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Biotypes, and Severe Underreporting of Outbreaks
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Salmonella enterica is the leading etiologic agent of bacterial food-borne outbreaks worldwide. This ubiquitous species contains
more than 2,600 serovars that may differ in their host specificity, clinical manifestations, and epidemiology. To characterize sal-
monellosis epidemiology in Israel and to study the association of nontyphoidal Salmonella (NTS) serovars with invasive infec-
tions, 48,345 Salmonella cases reported and serotyped at the National Salimonella Reference Center between 1995 and 2012 were
analyzed. A quasi-Poisson regression was used to identify irregular clusters of illness, and pulsed-field gel electrophoresis in con-
junction with whole-genome sequencing was applied to molecularly characterize strains of interest. Three hundred twenty-nine
human salmonellosis clusters were identified, representing an annual average of 23 (95% confidence interval [CI], 20 to 26) po-
tential outbreaks. We show that the previously unsequenced S. enterica serovar 9,12:1,v:— belongs to the B clade of Salmonella
enterica subspecies enterica, and we show its frequent association with extraintestinal infections, compared to other NTS sero-
vars. Furthermore, we identified the dissemination of two prevalent Salmonella enterica serovar Typhimurium DT104 clones in
Israel, which are genetically distinct from other global DT104 isolates. Accumulatively, these findings indicate a severe underre-

porting of Salmonella outbreaks in Israel and provide insights into the epidemiology and genomics of prevalent serovars, re-

sponsible for recurring illness.

uman infections by Salmonella enterica are a global public

health concern, leading to approximately 93.8 million cases
of gastroenteritis and 155,000 deaths each year (1). In the United
States and worldwide, Salmonella is the leading bacterial pathogen
responsible for food-borne outbreaks (2). S. enterica is a highly
versatile pathogen that can infect a broad range of hosts and causes
different clinical outcomes (3). Despite the high genetic similarity
between S. enterica serovars, these may vary significantly in their
host specificity, clinical manifestation, and epidemiology. For ex-
ample, most serotypes cause gastroenteritis in healthy individuals,
while host-specific serovars such as Salmonella enterica serovar
Typhi or S. enterica serovar Paratyphi induce life-threatening en-
teric fever. The majority of nontyphoid Salmonella (NTS) infec-
tions in humans present as gastroenteritis; however, about 5%
may be invasive and manifest as bacteremia or other extraintesti-
nal focal infections (4). A few S. enterica serovars, such as Chol-
eraesuis or Dublin, are more likely to cause bacteremia than are
others (5), and recent studies found significant differences in dis-
ease outcomes between other serovars (6, 7). Nevertheless, the
link between salmonellosis epidemiology, genetic content, and the
severity of disease caused by different NTS serovars is poorly un-
derstood.

Recently developed whole-genome sequencing (WGS) technolo-
gies and the ability to compare genomes of different serovars have
provided important insights into host specificity and clinical mani-
festation. Genome degradation (inactivated or missing genes), char-
acterizing the genomes of S. Typhi and S. Paratyphi, and the presence
of unique virulence genes and pathogenicity islands are believed to
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play a role in their human-restricted tropism (reviewed in refer-
ence 8).

Early detection of outbreaks is crucial for effective public
health intervention and remains a fundamental challenge for
health authorities. A few European countries have successfully
implemented laboratory-based biosurveillance systems since the
early 1990s (9). In Israel, there is currently no statistical surveil-
lance of laboratory-confirmed salmonellosis at the national level.
To better understand the association of NTS serovars with inva-
sive disease and to characterize irregular salmonellosis clusters in
Israel, we have analyzed 48,345 Salmonella cases reported to the
National Salmonella Reference Center (NSRC) between 1995 and
2012. By applying a national laboratory-based surveillance,
pulsed-field gel electrophoresis (PFGE), genomics, and phyloge-
netic approaches, we demonstrated a severe underreporting of
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putative outbreaks in Israel and showed that S. enterica 9,12:1,v:—
has the highest invasive index among all NTS serovars in Israel.
Moreover, we analyzed the phylogenetic relationship of multi-
drug-resistant (MDR) Salmonella Typhimurium DT104 isolates
and demonstrated the circulation of two prevalent, endemic, and
distinct clones of this strain in Israel.

MATERIALS AND METHODS

Identification of irregular time-based salmonellosis clusters. Salmonel-
losis is a reportable disease in Israel, by law. All microbiology laboratories
countrywide are required to passively submit clinical and food Salmonella
isolates from all sources to the NSRC at the Government Central Labora-
tories, Israel Ministry of Health in Jerusalem, where serological identifi-
cation is performed according to the Kauffmann-White-Le Minor scheme
(10). All of the serotyped isolates, their source, sending laboratory, date of
isolation, and patient identifiers (IDs) are documented. Antibiogram pro-
filing is performed for some of the isolates according to a routine scheme.

In this study, 69,156 Salmonella isolates, which were reported to the
NSRC from 1995 to 2012, were analyzed. Salmonella isolates that were
found to be contaminated, that were from the Typhi or Paratyphi serovar,
were sent from the Palestinian territories, were not linked to a valid ID num-
ber, or were repeated isolates from the same patient were all excluded from the
analysis. Finally, the analysis included 48,345 single cases of NTS that were
linked to distinct IDs. Detection of irregular clusters (statistical alerts) was
performed using the R Language and Environment for Statistical Computing,
version 2.15.1 (http://www.R-project.org). All computations were executed
with the package “surveillance” that was developed for monitoring count data
of infectious diseases (11). Each week in the studied period was compared
against historical serotype counts extending 4 years back, using a 9-week time
window centered on the middle week. Thus, the actual detection of statisti-
cally significant deviations from a random pattern started at the fifth week of
1999 and ended at the last week of 2012. Following the model’s requirements,
in a 53-week year, the counts of the last week were combined with the 52nd
week. As proposed by Farrington et al. (12), to approximate data symmetry,
the threshold values were calculated using 2/3 power transformation and o =
0.05 was chosen to ensure sufficient sensitivity. This robust parametric gen-
eralized linear model (GLM) is based on overdispersed Poisson regression
with a log-link. It has many merits, including the ability to adjust seasonal
effects and time trends. Moreover, data skewness is handled and past out-
breaks are assigned lower weights to avoid artificial inflation of the following
upper bounds.

To avoid overrepresentation of outbreak alarms generated by rare
serovars, no alarm was generated if the examined week had fewer than
three cases of the investigated serovar. The analysis was performed inde-
pendently for the 37 most prevalent Salmonella serovars in Israel, ac-
counting for 95% of all reported NTS cases between 1995 and 2012. The
remaining 5% were grouped and analyzed together as “all others.” Alarms
that were separated by 8 weeks or more, during which there was no sig-
nificant alarm, were counted as unrelated clusters.

Antibiotic resistance. Antibiotic resistance of outbreak isolates was
tested using the Kirby-Bauer disk diffusion method and included the follow-
ing antibiotics: amoxicillin (20 pg/ml), ampicillin (10 pug/ml), chloramphen-
icol (30 wg/ml), ciprofloxacin (5 pg/ml), nalidixic acid (30 wg/ml), nitrofu-
rantoin (300 pg/ml), spectinomycin (100 pg/ml), streptomycin (10 pg/ml),
sulfamethoxazole (23.75 pg/ml), tetracycline (30 pwg/ml), and trimethoprim
(1.25 pg/ml).

PFGE. Pulsed-field gel electrophoresis (PFGE) was performed ac-
cording to the PulseNet International Standardized Protocol (13). The
clusters were analyzed with BioNumerics software (Applied Maths,
Kortrijk, Belgium). The UPGMA (unweighted-pair group method us-
ing average linkages) clustering method and Dice similarity coeffi-
cients with 1% optimization and 0.85% tolerance parameters were
applied. Isolates were defined as genetically related if they presented
=96% PFGE similarity.
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Whole-genome sequencing (WGS) and bioinformatics. The en-
demic S. Typhimurium DT104 strain (outbreak isolate 138736) was se-
quenced to a draft level using the PacBio RS II DNA sequencing system
(Pacific Biosciences). The reads (3,003-bp average length) generated from
two single-molecule real-time (SMRT) cells provided more than 40.4-fold
coverage and were subjected to an assisted assembly using the S. Typhi-
murium DT104 strain (NCTC 13348) as a reference.

Whole-genome shotgun assemblies for S. Typhimurium DT104 iso-
lates 95799, 98346, 104772, 108402, and 116045 and one blood isolate of
the invasive S. 9,12:1,v:— serotype (94293) were generated at Expression
Analysis (Durham, NC) using 50 cycles of Illumina’s paired-end chemis-
try to a depth of ~175-fold coverage and assembled using Velvet (14).
Whole-genome alignment and single nucleotide polymorphism (SNP)
detection for these six genomes were performed using the Mauve software
(15). Reads for all other publically available S. Typhimurium genomes
were obtained from the Short Read Archive (http://www.ncbi.nlm.nih
.gov/sra). The reads were aligned to the S. Typhimurium DT104 NCTC
13348 genome using Bowtie-2 (16). Variant detection was performed
compared to the reference strain using SAMtools (17) and custom scripts.
In brief, only bases with a phred score of >30 (0.1% error) were used to
call a consensus base, and consensus bases with a score of >60 (0.0001%
error) were used to call variants. The resultant SNP matrix was further
pruned to remove sites that were not reliably called in 99% of the strains.
Maximum likelihood trees were constructed using FastTree (18) and the
SNP matrix obtained from the previous step. SnpEff (19) was used to
predict the consequences of the variants using the S. Typhimurium
DT104 NCTC 13348 genome as reference.

BEAST v1.8 (20) was used for Bayesian phylogenetic inference of the
DT104 isolates. The exponential growth coalescent tree priors were used
with a general time-reversible nucleotide substitution model. The isola-
tion dates of the samples were used to calibrate the time scale of the tree,
and an uncorrelated lognormal relaxed molecular clock was used to ac-
count for rate variation among lineages. Two independent Markov chain
Monte Carlo (MCMC) analyses were run for 100 million states, with
sampling every 10,000 states. The results for the two runs were combined
after discarding the first 10,000 states sampled as burn-in. Tree Annotator
was used to calculate the maximum clade credibility tree from all the
sampled trees. Annotation and comparison between S. 9,12:1,v:— and S.
Typhimurium LT2 were performed using RAST (http://rast.nmpdr.org/).
All publically available Salmonella genome assemblies were downloaded
from PATRIC (http://patricbrc.org). Mauve was used to generate pair-
wise alignments of each strain with S. Typhimurium LT?2 as a reference.
The pairwise alignments were parsed using custom scripts to create a
pseudomultiple alignment, where putative orthologous bases to each S.
Typhimurium LT2 position were determined. This alignment was used to
determine an SNP matrix using custom scripts. Maximum likelihood
trees were generated using FastTree (18) and the SNP matrix.

Confirmation of DT104 phage type. S. Typhimurium DT104 strain
confirmation was determined by three criteria: (i) the presence of the Salmo-
nella genomic island I and prophage III by PCR using the primers
SGI1pl2F, 5" CAACTTCCGTAAGTTCAGCTACAGC 3'; SGI1pI2R, 5’
TAGCTCTATCCAGCAATGCGGATTG 3'; DT104p3F, 5" TGAAGGCT
CTCAGCATATCACCCGTA 3'; and DT104p3R, 5" ATCCACTGCCGA
ACGTTATCGTGGT 3’ (21); (ii) a PFGE pulsotype similar to that of the S.
Typhimurium DT104 strain NCTC 13348; and (iii) antibiotic resistance
to ampicillin, chloramphenicol, streptomycin, sulfonamides, and tetracy-
cline.

Nucleotide sequence accession numbers. All seven genome shot-
gun projects have been deposited at GenBank under the accession num-
bers PRJNA242139, PRJNA215426, PRJNA215428, PRJNA215434,
PRJNA215436, PRINA215440, and PRJNA215425.

RESULTS

Characterization of irregular salmonellosis clusters. To identify
time-based irregular clusters (alarms), which often indicate out-
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FIG1 (A) Annual incidence of reported NTS, invasive NTS infections, and predicted salmonellosis clusters in Israel, 1999 to 2012. The annual incidence of NTS
Salmonella cases (circles and solid line) and the number of invasive NTS infections (triangles and dotted line) are shown per 100,000 population and were inferred
from the laboratory-confirmed Salmonella cases received at the National Salmonella Reference Center. The yearly number of clusters (squares and broken line)
was predicted by the Farrington statistical surveillance model as described in Materials and Methods. (B) Seasonal distribution of salmonellosis clusters, 1999 to
2012, and invasive and stool infections with reported NTS Salmonella in Israel, 1995 to 2012.

breaks, we have implemented the Farrington algorithm (12) to
retrospectively analyze 48,345 cases reported and serotyped at the
NSRC between 1995 and 2012. This analysis revealed 329 statisti-
cally significant clusters (comprising 3 to 633 associated cases)
from 1999 to 2012, with an average of 23 (95% confidence interval
[CI], 20 to 26) salmonellosis clusters per year (Fig. 1A). We also
found that 7,427 (15.4%) of the reported cases were associated
with predicted clusters. The vast majority of these clusters were
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previously unreported and hence were never investigated by
health authorities. Surprisingly, a monotonic correlation between
the annual incidence and the number of clusters was not observed
(Spearman’s rho, —0.02; P value, 0.946). For instance, despite a
sharp drop in Salmonella incidence between 1999 and 2005, and a
moderate decline between 2008 and 2012, the yearly number of
salmonellosis clusters increased in 2003 and in 2012 (Fig. 1A).

A clear seasonal pattern of salmonellosis clusters overlapped
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TABLE 1 PFGE analysis of 23 potential salmonellosis outbreaks, 1999 to 2012¢

No. of linked

Potential outbreak Serotype cases Detection date Antibiotic resistance Cluster clonality

1 Enteritidis 6 Aug 1999 SMZ Clonal

2 Enteritidis 6 May 2001 Nonclonal

Typhimurium DT104 22 Aug 2001 AMP, CHL, TET, AMX, SPT, Clonal

NAL, STR, SMZ

4 Concord 7 May 2002 SMZ Clonal

5 Bredeney 6 Jun 2003 SMZ Clonal

6 Enteritidis 10 Aug 2004 SMZ Clonal

7 Typhimurium 8 Jun 2005 NAL, SMZ Clonal

8 Hadar 3 Jun 2005 TET, STR, SMZ Clonal

9 Typhimurium DT104 4 Oct 2005 AMP, CHL,TET, AMX, SPT, Clonal
NAL, STR, SMZ

10 16:1,v:— 6 Dec 2005 SMZ Clonal

11 Java 10 Feb 2006 AMP, TMP, TET, AMX, Clonal
NAL, NIT, SMZ

12 Mbandaka 7 May 2006 SMZ Clonal

13 Enteritidis 8 May—Jun 2006 NIT, SMZ Clonal

14 Hadar 4 Nov 2006 AMP, TET, AMX, STR, SMZ Clonal

15 Virchow 4 Jan 2007 Nonclonal

16 Enteritidis 3 Aug 2007 AMP, AMX, SMZ Clonal

17 Infantis 10 Jun 2009 TET, SPT, NAL, STR, NIT, Clonal
SMZ

18 Agona 3 Jun 2009 Nonclonal

19 Enteritidis 12 Sep 2009 SMZ Clonal

20 Schwarzengrund 4 Aug 2009 SMZ Clonal

21 Havana 99 Mar—May SMZ Clonal

2011

22 9,12:L,v:— 16 Jun 2011 TET, SMZ Clonal

23 Typhimurium DT104 5 Jun 2011 AMP, CHL, TET, AMX, SPT, Clonal
STR, SMZ

@ Abbreviations: Jan, January; Feb, February; Mar, March; Jun, June; Aug, August; Sep, September; Oct, October; Nov, November; Dec, December; AMX, amoxicillin; AMP,
ampicillin; CHL, chloramphenicol; NAL, nalidixic acid; NIT, nitrofurantoin; SPT, spectinomycin; STR, streptomycin; SMZ, sulfamethoxazole; TET, tetracycline; TMP,

trimethoprim.

with the general seasonal Salmonella incidence (Spearman’s rho,
0.77; P value, 0.003), demonstrating fewer clusters in the winter,
during December to February, and an increased number of clus-
ters in the summer, during June to October (Fig. 1B). Interest-
ingly, additional peaks in salmonellosis clusters were observed in
the spring (March), although the general Salmonella incidence at
this time is low, suggesting that salmonellosis clusters are not
merely the direct outcome of the general Salmonella incidence and
that other factors are expected to play a part as well.

Molecular analysis of algorithmically detected clusters. To
better characterize the genetic relatedness of the clusters identified
by the Farrington surveillance algorithm, we analyzed by PFGE
the clonality of 95 different isolates from 23 salmonellosis clusters
(Table 1). For each cluster examined, sporadic nonrelated isolates
(one to three) were included for comparison (in total, 136 isolates
were analyzed). Molecular confirmation of the salmonellosis clus-
ter caused by Salmonella enterica serovar Enteritidis in August
2004 was reported previously (22). Overall, we demonstrated that
except for three predicted clusters (S. enterica serovar Virchow in
January 2007, S. Enteritidis in May 2001, and S. enterica serovar
Agona in June 2009), 20/23 (86%) identified clusters consisted of
related isolates and therefore are likely to be part of monoclonal
outbreaks. Three clusters, comprised of genetically unrelated iso-
lates, may represent either a false-positive alarm generated by the
algorithm or outbreaks with more than one infecting source
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(polyclonal outbreaks). This analysis suggests that a major portion
of the clusters detected by the implemented Farrington algorithm
may represent overlooked outbreaks, which would have been de-
tected and investigated by public health authorities, at the time of
occurrence, if this method of surveillance had been in place at the
time.

Extraintestinal NTS infection analysis. Next, we sought to
analyze the site of infection in the 48,345 Salmonella cases. Alto-
gether, 1,731 extraintestinal NTS infections were identified, com-
prising 3.6% of all cases. The infection sites from which extraint-
estinal salmonellae were isolated included blood (n = 1,171;
67.6%), urine (n = 413; 24%), wound (n = 38; 2.2%), abscess
(n =19, 1%), and other sites (n = 90, 5.2%). In agreement with
the general salmonellosis incidence, the incidence of invasive NTS
(iNTS) has decreased from about 3 cases per 100,000 population
in 1999 to 1 case per 100,000 in 2005 to 2012 (Fig. 1A). The sea-
sonality of invasive salmonellosis was also found to be tightly cor-
related with the general Salmonella incidence (Spearman’s rho,
0.98; P value, 0.0001), presenting higher rates during the spring
and summer (April to October). Curiously, an unexplained sea-
sonal decline in the reported cases is seen in September for all
strata (Fig. 1B).

The NTS serovar that presented the highest invasive index (the
percentage of extraintestinal infections from all cases) was 9,12:
1,v:—, with 7.7% (Fisher’s 95% CI, 6.1 to 9.6) of invasive infections
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TABLE 2 Prevalence of reported S. enterica serovars in Israel (1995 to 2012), their extraintestinal infection frequency, and their representation in

predicted salmonellosis clusters (1999 to 2012)

No. (%) of

outbreak-associated No. of invasive

Serotype No. (%) of cases No. (%) of clusters cases infections Invasive index”
Enteritidis 11,198 (23.2) 19 (5.8) 1,279 (11.4) 514 4.6"
Virchow 6,061 (12.5) 17 (5.2) 1,066 (17.6) 289 4.8°
Typhimurium 5,733 (11.9) 18 (5.5) 574 (10) 195 3.4
Infantis 5,370 (11.1) 17 (5.2) 1,460 (27.2) 104 2b
Hadar 4,084 (8.4) 14 (4.3) 325(8) 81 2b
Bredeney 1,307 (2.7) 13 (4) 203 (15.5) 66 5b
Montevideo 1,052 (2.2) 16 (4.9) 179 (17) 33 3.1°
Agona 1,005 (2.1) 16 (4.9) 159 (15.8) 14 1.4°
9,12:Lv:— 919 (1.9) 15 (4.6) 129 (14) 71 7.7
Blockley 798 (1.7) 8 (2.4) 94 (11.8) 14 1.8
Heidelberg 787 (1.6) 5(1.5) 364 (46.3) 31 3.9
Newport 785 (1.6) 13 (4) 76 (9.7) 31 3.9
Muenchen 706 (1.5) 16 (4.9) 200 (28.3) 23 33
Kentucky 678 (1.4) 10 (3) 122 (18) 32 4.7
Java 669 (1.4) 16 (4.9) 102 (15.2) 14 2.1°
Mbandaka 491 (1) 13 (4) 143 (29.1) 10 2
Tennessee 451 (0.9) 9(2.7) 58 (12.9) 6 1.3%
Anatum 447 (0.9) 10 (3) 50 (11.2) 8 1.8
Afula 383 (0.8) 14 (4.3) 67 (17.5) 3 0.8
Senftenberg 292 (0.6) 3(0.9) 21(7.2) 10 34
16:Lv:— 263 (0.5) 6(1.8) 94 (35.7) 4 15
Kottbus 251 (0.5) 4(1.2) 19 (7.6) 4 1.6
Emek 250 (0.5) 5(1.5) 28 (11.2) 5 2
Havana 242 (0.5) 2(0.6) 142 (58.7) 6 2.5
Concord 217 (0.4) 3(0.9) 41 (18.9) 2 0.9
Eastbourne 164 (0.3) 1(0.3) 3(1.8) 9 5.5
Saintpaul 163 (0.3) 1(0.3) 3(1.8) 5 3.1
Haifa 143 (0.3) 0 (0) 0 (0) 4 2.8
Edinburg 139 (0.3) 6(1.8) 24 (17.3) 4 2.9
Braenderup 137 (0.3) 6(1.8) 20 (14.6) 3 2.2
Abony 130 (0.3) 5(1.5) 19 (14.6) 1 0.8
Stanley 129 (0.3) 2 (0.6) 16 (12.4) 3 2.3
Give 126 (0.3) 0 (0) 0 (0) 8 6.3
Corvallis 109 (0.2) 2 (0.6) 7 (6.4) 4 3.7
Orion 93 (0.2) 0 (0) 0 (0) 1 1.1
Oranienburg 91 (0.2) 2 (0.6) 7(7.7) 4 4.4
4,12:—:— 83 (0.2) 1(0.3) 3 (3.6) 1 1.2
All others 2,399 (5.0) 21 (6.4) 330 (13.8) 114 4.8°
Total 48,345 329 (100) 7,427 (15.4) 1,731 3.6

“ Invasive index = (invasive infections/total cases) X 100.
X2, P < 0.05 in comparison to the invasive index of all N'TS serovars.

(Table 2). This invasive index is more than 2-fold higher than the
invasive index of S. Typhimurium (3.4%, P value < 0.001) or the
mean invasive index of all NTS serovars (3.6%, P value < 0.001).
These results reinforce the notion that NTS serovars may differ in
their ability to induce invasive disease and may suggest that some
serovar-specific genetic factors are likely to play a role in the man-
ifestation of invasive salmonellosis in addition to many known
host factors that were recently reviewed (23).

Genomic characterization of S. 9,12:1,v:—. We observed that
the previously unsequenced serovar 9,12:1,v:— has the highest in-
vasive index among all NTS serovars in Israel and is associated
with multiple salmonellosis clusters (Table 1), which prompted us
to further characterize this serovar on the genetic level. This
monophasic serovar, which has recently emerged in Bulgaria,
Denmark, and the United States (24), was thought to have evolved
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from a strain of Salmonella enterica serovar Goettingen (9,12:1,v:
e,n,z15) (25), and the two serovars share the multilocus sequence
type (MLST) 20 (http://mlst.warwick.ac.uk/mlst/dbs/Senterica).

Genome sequence analysis of an invasive blood isolate (no.
94293) of S. 9,12:1,v:— showed that the hin recombinase respon-
sible for flagellar switching was absent, which might explain the
monophasic phenotype of this serovar. Figure 2 demonstrates the
taxonomic relationship of S. 9,12:1,v:— to 385 other sequenced S.
enterica strains, as determined by a concatenated alignment of
3,384 core Salmonella genes. This analysis showed that the newly
sequenced S. 9,12:1,v:— serovar is a member of the S. enterica
subsp. enterica clade B (26).

Genome sequence analysis also showed an interesting composi-
tion of virulence genes present in various clade B genomes (26, 27).
These include three usher-chaperone fimbrial systems, one of which
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is the Tcf (Typhi colonization factor), a fimbrial cluster encoded be-
tween STMO0182-STMO0183 homologs and an additional fimbrial
operon downstream of the ISSod13 transposase. We also found an
uncharacterized type 1 fimbria operon (inserted in STM1197-
STM1198 homologs) and a PilV-like adhesin. Besides the fimbriae,
the cytolethal distending toxin (CdtB), hemolysin E (HIyE), and the
putative typhoid effectors EspN-like (STY1413) and OspB-like
(STY1360) were also identified in the S. 9,12:1,v:— genome. An anal-
ysis of metabolic genes suggested that S. 9,12:1,v:— carries the Salmo-
nella-uncommon beta-glucuronide operon and the ydjisland (9.4
kb). On the other hand, the 9,12:1,v: — genome lacks several met-
abolic clusters that are present in many other NTS, including the
allantoin catabolism island (STM0514-STMO0532), the inositol
cluster (STM4417-STM4436), 1-rhamnonate (STM2288-
STM2293), L-tartrate (STM0761-STM0762), the mannose phos-
photransferase system (STM4534-STM4540.S), and the aga car-
bohydrate operon (STM3251-STM3256).

Recurring salmonellosis caused by endemic MDR S. Typhi-
murium DT104 clones. Our analysis showed that three S. Typhi-
murium clusters (August 2001, October 2005, and June 2011)
shared a similar PFGE profile as determined by Xbal and Spel
restriction analysis (data not shown). This particular pattern was
also found to be identical to the pulsotype of the sequenced S.
Typhimurium DT104 strain NCTC 13348 isolated in the United
Kingdom in 1988 (Fig. 3) and to that of an S. Typhimurium
DT104 strain from Taiwan (28). PCR analysis demonstrated the
presence of the Salmonella genomic island I and prophage III,
while antibiotic susceptibility testing showed resistance to ampi-
cillin, chloramphenicol, streptomycin, sulfonamides, and tetracy-
cline, confirming a DT104 MDR phenotype.

To get a broader perspective on the distribution of this DT104
strain among S. Typhimurium isolates in Israel, 57 randomly cho-
sen sporadic isolates of S. Typhimurium were analyzed by PFGE.
Sixteen isolates (28%) presented a pulsotype similar to that of the
epidemic DT104 strain (Fig. 3), indicating a high prevalence of S.
Typhimurium DT104 in Israel in the last decade.

To further characterize the nature of these S. Typhimurium
DT104 isolates on the genetic level, we applied whole-genome
sequencing to six independent isolates from 2005 (isolates 95799
and 98346), 2006 (104772), 2007 (108402), and 2008 (116045)
and one isolate from a 2011 outbreak (138736). Phylogenetic
analysis based on 2,230 SNPs retrieved from 335 different S. Ty-
phimurium DT104 genomes (Fig. 4) demonstrated that despite
the different isolation times, three newly sequenced Israeli isolates
(104772, 108402, and 98346) clustered closely together in one
clade. Interestingly, a previously sequenced S. Typhimurium
strain (H183) that was isolated from a United Kingdom citizen
returning from Israel in 1997 was grouped in this clade as well.
Two other Israeli isolates (138736 and 116045) were also clustered
in a single but separate clade, indicating the circulation of at least
two dominant biotypes of DT104 in Israel. Relaxed molecular
clock analysis has shown that these two clades diverged in 1986
(95% highest probability density [HPD], 1985 to 1988). The
model also predicted that the hypothetical ancestor of all DT104
strains arose in 1970 (95% HPD, 1962 to 1976), which is consis-
tent with the dates predicted by Mather and colleagues (29).

DISCUSSION

Salmonella spp. remain a leading bacterial cause of food-borne
outbreaks in developed countries (30). Most people infected with
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Salmonella do not seek medical care or submit a stool sample.
Moreover, even after the sample has been submitted to the labo-
ratory, several weeks may pass between the submission date and
the actual linkage of the case to a specific outbreak, following
serotyping and molecular fingerprinting. Hence, it is of great im-
portance for health authorities to be able to effectively recognize
and analyze statistically distinct clusters of laboratory-confirmed
cases. The potential benefit of an algorithm-based surveillance can
be appreciated in the light of the relatively low number of reported
Salmonella outbreaks in Israel, with only a single outbreak recog-
nized in 2010 (31), while our analysis estimated that each year in
Israel there are on average 23 potential outbreaks. If one takes into
account the EU multiplier for the ratio of underdiagnosis of 58 for
every laboratory-confirmed case (32), it is likely that the actual
number of outbreaks in the community is even higher. Statistical
surveillance methods such as the Farrington algorithm provide an
economical, efficient, and valid tool for early detection of poten-
tial outbreaks that require further epidemiological investigation
and confirmation. Furthermore, improved metadata collection,
including patient’s residential postal code, age, and sex, can con-
tribute to better outbreak detection and investigation, without
compromising patient privacy. These recommendations have
been presented to officials in the Israeli Ministry of Health and are
currently under consideration.

Opverall, the profile of salmonellosis clusters corresponded with
the general seasonal Salmonella incidence, with fewer clusters in
the winter and higher numbers of clusters in the summer months
(Fig. 1B). Nevertheless, an additional peak of salmonellosis clus-
ters was observed in the spring, although the general Salmonella
incidence at this time of year is low. While we do not fully under-
stand this phenomenon, an intriguing possibility is that the source
of these outbreaks might be migrating birds that extensively pass
through Israel during the spring migration that reaches its peak
from the beginning of March to mid-May. Several recent reports
indicating Salmonella transmission between wild birds and meat-
production animals (33, 34) may support this hypothesis.

Our analysis indicated that S. 9,12:1,v:— is frequently associ-
ated with extraintestinal infections (about 8% of cases). Since the
prevalences of S. 9,12:1,v:— are similar among human and poultry
samples (about 2% from all Salmonella isolates), we believe that
the source of S. 9,12:1,v:— infections is probably poultry products
that are often the reservoir for NTS serovars in industrialized
countries (35). A similar observation that attributed a high blood
invasiveness ratio to S. 9,12:1,v:— in Israel was reported by Wein-
berger and Keller in a 5-year study of 1997 to 2002 (36). To the best
of our knowledge, the relatively high proportion of extraintestinal
infections associated with serovar 9,12:,v:— found in Israel has
not been reported in other countries. Comparisons among coun-
tries of the invasive indices of NTS serovars show that there are
often substantial differences (7). These data support the existence
of geographically related pathovars that may vary in their viru-
lence potential and invasiveness. For example, 13.4% of Salmo-
nella enterica serovar Heidelberg infections are invasive in the
United States (6), but only 3.9% of those in Israel are invasive (P
value < 0.001). Such differences may substantially reflect different
pathogen lineages rather than variation in human populations,
such as immunological or nutritional status, genetic background,
etc. Future study of genome comparisons between multiple iso-
lates of the same serovar from countries with different invasive
indices may help in understanding the nature of these differences.
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FIG 3 Prevalence of endemic MDR S. Typhimurium DT104 pulsotype. The PFGE profile of three S. Typhimurium DT104 isolates responsible for three clusters
that occurred in 2001, 2005, and 2011 (red) was compared to the pulsotypes of S. Typhimurium DT104 NCTC 13348 (green) and 57 sporadic isolates (blue) of
S. Typhimurium isolated in the past decade. DNA from all isolates was digested with Xbal, and the degree of genetic similarity is shown by the dendrogram at the

left.
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FIG 4 Phylogenetic relationship of identified Israeli DT104 isolates with global S. Typhimurium DT104. Maximum clade credibility tree of 335 S. Typhimurium
DT104 isolates and six Israeli DT104 isolates (95799, 98346, 104772, 108402, 116045, and 138736, in red) was constructed based on 2,353 SNPs using BEAST
v1.80. The tree was calibrated using isolation dates of the strains. The distances represent time, and internal nodes show clade support (bootstrap values) as

posterior probabilities.

Recently, we demonstrated, using comparative genomic hy-
bridization (CGH), the presence of several typhoid-associated vir-
ulence genes (fcfA, cdtB, hlyE, taiA, STY1413, and STY1360) in S.
9,12:1,v:— and showed that this serotype can induce prolonged
systemic infection in the mouse model (37). In the present study,
using whole-genome sequencing, we demonstrated the presence
of a particular composition of additional adhesion factors and an
uncommon metabolic profile. It is possible that this unique rep-
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ertoire of virulence genes and possibly other genetic features, such
as degradation of metabolic pathways, may contribute to the rel-
atively high invasive index of this nontyphoid serovar. In agree-
ment with this notion, a phylogenetic analysis clustered S. 9,12:
L,v:— in the same clade with other NTS serovars that were reported
as associated with high invasiveness (compared to other NTS [Fig.
2]) including S. Schwarzengrund, S. Urbana, S. Muenster, S.
Pomona, and S. Poona. All are characterized by a high proportion
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(>10%) of invasive disease in the United States (6, 38). It can be
speculated therefore that common virulence factors and genomic
degradations shared by at least some members of clade B may play
a role in their extraintestinal predisposition.

One of the main Salmonella pandemics in the last 2 decades is
the emergence of an MDR S. Typhimurium phage type DT104
(39). InIsrael, S. Typhimurium DT104 emerged during the 1990s
and became the most prevalent phage type among S. Typhimu-
rium strains. In 2008, S. Typhimurium DT104 accounted for
35.1% of all S. Typhimurium isolates (40). In recent years, there
has been a decline in the prevalence of DT104 in Israel, similar to
the trend reported in other countries. Nevertheless, despite the
documented decrease in the incidence of S. Typhimurium DT104,
we identified the dissemination of at least two distinct endemic S.
Typhimurium DT104 clones responsible for recurring clusters of
infection in Israel (Fig. 4).

To summarize, in this study we have analyzed the epidemiol-
ogy of salmonellosis clusters and extraintestinal infections caused
by NTS serovars in Israel. We found that each year there are doz-
ens of unrecognized, and therefore not investigated, clusters of
illness. Routine implementation at the national level of statistical
surveillance could greatly improve early detection of outbreaks
and facilitate effective intervention by health authorities. We
showed that the clade B serovar 9,12:1,v:— is responsible for a
relatively high proportion of extraintestinal infections compared
to other prevalent NTS serovars. S. 9,12:1,v:— and endemic bio-
types of S. Typhimurium DT104 are previously underappreciated
agents of morbidity in Israel.
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