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The lack of a sufficiently discriminatory molecular subtyping tool for Salmonella enterica serovar Enteritidis has hindered
source attribution efforts and impeded regulatory actions required to disrupt its food-borne transmission. The underlying bio-
logical reason for the ineffectiveness of current molecular subtyping tools such as pulsed-field gel electrophoresis (PFGE) and
phage typing appears to be related to the high degree of clonality of S. Enteritidis. By interrogating the organism’s genome, we
previously identified single nucleotide polymorphisms (SNP) distributed throughout the chromosome and have designed a
highly discriminatory PCR-based SNP typing test based on 60 polymorphic loci. The application of the SNP-PCR method to
DNA samples from S. Enteritidis strains (n � 55) obtained from a variety of sources has led to the differentiation and clustering
of the S. Enteritidis isolates into 12 clades made up of 2 to 9 isolates per clade. Significantly, the SNP-PCR assay was able to fur-
ther differentiate predominant PFGE types (e.g., XAI.0003) and phage types (e.g., phage type 8) into smaller subsets. The SNP-
PCR subtyping test proved to be an accurate, precise, and quantitative tool for evaluating the relationships among the S. Enterit-
idis isolates tested in this study and should prove useful for clustering related S. Enteritidis isolates involved in outbreaks.

Salmonella enterica serovar Enteritidis is an important cause of
food-borne illness in humans all over the world (1, 2, 3). Al-

though poultry products, including eggs, are very common
sources of S. Enteritidis, the organism thrives in a variety of other
food sources and in the environment, and this obligates regulatory
agencies tasked with controlling the infection in humans and an-
imals to effectively target the source incriminated in an outbreak.
Regulatory interventions aimed at protecting consumers from an
ongoing food-borne outbreak require that an isolate causing ill-
nesses in people be matched with a contaminant in the food con-
sumed by the patients, and this effort is achieved by a combination
of epidemiological investigation and subtyping analysis in a labo-
ratory. The subtyping of S. Enteritidis, which ideally should dem-
onstrate a subserovar differentiation among unrelated strains and
the clustering of related strains, is commonly done using one of
two techniques, namely, pulsed-field gel electrophoresis (PFGE)
and phage typing (4). PFGE subtyping relies on the sizes of DNA
fragments resulting from the digestion of the organism’s chromo-
somal and plasmid DNA by one or two restriction enzymes,
namely, XbaI or BlnI, to produce a molecular fingerprint. Despite
the presence of hundreds of different PFGE types among field S.
Enteritidis isolates, the majority of isolates found in the PulseNet
databases are of one (United States) to three (Canada) PFGE
types. The three commonest Canadian S. Enteritidis PFGE types,
namely, XAI.0003, XAI.0038, and XAI.0006, represent 32, 15, and
13% of Canadian S. Enteritidis isolates documented in the
PulseNet database. The commonest S. Enteritidis PFGE type in
Canada (XAI.0003) is identical to the one in the United States
(JEGX01.0004) based on the electrophoretic mobility patterns of
the restriction fragments (5; D. Ogunremi, unpublished observa-
tion). Poor discriminatory power of PFGE for S. Enteritidis (6) is
responsible for the grouping of the majority of isolates into only a
few molecular patterns. Phage typing is based on the pattern of
susceptibility of different strains of the bacteria to a bacteriophage
or a combination of bacteriophages, resulting in lysis of the organ-

ism (7, 8). Phage typing has sometimes provided better discrimi-
nation between strains than antimicrobial susceptibility testing,
plasmid analysis, ribotyping, or pulsed-field gel electrophoresis
(9). Historically, phage typing of S. Enteritidis has been the most
widely used tool for establishing relationships between isolates
from different sources (10, 11). However, the dependability of
phage typing is limited by the potential for the conversion of iso-
lates to different phage types through different mechanisms, in-
cluding plasmid acquisition or loss, removal of the lipopolysac-
charide layer, introduction of temperate phages, and mutation
(12, 13). Occasional disagreement about the merits of different
Salmonella phage typing schemes introduces additional uncer-
tainties about using this approach as a universal method for sub-
typing and strain classification (14). Laboratories sometimes re-
port different results from testing the same isolates because of
variable test performance despite very rigorous quality control for
phage typing reagents (15). There are documented cases where the
same isolate has yielded disparate results on retesting in the same
laboratory (16). In essence, the attributes of a bacterium that in-
fluence its phage type may not be stable from one generation to
another. In this scenario, two isolates with the same phage type
may in fact be unrelated, and conversely, two isolates that show
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distinct phage types may be closely related. Consequently, Van
Belkum and colleagues (17) concluded that phage typing shows
inadequate discriminatory power and displays partial typeability
and poor reproducibility.

The documented limitations of both conventional S. Enteriti-
dis subtyping approaches have prompted a concerted and rigor-
ous effort to develop a new reliable subtyping method, but the
outcomes have been so far unsuccessful or unimplementable. The
multiple locus variable-number tandem repeat analysis (MLVA)
was developed for S. Enteritidis (18), but the performance does
not appear to be superior to that of PFGE, and the required dis-
crimination among strains is yet to be attained. A newly published
sequence typing scheme following PCR amplification of two loci is
an example of the latest generation of methods for S. Enteritidis
subtyping (16). A vast majority of the isolates tested (83%; n �
102), obtained from diverse geographical locations, hosts, types of
environments, and time periods, grouped into only 3 sequence
types out of a total of 16. The restricted distribution of putative
subtypes using this newly described procedure mirrors the limita-
tion already observed with PFGE typing.

Detailed genetic studies of Salmonella Enteritidis have consis-
tently shown the underlying causes of the poor discriminatory
abilities of existing subtyping tools: isolates of Salmonella Enteri-
tidis are extremely similar (i.e., are highly clonal), and this poses a
difficulty in finding a definitive, distinguishing trait that could be
used to track lineages (5, 19). An ideal subtyping procedure should
lead to a high level of discrimination among isolates, in contrast to
existing methods, which tend to group apparently unrelated iso-
lates together. To guarantee success, any strategy aimed at devel-
oping a tool capable of differentiating S. Enteritidis lineages will
require interrogating a significant amount of the DNA informa-
tion in each S. Enteritidis isolate. The use of massively parallel
sequencing technology (20) to deduce the entire nucleotide se-
quence of S. Enteritidis may well be the only viable option to assess
targets that could be used for developing an ideal subtyping test.

Unlike the other molecular methods, which investigate only
very small portions of the entire bacterial genome, whole-genome
sequencing determines and uses the entire genome as a basis for
discrimination and can thus identify extremely small differences,
such as single nucleotide polymorphisms (SNPs), which can be
used for subtyping provided that such differences are consis-
tently preserved in a particular bacterial lineage. The recent
publication and release of multiple draft genomes of S. Enter-
itidis have added significantly to the resources available to pur-
sue molecular typing of the organisms (21). Notably, Allard and
colleagues (22) have carried out bioinformatics analysis of a total
of 104 S. Enteritidis genomes belonging to the predominant PFGE
pattern (JEGX01.0004) and some historical isolates. They de-
scribed a total of 9 clades and found 366 genes that showed varia-
tion, i.e., presence or absence, in S. Enteritidis genomes. The
above-mentioned report complemented and expanded on an ear-
lier study by another laboratory which showed that two isolates of
S. Enteritidis with the same phage type, PT 13a, were differenti-
ated by a relatively large number of loci, i.e., 250, showing single
nucleotide polymorphisms (SNPs) (5). Thus, genetic variation
that could allow the development of a routine subtyping tool for
tracking purposes is present within the S. Enteritidis genome.

We recently completed the whole-genome sequencing of 11 S.
Enteritidis isolates obtained in Canada, and by comparing them
with S. Enteritidis P125109 reference strain phage type 4, we iden-

tified 1,361 loci where the S. Enteritidis genome shows single nu-
cleotide polymorphism (SNP). We have chosen a total of 60 SNPs
spread throughout the genome and distributed among different
gene types and in intergenic locations to develop a rapid, inexpen-
sive fluorescence-based PCR assay. This report covers the devel-
opment of a new molecular subtyping test, SNP-PCR, and its ap-
plication to a group of 55 S. Enteritidis isolates obtained in
Canada, which has now led to the recognition of 12 clades of S.
Enteritidis.

MATERIALS AND METHODS
Strains of Salmonella serovar Enteritidis. Isolates of Salmonella serovar
Enteritidis (n � 55) used in the study were retrieved from the Canadian
Food Inspection Agency (CFIA) inventory of bacterial glycerol stocks.
The isolates came from a variety of sources: poultry environment, 23;
food, 14; food processing equipment, 1; autopsied domestic animals, 3
(hogs and a chicken); wild bird, 1 (pigeon); animal feed, 1; reference
strains from American Tissue Culture Collection (ATCC), 2; undeter-
mined sources, 10 (see Data Set S1 in the supplemental material). Frozen
stocks were inoculated into brain heart infusion broth and incubated at
37°C overnight with agitation at 200 rpm, and cultured bacteria were used
for phage typing, pulsed-field gel electrophoresis (PFGE), or DNA extrac-
tion for PCR (see “Salmonella Enteritidis single nucleotide polymor-
phism-PCR subtyping procedure” below). Phage typing was carried out at
the Office International des Epizooties (OIÉ) Reference Laboratory for
Salmonellosis, Public Health Agency of Canada (PHAC), following a
standardized protocol (23). The phage typing assay was inadvertently car-
ried out twice in the same laboratory for half of the isolates (n � 27), and
when the outcomes of testing the same isolate were different, both results
are shown, although the last result was used when the different subtyping
assays were compared. PFGE analysis was performed at the Ottawa Lab-
oratory Fallowfield, Canadian Food Inspection Agency, by using the re-
striction enzymes XbaI and BlnI to create signature molecular patterns,
which were electronically submitted to PulseNet Canada (National Mi-
crobiology Laboratory, Public Health Agency of Canada, Winnipeg, Can-
ada) for PFGE subtype designation following a standardized protocol
(http://www.pulsenetinternational.org/protocols/).

Single nucleotide polymorphism. Single nucleotide changes among
11 S. Enteritidis genomes sequenced in an earlier study (24) relative to the
reference S. Enteritidis strain P125109 were detected by means of the
SNPsfinder software (25) (http://snpsfinder.lanl.gov/; Los Alamos Na-
tional Laboratory, Los Alamos, NM). Using a table of annotated genomes
(24), all the loci showing single nucleotide polymorphism were compiled
(see Data Set S2 in the supplemental material), and 60 loci were identified
for this study based on a number of criteria, which included good disper-
sal across the entire genome, a mix of genes to include a wide group of
protein functions, and the presence of noncoding intergenic loci (Table 1;
also, see Data Set S1 in the supplemental material).

Salmonella Enteritidis single nucleotide polymorphism-PCR sub-
typing procedure. For the purpose of addressing the need for a rapid,
inexpensive, robust, and highly discriminatory molecular subtyping tool
for S. Enteritidis, we developed a PCR test that could differentiate alter-
nate nucleotide composition at specific loci in the genome of an S. Enter-
itidis isolate, i.e., S. Enteritidis SNP-PCR. Loci targeted included specific
genes (i.e., based on essential role in the metabolism of S. Enteritidis) and
intergenic locations (because of a reported high frequency of mutations
compared to coding sequences) as well as sites that help achieve a rela-
tively uniform spread across the entire genome. The developed S. Enteri-
tidis SNP-PCR is an allele-specific, single-amplification, fluorescence-
based PCR assay. Briefly, two similar primers were developed to bind to 18
to 20 nucleotides from a 5= location up to the base option constituting the
SNP at a specific locus (see Data Set S3 in the supplemental material).
Thus, the two primers differed only at the terminal base complementary
to the SNP, ensuring a competitive but specific binding. Each primer is
designed with a specific tail that allows a complementary binding with
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TABLE 1 Locations of 60 single nucleotide polymorphic sites used to develop the genotyping assay for Salmonella Enteritidis

Reference
position Region or corresponding protein Intergenic Enzyme Membrane Regulatory Transport Phage Secretory Other Unknown

95192 Intergenic space or other non-protein-
coding region

●

204450 Hypothetical ABC transporter ATP-
binding protein

●

562921 Putative allantoin permease ●

684875 Putative hydrolase C terminus ●

738097 Intergenic space or other non-protein-
coding region

●

818905 Adenosylmethionine-8-amino-7-
oxononanoate aminotransferase

●

833026 Putative membrane protein ●

838275 Intergenic space or other non-protein-
coding region

●

928779 NADH oxidoreductase Hcr ●

1035267 Intergenic space or other non-protein-
coding region

●

1218767 Intergenic space or other non-protein-
coding region

●

1249431 Putative phage terminase; small subunit ●

1284118 Putative membrane protein ●

1328395 Hydrogenase-1 large chain (NifE
hydrogenase)

●

1541966 Intergenic space or other non-protein-
coding region

●

1579797 Putative integral membrane protein ●

1610591 Membrane transport protein ●

1659052 Putative ABC transporter membrane
protein

●

1679797 Intergenic space or other non-protein-
coding region

●

1702656 Putative proton/oligopeptide symporter ●

1723077 Putative integral membrane transport
protein

●

1730438 Putative type III secretion protein ●

1738692 Putative pathogenicity island
lipoprotein

●

1934221 ABC transporter ATP-binding subunit ●

1987706 Glutaredoxin 2 ●

2008113 Intergenic space or other non-protein-
coding region

●

2008553 csg operon transcriptional regulator
protein

●

2081720 Intergenic space or other non-protein-
coding region

●

2084629 Conserved hypothetical protein ●

2381848 Glycerophosphoryl diester
phosphodiesterase periplasmic
precursor

●

2389182 Conserved hypothetical protein ●

2526004 Putative membrane protein ●

2557022 Conserved hypothetical protein ●

2575052 Putative cobalamin adenosyltransferase ●

2642024 Intergenic space or other non-protein-
coding region

●

2664170 Dimethyl sulfoxide reductase ●

2664521 Dimethyl sulfoxide reductase ●

2690699 Putative inner membrane protein ●

2824211 Putative GAB DTP gene cluster
repressor

●

2835443 Putative transcriptional regulator ●

(Continued on following page)

New SNP-PCR Subtyping Test for Salmonella Enteritidis

December 2014 Volume 52 Number 12 jcm.asm.org 4277

http://jcm.asm.org


another proprietary sequence (LGC Genomics, Beverly, MA), which is
labeled with a fluorescent dye, 6-carboxyfluorescein (FAM) or hexacloro-
fluorescein (HEX) for allele 1 or 2, respectively. Thus, the first cycle of
amplification ensures that the specific forward primer in the primer mix
binds to the sequence containing the SNP and excludes the other primer.
The reverse primer, also 18 to 20 nucleotides long, binds and elongates the
fragment during amplification, ensuring that the tail sequence is present.
The use of 5= fluorescence-labeled oligonucleotides (FAM and HEX)
which are complementary to the unique tail sequences, each containing a
3= quencher, allowed an amplification-driven reporter system such that
only the specific forward primer binds competitively, leading to the accu-
mulation of amplicons detectable as the presence of one fluorescent dye
but not the other and consequent designation of the locus as either allele 1
or allele 2. Bacterial DNA (3 to 10 ng in 5 �l of Tris-HCl, pH 7.5) was
added to a PCR master mix which contained two labeled primers (2�
master mix; 330 �l; LGC Genomics) and was combined with the forward
and reverse primer mix (9.2 �l). The touchdown PCR procedure con-
sisted of a denaturation step at 94°C for 15 min followed by an initial
annealing step at 65°C for 60 s (ABI 7500Fast; Life Technologies, Burling-
ton, Ontario, Canada). Nine additional cycles were carried out whereby
the annealing temperature was dropped 0.9°C per cycle to attain a final
annealing temperature of 57°C over a further 25 cycles by alternating with
a denaturation step at 94°C for 10 s. After the final PCR cycle, the plate was
read by the PCR machine at room temperature.

Statistical analysis. Cluster analysis of SNP-PCR genotyping results
was done by means of the unweighted pair group method using arithmetic
averages (UPGMA) with the aid of Bionumerics software (version 7, Ap-
plied Math, Austin, TX), and the clade groupings were compared to PFGE
and phage typing results. Clade designation was based on the hierarchical
clustering of the isolates on the phylogenetic tree. The presence of a
unique mutation shared by a number of isolates provided the threshold to

assign them to a single clade. Clades lacking unique mutations were
grouped based on a uniform pattern of mutations that distinguished them
from other isolates and clades. The clade classification with the aid of the
Bionumerics software was in agreement with the manual classification
into groupings based on the total number or preponderance of shared
SNPs. We assumed that the underlying genetic or phenotypic variation
responsible for the subtypes of an organism is a continuous biological
property and proceeded to test for the normality of the distribution of
isolates into the different subgroups (i.e., clades, PFGE types or phage
types). With the aid of a standard statistical program (MedCalc Software,
Mariakerke, Belgium), we tested for normal distribution of the sample
population using the Kolmogorov-Smirnov test and assessed significance
at the level where P is �0.05. Simpson’s reciprocal index (1/D) was esti-
mated using the Biodiversity calculator developed by J. Danoff-Burg and
X. Chen (www.columbia.edu/itc/cerc/danoff-burg/Biodiversity%20
Calculator.xls) as a means of measuring and comparing the discrimina-
tory ability of a subtyping test. A high 1/D value implies that the test is very
discriminatory in differentiating subgroups present in the sampled
population (26). To evaluate the concordance among the tests, com-
parison of the three subtyping tests was carried out by estimating the
adjusted Rand index between pairs of tests and by a bidirectional esti-
mation of the probability that two isolates grouped together by one test
will also cluster with a second test using the adjusted Wallace coeffi-
cient (www.comparingpartitions.info) (27, 28).

RESULTS
Molecular subtyping of Salmonella Enteritidis by single nucle-
otide polymorphism using a PCR assay (S. Enteritidis SNP-
PCR). A PCR assay for each of 60 polymorphic loci in the S.
Enteritidis genome led to the successful detection of single nucle-

TABLE 1 (Continued)

Reference
position Region or corresponding protein Intergenic Enzyme Membrane Regulatory Transport Phage Secretory Other Unknown

2901286 Pathogenicity 1 island effector protein ●

3135538 Putative GntR-family regulatory
protein

●

3153778 L-Asparaginase ●

3446987 Acriflavin resistance protein F ●

3455766 Conserved hypothetical protein ●

3507751 Nitrite reductase [NAD(P)H] small
subunit

●

3793026 Lipopolysaccharide core biosynthesis
protein

●

3872863 Intergenic space or other non-protein-
coding region

●

3944202 ATP synthase epsilon subunit ●

3995713 Intergenic space or other non-protein-
coding region

●

4014537 Conserved hypothetical protein ●

4018775 Adenylate cyclase ●

4042373 Putative regulatory protein ●

4232942 Elongation factor Tu (EF-Tu) (p-43) ●

4232945 Elongation factor Tu (EF-Tu) (p-43) ●

4257290 Uroporphyrinogen decarboxylase ●

4436213 Transcriptional regulatory protein ●

4480295 Intergenic space or other non-protein-
coding region

●

4576384 Putative GerE-family regulatory protein ●

4576396 Putative GerE-family regulatory protein ●

Total 13 15 6 9 5 1 3 3 5
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otide variants in our culture collection of 55 S. Enteritidis isolates.
Based on the distribution of SNPs, the isolates clustered into a
total of 12 S. Enteritidis clades, consisting of 2 to 9 isolates per
clade (Fig. 1; also, see Data Set S1 in the supplemental material).
Twenty-one of the 60 SNPs were observed among members of
only one clade and were designated “signature SNPs” because they
exclusively assigned an isolate to a specific clade (Table 2). Clades
2, 5, 9, 10, 11, and 12 have two, one, three, four, four, and seven
signature SNPs, respectively (Table 2). The presence of signature
SNPs not only provided a very tight grouping for clades whose
members possessed one but also allowed what could have been
large clusters to be broken down into smaller clades and thereby
improved the discriminatory power of the SNP-PCR (see Data Set
S1 in the supplemental material). Clade 10 has four signature
SNPs, and at the same time, all the remaining SNPs among the five
members were in total agreement, creating an overall pattern not
reproduced in any of the remaining 11 clades of Canadian origin
or in the reference strain P125109 (Table 2; also, see Data Set S1 in
the supplemental material). Similarly, members of clade 12 (n �
6) also had signature SNPs—seven in all, which is the highest
number of signature SNPs observed among any of the clades. The
members of clade 12 all showed complete agreement at an addi-
tional 40 loci; however, there was diversity at the remaining 13
loci. Six clades identified in this study, namely, 1, 3, 4, 6, 7, and 8,
did not possess any signature SNP; nevertheless, the pattern of
shared SNPs present among the 60 loci, including the lack of mu-
tations at specific loci of interest (i.e., relative to the reference
genome P125109), sufficiently and unambiguously defined mem-
bership in each clade.

Genes of Salmonella Enteritidis showing single nucleotide
polymorphisms. The choice of 60 polymorphic loci for develop-
ing the SNP-PCR (see Materials and Methods) was made from a
list of 1,360 loci (see Data Set S2 in the supplemental material)
identified from the analysis of the genomes of 11 Canadian S.
Enteritidis isolates (28). Thirteen of the loci were located in non-
coding, intergenic sites. The remaining loci were distributed ac-
cording to gene function or group as follows: enzymes (15/60),
regulatory (9/60), membrane or membrane associated (6/60),
transport or transport associated (5/60), secretory (3/60), patho-
genicity island associated (2/60), lipopolysaccharide core synthe-
sis (1/60), phage protein (1/60), and hypothetical proteins of un-
known function (5/60) (Table 1).

Comparison of three subtyping methods: phage typing,
pulsed-field gel electrophoresis, and SNP genotyping. Phage
typing of the isolates revealed a total of 12 phage types in our
collection (Table 3; also, see Data Set S1 in the supplemental ma-
terial). Phage type 8 was the most common (17 of 55 isolates, or
31%), followed by phage type 23 (8 of 51, or 15%). Phage types 13a
and 13 were also fairly common. Together, the two commonest
phage types represented approximately half (45%) of the isolates
in our collection. PFGE analysis revealed a more striking domi-
nance of a subgroup by any of the three subtyping methods. Using
the primary restriction enzyme XbaI as the basis for classification,
one particular PFGE type, XAI.0003, was seen in a majority of our
isolates, i.e., 28 out of 55, or 51% (Tables 1 and 3). The remaining
nine primary PFGE types each had 1 to 5 isolates (Table 3). In
contrast to both PFGE and phage typing, there was no dominance
among the clade groupings by SNP analysis (range � 2 to 9 isolates
per clade). The distribution of the isolates followed a normal dis-
tribution when classified into clades by SNP typing (KS test, P �

0.2561) but not when classified according to phage typing (P �
0.0008) or PFGE (P � 0.0001) (see Fig. S1 in the supplemental
material).

The SNP typing procedure showed a higher discriminatory ability
in that the predominant PFGE type XAI.0003 and phage type 8 could
be subdivided into different clades. XAI.0003 isolates were distrib-
uted among 8 clades (Table 3). Similarly, the most common phage
type, PT 8, was distributed among 7 clades (Table 3).

We noticed a high degree of uniformity in the isolates grouping
as clade 3 by the SNP genotyping analysis (n � 7 isolates): they
were all PT 8 and PFGE XAI.0003, although two of them had a
different secondary BlnI pattern (specifically, 5 were BNI.0003
and 2 were BNI.0245). In contrast, all 5 members of clade 10
belonged to the same PFGE type—XAI.0006 BNI.0007— but two
different phage types, namely, 13a and 23. Two of the isolates in
the clade were obtained from the same poultry environment on
the same day, supporting (but not necessarily confirming) the
SNP and PFGE typing results, yet the phage type results were
different.

All five members of clade 7 belonged to only one PFGE type
(XAI.0003 BNI.0003) but four different phage types (i.e., only 2 of
the 5 members share the same phage type). Three of the isolates
were collected in the same province in central Canada, yet all had
different phage types. One of them shared the same phage type
(PT 8) with an isolate from a pigeon from a western Canadian
province. Members of clade 5 were quite homogenous in their
SNP profile, with the only exception being a mutation in the gene
coding for a putative transcriptional regulator (gene SEN2647) at
reference position 2835443, where the pigeon isolate had a T, in
contrast to a G being present in all the remaining isolates from a
chicken (1 isolate) and from poultry environments (3 isolates).

Although the majority of isolates found to have the PFGE pat-
tern XAI.0003 also carried phage type 8 (16 isolates), five other
phage types were also represented within the predominant PFGE
type, namely, PT 2 (1 isolate), PT 13a (1 isolate), 23 (5 isolates), 51
(4 isolates), and 58a (1 isolate), indicating a substantial discor-
dance between PFGE and phage typing results (Table 3).

The congruence between any two tests as measured by the ad-
justed Rand index was low, with a range between 0.210 (SNP-PCR
and PFGE) and 0.365 (PFGE and phage type) (Table 4). Similarly,
the adjusted Wallace coefficient (W) was low, with average values
ranging from 0.129 for WPFGE¡SNP-PCR to 0.588 for WPFGE¡phage

type. Although the WSNP-PCR¡PFGE value was higher at 0.566
than WSNP-PCR¡phage type at 0.47, there was an overlap in the
confidence intervals of the two values. The highest coefficient
was obtained for Wphage type¡PFGE but was not significantly dif-
ferent from those for higher values of WSNP-PCR¡phage type or
WSNP-PCR¡PFGE.

Clade 9 consisted of 4 isolates, which provided a good illustra-
tion of the clustering ability of the three subtyping tests. All iso-
lates were from the same poultry establishment; three were ob-
tained in the same year (2009) and the fourth during the
subsequent year. All isolates had the same primary PFGE type
(XAI.0003); however, one of the isolates (from 2009) had a differ-
ent secondary enzyme PFGE result, namely, BNI.0024 (compared
to BNI.0003 for the other three isolates). The phage type results
were the same for the first three isolates (PT 23), but the last isolate
had a different phage type (PT 8). The four isolates had identical
SNPs at all loci tested, including the three signature SNPs, except
for the last isolate (2010), which had a unique mutation at position
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2824211 (SEN 2634; putative �-aminobutyrate di/tripeptide per-
mease gene cluster repressor). This mutation was very unusual, as
it distinguished this isolate from all the other 54 isolates and the
reference P125109 strain. SNP testing appropriately clustered the
isolates together while portraying a unique mutation acquired by
the strain before the last sampling event.

In general, the comparison of the three typing procedures re-
vealed a number of trends which are best illustrated by examining
the data from poultry establishments, which collectively were the
largest contributor of isolates tested (23 out of 55 isolates). Mul-
tiple isolates from each of three poultry establishments show clus-
tering, as detected by SNP PCR and to some extent PFGE, even
when the phage type results were dissimilar. Three members of
clade 12, namely, SENT 17, 18, and 29, illustrated this point very
well. All three isolates were obtained from the same poultry estab-
lishment on the same day and grouped together in the same clade.
Two of the isolates had the same PFGE type, namely, XAI.0003
BNI.0009, but the third isolate tested differently on both the pri-
mary and secondary enzymes (XAI.0006 BNI.0009). The phage
typing results were even more disparate: all three isolates had dif-
ferent phage types (PT 8, 10, and 23).

When we retested 27 isolates in our culture collection using
phage typing, 22 (81%) of them agreed with original results, while
the remaining 5 showed inconsistent results (see Data Set S1 in the
supplemental material). The PFGE testing system does not lend
itself easily to retesting of samples because of the centralized sys-
tem that will inevitably lead to double entry in the PulseNet data-
base; however, in our experience, PFGE fingerprinting patterns
are quite reproducible, although band assignment could be sub-

jective. We carried out a preliminary assay reproducibility analysis
for the SNP-PCR by testing 52 isolates at 29 loci in two laborato-
ries. There was complete agreement on 1,493 of the 1,508 individ-
ual test results, or 99%.

The Simpson reciprocal indices (1/D) for the three S. Enterit-
idis subtyping tests were 3.54 for PFGE, 6.55 for phage typing, and
12.17 for SNP typing (Table 4). Thus, the S. Enteritidis SNP-PCR
subtyping test showed a very high degree of discrimination and
reproducibility. Unlike the conventional subtyping procedures
(PFGE and phage typing), the new SNP typing procedure grouped
the isolates into smaller subgroups with no obvious, predominant
clade among our isolates. The highly discriminatory nature of the
SNP-PCR still permitted putatively related strains to be clustered.

DISCUSSION

We have developed a highly discriminatory PCR test for identify-
ing the nucleotide variation at specific loci in the genome of S.
Enteritidis as a robust laboratory tool for the genotyping of iso-
lates of this food-borne pathogen. The test reliably subtyped a
collection of 55 isolates and clustered them into 12 clades, with
each clade being made up of 2 to 9 isolates. Although the isolates
tested are relatively few (n � 55), they appear to be sufficiently
diverse and mirror, to some degree, the diversity of the S. Enteri-
tidis isolates in Canada as seen in the Canadian PulseNet database.
In addition, a total of 10 PFGE types were present in our collec-
tion, based on the primary restriction enzyme XbaI, representing
a considerably diverse set of samples. Guard et al. (5) reported a
high number of SNPs (38 out 250) located in the noncoding areas
of the genome, i.e., intergenic, while comparing two S. Enteritidis

FIG 1 Phylogenetic analysis of Salmonella Enteritidis isolates of Canadian origin based on single nucleotide polymorphism (PCR) subtyping. Isolates of
Salmonella Enteritidis obtained from food, animals, and poultry environments (n � 55) were tested by SNP-PCR at 60 loci (see Materials and Methods). The
phylogenetic tree was constructed by means of cluster analysis of alleles at each locus using the Bionumerics software program.

TABLE 2 Unique single nucleotide polymorphisms present among all members of the same clade (clade-specific signature)

Reference genome
location Nucleotide Mutation Clade Locusa Locus description

204450 G A 12 SEN0177 Hypothetical ABC transporter ATP-binding protein
928779 G A 10 SEN0844 NADH oxidoreductase Hcr
1035267 A G 12 IGS Intergenic space or other non-protein-coding region
1702656 G A 11 SEN1595 Putative proton/oligopeptide symporter
1730438 T A 2 SEN1626 Putative type III secretion protein
2008553 T C 12 SEN1906 csg operon transcriptional regulator protein
2081720 G A 9 IGS Intergenic space or other non-protein-coding region
2381848 C T 11 SEN2264 Glycerophosphoryl diester phosphodiesterase periplasmic precursor
2526004 A G 12 SEN2396 Putative membrane protein
2575052 T C 2 SEN2447 Putative cobalamin adenosyltransferase
2642024 G A 12 IGS Intergenic space or other non-protein-coding region
2901286 G A 11 SEN2716 Pathogenicity 1 island effector protein
3446987 G A 12 SEN3225 Acriflavin resistance protein F
3507751 G A 12 SEN3302 Nitrite reductase [NAD(P)H] small subunit
3944202 C T 10 SEN3678 ATP synthase epsilon subunit
4014537 C T 10 SEN3737 Conserved hypothetical protein
4042373 C T 11 SEN3761 Putative regulatory protein
4232945 C T 10 SEN3930 Elongation factor Tu (EF-Tu) (p-43)
4257290 T C 9 SEN3953 Uroporphyrinogen decarboxylase
4436213 A C 5 SEN4107 Transcriptional regulatory protein
4480295 A C 9 IGS Intergenic space or other non-protein-coding region
a IGS, intergenic sequence.
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isolates. In this study, we report a total of 285 intergenic SNPs in S.
Enteritidis (see Data Set S2 in the supplemental material), thereby
improving on the previous report (5), and have incorporated 13 of
the intergenic SNPs (Table 1), dispersed throughout the S. Enter-
itidis genome, into our SNP-PCR design. The remaining 47 SNPs
used in the SNP-PCR design were located among coding se-
quences and were selected to (i) represent a broad range of protein
families and (ii) provide good discrimination among a group of 11
sequenced genomes consisting of different PFGE and phage types
(24).

The 12 clades covered isolates obtained from Canadian sources
but included four isolates from imported food, three of which
clustered together (clade 2) (Fig. 1; also, see Data Set S1 in the
supplemental material).

Clade 1 isolates were indistinguishable from the reference S.
Enteritidis strain P125109, which was isolated about 3 decades ago
in the United Kingdom (36). In contrast, clade 12 was the most
genetically distant from the reference strain among our collection,

as shown by the high number of mutations. The presence of 7
unique mutations among clade 12 isolates (n � 5) justified their
inclusion in a single clade. As many more isolates are identified,
the possibility that the members could form distinct subclades
may become evident. It is also possible that continuing selection
pressure could lead to further mutations in the clade and eventual
emergence of more distinct clades from this group, each of which
will show less intraclade diversity. To that end, we expect to detect
more clades as we test more isolates of Canadian origin in the
future. However, we do not expect that the number of clades will
grow indefinitely, given that Salmonella Enteritidis is a very clonal
organism; nevertheless, it will be important to test isolates from
other areas of the world to ascertain geographically related differ-
ences. In this study, we observed that that the classification of
isolates into clades followed a normal distribution (see Fig. S1 in
the supplemental material), suggesting that the test population
may be a good and unbiased sampling of the natural S. Enteritidis
population. Notably, we have completed the testing of an addi-

TABLE 3 Distribution of isolates of Salmonella Enteritidis based on comparative analysis of single nucleotide polymorphism (SNP)-PCR, phage
typing, and pulsed-field gel electrophoresis (PFGE) subtyping procedures

Phage type Frequency Rank

No. of isolates in SNP type group (clade)

Total1 2 3 4 5 6 7 8 9 10 11 12

1b 2 2
2 1 1
4 1 1
4a 1 1
8 17 1st 7 1 2 2 1 1 3
10 1 1
13 7 3rd 4 3
13a 4 3 1
23 8 2nd 1 1 3 2 1
51 5 5th 3 1 1
58a 1 1
Atypical 7 3rd 7

Total 9 3 7 4 5 3 5 2 4 5 2 6 55

PFGE
SENXAI.0001 1 1
SENXAI.0003 28 1st 1 7 4 5 1 4 1 5
SENXAI.0006 6 2nd 5 1
SENXAI.0007 1 1
SENXAI.0009 4 4th 1 2 1
SENXAI.0025 2 2
SENXAI.0026 1 1
SENXAI.0038 5 3rd 5
SENXAI.0076 3 3
SENXAI.0214 4 4th 4

Total 9 3 7 4 5 3 5 2 4 5 2 6 55

TABLE 4 Measures of congruency and diversity among subtyping tests for Salmonella Enteritidis

Subtyping method

Adjusted Rand index Adjusted Wallace coefficient (95% confidence interval)a

Simpson’s reciprocal
index (1/D)SNP-PCR PFGE Phage type SNP-PCR PFGE Phage type

SNP-PCR 0.566 (0.440–0.692) 0.470 (0.307–0.632) 12.17
PFGE 0.210 0.129 (0.067–0.190) 0.264 (0.081–0.447) 3.54
Phage type 0.316 0.365 0.238 (0.123–0.353) 0.588 (0.396–0.780) 6.55
a Wallace coefficient is the probability that two isolates grouped together when tested by A (e.g., SNP-PCR) will remain clustered when tested by B (e.g., PFGE).
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tional 250 S. Enteritidis isolates of human, animal, and environ-
mental origins from 7 Canadian provinces; no new clade was iden-
tified, and all isolates clustered into one clade or another from the
list of 12 reported in this study. Thus, the SNP-PCR shows excel-
lent typeability and is expected to become a very useful tool for
source attribution.

An accurate prediction of mutation rates in Salmonella Enter-
itidis could shed light on how long it might take an S. Enteritidis
isolate to accumulate enough mutations that may alter its clade
designation.

If the rate is similar to that reported for Salmonella Typhimu-
rium at 3 to 5 SNPs per year per chromosome (29), it would
appear that mutations are infrequent in Salmonella and clades
may be quite stable. Two isolates obtained from the same premises
1 year apart, namely, SENT 27 and 28, which were found to cluster
in this study, i.e., clade 10, showed very little difference based on
whole-genome analysis and annotation (28). There was a total of
82 single nucleotide changes (�SNP) between the two isolates,
implying a very close relationship (28). The gene compositions of
both isolates were nearly identical (4,703 genes versus 4,712
genes). However, we observed that a total of 15 genes present in
both isolates showed mutations only in the isolate obtained 12
months later. Thus, it appears that over a period of many months,
a small number of mutations accumulated in a significant number
of genes in this strain (data not shown). Two of the affected genes,
rfbU and rfaL code for enzymes involve in the synthesis and pro-
cessing of the O antigen of lipopolysaccharide, one of the most
important virulence factors for S. Enteritidis and all the other
Gram-negative bacterial pathogens (30). Many phages use the O
group antigen as a receptor to enter Salmonella (31), and muta-
tional changes in the lipopolysaccharide could alter the phage in-
fection phenotype. We noticed a similar change in another pair of
genomes studied (SENT 17 and 18) (Fig. 1) in which a mutation
was found in another gene in the rfb operon, rfbP, which codes for
galactose phosphotransferase (data not shown), which is also in-
volved in O antigen biosynthesis (32). This last pair of genomes
had a �SNP of 29, suggesting an even closer relationship, which
was not surprising, because the isolates were obtained from the
same poultry hatchery operation on the same day. The rfbP mu-
tation was one of 3 genes that showed differences between the two
isolates. In both pairs of genomes (SENT 17/18 pair and SENT
27/28 pair), there was a conversion of phage type results from PT
13a (SENT 27) or PT 8 (SENT 18) to PT 23 (both SENT 28 and
SENT 17, respectively) (see Data Set S1 in the supplemental ma-
terial), suggesting that a mutation in an enzyme that acts on the
lipopolysaccharide could lead to an alteration in S. Enteritidis
phage type results and may explain the mechanism whereby
closely related bacteria may produce different phage type results,
as proposed by Van Belkum et al. (17).

Many authors have concluded that S. Enteritidis isolates
show a limited genetic diversity (19, 33). Observations about
the identification of predominant PFGE types of S. Enteritidis
have reinforced this point of view. Our observations also agree
with previous studies that reported a remarkably high degree of
homogeneity in the genomes of Salmonella Enteritidis (5, 22);
however, we also found considerable variability at the level of
single nucleotides. In addition, we found many indels among our
study of 11 S. Enteritidis genomes which, together with SNPs,
could lead to pseudogene formation (D. Ogunremi, S. Belanger, E.
Lerat, K. Omidi, and I. Galvan Marquez, unpublished observa-

tions). Another source of variation in S. Enteritidis genomes is the
frequent incorporation of bacteriophages (24). Future work is
needed to explain how the observed genetic diversity in S. Enter-
itidis may mechanistically explain the phenotypic and behavioral
differences seen when different isolates are used in studies such as
animal infection trials, in vitro cell invasion assays, and studies of
the ability of various isolates to contaminate internal contents of
eggs and survive (5, 34).

The use of a fairly large number of SNPs (n � 60) provides
extremely useful and robust data about genetic distances and re-
latedness among and between clades, which we anticipate using to
construct an evolutionary map of S. Enteritidis after testing a large
number of isolates. With the benefit of metadata such as time,
location, and host from which the isolates were obtained, we hope
to use the genetic distances to construct an evolutionary map of S.
Enteritidis in Canada, which among other things could delineate
the strings of mutation and the order in which they occurred from
one isolate to a related but chronologically younger isolate. How-
ever, it is also important to appreciate that while testing for these
large number of SNPs could be ideal for interpreting S. Enteritidis
evolution, a much smaller number of SNPs is all that is required to
demonstrate relatedness among isolates. The identification of sig-
nature SNPs among half the clades will suggest that testing at 1 to
5 loci may be sufficient to rule in or out a membership in those
clades. For the remaining half of the clades, it is probable that
testing of 10 to 12 loci will suffice for clade assignment.

Another important attribute of the S. Enteritidis SNP-PCR is
the low cost of running the procedure. For equipment, any real-
time PCR machine will suffice, and one that can handle a 384-well
plate will be an advantage when high throughput is required. The
cost of reagents can be as low as $0.25 per SNP per isolate. Testing
an isolate at 60 SNP loci, many more than will ever be required for
a subtyping procedure, would still make the test comparable to or
cheaper than existing subtyping procedures ($26 for phage typing
and $36 for two-enzyme PFGE analysis in reagent costs). The la-
bor costs of running the S. Enteritidis SNP-PCR test (2 h PCR
time) and analyzing the results are at least an order of magnitude
lower than those of the other two subtyping tests, each of which
takes days to complete and requires a high level of technical ex-
pertise for both setup and analysis of results. Testing of a few SNPs
will certainly reduce the cost of reagents and labor and the time it
takes to get results. The starting material for S. Enteritidis SNP-
PCR could be a very crude DNA extract, which is in stark contrast
to PFGE, which utilizes a very involved procedure of digesting
intact or high-molecular-weight DNA in a gel bed. The entire S.
Enteritidis SNP-PCR test can be completed in a single working day
if a bacterial culture is available in the morning and the number of
loci targeted is not extensive. In our laboratory, an analyst with 2
PCR machines at her disposal comfortably completed the SNP-
PCR on 88 bacterial isolates at 8 loci within 8 h. The S. Enteritidis
SNP-PCR test shows very good reproducibility (99%) in tests con-
ducted in two laboratories. An ideal subtyping test is expected to
meet seven criteria, including cost effectiveness, rapid perfor-
mance, robust results, typeability, high discrimination, reproduc-
ibility, and epidemiological concordance (17, 35). We have de-
scribed in various degrees above how the SNP-PCR test meets six
of the seven characteristics of an ideal subtyping test. The last
feature of an ideal typing procedure, epidemiological concor-
dance, was not demonstrated in this report, since the data pre-
sented did not include isolates from humans. To that end, we have
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recently completed the testing of 121 human isolates, and the data
provide strong evidence of the epidemiological usefulness of the
test. First, all of the isolates, without exception, were assigned to a
clade based on the SNP pattern observed for each isolate. Second,
the clustering of isolates into the respective clades is in agreement
with the exposure pattern of the sick individuals, suggesting that
humans with S. Enteritidis isolates belonging to the same clade
may have been exposed to the same contaminant (S. Bekal, per-
sonal communication; unpublished data).

This report shows that the newly developed SNP subtyping
procedure is highly discriminatory and is a marked improvement
over PFGE and phage typing as a means of showing quantifiable
differences among unrelated isolates. The discrete distribution of
SNPs leading to identification of signature SNPs among some of
the isolates is a very intriguing observation that may shed more
light on S. Enteritidis genetics and evolution. Our recent observa-
tions may be the first to shed light on the mechanism of why
related isolates may have different phage types. Finally, the previ-
ously intractable problem of differentiating among unrelated S.
Enteritidis isolates appears to have been resolved with the devel-
opment of a new subtyping test for S. Enteritidis, paving the way
for a more effective strategy for controlling the most prevalent
Salmonella serovars causing food-borne diseases in humans.
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