enteritidis to become
more susceptible to egg albumen. This is consistent with our
observation that ES53, which had a Tn insertion in waalJ, a
gene involved in LPS biosynthesis, is susceptible to egg albu-
men. We have also isolated mutants ES25 and ES52, which
were expected to be defective in lysine and cadaverine metab-
olism, respectively. ES25 was defective in secreting cadaverine
(R. Clavijo and S. Lu, unpublished observations) and ES52 was
expected to be defective in lysine biosynthesis which is neces-
sary for cadaverine production. Cadaverine is an outer mem-
brane constituent of E. coli and Salmonella and has a stabiliz-
ing effect on the LPS of gram-negative bacteria (35, 60).
Without the stabilizing effect of the positively charged cadav-
erine, the mutants ES25 and ES52 might have LPS that is less
stable than in the wild-type bacteria and are therefore ren-
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dered more vulnerable to the activities of the cationic peptides
in egg albumen.

In addition to changes in LPS, any mutation that changes
the surface properties (e.g., charge, integrity) of Salmonella
enterica serovar Enteritidis may potentially render it more sus-
ceptible to the antimicrobial activities of ovotransferrin, ly-
sozyme and other yet unidentified antimicrobial components
of egg albumen. This may be the reason why ES30 and ES54
were susceptible to egg albumen. ES30 had a Tn insertion in
bcfC which encodes a fimbrial usher protein, and ES54 had Tn
insertion in yijC, which encodes FabR, a transcription factor
that regulates lipid metabolism and modulates membrane
properties (63). We have also unexpectedly isolated three ES
mutants (ES2, ES11, and ES46) that had Tn insertions in genes
encoding the structural components of the type III secretion
system. The type III secretion system of Salmonella is believed
to be activated by contact with host cells, leading to the secre-
tion of effector molecules to mediate the invasion and traffick-
ing of Salmonella and the immunomodulation of host cells (9,
20, 33). The environment of egg albumen is significantly dif-
ferent from that of the host cell membrane, and if the type III
secretion system is activated by egg albumen, the quantity of
the effector molecules secreted is expected to be too low to
affect the bactericidal activity of egg albumen. The proteins
encoded by the prg operon of the type III secretion system are
expressed in cultured Salmonella not exposed to host cells (33,
54); therefore, it is possible that the type III secretion system
has as-yet-unidentified functions in the absence of host cells.
Recently, Rietsch et al. reported that the metabolic state of
histidine of Pseudomonas aeruginosa influences expression of
the type III regulon (49). This suggests that the type III secre-
tion system and metabolism of amino acids are connected.

Egg albumen has a high concentration of proteins (ca. 250
mg/ml; S. Lu, unpublished results) that represents a hyperos-
motic environment for bacteria. Two of the ES mutants we
isolated (ES10 and ES15) had Tn insertions in genes involved
in glutamine and proline transport, respectively. Proline trans-
port systems facilitate bacteria’s survival in hyperosmotic con-
ditions because proline is an osmoprotectant that bacteria ac-
cumulate to high concentrations to counter the extracellular
hyperosmolarity (4, 53, 57, 61). Salmonella has other proline
transport systems, including a high-affinity proline transport
system encoded by the putP gene, and two glycine betaine
transport systems with a lower affinity for proline encoded by
the proP and proU genes (17, 62). ES15 shows normal growth
in LB broth with 1 M NaCl; however, the impact of the ProY
inactivation on Salmonella enterica serovar Enteritidis’ sur-
vival in other hyperosmotic conditions is yet to be deter-
mined. Glutamine was shown to be an osmoprotectant in a soil
enterobacterium Erwinia chrysanthemi that is closely related to
Escherichia coli (23). E. chrysanthemi accumulates glutamine
under hyperosmotic conditions (23); it remains to be seen
whether the same is true for Salmonella.

Role of amino acid metabolism in the survival of Salmonella
enterica serovar Enteritidis in egg albumen. Amino acid me-
tabolism mutants constituted a large percentage of the ES
mutants (6 of 32, or 18.8%). Interestingly, all ORFs inactivated
in these mutants appeared to be involved in the metabolism of
either lysine (ES25 and ES52) or aromatic amino acids, espe-
cially phenylalanine (ES3, ES12, ES20, and ES22). Lysine and
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cadaverine metabolism may be involved in maintaining the
LPS integrity as discussed previously. The metabolism of aro-
matic amino acids is important for many aspects of pathogenic
bacteria. Inactivation of aromatic pathways is used to attenuate
Salmonella for vaccines for both human and farm animals (11,
36, 50, 55). The shikimate pathway that is responsible for
aromatic amino acid biosynthesis is also necessary for the syn-
thesis of a variety of important biomolecules including entero-
bactin, folates, benzoids, and naphthoids (14). It would be
interesting to determine whether the cellular concentrations of
aromatic amino acids and other molecules affected by the
shikimate pathway in the ES mutants are altered compared to
the wild-type SE2472 and whether other genes in aromatic
amino acid metabolism pathways are also involved in the sur-
vival of Salmonella enterica serovar Enteritidis in egg albumen.

Serovar specificity of Salmonella enterica serovar Enteritidis.
In our studies, we have found that clinical isolates of Salmo-
nella enterica serovar Enteritidis are generally more resistant to
egg albumen than those of Salmonella enterica serovar Typhi-
murium (Fig. 1). This may be one of the reasons why Salmo-
nella enterica serovar Enteritidis transmits to humans through
intact chicken eggs, whereas Salmonella enterica serovar Ty-
phimurium only transmits through cracked eggs occasionally.
This indicates that Salmonella enterica serovar Enteritidis may
possess characteristics that enhance its survival in egg albu-
men. Three possibilities exist for the increased resistance of
Salmonella enterica serovar Enteritidis to egg albumen and its
unique association with chicken eggs: (i) Salmonella enterica
serovar Enteritidis has a unique set of “egg-resistant genes”
that are absent in Salmonella enterica serovar Typhimurium;
(ii) sequence diversity in genes present in both Salmonella
enterica serovar Enteritidis and Salmonella enterica serovar Ty-
phimurium result in significant differences in their functions
in egg albumen resistance; and (iii) differential regulation
of genes shared between Salmonella enterica serovar Typhi-
murium and Salmonella enterica serovar Enteritidis lead to the
increased resistance of Salmonella enterica serovar Enteritidis.
We have isolated only two Salmonella enterica serovar Enter-
itidis unique genes among 32 egg-susceptible mutants, a num-
ber that is expected if the genome of the serovar Enteritidis
differs from that of the serovar Typhimurium by 10 to 12%
(16). This indicates that Salmonella enterica serovar Enteritidis
is unlikely to possess an extensive collection of unique genes
that increase its survival in egg albumen. Therefore, the first
possibility is unlikely. We had also compared the sequences of
the ORFs disrupted in the ES mutants to their homologs in
Salmonella enterica serovar Typhimurium and found that the
homology of all of the ORFs was between 98 and 100% (data
not shown). Although it cannot be ruled out that sequence
heterogeneities in key amino acids result in different functions
of the proteins encoded by these ORFs, the high homology
between the Salmonella enterica serovar Enteritidis and Sal-
monella enterica serovar Typhimurium proteins argues against
the second possibility. Therefore, the most likely explanation
for the difference in survival of Salmonella enterica serovar
Enteritidis and Salmonella enterica serovar Typhimurium in
egg albumen may be their differential regulation of genes in
response to egg albumen. A profiling analysis of mRNA and
protein expression of multiple strains of Salmonella enterica
serovar Enteritidis and Salmonella enterica serovar Typhi-
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murium exposed to egg albumen will allow us to determine
whether genes necessary for Salmonella to survive in egg albu-
men are differentially regulated in Salmonella enterica serovars
Enteritidis and Typhimurium.

In conclusion, we have identified here genes that play sig-
nificant roles in the survival of Salmonella enterica serovar
Enteritidis in egg albumen. These genes might represent sig-
nificant factors that had led Salmonella enterica serovar Enter-
itidis to become a major food-borne pathogen over the past
few decades. Identification of genes necessary for the egg re-
sistance of Salmonella enterica serovar Enteritidis has im-
proved our understanding of the molecular basis behind Sal-
monella enterica serovar Enteritidis’ ability to survive in
chicken eggs, as well as the possible antimicrobial activities of
egg albumen that have not yet been fully characterized. Genes
that are necessary for Salmonella enterica Serovar Enteritidis
to persist in egg albumen may be useful for generating safer
live, attenuated vaccines for Salmonella enterica serovar Enter-
itidis. Mutations in these genes can be introduced into Salmo-
nella enterica serovar Enteritidis vaccine strains to reduce the
possibility of egg contamination by the vaccine strains and
therefore make them safer for consumers.
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