
Genomic Variability of Serial Human Isolates of Salmonella enterica
Serovar Typhimurium Associated with Prolonged Carriage

Sophie Octavia,a Qinning Wang,b Mark M. Tanaka,a Vitali Sintchenko,b,c Ruiting Lana

School of Biotechnology and Biomolecular Sciences, University of New South Wales, Sydney, New South Wales, Australiaa; Centre for Infectious Diseases and
Microbiology-Public Health, Institute of Clinical Pathology and Medical Research, Westmead Hospital, Sydney, New South Wales, Australiab; Marie Bashir Institute for
Infectious Diseases and Biosecurity, The University of Sydney, Sydney, New South Wales, Australiac

Salmonella enterica serovar Typhimurium is an important foodborne human pathogen that often causes self-limiting but severe
gastroenteritis. Prolonged excretion of S. Typhimurium after the infection can lead to secondary transmissions. However, little
is known about within-host genomic variation in bacteria associated with asymptomatic shedding. Genomes of 35 longitudinal
isolates of S. Typhimurium recovered from 11 patients (children and adults) with culture-confirmed gastroenteritis were se-
quenced. There were three or four isolates obtained from each patient. Single nucleotide polymorphisms (SNPs) were analyzed
in these isolates, which were recovered between 1 and 279 days after the initial diagnosis. Limited genomic variation (5 SNPs or
fewer) was associated with short- and long-term carriage of S. Typhimurium. None of the isolates was shown to be due to rein-
fection. SNPs occurred randomly, and the majority of the SNPs were nonsynonymous. Two nonsense mutations were observed.
A nonsense mutation in flhC rendered the isolate nonmotile, whereas the significance of a nonsense mutation in yihV is un-
known. The estimated mutation rate is 1.49 � 10�6 substitution per site per year. S. Typhimurium isolates excreted in stools
following acute gastroenteritis in children and adults demonstrated limited genomic variability over time, regardless of the du-
ration of carriage. These findings have important implications for the detection of possible transmission events suspected by
public health genomic surveillance of S. Typhimurium infections.

Nontyphoid Salmonella (NTS) infections generally result in a
short-term, self-limiting gastroenteritis. However, NTS can

be excreted continually and asymptomatically in stools for many
weeks, even after the initial diarrheal episode has been resolved.
Children are the more common carriers, especially children under
the age of 3 years (1, 2). Fecal shedding of NTS after an intestinal
infection can last for up to 4 weeks in adults and 7 weeks in chil-
dren (3). In a very small proportion of cases, carriage can last for a
year after the initial onset of the disease (3). Carriers excrete large
numbers of bacteria in their feces and can facilitate the transmis-
sion of Salmonella to other hosts by contaminating water and food
sources. The persistence of fecal shedding in asymptomatic pa-
tients can have a duration similar to that for patients with clinical
disease (4). Antibiotic treatment of NTS disease is rarely indicated,
as it does not assist in clearance of infection but may increase the
duration of asymptomatic shedding (4).

Salmonella enterica serovar Typhimurium is one of the leading
causes of NTS gastroenteritis in humans in Australia and other
countries. Salmonellosis is a notifiable disease in all Australian
states and territories. In the state of New South Wales (NSW), the
notification rate has been around 50 cases per 100,000 population
(5). Sequencing of S. Typhimurium genomes or analyses of tan-
dem repeats within the genome have increasingly been employed
for tracking community outbreaks and transmission chains (6, 7).
However, the magnitude of genomic variation in isolates associ-
ated with carriage remains unknown. Although they are relatively
infrequent, we identified 11 cases of prolonged carriage based on
data from the NSW Enteric Reference Laboratory, Pathology
West, Sydney, Australia. In this study, isolates from these 11 pa-
tients, who had samples positive for S. Typhimurium over differ-
ent periods following gastroenteritis, were compared using mul-
tilocus variable-number tandem-repeat analysis (MLVA) and
high-throughput genome sequencing. We aimed to establish the

genetic relatedness of the longitudinal isolates recovered from pa-
tients and to determine if there was any reinfection by other en-
demic strains.

MATERIALS AND METHODS
Ethics statement. The isolates used in this study were obtained during
routine diagnostic testing and follow-up and were submitted to the NSW
Enteric Reference Laboratory, Pathology West, Sydney, New South
Wales, Australia, for confirmatory testing.

Selection of patients and samples. A total of 35 isolates collected from
11 different patients were selected for sequencing. Each isolate came from
a sample collected at a given time point for purposes of laboratory diag-
nosis or bacterial clearance testing. Fecal samples were subcultured on
xylose-lysine-deoxycholate agar and their identification confirmed. Sero-
typed cultures were then stored on STGG (skim milk powder, tryptone
soy broth, glucose, and glycerol) medium at �80°C. Prior to genomic
experiments, stored isolates were plated out on nutrient agar, and DNA
were extracted from randomly selected single colonies. For each patient,
there were three or four isolates analyzed. Each isolate differed by 1 to 182
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days from the isolate collected earlier from the same patient (Table 1). The
ages of the patients ranged from 1 to 70 years. All isolates were subjected to
MLVA at the NSW Enteric Reference Laboratory, using a protocol com-
patible with the European MLVA-5 scheme (8). Genomic DNA was ex-
tracted by phenol-chloroform extraction using the method described by
Octavia and Lan (9).

Genome sequencing and assembly. A 250-bp paired-end library was
constructed for each purified DNA sample by using a NexteraXT kit
(Illumina) and was sequenced on a MiSeq (Illumina) platform. Reads were
assembled using VelvetOptimiser (version 2.2.5) and velvet (version
1.2.10) (10). Contigs were then compared to the S. Typhimurium LT2
reference genome (accession no. NC_003197) and reordered using
progressiveMauve (version 2.3.1) (11).

Identification of SNPs. Single nucleotide polymorphisms (SNPs)
were determined using read mapping as well as alignments of de novo-
assembled sequences, based on the approach we applied previously (12).
Reads were mapped to the S. Typhimurium LT2 chromosomal genome
(accession no. NC_003197) by using Burrows-Wheeler alignment (BWA)
(version 0.7.5a) (13). Raw SNP calls were filtered for quality scores of
�20, with a cutoff of 20 reads covering the SNP site and �70% of the reads
supporting the SNP. SNPs were also validated by comparison of de novo-
assembled genomes to the genome of strain LT2 by using progressive-
Mauve. This was done to eliminate the problem of reads that may be
mapped to repeats or homologous regions with mismatches being called
SNPs. The final list of SNPs was made up of the SNPs identified by both
methods. These SNPs were separated into the following three categories:

TABLE 1 Isolates analyzed in this study

Patient
no. MLVA type Isolate

Date collected
(day/mo/yr)

No. of
days aparta

No. of days from
first isolation

No. of
reads

Fold
coverage

1 2-8-13-11-112 A1 14/12/2010 0 939,662 31.96
2-8-13-11-112 A2 2/02/2011 50 50 960,460 21.93
2-8-13-11-112 A3 12/03/2011 38 98 1,247,482 34.72

2 2-14-10-10-212 B1 6/01/2013 0 766,736 23.84
2-14-10-10-212 B2 30/01/2013 24 24 934,536 19.62
2-14-10-10-212 B3 26/02/2013 27 51 1,217,706 38.18

3 2-8-13-11-112 C1 20/02/2012 0 1,598,820 43.67
2-8-13-11-112 C2 2/04/2012 42 42 1,062,126 33.33
2-8-13-11-112 C3 1/05/2012 29 71 906,012 26.59
2-8-13-11-112 C4 31/05/2012 30 101 1,098,896 34.37

4 2-7-6-13-212 D1 10/02/2011 0 1,556,456 59.34
2-7-6-13-212 D2 8/03/2011 26 26 1,091,980 40.11
2-7-6-13-212 D3 3/05/2011 56 82 1,380,158 48.92

5 3-17-0-0-311 E1 27/06/2011 0 1,423,720 48.62
3-17-0-0-311 E2 26/10/2011 121 121 1,206,680 41.31
3-17-0-0-311 E3 27/10/2011 1 122 877,310 33.76

6 2-8-7-8-212 F1 18/12/2010 0 986,098 34.32
2-7-6-12-212 F2-1b 7/01/2011 20 20 1,211,578 41.38
2-7-6-12-212 F2-2b 7/01/2011 0 20 2,167,602 76.01

7 4-13-7-0-211 G1 6/11/2010 0 1,082,482 34.89
3-12-7-0-211 G2 15/11/2010 9 9 1,207,848 37.58
3-12-7-0-211 G3 30/11/2010 15 24 1,481,814 49.41
3-12-7-0-211 G4 31/05/2011 182 206 2,190,794 41.5

8 2-7-6-14-212 H1 4/01/2011 0 971,980 36.78
2-7-6-14-212 H2 14/04/2011 100 100 625,940 23.58
2-7-6-14-212 H3 10/10/2011 179 279 1,474,180 57.72

9 4-8-11-8-211 I1 30/04/2012 0 1,147,288 42.81
4-8-11-9-211 I2 26/09/2012 149 149 907,912 34.24
4-8-11-9-211 I3 8/10/2012 12 161 1,230,354 48.1

10 2-7-6-12-212 J1 2/12/2011 0 1,074,820 40.38
2-7-6-12-212 J2 6/12/2011 4 4 1,777,186 60.26
2-7-6-12-212 J3 23/01/2012 48 52 1,620,496 63.97

11 2-11-10-8-212 K1 12/05/2012 0 2,559,340 98.02
2-11-10-8-212 K2 13/05/2012 1 1 1,374,252 53.14
2-11-10-8-212 K3 6/07/2012 54 55 1,839,088 72.94

a Number of days since the collection of the prior isolate.
b F2-1 and F2-2 were two different isolates from the same day.
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nonsynonymous SNPs (nsSNPs), synonymous SNPs (sSNPs), and inter-
genic (IG) regions.

Prophage and plasmid. Prophage sequences were identified using
PHAST (14). Reads were mapped to S. Typhimurium LT2 plasmid pSLT
(accession no. NC_003277.1) by using BWA. Mapped reads were ex-
tracted using bamtools (15) and were then assembled using Velvet-
Optimiser and velvet. Contigs were then compared to the complete pSLT
genome and reordered using progressiveMauve.

Phylogenetic analysis. Identified SNPs that were located in repeat
regions, insertion sequences, or prophage sequences were excluded from
phylogenetic analysis. The remaining SNPs were concatenated, and a
maximum parsimony tree was generated using the PAUP package (16),
with heuristic searches based on tree bisection and the reconnection swap
method. S. enterica serovar Enteritidis PT4 strain NCTC13349 (accession
no. AM933172) and S. enterica serovar Choleraesuis strain SC-B67 (ac-
cession no. AE017220) were used as the outgroup.

Estimation of in vivo mutation rate. The mutation rate was estimated
from the number of SNPs observed in isolates from all patients. We as-
sumed that both the mutation rate and the growth rate can be averaged for
the life span of S. Typhimurium in the host. To estimate the mutation rate
and 95% confidence interval (CI), the poissfit function in Matlab (Math-
Works) was used, where the total number of SNPs observed was divided
by the total time. Mutation was modeled as a Poisson process, which
assumes that the mutation rate per unit time is constant.

Nucleotide sequence accession number. The raw sequencing data
from this study were submitted to GenBank under BioProject no.
PRJNA285421.

RESULTS AND DISCUSSION
Genome sequencing and overview of the genome contents. The
35 isolates from the 11 patients were sequenced using Illumina
paired-end sequencing with a read length of 250 bp. The strains
were multiplexed in batches of 24 for sequencing. The average
number of reads generated per genome was 1,282,583, and the
coverage depth for all genomes, on average, was 45�. The reads
were mapped to LT2 as a reference and also assembled de novo for
SNP discovery and determining the presence of novel genes. On
average, 96% of the LT2 genome was covered by reads from each
sequenced genome. Overall, there were 26 SNPs detected in the 35
isolates obtained from these patients (see Table S1 in the supple-
mental material). No isolates carried mutator mutations that may
increase the mutation rate (17). We did not search for insertions
and deletions. The isolates from two patients (patients 5 and 7) did
not contain the virulence plasmid pSLT (18). Several virulence
factors are known to play a role in fecal shedding or the carrier
state, including genes encoding thin aggregative fimbriae (19),
genes encoding the secreted effectors ShdA and MisL (20, 21), and
genes located on Salmonella pathogenicity island 16 that are re-
sponsible for O-antigen glycosylation (22). The isolates analyzed
in this study were all found to carry these genes, but none of these
genes carried mutations in isolates from the same patient, suggest-
ing that no further adaptive changes in these genes occurred dur-
ing carriage.

SNP differences between serial isolates from the same pa-
tient. To determine the genetic variation between isolates from
the same patient over different periods, we analyzed the SNPs (Fig.
1). The serial isolates showed 0 to 5 SNP differences, suggesting
that in all cases the initial infecting isolate persisted in the patient
between episodes of disease. SNPs between serial isolates (J1 and
J2) were observed as few as 4 days apart. Identical serial isolates
were found as long as 122 days apart (E1 and E3). There were two

cases of isolates obtained 1 day apart, and these isolates were
treated as being from the same episode.

For patient 1, one SNP was detected in the day 50 (A2) isolate,
but the day 88 isolate (A3) was identical to the day 0 isolate (A1).
For patient 2, all three isolates, from day 0, day 24, and day 51,
were identical. For patient 3, two SNPs were observed in the day 42
isolate, one of which was present in the day 71 and day 101 isolates,
while the other SNP was not found in the latter isolates. For pa-
tient 4, the day 26 isolate (D2) differed by two SNPs from the day
0 (D1) isolate. These SNPs were not observed in the day 56 isolate
(D3). Instead, this isolate had another SNP. For patient 5, one SNP
was detected in the day 121 isolate (E2). Interestingly, this SNP
was not observed in the day 122 isolate (E3), even though the two
isolates were collected only 1 day apart. For patient 6, two isolates
were collected 20 days apart, and three SNPs were found. For
patient 7, no SNPs were detected from the day 9 and day 24 iso-
lates. Three SNPs were detected in the day 206 isolate (G4). For
patient 8, two SNPs were detected in the day 100 isolate (H2).
However, one of these SNPs was still observed in the day 279
isolate (H3). Additionally, H3 had four other SNPs. For patient 9,
the day 149 (I2) and day 161 (I3) isolates were identical and dif-
fered from the day 0 (I1) isolate by two SNPs. For patient 10, the
day 4 isolate (J2) had two SNPs, one of which was still observed in
the day 52 isolate (J3), which carried an additional SNP. For pa-
tient 11, the day 0 and day 1 isolates were identical and the day 55
isolate had two SNPs.

Nature of the SNPs identified. Most of the SNPs observed
were located in coding regions, and the majority of them were
nsSNPs (Table 2). The nsSNPs were located in 20 different genes,
which were mostly in the metabolism category. There were only
three synonymous SNPs, which affected three different genes, two
of which also belonged to the metabolism category. Multiple SNPs
from the same isolate were in different genes which are distantly
located, suggesting that they resulted from mutation rather than
recombination.

Two SNPs resulted in a stop codon. One of these SNPs was
observed in the day 55 isolate collected from patient 11 (K3) and
affected flhC, a master regulator of the biogenesis of flagella in
Salmonella (23). Using triphenyltetrazolium chloride motility
agar and a swimming motility assay, we demonstrated that K3 was
not motile, while K1 and K2 were both motile. The second non-
sense SNP was found in yihV in the day 0 isolate from patient 9
(I1). Interestingly, two subsequent isolates from this patient (I2
and I3) had another SNP in the same position that resulted in a
different amino acid from that in the reference strain S. Typhimu-
rium LT2. I2 could have been a direct descendant of I1, which
meant that the nonsense mutation was subsequently reversed.
However, it is also possible that I2 was present when I1 was sam-
pled and that the two SNPs were independent mutational changes.
YihV plays a role in O-antigen capsule assembly and translocation
and biofilm formation (24, 25). However, we did not test whether
the SNPs observed in yihV affected capsule production and bio-
film formation. Considering the functions of the genes involved,
these SNPs may have an adaptive advantage.

The majority of the nsSNPs were not maintained in the subse-
quent isolates. They are likely to have been transient, although it is
also possible that the nsSNPs were maintained for a time but were not
sampled, as only a single isolate was obtained at any given time point.
However, isolates from two patients (C2 to C4 and H2-H3) each
contained one nsSNP that was maintained for 59 and 179 days, re-
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spectively: one was found in the mukB gene, which plays a role in
chromosomal partitioning, and the other was found in the STM1618
gene, encoding a DeoR family transcriptional repressor. It is un-
known whether these SNPs have any adaptive value.

There was no overlap in the sets of genes harboring SNPs be-
tween isolates from different patients. This suggests that none of
these genes was a hot spot for mutation and that the SNPs ob-
served were due to random mutational events. In addition, there

FIG 1 Numbers of single nucleotide polymorphism differences (on the connecting lines) in isolates from the same patients plotted over time. The connections
are based on the assumption that the isolates within the same patient had mutations through a sequence of steps. The numbers in circles show numbers of days
since the first isolate was collected. For patients 3 and 10, the symbol “?” is used to represent a postulated intermediate. Hypothetical connections are indicated
by dashed lines.
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was no evidence of an increased mutation rate after the initial
infection, as there was no burst of SNPs in any of the subsequent
isolates. Only a few SNPs appeared to be passed on in the subse-
quent isolations, but their significance is unknown.

Estimation of mutation rate from genome data. By summing
the total number of SNPs observed and the total number of days
between isolations, we obtained an approximate estimate of the
mutation rate in vivo. In total, there were 29 SNPs in 1,579 days,
which equated to a total of 0.018 SNP/day or 6.70 SNPs/year (95%
CI, 4.49 to 9.63 SNPs/year). Using the genome size of 4,487,272
bp, the mutation rate is 1.49 � 10�6 substitution per site per year.
There are three different mutation rates reported for S. Typhimu-
rium. The lowest rate is 1.9 � 10�7 substitution per site per year,
estimated for ST313, causing invasive infections in Africa (26); the
intermediate rate is 3.4 � 10�7 substitution per site per year, ob-
tained from the epidemic DT104 infections (27); and the highest
rate is 1.2 �10�6 substitution per site per year, obtained from a
DT135a outbreak (28). Our estimate of the mutation rate is the
highest but is only 12% higher than the previous highest estimate.
S. Typhimurium appears to evolve a little faster in vivo. To our
knowledge, this is the first estimate of the in vivo mutation rate for
S. Typhimurium in a carrier state. We caution that this mutation
rate estimate should be regarded as an upper bound, because the
total time available for mutation may have been longer than the
1,579 days measured here. For example, in a few instances, isolates
obtained close in time differed by one or more SNPs, but these
SNPs may have arisen earlier than the collection time of the earlier
isolate.

Comparison of MLVA and genome data. The isolates were
initially typed by MLVA to determine whether they were related
by using the MLVA-5 scheme (8). All but three patients had iden-
tical MLVA profiles for all subsequent isolates, suggesting car-
riage. For patient 7, the first three isolates (G1 to G3) had identical
MLVA profiles, while the last isolate, collected at day 206 (G4),

differed by one repeat at STTR9. The day 206 (G4) isolate also
differed from the others by three SNPs. For patient 9, the day 149
(I2) and day 161 (I3) isolates differed from the first isolate (I1) by
one repeat each, at STTR10pl and STTR6, respectively. There was
no SNP distinguishing I2 and I3, and both differed from I1 by two
SNPs. Isolates from the same patients with identical MLVA pro-
files may differ by up to 5 SNPs (patient 8).

In addition, two sets of two patients each had the same MLVA
profile. Patient 1 and patient 3 isolates had the same profile but
differed by 8 SNPs, while patient 6 and patient 10 isolates had the
same profile but differed by 19 SNPs. We previously also observed
that isolates with identical MLVA types had one or more SNP
difference (6). The genome data offered a much higher resolution
than the MLVA data and demonstrated that MLVA lacks the
power to reveal the true relationships of the isolates from carriers.

We obtained a variable-number tandem repeat (VNTR) mu-
tation rate by using the same approach as that used for estimation
of the SNP mutation rate. There were five occurrences of VNTR
repeat changes in a total of 1,227 days observed. This equates to a
VNTR mutation rate of 1.49 per year (95% CI, 0.48 to 3.47 per
year). This estimate is higher than that reported in a previous
study using a mouse model in which S. Typhimurium was pas-
saged in vivo (29), with an estimated VNTR mutation rate of
0.84 per year. The VNTR mutation rate difference could be due
to the different hosts or to the mode of infection, as the mouse
model used was a systemic infection through intravenous in-
oculation (29).

Phylogenetic analysis of serial S. Typhimurium isolates. To
determine the phylogenetic relationships among the isolates from
carriers and other S. Typhimurium isolates, a genomic tree based
on SNPs from the 35 isolates and from 16 publicly available ge-
nomes from GenBank was generated using the maximum parsi-
mony method (Fig. 2). All the serial S. Typhimurium isolates from
the same patient were grouped together. Isolates from patients 4,

TABLE 2 Nonsynonymous SNPs in the isolates analyzed

Isolatea Gene Locus Product COGb

Amino acid
change

A2 ttrA STM1383 Tetrathionate reductase complex subunit A Metabolism A ¡ T
C2 mukB STM0994 Cell division protein MukB Cellular processes and signaling E ¡ G
C2 nifJ STM1651 Pyruvate-flavodoxin oxidoreductase Metabolism R ¡ C
D2 STM1787 Hydrogenase 1 large subunit Metabolism R ¡ C
D2 hisC STM2073 Histidinol-phosphate aminotransferase Metabolism P ¡ L
D3 masA STM1076 Methylglyoxal synthase Metabolism T ¡ I
E2 topB STM1298 DNA topoisomerase III Information storage and processing Q ¡ L
F2-1 malT STM3515 Transcriptional regulator MalT Information storage and processing E ¡ K
G4 rpoS STM2924 RNA polymerase sigma factor RpoS Information storage and processing R ¡ C
H2 STM1618 Transcriptional repressor of sgc operon Information storage and processing, metabolism E ¡ K
H2 recG STM3744 ATP-dependent DNA helicase RecG Information storage and processing R ¡ S
H3 btuB STM4130 Vitamin B12/cobalamin outer membrane transporter Metabolism R ¡ H
H3 dcuA STM4325 Anaerobic C4-dicarboxylate transporter Poorly characterized P ¡ S
H3 yjiE STM4511 DNA-binding transcriptional regulator Information storage and processing F ¡ L
I2 STM3833 Mandelate racemase Cellular processes and signaling, poorly characterized E ¡ K
I2 yihV STM4024.S Sugar kinase Metabolism Stop ¡ E
J2 STM3021 Inner membrane protein Poorly characterized T ¡ P
J2 rfaK STM3714 Hexose transferase Cellular processes and signaling T ¡ I
K3 flhC STM1924.S Transcriptional activator FlhC Cellular processes and signaling Q ¡ Stop
K3 yhdG STM3384 tRNA-dihydrouridine synthase B Information storage and processing R ¡ S
a The isolate in which the SNP was observed. See Table 1 for isolate details.
b COG, cluster of orthologous groups.
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6, 8, and 10 clustered together, and based on their relationship
with the DT170 isolates, it is likely that they belonged to phage
type DT170, the most common phage type in NSW, Australia,
where the patients resided (7). The phylogenetic analysis showed
that the isolates from carriers did not belong to a single clone.
Thus, the present study is unlike the case of invasive S. Typhimu-
rium infections in Africa, where one clone (ST313) was causing
the infections (30).

Concluding comments. Our analysis of genomic variation
demonstrated a limited genomic variation within S. Typhimu-
rium isolates excreted at the time of symptomatic illness and dur-
ing the carriage stage of infection. None of the longitudinal iso-
lates was due to reinfection. The genomic changes during carriage
were mostly random, and the estimated mutation rate is 1.49 �
10�6 substitution per site per year. Our data fill a gap in the knowl-
edge of Salmonella microevolution during long-term human car-
riage, which can be used for case definition using whole-genome
sequencing.

A limitation of this study is that only a single isolate was ob-
tained from each patient at any time point, as this has been the
general clinical microbiology practice for diagnostic purposes.
The isolate sampled was likely to be the predominant isolate in the
population at a given time point. However, it is likely that there are

other variants present at any given time. A metagenomic approach
or in-depth sampling would be required to fully assess the popu-
lation diversity during chronic carriage.

In a previous study, a significant proportion of patients with
recurrence or carriage of NTS infection had an underlying disease
(31). However, we were unable to determine if the patients whose
isolates were analyzed in this study had any underlying diseases.
HIV infection puts patients at high risk for having recurrent sal-
monellosis (32), and in recent years, there has been an increase in
invasive S. Typhimurium infections in HIV patients in Africa. By
genome sequencing of 47 serial isolates from 14 patients, Okoro et
al. (30) showed that recurrence of invasive S. Typhimurium infec-
tion in HIV patients can be due to either recrudescence, reinfec-
tion, or a combination of both. Recrudescence accounted for 78%
of recurring infections (30). However, recrudescence and multiple
infections in the same patient were not uncommon (30).

In uncomplicated NTS gastroenteritis, the NTS infections tend
to be self-limiting, and the median duration of NTS excretion is 4
to 5 weeks, based on previous studies. In the 11 patients we exam-
ined, all but 1 excreted NTS for longer than 35 days, with the
longest duration being 279 days after the initial infection. Carriers
pose potential risks as sources of infection. However, studies on
the effects of prolonged shedding and carriage of NTS are scarce.

FIG 2 Maximum parsimony tree of S. Typhimurium genomes based on SNPs identified by mapping to the reference genome of S. Typhimurium LT2. The
numbers on branches correspond to numbers of SNP differences. GenBank accession numbers for the publicly available genomes are given in parentheses. The
unit of the scale bar is number of SNPs. S. Enteritidis and S. Choleraesuis were used as the outgroup.
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In previous studies, the risks of household transmission of Salmo-
nella ranged from 6% to 39% (33, 34). The prolonged shedding of
NTS postinfection is an important issue, as evidenced by sporadic
outbreaks traced back to asymptomatic carriers as the source of
infection (35–37). These findings have important implications for
the detection of possible transmission events suspected by public
health genomic surveillance of S. Typhimurium infections.
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