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Salmonella enterica serovar Typhimurium is one of the leading causes of gastroenteritis in humans. Phage typing has been used
for the epidemiological surveillance of S. Typhimurium for over 4 decades. However, knowledge of the evolutionary relation-
ships between phage types is very limited. In this study, we used single nucleotide polymorphisms (SNPs) as molecular markers
to determine the relationships between common S. Typhimurium phage types. Forty-four SNPs, including 24 identified in a pre-
vious study and 20 from 6 available whole-genome sequences, were used to analyze 215 S. Typhimurium isolates belonging to 45
phage types. Altogether, 215 isolates and 6 genome strains were differentiated into 33 SNP profiles and four distinctive phyloge-
netic clusters. Fourteen phage types, including DT9, one of the most common phage types in Australia, were differentiated into
multiple SNP profiles. These SNP profiles were distributed into different phylogenetic clusters, indicating that they have arisen
independently multiple times. This finding suggests that phage typing may not be useful for long-term epidemiological studies
over long periods (years) and diverse localities (different countries or continents). SNP typing provided a discriminative power
similar to that of phage typing. However, 12 SNP profiles contained more than one phage type, and more SNPs would be needed
for further differentiation. SNP typing should be considered as a replacement for phage typing for the identification of S. Typhi-

murium strains.

S almonella enterica serovar Typhimurium is a broad-host-range
pathogen that causes gastroenteritis in humans. The phage
typing scheme described by Anderson et al. (3) has been used for
the routine epidemiological surveillance of S. Typhimurium in-
fections for many years. Phage types are determined by resistance
or sensitivity to a set of 34 phages, and so far, more than 300
definitive phage types (DTs) are recognized (38). Phage typing has
been found to be particularly useful for tracking the spatiotempo-
ral distribution of important pathogenic forms. For example,
multidrug-resistant DT104 has caused widespread infections in
humans and animals in Europe and the United States since 1994
(12,23), but it remains rare in Australia. In contrast, DT9, DT135,
and DT170/108 are common in Australia (34), while DT9 is rare
in Europe and the United States. However, knowledge of the evo-
lutionary relationships between phage types is very limited, and
the genetic basis for the variation in phage sensitivity remains
largely unknown. The discriminatory power of phage typing is
often inadequate to track community outbreaks, especially in set-
tings when one particular phage type is dominant. In addition,
phage types can change with a few genetic modifications, such asa
gain or loss of mobile elements (2, 27, 50).

Despite the extensive diversity of phage types in S. Typhimu-
rium, population structure studies using multilocus enzyme elec-
trophoresis (MLEE) showed that the majority of S. Typhimurium
isolates are grouped together as a single clone. A previous MLEE
analysis of over 300 isolates using 20 enzymes (4) found 23 elec-
trophoretic types (ETs). The majority of isolates belong to ET
Tm1,andall S. Typhimurium ETs were included with a number of
other serovars in a group called the S. Typhimurium clonal com-
plex (4). A previous four-gene multilocus sequencing typing
(MLST) study of 85 S. Typhimurium isolates showed no variation
(9), while a seven-gene MLST study of over 350 S. Typhimurium
isolates differentiated them into 23 sequence types (STs) (42), 22
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of which belonged to a single clonal complex with ST19 as the
founder. ST19 is the most frequently found ST, and the ST19
clonal complex accounts for more than 90% of S. Typhimurium
isolates. Therefore, seven-gene MLST is not sufficient to resolve
the relationships among strains of S. Typhimurium (42).

Single nucleotide polymorphisms (SNPs) are the most valu-
able molecular markers for studying the evolutionary relation-
ships of isolates in homogenous pathogenic clones (1, 10, 13, 29,
31,33). In S. Typhimurium, SNPs were first utilized in a previous
study by Hu et al. (18), which explored mutational changes by
matching polymorphic amplified fragment length polymorphism
(AFLP) fragments to the LT2 genome to pinpoint base changes
and by sequencing the intergenic (IG) regions of selected strains. A
total of 51 polymorphic sites (mainly SNPs) were used to establish
the evolutionary relationships between 46 S. Typhimurium iso-
lates of nine phage types (18).

Several S. Typhimurium whole-genome sequences are avail-
able, including one previously reported DT4 strain, LT2 (26); one
DT133 strain, 14028s (19); one DT104 strain, NCTC13348 (7);
one strain of an unknown phage type, D23580 (20); and unpub-
lished genome sequences, including one DT44 strain, SL1344
(www.sanger.ac.uk), and an unnamed DT2 pigeon isolate (www
.sanger.ac.uk), which offer additional SNP resources. In this
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study, we used 24 SNPs identified previously by Hu et al. (18) and
20 genome-wide SNPs from sequenced genomes to examine the
phylogenetic relationships between S. Typhimurium isolates of 45
different phage types using real-time PCR assays based on hairpin
(HP) primers.

MATERIALS AND METHODS

Bacterial strains. A total of 215 S. Typhimurium isolates belonging to 45
phage types from various localities were used in this study (see Table S1 in
the supplemental material); 37 of the selected phage types included at least
1 isolate from a nonhuman source. We selected two or more isolates from
all but DT30, DT177, and DT195. The selected DTs from Australia (27
DTs) and the United Kingdom (25 DTs) have been dominant or fre-
quently implicated in animal and human infections, and seven (DT1,
DT8, DT9, DT135, DT141, DT170, and DT193) were common to both
countries. DT9 and DT135 were each represented by 35 isolates. The
DT135 isolates were from many countries, but the origins of the DT9
isolates were less diverse. DT9 isolates are common in Australia and New
Zealand but rare elsewhere. Isolates for each DT were selected from dif-
ferent years and/or different localities, to ensure that they were not epide-
miologically related. Chromosomal DNA was prepared by using the
phenol-chloroform precipitation method (29). Reference strain LT2 was
used as a control.

Genomic analyses. Pairwise genome comparisons between S. Typhi-
murium LT2 (GenBank accession no AE006468 [26]) and five other S.
Typhimurium genomes, SL1344 (accession no. FQ312003), NCTC13348
(DT104) (7) and a DT?2 strain with no strain name released (here referred
to simply as DT2) (both are available from the Sanger Centre [www
.sanger.ac.uk]), 14028s (DT133) (accession no. CP001363 [19]), and
D23580 (accession no. FN424405 [20]), were performed by using Artemis
(5) and BLAST tools available from the Australian National Genetic In-
formation Service (ANGIS). Fully sequenced genomes from three other S.
enterica serovars, S. enterica serovar Typhi strain CT18 (accession no.
AL513382 [32]), S. enterica serovar Enteritidis strain PT4 (accession no.
AM933172 [47]), and S. enterica serovar Paratyphi A strain SARB42 (ac-
cession no. CP000026 [25]), were used as outgroups for phylogenetic
analyses.

Real-time PCR typing of SNPs. SNP typing was performed by using a
hairpin (HP) primer real-time PCR (hpRT-PCR) assay as described pre-
viously (30, 31). Each PCR mixture contained 30 ng of chromosomal
DNA; 3 ul of SYBR green (Quantace); 0.5 ul of 10 uM forward and
reverse primers, respectively (see Table S2 in the supplemental material);
and MilliQ water to a final volume of 10 ul. All reactions were performed
with a Rotor-gene 6000 sequence detector system (Corbett Life Science,
Australia). Thermal cycling conditions were as follows: stage 1 was per-
formed at 95°C for 10 min; stage 2 was performed with 10 cycles of 72°C
for 30 s, 95°C for 15 s, and 69°C for 30 s, lowering the temperature 1°C in
the last step for each cycle; and stage 3 was performed at 72°C for 5 s, 95°C
for 15 s, and 52°C to 60°C for 30 s, repeated 40 times. Data were collected
in the last step of stage 3 for analysis.

Quality control of SNP typing was monitored by the difference in the
threshold cycle (C;) values (AC;) between results for matched and un-
matched HP primers, which were designed to have a AC;.of >5. The assay
was repeated if a lower value was obtained. Each run involved matched
and unmatched primers, which effectively provided positive and a nega-
tive controls. All 44 SNPs were also tested on S. Typhimurium strain LT2,
and the allelic calls obtained by hpRT-PCR were consistent with the ge-
nome data. In addition, we tested a subset of SNPs on the same set of
isolates used previously by Hu et al. (18) and obtained results consistent
with theirs. SNPs that showed reverse/parallel changes were also retested
by hpRT-PCR and confirmed.

PCR detection of Salmonella genomic island 1 (SGI1), prophage
ST104, and the allantoin operon. The PCRs were done using a multiplex
PCR targeting antibiotic resistance islands and integrase for the detection
of SGI1 and ST104 (gp23, ninYZHG, and gtrA regions), respectively, as
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described previously by Cooke et al. (8), while for the detection of the
allantoin operon (STMO0517 to STM0529), PCR primers were adopted
from those described previously by Garaizar et al. (11).

Bioinformatic analysis. The relationships between the isolates were
determined by using PAUP (44) to construct a maximum parsimony tree
from the SNP data and to calculate the homoplasy index. Simpson’s index
of diversity (D) was calculated by using an in-house program,
MLEECOMP (37). The confidence interval (CI) (95%) of the D values
was calculated by using an online calculator (available from http://darwin
.phyloviz.net). SNPT (10) was used to determine the minimum number
of SNPs required for typing.

RESULTS AND DISCUSSION

Selection of SNPs. The SNPs used for this study were selected
from those reported in a previous study by Hu et al. (18) and from
genome comparisons. Hu et al. (18) discovered 51 polymorphic
sites, 40 of which were SNPs from analyses of 46 S. Typhimurium
isolates representing nine phage types. At least one SNP was se-
lected to cover each of the 20 branches of the tree in that paper
(18), and a maximum of two were selected when there was more
than one SNP on a branch. In total, 24 SNPs were selected, 16 of
which were from IG regions and 8 of which were from coding
regions. Of the latter, only four were from genes with a known
function. Three (SNPs 2, 4, and 13) of the genes had basic cellular
functions (housekeeping genes) based on the Clusters of Ortholo-
gous Groups (COG) category, including amino acid and carbohy-
drate metabolism as well as transport and translation. One SNP
(SNP 30) was on a gene involved in cell wall biogenesis. We also
incorporated SNPs from five strains, LT2 (DT4), NCTC13348
(DT104), SL1344 (DT44), D23580 (unknown phage type), and a
DT2 pigeon strain, whose genomes were either published or avail-
able from the Sanger Centre. Genome comparisons of these
strains revealed a total of 2,099 SNPs, with 313 to 629 SNPs per
strain. We selected 20 synonymous SNPs, 5 each from the four
genomes, for typing. These SNPs were uniquely present in a single
genome, except for SNP 26, which was present in both the
NCTC13348 and LT2 genomes. The 20 SNPs were mostly from
genes in COG category C (energy production and conversion) or
G (carbohydrate metabolism and transport). Categories E (amino
acid metabolism and transport) and S (unknown function) were
represented by one SNP each. In addition, the genes carrying the
SNPs have only one SNP, making it less likely that they are under
positive selection pressure.

SNP typing of S. Typhimurium isolates. The hpRT-PCR assay
was used to detect 44 selected SNPs in 215 S. Typhimurium iso-
lates, representing 45 different phage types. The SNP data for six
genome-sequenced strains (LT2, 14208s, NCTC13348, SL1344,
D23580, and DT2) were also included, giving a total of 221 S.
Typhimurium isolates for analysis. Of the 44 SNPs, 37 were shared
by two or more isolates (parsimony informative), and 7 were
unique to single-genome strains: 5 in DT2 and 1 each in strains
SL1344 (DT44) and LT2 (DT4).

The 221 isolates were differentiated into 33 SNP profiles (SPs),
10 of which were unique to single isolates and 23 of which were
shared by more than one isolate. The two most common SPs were
SP7 and SP33, with 38 and 34 isolates, respectively. Not all isolates
with the same phage type belonged to the same SP, and a single SP
may contain multiple phage types. Twenty SPs contained isolates
of a single phage type, 3 contained isolates with 2 phage types, and
the remaining 11 contained isolates belonging to 3 to 10 different
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FIG 1 Maximum parsimony tree illustrating the evolutionary relationships of the SNP profiles (SPs). For SPs containing genome strains, the strain names are
in parentheses after the SP numbers. The roman numerals correspond to cluster numbers. SNPs supporting each branch are located on the node. Bootstrap values

greater than 50% are displayed below each node.

phage types. The genome strains were mostly separated into
unique SPs.

The D value for SNP typing was 0.923 (95% CI = 0.907 to
0.939) in this study. SNP typing was considerably more discrimi-
natory than MLST (D = 0.608; 95% CI = 0.562 to 0.654), based
on data described previously by Sangal et al. (42), but slightly less
so than phage typing (D = 0.941; 95% CI = 0.923 to 0.958), as
calculated by using the data from this study. The higher D value
for phage typing probably reflects the selection of isolates for a
wide representation of different phage types and is not represen-
tative of findings for unselected isolates referred for epidemiolog-
ical surveillance. If only the top 10 phage types (DT1,DT9, DT12a,
DT44, DT108/DT170, DT126, DT135, DT135a, DT141, and
DT197) in Australia are considered, the D value of SNP typing
(D = 0.921) is higher than that of phage typing (D = 0.891).

However, the SNPs used in this study clearly still have limited
discriminatory power, since there were many phage types grouped
together within a single SP. Representative genomes from differ-
ent SPs should be sequenced for a better phylogenetic coverage of
their diversities.

Evolutionary relationships of the SNP profiles. A maximum
parsimony analysis gave 24 trees of equal length, one of which is
shown in Fig. 1 (the tree selected is consistent with the tree gener-
ated after the removal of five conflicting SNPs, as discussed be-
low). Four clusters (clusters I to IV) were consistently identified,
each of which was supported by at least one SNP and bootstrap
values greater than 50% (Table 1). The tree was rooted by using
inferred ancestral SNPs based on genome sequences of three sero-
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vars, S. enterica serovars Typhi, Paratyphi A, and Enteritidis. The
four clusters as well as the unclustered SP21 appear as a star phy-
logeny radiating out from the outgroup at the same node.

The homoplasy index for the maximum parsimony analysis
was 0.17, indicating the presence of parallel or reverse changes.
However, the mapping of the SNPs to the tree in Fig. 1 showed that
only five SNPs appeared on different branches and therefore have
undergone reverse or parallel changes, being parallel changes in
two nodes (SNPs 22 and 33) or three nodes (SNP 28) or a reverse
change (SNPs 7 and 14). It is interesting that SNP 28 appeared in
three different nodes in clusters I, 11, and III, respectively, while
SNP 33 appeared in two separate nodes in clusters II and III.
Reanalysis using maximum parsimony without the 5 conflicting
SNPs generated a single tree with a homoplasy index of 0. A loss of
the resolution of several terminal branches involving the conflict-
ing SNPs was observed, but the major branching patterns re-
mained unchanged.

These reverse or parallel changes are likely to have been derived
by recombination within S. Typhimurium strains rather than mu-
tations, given the level of recombination reported. Based on MLST
data for S. Typhimurium (42), the ratio of recombination to mu-
tation as the cause of SNPs is 1.69 per site, making it quite likely
that the reverse or parallel changes observed are due to recombi-
nation. These reverse or parallel changes are likely to be a result of
neutral events, since two of the SNPs (SNP 7 and SNP 28) were
located in IG regions, and two of the three genic SNPs are synon-
ymous.

We examined the distribution of SPs and clusters for correla-
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TABLE 2 Summary of isolates used in this study

Phage Types and SNP Typing of S. Typhimurium

Total
SNP no. of Yr of
Cluster profile isolates Phage type(s) (DT)" isolation Source(s)? Location(s)©
1 14 1 1 H AU
12 4 44 AH AU
13 1 44
15 10 29, 49, 69, 193, 302 2001-2009 AH AU, UK
16 1 44 H AU
9 16 135 1992 1L
33 26 6, 17,29, 135, 135a, 170, 186, 193, 307, U290 2002-2008 E,H AU, UK (SG)
5 3 135 1991-1995 FR, MU, UK
6 2 135 1992-1998 DE, GR
7 38 3,9,64 1991-2004 AH AU, ES, JM, RO, UK
8 6 8, 46 2001-2008 H AU, UK
10 12 10, 15a, 2, 22, 46, 99, 133, 135 2001-2002 A H AU, UK, UK (PK), UK (Carribean)
11 1 2
19 2 160 2000-2001 H UK
18 7 126 2008 A H AU
17 9 2,40,41, 141 2001-2002 AH UK, UK (ES)
21 14 5, 12a, 22,41, 101, 170, 177, 302 2002-2008 AH AU, UK
11 4 2 179 2007-2008 AU
29 1 44 A AU
32 2 1 H AU
31 3 12a AH AU
30 3 197 H AU
111 25 1 1 2002 H UK (IN)
3 8 1, 10, 101, 102, 108, 193 2001-2007 A E,H AU, UK
14 10, 108, 12, 167, 170, 193, 208, 35 2000-2002 AH AU, UK
2 1 2 2002 H UK
27 1 4
26 16 12, 15a,17, 4, 102, 141, 195 2000-2009 AH AU, UK
28 1 35 2002 A UK
v 22 1 104 2002 H UK
23 3 1,9 1993-2002 AE, Pacific Island
20 2 104 2002 A UK
24 4 9,104 1997-2002 H UK

2 DTs marked in boldface type were likely to have a single origin based on SNP data in this study; see the text for details.

b A, animal source; E, environmental source; H, human source.

¢ AE, United Arab Emirates; AU, Australia; DE, Germany; ES, Spain; FR, France; GR, Greece; IL, Israel; IN, India; JM, Jamaica; MU, Mauritius; PK, Pakistan; RO, Romania; SG,
Singapore; UK, United Kingdom. Countries in parentheses indicate that the isolate was obtained from a patient who had a history of travel to that country and could have been an

imported case.

tions with countries of origin (Table 2). The majority of SPs or
clusters were not linked with a particular locality. However, SP17
isolates, containing 4 phage types (DT2, DT40, DT41, and
DT141), were all from the United Kingdom; cluster II isolates,
with five single DT SPs, were all from Australia; and cluster IV
isolates, except for 2 SP23 isolates of DT9, were all from the United
Kingdom. SP18 contained only Australian isolates, but this may
be due to sampling bias, since it contains only a single phage type,
DT126, which was not represented among isolates from the
United Kingdom. However, we were unable to make an inference
of relationships with host species, since isolates were selected pur-
posely with a mix of human and nonhuman isolates for a phage
type, and there was a small number of isolates per phage type.
Multiple origins for several phage types. Isolates from 20 of
the 42 phage types with more than one isolate were typed into a
single SP, suggesting that these DTs were likely to be derived from
a single origin. Another eight phage types (DT12, DT29, DT35,
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DT46,DT102, DT104, DT135, and DT108) that were typed into 2
to 5 closely related SPs based on their relationships in the tree (Fig.
1) were also likely to have a single origin. The remaining 14 phage
types, including DT9, had multiple SPs in different clusters and
can be seen to have originated multiple times.

For DT9 and DT135, which are predominant phage types in
Australia, we included 35 isolates representing worldwide diver-
sity that had been used in a previous study (21). We can use DT9
and DT135 to assess the significance of phage typing for long-term
epidemiology. The DT9 isolates were isolated from 1991 to 1999
in seven countries, comprising 1 isolate each from Jamaica, the
Pacific Islands, Romania, Spain, and the United Arab Emirates; 1
from Australia; and 25 from the United Kingdom. These isolates
were differentiated into three SPs, SP7, SP23, and SP24, with the
majority belonging SP7. Only SP7 belonged to cluster I, while
both SP23 and SP24 were grouped together into cluster IV with
DT104 isolates, indicating two independent origins for DT9.
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The DT135 isolates were isolated from 1991 to 2008; six were
from Australia, while the remaining isolates were from 21 coun-
tries. The majority were either SP9 isolates (16 isolates) or SP33
isolates (12 isolates), while the remaining seven isolates belonged
to SP5, SP6, and SP10, with three, two, and two isolates, respec-
tively. The SPs differed from each other by one to two SNPs, ex-
cept for SP33, which differed from the other DT135 SPs by two or
more SNPs. All SPs except SP10 and SP33 were unique to DT135
isolates and belonged to cluster I. Two of the six Australian
DT135 isolates fell into SP10, while the remaining four isolates
were SP33 isolates. It appears that DT135 entered Australia twice
as SP10 and SP33 isolates.

Similarly, DT1 is likely to have multiple origins. In the previous
study by Hu et al. (18), the DT1 isolates fell into two groups closely
related to DT44 and DT12a. In this study, the DT1 isolates fell into
five individual SPs, SP3, SP14, SP23, SP25, and SP32, spanning all
four clusters, indicating multiple origins.

A comparison of phage types of single and multiple origins
showed that phage types with multiple origins tended to be those
with isolates from more than one country. Of 28 phage types of a
single origin, only 2 contained isolates from more than one coun-
try, while 5 of the 14 phage types with multiple origins contained
isolates from more than one country. A sampling of more isolates
from different countries may show that more phage types have
multiple origins.

Interconvertible phage types and their genetic relationships.
Several phage types are known to be interconvertible by the gain or
loss of phages or plasmids (2, 27, 50), and the relationships based
on SNP typing (Fig. 1) are consistent with these observations. DT9
can be converted to DT64 by the gain of lysogenic temperate
phage ST64T (27). The five DT64 isolates shared the same SNP
profile (SP7) as one of the DT9 isolates, showing that the six iso-
lates could have a common origin. It should be noted that the
DT64 and DT9 isolates used in the study by Hu et al. (18) were
separated by an indel of over 2,000 bp. However, since the two
phage types can interconvert by the gain or loss of phage ST64T
(27), the indel may not be a reliable maker for the separation of the
two phage types.

Phage ST64T was also shown previously to convert DT41 iso-
lates to DT29 (27). SNP typing separated the three DT29 isolates
and the three DT41 isolates into unrelated SNP profiles, suggest-
ing that for these isolates, the two phage types had not undergone
interconversion. Phage type conversion can also be caused by the
acquisition of plasmids. DT170 is convertible to DT208 by the
acquisition of the FIme plasmid (2). All three DT208 isolates used
in this study and two of the five DT170 isolates belonged to SP1,
consistent with the interconversion of DT208 and DT170 through
a gain or loss of this plasmid.

Evolution of DT135a. DT135a is of interest because it has in-
creased in frequency in Australia in recent years to become the
second most prevalent S. Typhimurium phage type in 2007 to
2008 (35, 36). PCR typing showed that DT135 and DT135a iso-
lates were very closely related, as they are separated by only 1 of the
22 molecular markers used (22). In this study, the three DT135a
isolates were grouped together with the majority of DT135 isolates
in SP33, further supporting the close relationship of the two phage
types, and DT135a was most likely derived from DT135. More
SNPs are required to separate the two phage types.

Evolutionary origin of multidrug-resistant epidemic phage
type DT104. Multidrug-resistant (MDR) S. Typhimurium DT104
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T SP24 (L970 - DT9)
Allantoin SP24 (L807 - DT104, L808 - DT104, L816 - DT104)
T SP20 (L814 - DT104, NCTC13348 - DT104)
Outgroup
ST104*
SGI1*

FIG 2 Evolution of multidrug resistance of multidrug-resistant DT104 iso-
lates from cluster IV. Isolates within cluster IV were PCR typed for the pres-
ence of Salmonella genetic island I (SGI1), ST104, and the allantoin utilization
operon to determine the branch point for the gain or loss of these 3 features.
Allantoin™ denotes the inability to utilize allantoin, which has been lost due to
the absence of the allantoin operon (STM0517 to STM0529); SGI1* indicates
the presence of SGI1; and ST104 ™ signifies the presence prophage ST104. The
isolates and their designated phage types are shown in parentheses, separated
with a dash. Multiple isolates with the same SNP profile and genotype are
separated by commas.

has become widespread in humans and animals in many parts of
the world, including many European countries, the United States,
Canada, and Asian countries such as Japan and South Korea, since
the 1990s (14). It was first reported in the 1960s and then emerged
in an MDR form in the early 1980s in Britain (48). MDR DT104
isolates carry genes for multidrug resistance on 43-kb Salmonella
genomic island 1 (SGI1), which encodes 44 open reading frames
(28), and a prophage, ST104 (15, 46), which carries two putative
toxin genes (artAB) encoding an ADP-ribosyl transferase toxin
homologue (41). In addition, Matiasovicova et al. (24) found pre-
viously that all MDR DT104 isolates carry a deletion that includes
the genes for the utilization of allantoin. The same deletion is
found in several DT104 isolates that lack SGI1. Therefore, it was
proposed that the allantoin-negative form is ancestral to the MDR
DT104 isolates.

In this study, we analyzed five DT104 isolates from the United
Kingdom and one epidemic MDR DT104 genome sequence.
These isolates were divided into three related SPs in the same
cluster, interspersed by SP23, which contains DT1 and DT9 but no
DT104 isolates, and SP24, with one DT9 isolate (Fig. 1). We tested
all cluster IV isolates for the presence of SGI1, ST104, and the
allantoin utilization operon by PCR. All cluster IV isolates tested
had lost the ability to utilize allantoin, but only DT104 isolates
belonging to SP20 and SP24 carried SGI1 and prophage ST104
(Fig. 2). It is interesting that SGI1 and ST104 were gained at the
same branch point. Our results suggest that MDR DT104 was
indeed derived from an allantoin-negative ancestral form by gain-
ing SGI1, as proposed previously by Matiasovicova et al. (24).
However, it was less clear whether a DT104 isolate gave rise to
MDR DT104. One SP24 isolate, L970, did not carry SGI1 or ST104
and could be viewed as the ancestor of MDR DT104. However,
L970 is a DT isolate, and the only SGI1-negative DT104 isolate
(SP22) was located at the base of cluster IV, while the intermediate
SP23, which lies between SP22 and SP24, contains DT9 or DT1
but no DT104 isolates. It appears that the interconversion of
DT104 and DT9 has occurred more than once in this cluster. It
should also be noted that the current study included a small sam-
ple size of only 6 DT104 isolates, and a larger representation of
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DT104 isolates will provide a better view of the origin of MDR
DT104.

Value of phage typing for determination of long-term and/or
worldwide epidemiology of S. Typhimurium. Phage typing has
been applied to define S. Typhimurium strains and track their
spread within different host populations and their geographical
distributions. However, its suitability for long-term and/or world-
wide epidemiology studies over long periods (years) and diverse
localities (different countries or continents) (49) is debatable in
the light of our data. We have shown that some phage types are
likely to have arisen more than once, and isolates may not share
the same origin or be epidemiologically related. For example,
DT108 and DT170 have very similar phage sensitivity patterns
(40) and have now been treated as the same phage type in epide-
miological data from Australia. However, our results show that
the majority of DT170 isolates were in SP30 in cluster I or SP1 in
cluster III, with one isolate in the unclustered SP21. Only two out
of the six DT170 isolates were in SP1 with two DT108 isolates.
Three DT108 isolates are also found in the closely related SP3.
Thus, epidemiological comparisons based on phage types alone
may not be valid. In addition, a previous study by Rabsch et al.
(39) showed that among 53 archived LT2 strains in the Demerec
collection, only 16 produced the expected DT4 phage type, pres-
ent in the sequenced LT?2 strain, while the others belonged to 11
different phage types. There are also potential issues with phage
stocks that were prepared decades ago and distributed from the
Enteric Reference Laboratory (43). The phage typing scheme of
Anderson et al. (3) in current use has the virtue of being standard-
ized and has served S. Typhimurium epidemiology well, but
clearly, changes are needed if we are to retain a typing scheme that
can be applied worldwide. Ideally, newer techniques can be incor-
porated into an integrated global scheme, building on the current
phage typing scheme.

Concluding comments. Phage typing has played an important
role in the epidemiology and public health surveillance of food-
borne infections caused by S. Typhimurium. In this study, we used
SNP typing to infer the phylogenetic relationships of 221 S. Ty-
phimurium isolates from 45 phage types. The 44 SNPs used dis-
tinguished the isolates into 33 SNP profiles and four distinct phy-
logenetic groups. We show that 14 phage types, including DT9
and DT135, the predominant phage types in Australia, had mul-
tiple origins. Phage typing as currently practiced does not seem
suitable for the study of the long-term epidemiology of S. Typhi-
murium. While it is often very useful for the detection of relation-
ships among outbreaks, there are too many cases where multiple
origins of a phage type confuse the picture. The use of SNPs en-
ables us to establish phylogenetic relationships as well as carry out
typing. The SNP typing scheme devised in this study could be a
valuable complement to phage typing for the study of the global
epidemiology of S. Typhimurium and has the potential to replace
phage typing. The SNPs selected for this study cannot differentiate
all different phage types, but the power of SNP typing could be
increased by incorporating more SNPs. Next-generation genome
sequencing will allow a rapid expansion of SNPs for S. Typhimu-
rium typing, as for S. Typhi (17) and Escherichia coli O157:H7 (6)
strains. In this study, we used real-time PCR for typing, but the
SNPs can also be used for large-scale typing by the adoption of
high-throughput platforms, such as the iPlex MassArray technol-
ogy (45) or the GoldenGate bead array technology (16). Establish-
ing true relationships based on SNPs would provide a foundation
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for future genomic studies of differences in the prevalences and
virulences of different SNP lineages or phage types.
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