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Phage typing has been used for the epidemiological surveillance of Salmonella enterica serovar Enteritidis for over 2 decades.
However, knowledge of the genetic and evolutionary relationships between phage types is very limited, making differences diffi-
cult to interpret. Here, single nucleotide polymorphisms (SNPs) identified from whole-genome comparisons were used to deter-
mine the relationships between some S. Enteritidis phage types (PTs) commonly associated with food-borne outbreaks in the
United States. Emphasis was placed on the predominant phage types PT8, PT13a, and PT13 in North America. With >89,400 bp
surveyed across 98 S. Enteritidis isolates representing 14 distinct phage types, 55 informative SNPs were discovered within 23
chromosomally anchored loci. To maximize the discriminatory and evolutionary partitioning of these highly homogeneous
strains, sequences comprising informative SNPs were concatenated into a single combined data matrix and subjected to phylo-
genetic analysis. The resultant phylogeny allocated most S. Enteritidis isolates into two distinct clades (clades I and II) and four
subclades. Synapomorphic (shared and derived) sets of SNPs capable of distinguishing individual clades/subclades were identi-
fied. However, individual phage types appeared to be evolutionarily disjunct when mapped to this phylogeny, suggesting that
phage typing may not be valid for making phylogenetic inferences. Furthermore, the set of SNPs identified here represents useful

genetic markers for strain differentiation of more clonal S. Enteritidis strains and provides core genotypic markers for future

development of a SNP typing scheme with S. Enteritidis.

almonella infection is the most commonly reported food-

borne illness of humans and has the largest number of hospi-
talizations and deaths in the United States each year (1). Among
the salmonellae, Salmonella enterica serovar Enteritidis is one of
the serovars most commonly implicated in food-borne disease
outbreaks (2). S. Enteritidis infections associated with the con-
sumption of raw or undercooked eggs, for instance, have caused
outbreaks affecting large and widely distributed populations
(http://www.cdc.gov/salmonella/enteritidis/).

Phage typing is a phenotypic subtyping method which histor-
ically has played a central role in epidemiological studies of S.
Enteritidis (3). Phage typing discriminates between strains be-
longing to the same serovar, requires basic laboratory equipment,
is simple to implement, and provides rapid strain discrimination
(4). Phage typing has been found to be useful for the tracking of
spatial and temporal distributions of S. Enteritidis. For example,
phage type 8 (PT8), PT13a, and PT13 are taken to be most com-
mon in North America (5, 6), while PT4 has been the dominant
phage type in most countries of Western Europe (7-9). Addition-
ally, PT14b represents a phage type that recently emerged in
southern European countries in 2001 (10). The epidemiology of S.
Enteritidis cases associated with international travel revealed dis-
tinct relationships between phage types and travel destinations (6,
11, 12). However, epidemiological comparisons based on phage
types alone may not be enough when investigating outbreaks of
endemic strains. This difficulty in examining endemic strains is
routinely handled by the use of additional genotyping methods in
conjunction with phage typing (13). Moreover, phage typing is
also limited by the presence of ambiguous lysis reactions (4) and
the occurrence of changes in phage type as a result of plasmid or
phage acquisition, changes in lipopolysaccharide expression, or
spontaneous mutations affecting phage receptor sites (14—18).
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Little is known about the evolutionary relationships among
phage types, and knowledge of the genetic basis for the variation in
phage sensitivity is limited as well (19). The extraordinarily con-
served nature of the S. Enteritidis genome has further confounded
an accurate evolutionary framing of this serovar, making it diffi-
cult to find phylogenetic characters averse to homoplasious
change. Conversely, however, genetic changes employed for mo-
lecular epidemiological purposes are not beholden to such a rigid
evolutionary model and can come from other more diverged re-
gions across the genome. For instance, cross-hybridization of
phage genes by using microarrays revealed that S. Enteritidis iso-
lates were grouped into two major lineages (20). By profiling of
1S200, a Salmonella-specific DNA insertion element, 27 phage type
strains of S. Enteritidis all fell into one of three band patterns,
corresponding to three clonal lineages of recent evolutionary ori-
gin (21). Based on restriction fragment length polymorphism
(RFLP) analysis using Pvull and PstI with the insertion element
1S200, two major groups and six minor groups were observed
among 33 S. Enteritidis strains with different PTs (22). Multilocus
sequence typing (MLST) can be used to accurately identify bacte-
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rial lineages and reconstruct phylogenetic relationships within the
population being studied (23). A recent study showed that all 30 S.
Enteritidis isolates with 9 PTs in Japan collected between 1973 and
2004 belonged to a single sequence type (ST11) without any nu-
cleotide differences across seven housekeeping genes used in the
MLST typing scheme (24).

Single nucleotide polymorphisms (SNPs) seem to be the most
valuable molecular markers for studying the evolutionary relation-
ships of isolates within homogeneous pathogenic clones (19, 25-29).
During 2010, a large multistate outbreak of human S. Enteritidis in-
fections associated with shell eggs occurred (http://www.cdc.gov
/salmonella/enteritidis/). In response, the U.S. Food and Drug Ad-
ministration (FDA) sequenced >100 environmental farm- and shell
egg-associated outbreak food and clinical isolates to identify likely
environmental sources causing egg contamination by using a novel
whole-genome sequencing (WGS) approach (30, 31). With all of the
available drafted genome sequences, we were able to explore muta-
tional changes between several major phage types, including PT8,
PT13a, and PT13, by targeted PCR resequencing. Here, a set of SNPs
was discovered and used to examine the genetic diversity and phylo-
genetic relationships of a collection of 98 S. Enteritidis poultry-related
and human clinical isolates representing 14 different phage types.
Moreover, 31 S. Enteritidis strains, including 27 historical human
clinical isolates originally from the American Type Culture Collection
(ATCC), were evaluated with a rapid and simplified SNP typing
scheme for the major clades identified in this study.

MATERIALS AND METHODS

Bacterial isolates and DNA extraction. A total of 130 isolates from Sal-
monella enterica serovar Enteritidis (129 isolates) and serovar Berta (1
isolate) were used in this study. Strains were isolated from poultry, poul-
try-related sources, humans, ground beef, cat food, and mice and were
obtained from the culture collections at the Center for Veterinary Medi-
cine (CVM) and the Center for Food Safety and Applied Nutrition
(CFSAN) of the U.S. Food and Drug Administration. A set of 98 S. Enter-
itidis strains, including 64 poultry-related isolates and 34 human clinical
isolates, was used as the identification (ID) set for SNP validation (see
Table S1 in the supplemental material). Genomic DNA was extracted
from tryptic soy broth cultures grown overnight by using a Qiagen (Va-
lencia, CA) DNeasy Blood & Tissue kit, according to the manufacturer’s
instructions, and stored at —20°C before use.

Phage typing. All S. Enteritidis isolates were phage typed, according to
previously described methods (32), at the National Microbiology Labo-
ratory, Canadian Science Centre for Human and Animal Health, Winni-
peg, Manitoba, Canada. Isolates that reacted with phages but retained
unrecognizable lytic patterns were atypical and were designated atypical
or RDNC (“react but do not conform” to designated phage types).

Resequencing. One hundred forty-nine loci from the Salmonella
chromosome and 11 loci from associated plasmids were used for SNP
screening. These loci comprised 88 virulence-associated loci and 72 loci
initially identified by comparative genome sequence (CGS) analysis be-
tween prevalent phage types in available genomes by using Mauve v.2.3.1
(33) (Fig. 1). Draft genomes used for CGS analysis included two strains
each of PT4, PT1, PT13a, PT13, and PT21 and three PT8 S. Enteritidis
strains. Variable loci identified in silico were PCR amplified over a partial
set of S. Enteritidis isolates from the original ID strain set. The resulting
amplicons were purified and sequenced in both directions by using the
Sanger dideoxy method at Molecular Cloning Laboratories (MCLAB)
(South San Francisco, CA). Loci containing potentially parsimony-infor-
mative (PI) SNPs were further sequenced over the rest of the S. Enteritidis
isolates in the ID strain set.

Genetic analysis. Consensus sequences for each isolate from the bidi-
rectional sequence reads were assembled with the Sequencher v.4.9 pro-
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gram (Gene Codes Corporation, Ann Arbor, MI). Contigs for each locus
exported from Sequencher were aligned by using the default settings of
Clustal W in Molecular Evolutionary Genetic Analysis (MEGA 5.10) soft-
ware (34). Alignments were exported as FASTA files and then converted to
interleaved NEXUS files by using the SequenceMatrix program (35). A
matrix including a concatenation of sequences from 23 loci was created
for 100 S. Enteritidis isolates and one closely related S. Berta strain, which
was used as the outgroup in all analyses. Basic population genetic param-
eters were estimated by using the DNA Sequence Polymorphism (DnaSP
5.10) program (36), and levels of nucleotide diversity were estimated by
using 7 (37). To test the neutral equilibrium model, Tajima’s D test was
employed by using the DnaSP program, in which the test statistics were
compared with the distributions generated from 10,000 coalescent
simulations. In addition, model-based cluster analysis was done on the
combined data set by using STRUCTURE (38, 39), in which isolates
are assigned to clusters probabilistically, assuming Hardy-Weinberg
equilibrium and linkage equilibrium within populations.
Phylogenetic analyses. Phylogenetic analyses were initially executed
in PAUP* (Phylogenetic Analysis Using Parsimony) v.4b10 (40), using
the maximum parsimony (MP) criterion under heuristic search methods,
with random addition of taxa (n = 100 iterations) and tree bisection-
reconnection (TBR) search methods in effect. The shortest trees were then
used as the starting topology for the evaluation of 16 nested models of
sequence evolution (41-43). The best-fit model of substitution was deter-
mined by the likelihood score of each tree under a x> approximation of the
null distribution (44). The GARLI (Genetic Algorithm for Rapid Likeli-
hood Inference) v0.951 program (45) was then used to perform heuristic
phylogenetic searches under the K80 (K2P) + v + I (Kimura two-param-
eter test with gamma-distributed rate heterogeneity and a proportion of
invariant sites) nucleotide substitution model, where topologies were
evaluated based on their likelihood. The best tree was found by running
the GARLI program on the original data matrix using default settings.
Multiple runs were performed (n = 100) to ensure that results were con-
sistent, as the algorithm is inherently stochastic (45). To estimate support
for each node, phylogenies were created for 10,00 bootstrap replicates of
the data set from GARLI (46). Grid computing through the Lattice Project
(47) was used to decrease the computational time required to complete
the best tree search and the bootstrap replicates for the data set. The
GARLI executable was converted to a grid service such that batches of
bootstrap replicates were distributed among hundreds of computers,
where they were conducted asynchronously and in parallel (48, 49).
Congruence (i.e., phylogenetic concordance) between loci was as-
sessed by using the incongruence length difference (ILD) test (50). ILD
tests were done by using the partition homogeneity test available in
PAUP* v.4b10, with 1,000 data partitions, under simple heuristic searches
with 100 random taxon additions and TBR branch swapping in effect.
Pyrosequencing. Winclada v1.00.08 (51) was used to identify signa-
ture nucleotide substitutions unique to a specific clade of S. Enteritidis
strains. Pyrosequencing was used to evaluate the SNPs in the 31 S. Enter-
itidis nonpoultry isolates. Briefly, oligonucleotide primers for amplifica-
tion and sequencing of SNP-containing regions were designed by using
PSQ Assay Design software (Qiagen, Valencia, CA) (see Table S2 in the
supplemental material). Biotinylated and nonbiotinylated primers were
obtained from Integrated DNA Technologies (Coralville, IA). After am-
plification, pyrosequencing assays were performed by using a PyroMark
Gold Q96 Reagents kit (Qiagen, Valencia, CA) and a PyroMark Q96 ID
system (Qiagen, Valencia, CA) according to the manufacturer’s instruc-
tions. Briefly, 20 ul of biotinylated PCR product was captured by using
streptavidin-coated Sepharose beads (Amersham Biosciences, Little Chal-
font, United Kingdom), and the unlabeled strand was denatured and re-
moved by using the vacuum prep tool according to the manufacturer’s
instructions. After washing, the resulting single-stranded DNA was trans-
ferred into a 96-well microtiter plate and used as a template for pyrose-
quencing with 4 pmol each of sequencing primers per reaction. Nucleo-
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TABLE 1 Polymorphism/indel characteristics and genetic diversity among intergenic and coding regions included in the Salmonella enterica serovar

Enteritidis phylogenetic analysis

No. of
No. of parsimony-  Avg no. of
No. of sites polymorphic  informative  nucleotide Nucleotide G+C

Region analyzed Hap  sites sites differences (k)  diversity (w)*  content  Tajima D’ Sing K (JC)*
Total 16,897 43 55 41 12.3503 0.00073 0.495 0.5063 NS 0.005
acrR 743 2 1 1 0.1515 0.00020 0.456 —0.2519 NS 0.000
caiC 810 5 6 5 1.1037 0.00136 0.536 —0.1212 NS 0.012
citT 714 2 1 1 0.5043 0.00071 0.547 1.8429 —° 0.001
corA 903 2 1 1 0.1515 0.00017 0.537 —0.2519 NS 0.000
cpsG 726 3 2 1 0.5247 0.00072 0.630 0.54481 NS 0.001
csgD-csgB 570 6 4 3 0.9024 0.00158 0.316 0.3252 NS 0.005
cyaA 1,241 5 3 3 0.7669 0.00062 0.537 0.5732 NS 0.007
iagB 600 2 1 1 0.5043 0.00084 0.401 1.8429 — 0.001
marA 465 2 1 0 0.0204 0.00004 0.477 —1.0301 NS 0.004
marC 662 5 7 5 2.0002 0.00302 0.492 1.1137 NS 0.006
narP 613 4 9 7 1.0856 0.0018 0.624 —0.9460 NS 0.018
SEN0084-SEN0085 652 4 3 1 0.3438 0.00053 0.336 —0.7366 NS 0.033
SEN0629 769 3 2 1 0.5247 0.00068 0.560 0.5448 NS 0.002
SEN0999 859 2 1 1 0.3030 0.00035 0.332 0.6475 NS 0
SEN1164 729 2 1 1 0.3030 0.00042 0.513 0.6475 NS 0.007
SEN2510 730 2 1 1 0.3030 0.00042 0.537 0.6475 NS 0
SEN3612-ivbL 733 2 1 1 0.3030 0.00041 0.478 0.6475 NS 0.007
SEN4255-SEN4256 708 2 1 1 0.3030 0.00043 0.498 0.6475 NS 0.003
ssa] 625 2 1 1 0.3030 0.00048 0.424 0.6475 NS 0
trxA 659 2 1 1 0.3030 0.00046 0.466 0.6475 NS 0.003
wza 1,029 2 1 1 0.5050 0.00049 0.551 1.8467 —° 0.001
yafE 618 3 3 1 0.5047 0.00082 0.533 —0.2384 NS 0.001
yddG 741 5 3 2 0.6358 0.00086 0.489 0.1674 NS 0.003

@, average number of nucleotide differences per site between two sequences (equation 10.5 or 10.6 in reference 67) and its sampling variance (equation 10.7 in reference 67).

b Tajima’s D neutrality test.

€K (JC), average number of nucleotide substitutions per site between species in data set 1 and the first sequence in data set 2, with Jukes-Cantor correction.

SigD, significance of Tajima D; NS, not significant (P > 0.10).
€—,0.05 < P < 0.10 (considered not significant).

tides were added based on the dispensation order generated from the
sequence being analyzed from the assay design software.

Nucleotide sequence accession numbers. The sequences reported in
this study have been submitted to GenBank with the following accession
numbers: KF448540 to KF448637 for acrR, KF448638 to KF448735 for
caiC, KF448736 to KF448833 for citT, KF448834 to KF448931 for corA,
KF448932 to KF449029 for cpsG, KF449030 to KF449127 for the IGS
between csgB and csgD, KF449128 to KF449225 for cyaA, KF449226
to KF449323 for iagB, KF449324 to KF449421 for marA, KF449422 to
KF449519 for marC, KF449520 to KF449617 for narP, KF449618 to
KF449715 for the intergenic sequence (IGS) between SEN0084 and
SEN0085, KF449716 to KF449813 for SEN0629, KF449814 to KF449911
for SEN0999-SEN1000, KF449912 to KF450009 for SEN1164, KF450010
to KF450107 for SEN2510, KF450108 to KF450205 for the IGS between
SEN3612 and ivbL, KF450206 to KF450303 for ssaJ, KF450304 to
KF450401 for SEN4255-SEN4256, KF450402 to KF450499 for trxA,
KF450500 to KF450597 for wza, KF450598 to KF450695 for yafE, and
KF450696 to KF450793 for yddG.

RESULTS

Polymorphism patterns in the S. Enteritidis population. A total
of 160 loci of both chromosomal and plasmid origins were

screened among 98 S. Enteritidis isolates with 14 different PTs,
including PTs 1, 2, 4, 7, 8, 13 13a, 21, 23, 24, 28, 34, 35, and 4a.
Twenty-three loci were found to contain a DNA polymor-
phism(s), including 19 protein-coding regions and 4 intergenic
regions (Table 1). Of the 16,897 sites (excluding sites with gaps)
analyzed, 55 were polymorphic, which comprised 17 synonymous
and 38 nonsynonymous changes. Most loci (13/23; 56.5%) re-
tained only one nucleotide substitution. Average numbers of nu-
cleotide differences (k) within each locus ranged from 0.0204
(marA) to 2.0002 (marC). The observed average Tajima D value
across loci was 0.5063, indicating that the majority of loci ob-
served here were consistent with neutrality. Ten thousand simu-
lated samples of 23 loci unanimously suggested no significant de-
parture from the neutral equilibrium model. In addition, 43
haplotypes (Hap), with a nucleotide diversity per site (1) of
0.00073, were identified to have a much higher nucleotide diver-
sity than that reported for housekeeping genes (i.e., no nucleotide
diversity was noted for housekeeping genes) (24), which ex-
plained, in part, the utility of these SNP data for differentiating
closely related S. Enteritidis strains. Slight differences between the

FIG 1 (Top) Circular map of 149 loci analyzed in this study relative to the Salmonella Enteritidis P125109 chromosome. The outer circle shows the genome scale.
The fourth circle shows the ST64B-like phage insertion site. Triangles on the inner circles show locations of 149 loci analyzed, including 126 loci without an
SNP(s) and 23 loci with an SNP(s). ORFs, open reading frames. (Bottom) Circular map of 11 virulence-related loci analyzed on the plasmid. The outer circle
shows the plasmid scale. The inner circle shows 11 loci related to virulence analyzed in this study. Both panels were created by GenVision from DNASTAR

Lasergene sequence analysis software (DNASTAR, Madison, WT).
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TABLE 2 ILD values among 23 loci in S. Enteritidis

P value (1,000 partitions)”

Remaining Prior
Locus matrix” caiC marC ~ narP  agreement
caiC 0.044
marc 0.001 0.003
narP 0.001 0.002  0.092
acrR 0.695
citT 1.000
corA 0.752
cpsG 1.000
csgD-csgB 0.072
cyaA 0.162
iagB 0.605
marA 1.000
SEN0084-SEN0085  1.000
SEN0629 1.000
SEN0999 0.561
SEN1164 1.000
SEN2510 1.000
SEN3614-ivbL 1.000
SEN4255-SEN4256  1.000
ssaJ 1.000
trxA 1.000
wza 0.875
yafE 0.442
yddG 0.107
Prior agreement® 0.239

“ILD test conducted between the locus indicated and the remaining 22 loci.

b Values in boldface type denote an ILD score of =0.05 (incongruence).

¢ Prior-agreement matrix based on concordant ILD scores among all the loci except
caiC, marC, and narP.

numbers of polymorphic (or segregating) sites and parsimony-
informative (PI) sites (i.e., present in at least two strains) were
detected in each individual locus. The locus yielding the most PI
sites was narP (7). Conversely, marA retained the fewest PI sites
(zero), pointing to a substantial level of convergence within this
gene.

Incongruence among 23 SNP-containing loci in S. Enteriti-
dis. Phylogenetic concordance between loci was examined to eval-
uate the goodness of fit of phylogenetic signals between two inde-
pendent data matrices. ILD testing of all 23 loci partitioned
separately led to a conclusion of incongruence (P = 0.001). In
order to isolate the locus responsible for incongruence, each of the
23 loci was partitioned against a combined matrix consisting of
the 22 loci (Table 2). All of the loci were congruent with the com-
bined remaining matrix except for three loci, each highly discor-
dant in their signals, including caiC, marC, and narP (P < 0.05).
When pairwise ILD comparisons were performed among the
three discordant loci, incongruence was observed in the caiC-
marC, and caiC-narP comparisons. Although marC failed to yield
significant incongruence with narP, the ILD score was between
0.10 and 0.05 (P = 0.092), considered borderline incongruence.
These data further supported a “prior-agreement” approach (52),
which was subsequently adopted to resolve incongruence and es-
tablish a phylogeny representing the backbone loci of S. Enteriti-
dis. As expected, the removal of caiC, marC, and narP from the
matrix significantly improved the ILD score (P = 0.239). Thus,
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congruence was established for the remaining 20 loci of S. Enter-
itidis.

Phylogenetic analysis of S. Enteritidis isolates in the ID set.
All loci except for caiC, marC, and narP were combined into a
single prior-agreement matrix, yielding a total of 14,814 nucleo-
tides for phylogenetic analysis. The GARLI tree with the best log-
likelihood score for the prior-agreement matrix is presented in
Fig. 2. This tree partitioned most of the 98 S. Enteritidis strains
into two distinct clades (clades I and II) and four subclades (Fig.
2). Low bootstrap values (bootstrap values of <80%) for most of
the clades/subclades were observed and likely resulted from the
limited number of highly conserved nucleotide substitutions that
partitioned major S. Enteritidis lineages in the tree. Clade I com-
prised mostly PT4-like S. Enteritidis strains (40/45; 88.9%), in-
cluding strains from PT1, PT4, PT7, PT21, and PT35, with the
exception of strains 17919_PT23, 22621_PT13a, 23711_PT24,
and 18569_PT14b. Clade II was composed mainly of PT8-like S.
Enteritidis strains (47/51; 92.2%), including strains from PT2,
PT8, PT13, PT13a, PT23, PT24, and PT28, with the exception of
strains 30661_PT4a, SE9_PT14b, SE12_PT14b, and SE23_PT14b.
All PT13 isolates fell into group IIC, and most PT8 isolates di-
verged into four subclades (subclades IIA to IID). Surprisingly,
three PT8 isolates fell outside these four subclades, indicating the
presence of additional lineages of PT8 S. Enteritidis strains. Sub-
clade IID appeared to evolve into a well-supported monophyletic
group (bootstrap value, 99%). Perhaps most importantly, the
emergence of individual clones of S. Enteritidis (defined by PTs)
appeared to be evolutionarily disjunct when viewed in the context
of this phylogeny.

Genetic distances observed between the two S. Enteritidis
clades and four subclades further supported the phylogenetic par-
titions revealed in the tree (Fig. 2) and are listed in Table 3. The
distance between clades I and II was 13.74 substitutions, while the
mean intraclade divergence was 4.42 nucleotide differences.
Among the four subclades in clade II, the mean distance was 9.99
differences, while the mean intrasubclade divergence was 0.96 dif-
ferences. Maximum diversity was observed between clades I and
1ID (19.34 nucleotide differences), while subclade D was the most
distant subclade, showing the greatest divergence from the re-
maining S. Enteritidis strains residing in clade IT (13.97, 16.14, and
9.86 nucleotide differences from subclades A, B, and C, respec-
tively) (Table 3).

Model-based clustering memberships, recovered when indi-
viduals were assigned to one of two clusters (i.e., k = 2) (Fig. 2),
matched the relationships presented in the phylogenetic analyses.
However, a number of individuals, particularly within PT8, were
prone to genomic admixture, where portions of their multilocus
genotype resembled those of isolates found in groups I, IIC, and
IID (Fig. 2). The unique composition of these individuals may
explain, in part, the low bootstrap support as well as the inability
to resolve their relationships (Fig. 2). As the value of k increased,
group IID became a separate cluster at k values of 3 and 5. Addi-
tionally, it was also noted that group I was relatively stable, where
all individuals were found within the same cluster, except at a k
value of 4, where some individuals were placed in a separate
cluster.

Phage and plasmid profiling of S. Enteritidis strains. The
presence or absence of several phages and plasmids, including
phage RE-2010, phage ST64B, and a 14-kb plasmid element asso-
ciated with virulence, was observed among S. Enteritidis strains
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FIG 2 Maximum likelihood tree of S. Enteritidis strains from concatenated molecular phylogenetic analysis of DNA sequences from 20 loci. Branch lengths are
estimates of substitutions relative to the tree and are shown as the expected number of substitutions per site. Branch lengths not significantly different from zero
are collapsed into polytomies. Bootstrap percentages (out of 1,000 iterations) of >40% are reported above each node. S. Berta strain 20034 is used as an outgroup
to root the phylogeny. The brackets to the right of the tree denote the 2 distinct clades and 4 subclades in clade II. All of the human S. Enteritidis isolates in the
tree are highlighted in gray. The presence (red cells) or absence (open cells) of phages RE-2010 and ST64B and the 14-kb virulence-related plasmid element are
denoted to the right of the tree. The number of clusters (k values ranging from 1 to 5) is inferred from the multilocus data of 98 S. Enteritidis strains by using the
model-based clustering method implemented in STRUCTURE. The membership coefficients (Q matrices) for 98 S. Enteritidis strains were visualized by using
DISTRUCT (66). Each color represents a different cluster.
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TABLE 3 Sequence divergence within and between S. Enteritidis clades and subclades

B T opa
Clade or subclade Mean no. of base differences = SE

(no. of strains) 1 11 1A 1IB IIC 11D

1(47) 0.99 *+ 0.41°

11 (51) 13.74 = 4.25 7.85 = 1.79"

1A (4) 8.61 = 3.40 1.00 * 0.68”

1IB (8) 10.23 * 3.64 5.06 = 1.86 1.07 + 0.71°

1IC (17) 12.20 = 4.53 6.09 = 2.24 8.82 £ 3.11 0.46 = 0.25"

1ID (18) 19.34 = 5.60 13.97 = 3.61 16.14 = 3.89 9.86 = 2.71 1.29 *+ 0.46"

“ Mean nucleotide pairwise sequence variation among the five S. Enteritidis clades and subclades described in Fig. 2. Distance analysis was conducted with MEGA 5 (34).

b Intraclade distance.

with different phage types (Fig. 2). Overall, phage RE-2010 was
associated with PT8, PT13, PT13a, PT23, PT28, and PT14b, with
the exception of one PT14b strain and one PT13a strain (clade II),
while phage ST64B was present in PT4, PT1, PT35, and PT21 S.
Enteritidis strains (clade I). Notably, both phages were absent
from PT4a strains but present in PT34 strains. In the case of the
14-kb plasmid element, 83.7% (82/98) of S. Enteritidis strains
retained the virulence-associated plasmid element irrespective of
phage type. However, it was also noted that all of the PT21 and
PT13 isolates (2 and 10, respectively) lost this 14-kb plasmid ele-
ment during evolution.

Identification of several “signature” nucleotide substitu-
tions capable of distinguishing S. Enteritidis clades/subclades.
Analysis of the concatenated 20-locus nucleotide sequence align-
ment by using Winclada (51) revealed the existence of several
primary synapomorphic nucleotides capable of differentiating
specific clades. The signature synapomorphic substitutions, their
positions in the Clustal X alignment, and the S. Enteritidis strain
groupings that they distinguish are provided in Table 4. Using S.
Berta as the outgroup, all S. Enteritidis strains were defined
uniquely by one SNP within the SEN0629 gene at position 248.
Clade I and clade II both retained definitive substitutions that
were diagnostic for all of the strains residing in each of these par-
ticular clades. Specifically, clade I was denoted by two SNPs in the
cpsG and SEN0629 genes at positions 155 and 245, respectively.
Two SNPs, one within the ¢itT gene at position 393 and one in the
wza gene at position 318, uniquely defined clade II, which com-
prised mostly PT8-like S. Enteritidis strains. Among the four sub-
clades in clade II, subclades C and D were distinguished from
subclades A and B by three single nucleotide changes in the cyaA,
yafE, and yddG genes. As in clades I and I1, clades ITA, IIB, and IID
also retained primary signature SNPs uniquely capable of defining
these groups. For example, clade ITA was denoted by one single
change in the IGS between the csgB and csgD genes, while clade IIB
was defined by changes in three separate genes, acrR, corA, and
cyaA. Clade 1ID was the most distant clade from the other sub-
clades, identified by eight additional signature SNPs.

Clade IIC did not yield any clade-defining primary substi-
tution(s), although in combination with the presence of any of
the signature SNPs defining clade II, clade IIC was capable of
being identified by a secondary SNP in the SEN0999 gene at
position 189.

Evaluation of a SNP-based diagnostic scheme for S. Enterit-
idis strains. A minimal set of SNPs (Table 4) was selected to form
a SNP-based diagnostic scheme (Fig. 3) for every clade/subclade
described in the phylogenetic analysis reported in Fig. 2. Thirty-
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one S. Enteritidis strains were chosen to allow evaluation of the
scheme in blind strains from nonpoultry sources. SNP calling was
made based on the program generated from PyroMark ID soft-
ware, and all of the pyrosequencing results are summarized in
Table 5. The two SNPs at ¢psG position 155 and citT position 393
were able to partition these 31 S. Enteritidis strains into two
groups. Within group II, 23 S. Enteritidis strains (23/28; 82.1%)
were assigned to a specific subgroup based on their SNP profiles.
Interestingly, one S. Enteritidis strain that was “atypical” by phage
typing was able to be assigned to clade IIC based on the SNP
calling decision tree assembled here, suggesting that, like molecu-
lar serotyping assays developed previously (53, 54), molecular
phage typing will provide rapid and highly accurate calls for this
important phenotypic attribute of S. Enteritidis.

DISCUSSION

S. Enteritidis strains belonging to multiple PTs, such as PTs 1, 2, 4,
8, 13, 13a, 14b, and 21, have been associated with poultry and
poultry-related products for some time (55-57). The evolutionary
relationships between multiple PTs of S. Enteritidis strains infect-
ing chicken reproductive tissues remain unclear, since these PTs
emerged largely simultaneously in geographically disparate coun-
tries (58—62). In line with IS200-defined clonal lineages (3), our
multilocus sequence-based phylogeny suggested two major clonal
lineages among the 14 PTs studied in our poultry-related S. En-
teritidis strain population here. PTs that dominated in western
Europe and Asia, including PT1, PT4, and PT21, occurred in
clonal lineage 1, while PTs that were most common in North
America (i.e., PT8, PT13a, and PT13) composed the majority of
clonal lineage II (see Table S1 in the supplemental material). In-
terestingly, clades I and II retained a separate unique SNP profile
while diverging from each other (Table 4), suggesting the simul-
taneous emergence of these two major lineages. Furthermore, the
appearance of newly emerged PT14b (10) in both lineages sug-
gested multiple origins for this PT. It was also noteworthy that
clade I is more homogeneous in its genetic composition of strains
than clade II, as evidenced by model-based clustering analysis as
well (Fig. 2), suggesting a more clonal evolutionary relationship
among these PTs and a potentially more rapid geographic diver-
sification of this lineage of S. Enteritidis strains. Clade II can be
further subdivided into four subgroups, with all the PT13 isolates
in clade IIC. A set of S. Enteritidis strains shared the same ancestor
and had amply evolved (i.e., clade IID) to form a well-supported
monophyletic group away from the rest of clade II, regardless of
their PTs. The fact that this subclade contained five major PTs
(i.e., PT2, PT8, PT13a, PT28, and PT34) in lineage II, the only
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Genetic Diversity across Salmonella Phage Types

exception being PT13, clearly underscores the weak relationship
between phage type and phylogenetic signal.

It is worth noting that several human S. Enteritidis isolates clus-
tered closely with multiple S. Enteritidis clones isolated from com-
mercial and farm poultry sources (Fig. 2). This correlation also re-
vealed distinct geographic features. For example, human S.
Enteritidis strains isolated from Mexico resided in clade I with all the
poultry-related S. Enteritidis isolates derived from Mexico, Scotland,
and China. Nine human isolates from Iowa and two ground turkey
isolates (15845_PT4 and 30663_PT21) from Iowa and Maryland, re-
spectively, were the only exceptions in this “cosmopolitan” cluster of
strains (Fig. 2; see also Table S1 in the supplemental material). PT4
and PT4-like phage types are relatively rare in the United States and
Canada. Thus, the nine human isolates from Iowa may be best ex-
plained as a result of foreign travel with return trips back to the United
States (63). In clade II, all of the domestic S. Enteritidis isolates de-
rived from humans clustered with their closely related poultry clones
into two predominant groups (clade IIC and clade IID). Two human
isolates (22599 _PT8 and 17923_PT8) resided outside the four sub-
clades in lineage I1, suggesting the presence of other food or environ-
mental sources for these particular strains.

Compared to many other food-borne pathogens, nucleotide
sequences in S. Enteritidis were highly conserved, as shown in this
study and in other studies as well (24, 29, 64). Among the 160 loci
investigated, only 23 loci contained informative SNPs, mostly
from genes in COG category F (nucleotide transport and metab-
olism), K (transcription), Q (secondary metabolites, biosynthesis,
transport, and catabolism), or S (unknown function). Among
these 23 loci, 9 loci, including 6 coding regions (cpsG, iagB, marA,
marC, narP, and wza) and three intergenic regions (SEN0084-
SEN0085, SEN0999-SEN1000, and SEN3612-ivbL), were newly
discovered in this study to contain polymorphic sites, while the
other 14 were also found to contain variable sites that were able to
differentiate two S. Enteritidis PT13a strains in a recent study (28).
Examination of phage and plasmid profiles revealed several inter-
esting findings. First, the presence or absence of both phages RE-
2010 and ST64B may be an important genetic marker to predict
PT4a and PT34. Also, the absence of the 14-kb virulence element
on the plasmid in certain phage types (i.e., PT21 and PT13) may
help to differentiate these phage types from additional PTs that
reside within this same clade on the tree.

Several phage types were known to be interconvertible by the
gain or loss of a single plasmid (42), which may explain some of
the alternative placements of S. Enteritidis isolates in our multilo-
cus phylogenetic tree. For example, the observations that, by ac-
quisition of a plasmid, PT7 can be converted to PT23 (14) and that
PT4 can be converted to PT24 (17) would explain why one PT23
isolate and one PT24 isolate studied here were alternatively placed
in clade I adjacent to PT7 and PT4 isolates.

Phage typing has been used as an epidemiological tool to track the
spread of S. Enteritidis across different geographical regions. How-
ever, its suitability for grouping strains in a phylogenetically accurate
way is debatable in light of data reported here and elsewhere (30). For
example, strains of PT8 were polyphyletic and phylogenetically dis-
tributed across all subclades in lineage II, and the multiple origins of
PT14b in our multilocus sequence tree suggested their distinct ge-
netic composition despite the same phenotypic feature shared among
these S. Enteritidis isolates. Therefore, a SNP typing scheme that can
be applied on a global scale to firmly identify all S. Enteritidis clusters
is needed. Next-generation genome sequencing is now allowing a
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FIG 3 SNP-based diagnostic diagram. A block diagram was made with the minimal set of SNPs (shown in boldface type in Table 4) to delineate each

clade/subclade described from the phylogenetic analysis reported in Fig. 2.

rapid expansion of SNPs for S. Enteritidis typing. In this study, a
SNP-based diagnostic scheme successfully assigned most non-poul-
try-related S. Enteritidis isolates into specific clades/subclades in a
phylogenetic context, providing core markers for future develop-
ment of a SNP typing scheme.

One limitation to the WGS-based SNP approach used here was
that the emphasis of comparative genomic analysis was only given
in nucleotide differences between phage types. As a result, most

TABLE 5 SNP profiles of 31 non-poultry-related S. Enteritidis strains

strain-specific polymorphisms that were found to differentiate
two PT13a S. Enteritidis strains in a recent study (28), as well as the
variable loci discovered in a recent S. Enteritidis shell egg outbreak
(30), were not included here. In addition, SNP markers were ob-
tained originally by comparing only two sequenced S. Enteritidis
genomes for each phage type (i.e., PT1, PT21, PT4, PTS8, PT13,
and PT13a) with reference-based assemblies (the finished S. En-
teritidis PT4 strain [strain 125109] from GenBank was used as a

SNP

SEN0629 cpsG citT csgD-csgB cyaA cyaA csgD-csgB SEN0999
Strain position 248 position 155 position 393 position 289 position 929 position 843 position 426 position 189 Cluster PT
Reference base C C G A A C G A
58-6482 T C G A A C G A I 35
54-4531 T C A A A C G A I 8
50-5646 T C A A A T A A 11D 8
50-3079 T C A A A T G G 11C 8
75-150 T C A A A T A A 11D 8
75-199 T C A A A T A A 11D 8
62-1976 T C A A G C G A 1B 13a
60-2506 T C A A A T A A 11D 8
50-5306A T C G A A C G A I 35
53-407 T C A A A T G A IIC/D 8
54-2953 T C A A A T G A 1IC/D 8
75-970 T C A A A T G G 11c 2
76-1594 T C A A A C G A I 8
76-2938 T G G A A C G A I 4
76-2969 T C A A G C G A 1B 13a
77-1427 T C A A A T A A 11D 8
77-3493 T C A A A C G A I 10
78-1757 T C A A A T A A 11D 8
81-2625 T C A A A T A A 11D 8
22568B T C A A A T G G 11c Atypical
19755 T C A A A T A A 11D 8
36388 T C A A A T G G 11c 13
36952 T C A A A T G G 11C 8
17912 T C A A A T A A 11D 8
77-2659 T C A A A T A A 11D 8
76-2651 T C A A A T A A 11D 13a
74-991 T C A A A T A A 11D 2
75-2325 T C A A G C G A 1B 8
36951 T C A A A T G G 1c 51
77-0424 T C A A A T A A 11D 8
76-574 T C A A A T A A 11D 8
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reference). Therefore, many informative SNPs may have been
overlooked, the highly homogeneous nature of the S. Enteritidis
genome notwithstanding (27, 30, 65). For example, no SNP was
found between two PT1 and two PT21 S. Enteritidis strains, and
this may due to the limited number of genomes compared here or
the use of a particular reference method for genome assembly.
Thus, future genomic sequencing studies will be required to iden-
tify additional SNP markers to expand collapsed branches in the S.
Enteritidis strain phylogeny reported here. Despite these caveats,
these data provide a genetic solution for the rapid and accurate
mediation of phage types among a set of highly clonal S. Enterit-
idis strains and further underscore the importance of comparative
genomics in the diagnostic separation of highly homogeneous Sal-
monella serovars of public health significance.
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