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The genus Salmonella consists of over 2,200 serovars that differ in their host range and ability to cause
disease despite their close genetic relatedness. The genetic factors that influence each serovar’s level of host
adaptation, how they evolved or were acquired, their influence on the evolution of each serovar, and the
phylogenic relationships between the serovars are of great interest as they provide insight into the mechanisms
behind these differences in host range and disease progression. We have used an Salmonella enterica serovar
Typhimurium spotted DNA microarray to perform genomic hybridizations of various serovars and strains of
both S. enterica (subspecies I and IIIa) and Salmonella bongori to gain insight into the genetic organization of
the serovars. Our results are generally consistent with previously published DNA association and multilocus
enzyme electrophoresis data. Our findings also reveal novel information. We observe a more distant relation-
ship of serovar Arizona (subspecies IIIa) from the subspecies I serovars than previously measured. We also
observe variability in the Arizona SPI-2 pathogenicity island, indicating that it has evolved in a manner distinct
from the other serovars. In addition, we identify shared genetic features of S. enterica serovars Typhi, Paratyphi
A, and Sendai that parallel their unique ability to cause enteric fever in humans. Therefore, whereas the
taxonomic organization of Salmonella into serogroups provides a good first approximation of genetic related-
ness, we show that it does not account for genomic changes that contribute to a serovar’s degree of host
adaptation.

There are currently over 2,200 serovars in the genus Salmo-
nella. However, classification based upon serotype and other
physiological properties has provided limited information re-
garding the genetic relationship of the serovars and moreover
is not sufficient for making disease associations (6, 52). Chro-
mosomal DNA hybridization experiments (13, 30, 31) and mul-
tilocus enzyme electrophoresis (MLEE) disclosed that typical
serovars share from 85 to 100% of their genetic information
and resulted in the categorization of Salmonella into eight
subspecies—I, II, IIIa, IIIb, IV, V, VI, and VII—of which
subspecies V has been designated Salmonella bongori. Salmo-
nella enterica comprises the remaining subspecies (the mem-
bers of which we will use the serovar designation alone in the
present study) (6, 7, 9, 10, 44, 50, 51). MLEE also confirmed
that, whereas there is some justification for using serotype as a
measure of relatedness, it is generally not a reliable assessment
of phylogenic organization. This observation is indicative of
the horizontal exchange of chromosomal genes leading to the
emergence of new serovars (6).

More than 60% of all Salmonella strains identified and 99%
of the serovars responsible for disease in warm-blooded ani-
mals are members of subspecies I. The other Salmonella sub-

species, in particular subspecies IIIa (Arizona) and S. bongori,
are associated with disease in cold-blooded organisms with
Arizona and are occasionally responsible for systemic disease
in humans. What is particularly intriguing about subspecies I
serovars is that their ability to cause disease in animals encom-
passes a spectrum of host specificity and disease severity. For
example, serovar Typhi causes a systemic disease (typhoid)
only in humans and higher primates, whereas serovar Enteri-
tidis produces a self-limiting gastrointestinal disease in many
different animals. Serovar Typhimurium causes a gastrointes-
tinal disease in a wide variety of animals and yet is also re-
sponsible for a typhoid-like disease in the mouse. In addition,
specific isolates have been been found in cases of severe dis-
ease in pigeons (42). One of the prevailing questions in Sal-
monella research today concerns the identification of genetic
factors that confer upon these highly related serovars their
ability to colonize, and in some cases to cause disease in, a wide
variety of animal hosts.

The release of two S. enterica sequences, the imminent com-
pletion of six other serovars and strains, and the recent funding
to sequence additional serovars and strains (http://www
.sanger.ac.uk/Projects/Salmonella/) has initiated a new era of
comparative genomics in Salmonella biology (14). This se-
quence information will provide a valuable resource from
which we can begin to dissect the features of Salmonella that
are both shared and distinct between serovars and to start
exploring how and why differences arose. However, sequencing
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is still a laborious and expensive technique, making it difficult
to obtain answers concerning the genetic composition of sero-
vars, strains, or newly emerged variants of interest in a timely
manner. DNA microarray technology provides a useful adjunct
to current techniques for the assessment of differences and
changes in bacterial genetic content. Indeed, this approach has
already been utilized in a variety of bacteria to probe for
differences between clinical isolates, vaccine strains, species
diversity, and disease endemicity (reviewed in references 22
and 27).

We used a Typhimurium spotted DNA microarray to com-
pare the genomes of a number of Salmonella serovars in order
to clarify their genetic relationship and identify features that
may serve to profile the serovars and that may correspond to
host range and disease. Twenty-four strains of 12 S. enterica
serovars and two S. bongori strains were analyzed. We found
general agreement with previously published MLEE-based ob-
servations but also describe here a more distant relationship of
Arizona from subspecies I than was previously determined, as
well as identify genetic features that suggest a common origin
for the human systemic disease-associated serovars Typhi,
Paratyphi A, and Sendai.

MATERIALS AND METHODS

Bacterial strains and preparation of genomic DNA. Serovars and strains used
are detailed in Table 1. Strains from the SARA (7), SARB (9), and SARC (10)
reference sets were obtained from the Salmonella Genetic Stock Center, Uni-
versity of Calgary. Serovar Paratyphi A strain 1PA was a kind gift from Bruce
Stocker (Stanford University, Stanford, Calif.) and is a wild-type, clinical isolate
originally obtained from Peter O’Hanley in Jakarta, Indonesia. SL1344 is an
aromatic-independent serovar Typhimurium serovar that is virulent in mice (54).
LT2, the sequenced serovar Typhimurium strain, is a common laboratory strain

(35, 48). CT18, the serovar Typhi strain recently sequenced, is the multidrug-
resistant strain isolated from a young Vietnamese girl (39). TY2 is a common
laboratory strain of serovar Typhi. Arizona strains 2323, 2334, 2335, and 5705A
were a gift from Donald G. Guiney (University of California, San Diego) and
were originally described elsewhere (33). All strains were maintained and grown
in Luria-Bertani media, and plates were incubated at 37°C. The identity of the
serovars (except for 1PA, 2323, 2334, 2335, and 5705A) was confirmed by stan-
dard laboratory agglutination tests by using the Pro-Lab Diagnostics Vision
Salmonella Slide Agglutination Antisera (Richmond Hill, Ontario, Canada).
Genomic DNA was extracted from overnight cultures by using the CTAB (hexa-
decyltrimethylammonium bromide) method (2) or Qiagen Genomic-Tips kit
according to manufacturer’s instructions (Qiagen, Inc.).

Construction of the SL1344 microarray. Our LT2-based array was constructed
prior to annotation of the sequence. Open reading frames (ORFs) were selected
based on GenBank sequences, ORF prediction was done by using Glimmer (47),
and annotation was kindly provided by Robert A. Edwards. An algorithm was
written that selected the most 3� region of each ORF that contained no signif-
icant similarity to any other gene (70% identity over 70 nucleotides was consid-
ered to be significant) as identified by NCBI BLAST and is available upon
request from the author as RedHat Linux executable Perl and batch scripts.
Primer pairs were selected from this unique region by using Primer3 (http:
//www-genome.wi.mit.edu/genome_software/other/primer3.html) (45). Genes
that lacked unique regions were subjected to successive iterations with less-
stringent cross-hybridization criteria. Primers were synthesized by Illumina, Inc.
(San Diego, Calif.) and the Protein and Nucleic Acid Facility at Stanford Uni-
versity. Products were PCR amplified with SL1344 genomic DNA. Amplified
products were analyzed on agarose gels and ranged from 70 to 1,496 bp, with 248
bp as the median and 346 bp as the average length. PCR product preparation,
polylysine glass slide preparation, printing, and array postprocessing was per-
formed as previously reported (15). The final array consisted of 7,372 spots
corresponding to 4,169 ORFs and 414 intergenic regions, with many ORFs
represented by multiple spots, either as duplicate or distinct amplicons.

Hybridizations. Genomic DNA probe preparation was performed essentially
as previously described (46), except that 1.5 �g of genomic DNA and one-eighth
of one reaction vial of FluoroLink Cy3 or Cy5 monofunctional dye (Amersham)
was used per reaction. SL1344 genomic DNA was the reference DNA for all
hybridizations and labeled with Cy3, whereas sample DNAs were labeled with

TABLE 1. Strain information and the percentage of SL1344 genes present for each strain

Strain SGSC no. Description Subspecies ETa Designation
in this study

No. of
arrays

% SL1344
genes present

SL1344 Typhimurium (strain on array) I SL1344 3 100.0
SARA 1 2182 Typhimurium I Tm1 Tm1 2 100.0
LT2 Sequenced Typhimurium I LT2 3 99.9
SARA 6 2186 Typhimurium I Tm2 Tm2 2 99.5
SARA 53 2233 Paratyphi B I Pb3 Pb3 2 93.8
SARB 48 2505 Paratyphi C I Pc1 Pc1 3 93.7
SARB 16 2473 Enteritidis I En1 En1 3 93.4
SARB 12 2469 Dublin I Du1 Du1 3 93.0
SARB 4 2461 Choleraesuis I Cs1 Cs1 3 92.8
SARA 41 2221 Paratyphi B I Pb1 Pb1 2 92.2
CT18 Sequenced Typhi I CT18 3 91.5
SARB 63 2520 Typhi I Tp1 Tp1 3 91.1
SARB 51 2508 Pullorum I Pu3 Pu3 3 91.1
TY2 Lab Typhi I TY2 3 91.0
SARB 64 2521 Typhi I Tp2 Tp2 3 90.4
1 PA Wild type Paratyphi A I 1PA 2 89.8
SARB 58 2515 Sendai I Se1 Se1 2 89.7
SARB 21 2478 Gallinarum I Ga2 Ga2 3 89.7
SARB 42 2499 Paratyphi A I Pa1 Pa1 3 89.2
SARC 11 3100 S. bongori V 1Bg 3 83.7
SARC 12 3103 S. bongori V 2Bg 3 83.4
SARC 5 3061 Arizona IIIa Az 3 77.5
2323 Arizona IIIa Az2323 1 76.4
2335 Arizona IIIa Az2335 1 76.3
2334 Arizona IIIa Az2334 1 74.7
5705A Arizona (clinical isolate) IIIa Az5705A 1 73.5

a ET, electrophoretic type. This refers to the electrophoretic profile of the isolate with regard to a number of metabolic enzymes. A particular serovar can have
multiple electrophoretic types depending on the number of alleles that are present for any given enzyme that is assayed.
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Cy5. Multiple hybridizations were performed for the majority of strains analyzed
to reduce the effects of variation in array quality. The separate labeling reactions
were pooled after each respective Cy dye incorporation step and then again
divided into aliquots to minimize inconsistencies in probe generation. The
probes were resuspended in 18 �l of Tris-EDTA (TE), 2 �l of 20 mg of yeast
tRNA/ml, 4.25 �l of 20� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium
citrate; 3.4�, final concentration), and 0.75 �l of 10% sodium dodecyl sulfate
(0.3%) and then denatured for 2 min at 99°C and centrifuged briefly at 13,800 �
g. Probes were hybridized to the array at 50°C for 16 h and washed as described
previously (15). Arrays were scanned with a GenePix 4000A scanner (Axon
Instruments, Redwood City, Calif.) and processed by using GenePix Pro 3.0. All
raw datasets are available from the Stanford Microarray Database (http://genome
-www5.stanford.edu/MicroArray
/SMD/) (53).

Data analysis. Normalized data from all 64 hybridizations were filtered for
spot quality (Cy3 net mean intensity of �350) and downloaded from the Stanford
Microarray Database according to their mean log2 Cy5/Cy3 (logRAT2N) ratios
for analysis. In addition, spots that gave invalid results for more than 20% of the
strains were removed. This allowed for the retrieval of 4,494 spots. The data set
was additionally filtered to remove spots whose serovar Typhi CT18 hybridiza-
tion results were inconsistent with what was expected (see below) and ultimately
yielded 4,122 spots corresponding to 3,353 annotated ORFs (73% of the LT2
genome) and 20 intergenic regions. The word “gene” will be used throughout in
reference to the ORF that each spot corresponds to unless otherwise specified.
The multiple arrays for each serovar or strain were averaged across the datasets.
This and all subsequent data analysis were done by using Microsoft Excel and a
microarray genomic analysis program called GACK (27a). Briefly, this program
is capable of dynamically generating cutoffs for present/absent (conserved/diver-
gent) gene analysis for each array hybridization and functions independently of
any normalization process that would otherwise be strongly influenced by dif-
ferences between the reference strain and serovar of interest. A user manual for
the GACK program has been provided (http://falkow.stanford.edu/whatwedo/
software).

The hybridization data for the three CT18 arrays were downloaded, filtered by
using the same parameters indicated above except that a 66% good data filter
was applied to ensure at least two datum points for each spot, averaged across
the three arrays, and analyzed by using GACK. The percent similarity for the
highest high-scoring profile of each amplicon in CT18 was obtained by using
WU-BLAST. This percent similarity was compared to the averaged logRAT2N
of the hybridization data. Of the 4,712 spots that were retrieved, 85.4% of the
data set gave unequivocal results. A total of 687 (14.6% of the data set) had
hybridization results contrary to what was expected from the percent similarity
analysis. A total of 250 of these were false positives, whereas 160 of were false
negatives. This list of 410 spots (8.7% of the data set) was used as an additional
filter for the data (see above). Another 277 spots either had percent similarities
in the uncertain/slightly divergent range or yielded hybridization results such that
they could not be assigned as present or absent and so were not included in the
filter.

Genome order analysis was performed by organizing the spots for the entire
data set (averaged and processed with GACK) in their genome order according
to the LT2 annotation and viewed with TREEVIEW (16). Clustering was per-
formed by using the Pearson correlation, noncentered metric algorithm of
XCLUSTER (Gavin Sherlock; http://genome-www.stanford.edu/�sherlock
/cluster.html). Clustered datasets were viewed in TREEVIEW.

Core genes analysis was performed by applying the GACK program to the data
set and analyzing the output in Excel to identify spots that were present across
all of the serovars and strains. The percent present analysis to analyze the
percentage of SL1344 genes that is shared by each serovar was calculated by
taking the data set above and determining the number of absent, missing, and
present spots for each serovar.

Final datasets have been made available (http://falkow.stanford.edu/whatwedo
/supplementarydata/) in a format compatible for viewing with TREEVIEW as
noted in the text.

RESULTS AND DISCUSSION

Analysis of the CT18 hybridizations indicates the microar-
ray’s level of sensitivity. The data for the three serovar Typhi
CT18 hybridizations were directly compared to expected hy-
bridization results as assessed by the percent identity of each
SL1344 amplicon (based on the LT2 sequence) to the CT18

genome sequence. From this analysis, we were able to deter-
mine that CT18 genes with �93% identity to the amplicon
(87% of the data set) would be detected as present/conserved
on our array, whereas genes that diverge from more than 77%
identity would be assigned as absent/divergent (11% of the
data set). Genes that share 92 to 78% identity with the ampli-
con were classified as uncertain/slightly divergent (2% of the
data set). In addition, a percent present analysis was per-
formed on CT18 by using the complete serovar data set (see
Materials and Methods and below) and revealed that 91.5% of
SL1344 is shared with CT18 (Table 1), a level comparable to
the 88% observed in DNA hybridizations involving serovar
Typhi strains 643 and LT2 (13), the 89% seen upon direct
comparison of the CT18 and LT2 genome sequences (35), and
the 90% seen with CT18 hybridized on an LT2 microarray
(40).

Genome order analysis reveals discrete regions of variabil-
ity between serovars and strains. Salmonella possesses a large
amount of horizontally acquired genetic information in the
form of prophages and pathogenicity islands (distinguished by
their absence in Escherichia coli), within many of which lie
genes that have been shown to play a role in pathogenesis (19,
21, 23, 25, 34, 35, 37, 39). It has also been observed that a large
proportion of the Typhimurium genome consists of regions of
genes with related functions, contributing to the proposal that
many horizontally acquired genes are more stably maintained
in bacteria when genes of related function are transferred
along with them (28). We were therefore interested in seeing
whether or not discrete patterns of genes could be identified by
arranging our microarray data with respect to the LT2 anno-
tated gene order. This organization of data highlights distinct
regions where multiple contiguous genes share the same hy-
bridization pattern regardless of possible translocation or in-
version of the region.

An overview of the Salmonella serovar DNA hybridizations
to the SL1344 DNA microarray presented in LT2 gene order is
provided in Fig. 1A. It is immediately apparent is that the
pSLT Typhimurium virulence plasmid, which is required for
systemic disease in the mouse, is predominantly missing from
all non-Typhimurium serovars except for serovars Dublin and
Paratyphi C (Fig. 1B). It has been demonstrated by Boyd and
Hartl (8) by Southern hybridization that the spv gene cluster in
pSLT associated with systemic disease is distributed through-
out subspecies I and, when present, is always found in a viru-
lence plasmid. In addition, these authors demonstrated that
the spv cluster is also found in subspecies II, IIIa, IV, and VIII,
but in these instances it is always chromosomally located. The
observation that the plasmid and spv region are present in
serovars Dublin and Paratyphi C and absent in S. bongori
corresponds with what has been previously observed, and com-
parison of the spv amplicon sequences to the Paratyphi A and
Typhi genome sequences confirms that the cluster is absent in
these serovars as well (data not shown). However, whereas this
previous work examining the same serovar Enteritidis, Pul-
lorum, and Choleraesuis SARB strains as in our study indicates
that all possess the spv cluster, our data show that there is some
heterogeneity within the cluster, as well as throughout the
plasmid, for these serovars. One explanation for the differ-
ences between the two data is that, in the Southern hybridiza-
tions, a probe against the entire spv cluster was used, whereas

VOL. 185, 2003 MICROARRAY COMPARISON OF SALMONELLA SEROVARS 555



556 CHAN ET AL. J. BACTERIOL.



our work reflects hybridizations to short, gene-specific ampli-
cons. Interestingly, all serovars appear to be missing or have
divergent portions of the virulence plasmid outside of the spv
cluster. The array hybridization pattern for Arizona indicates
that it possesses the spv locus but is missing the majority of the
pSLT plasmid, a finding consistent with previous observations
regarding the chromosomal location of spv in this serovar (8).
However, our data indicate that there is some variability in the
cluster. This is supported by a finding that, although spvRBC of
an Arizona clinical isolate are conserved with respect to sub-
species I, spvD was absent and spvA possessed a frameshift
mutation at the C terminus of the gene that results in a larger
protein (8, 33).

The regions of the genome that correspond to prophages
and fimbrial clusters are also notably variable across the sero-
vars (http://falkow.stanford.edu/whatwedo/supplementarydata/,
Appendices 2 and 3). Previous work had indicated that the Fels
prophages were specific to the serovar Typhimurium LT2
strain (1). We show that Fels-1 is absent in all serovars except
for the four serovar Typhimurium strains, whereas Fels-2 is
absent in the Tm2 strain but present in the other three serovar
Typhimurium strains and mostly present in the serovar Enter-
itidis and Sendai strains and all of the serovar Typhi strains, a
finding consistent with what has been seen previously (40). The
presence of both Gifsy prophages in all of the Typhimurium
serovars is consistent with what had been previously reported
(20, 21, 40). The putative phage located at ORFs STM4196 to
STM4219 is present in serovars Paratyphi C and Choleraesuis
and all of the serovar Typhimurium strain, but is absent in the
other serovars. The microarray results for the fimbrial clusters
are summarized elsewhere (http://falkow.stanford.edu/whatwedo
/supplementarydata/, Appendix 3) and correspond well with
the observations made by Porwollik et al. (40) and by the direct
comparison of genomes (14).

In addition to these previously characterized regions, there
were multiple variable regions throughout the genome that are
composed of uncharacterized putative proteins. These regions
are potentially of great interest since they represent clusters of
genes that may have a serovar-specific association. For exam-
ple, the region including genes STM4488 to STM4497 houses
a putative type II restriction enzyme that is only present in
serovar Typhimurium. The region from STM4418 to STM4436
includes sugar transporters, putative endonucleases, and puta-
tive cytoplasmic proteins that are present only in serovars Ty-
phimurium and Paratyphi B. STM4258 to STM4264 represent
a region of putative genes absent only in Arizona.

Another interesting general observation that can be made
from Fig. 1A is the large number of genes missing in the S.

bongori and Arizona serovar hybridizations that correlates with
the current organization of these two serovars into different
subspecies. A major difference between these two serovars
(subspecies V and IIIa) and the other serovars (subspecies I) is
emphasized in the SPI-2 region (Fig. 1C). We observed here
that S. bongori does not hybridize to the majority of the SPI-2
spots, whereas Arizona has a heterogeneous pattern of hybrid-
ization, indicating an appreciable degree of sequence variabil-
ity. This could indicate that the SPI-2 island in Arizona has
undergone some modification, possibly consistent with its pre-
ferred niche in cold-blooded animals. Previous work looking at
the distribution of these pathogenicity islands by using the
SARC set demonstrated the absence of SPI-2 in S. bongori but
its presence across the other subspecies, including Arizona
(36). Since the probe used in the Southern hybridizations
spanned the entire SPI-2 region, the sensitivity to detect
changes in individual genes is lower than to our ability to probe
on a gene-by-gene basis. In contrast, the microarray hybridiza-
tion pattern for SPI-1 (Fig. 2D) indicates that it is present
across the serovars, a finding consistent with what has been
previously shown (36). One SPI-1 gene, avrA, is absent only in
the human-specific serovars and S. bongori (Fig. 2D). This gene
has been previously shown to encode an effector molecule
secreted by the SPI-1 system that bears protein sequence sim-
ilarity to the Yersinia pseudotuberculosis YopJ protein and the
plant pathogen Xanthomonas campestris pv. Vesicatoria-se-
creted avirulence protein AvrRxv, which is thought to play a
role in determining plant host range (26) (see below). With the
exception of Sendai (which is associated with enteric fever in
humans), the hybridization results show the same distribution
for avrA as predicted from Southern hybridization studies (41).
Three other SPI-1 genes—sipA, sptP, and sipB—gave microar-
ray hybridization patterns that corresponded with that ex-
pected in the SARB set (41).

Analysis of conserved genes identifies a set of Salmonella core
genes. A list of 2,244 spots (54% of the data set) shared by all
of the serovars that we have designated as “core” genes is
available (http://falkow.stanford.edu/whatwedo/supplementary
data/, Appendix 4). In summary, the list is comprised of a
number of genes involved in typical cellular functions such as
metabolism, biosynthesis, DNA replication, transcription,
translation, ion transport, and cell division. Various structural
operons for flagella (fli and flh operons), fimbriae (bcf operon),
and lipopolysaccharide synthesis (rfa operon and wzxE) were
also conserved. Components of the phs operon involved in
hydrogen sulfide production were found to be present across
the serovars. Hydrogen sulfide production is a biochemical
feature common to all Salmonella strains and is widely em-

FIG. 1. Genome order analysis of the serovar microarray data. Multiple arrays for each serovar and strain have been averaged, analyzed with
GACK, and organized with respect to the LT2 genome order. Each row corresponds to a specific spot on the array, whereas columns represent
strains analyzed and are labeled according to the designations in Table 1. The color scheme is located at the bottom of the figure, with the brightest
yellow corresponding to spots that are absent/divergent with high certainty, the brightest blue indicating spots that are present/conserved with the
greatest certainty, black indicating spots are uncertain or slightly divergent, and gray indicating missing data. (A) The entire data set of 4,122 spots.
Indicated are the pSLT virulence plasmid, the SPI-1 and SPI-2 pathogenicity islands, the Stf and Lpf fimbrial operons, and the Fels and Gifsy
prophages. Enlargement of the regions corresponding to the pSLT virulence plasmid (B), the SPI-2 pathogenicity island (C), and the SPI-1
pathogenicity island (D) are also shown. Specified are the annotated genes within each region, where vertical bars indicate multiple spots on the
array that correspond to the same gene. Not indicated are putative genes, unannotated ORFs, and intergenic regions. This data set is available
online (http://falkow.stanford.edu/whatwedo/supplementarydata/, Appendix 1).
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ployed by clinical laboratories to distinguish it from other En-
terobacteriaceae (55), and it has been shown to be a Salmonella-
specific operon (40). A number of genes implicated in
virulence (slrP, pagP, sopB, the SPI-1 pathogenicity island en-
coding a type III secretion system required for invasion of
epithelial cells) and transcriptional regulatory components
(PhoPQ) are shared across the serovars. Whereas the SPI-2
pathogenicity island is purportedly absent from S. bongori and
is revealed by our data to be variable in Arizona, some com-
ponents of the island also appear in the list of core genes (data
not shown). The presence or absence of these genes in S.
bongori will eventually be verified by the S. bongori sequencing
project (http://www.sanger.ac.uk/Projects/Salmonella/).

Measuring serovar relatedness with respect to SL1344 re-
veals that Arizona is more distantly related than currently
thought. Previous DNA reassociation experiments indicated
that subspecies I serovars shared between 85 and 100% of their
genetic information with the reference LT2 strain and that
Arizona (subspecies IIIa) shared on the order of 70 to 80%,
indicating that it is highly related to all of the other salmonel-
lae but is genetically distinct. A third class of “atypical” Sal-
monella (from subspecies II and IV) had DNA-DNA associa-
tion ranges that fell between the two classes (13). We were
therefore interested in assessing whether or not the microarray
data would give us a measure of the relatedness of Salmonella
serovars to each other.

Based on an analysis of the microarray data, we estimated
the percentage of SL1344 genes contained within each serovar
(Table 1). A total of 89 to 100% of SL1344 was shared with the
subspecies I serovars and �99% with all other serovar Typhi-
murium strains. The percentages for serovars Typhi (90.4 to
91.5%), Paratyphi A (89.2 to 89.8%), and Paratyphi B (92.2 to
93.8%) are comparable to genomic comparison values re-
ported for an LT2 microarray and the comparison of anno-
tated sequences (35, 40). A total of 73.5 to 77.5% of the
SL1344 genome hybridized with Arizona, with the clinical iso-
late 5705A sharing the smallest number of genes. These values
are consistent with the percent similarities reported in the
DNA reassociation experiments (13). Interestingly, SL1344
shares 83% of its genetic information with both S. bongori
strains analyzed, placing it in an intermediate range between
Arizona and subspecies I. This result indicates that Arizona is
the most divergent of the serovars analyzed in the present
study, whereas S. bongori assumes a more intermediate degree
of difference. A slightly lower percent present value has been
previously reported for Arizona relative to S. bongori (83 and
85%, respectively) (35, 40) but not to the same extent as we
observe here. MLEE analysis has implicated S. bongori as the
most divergent of the Salmonella (10, 44), and the lack of an
SPI-2 pathogenicity island indicates that it may have diverged
before S. enterica acquired SPI-2 (3). However, the possibility
exists that S. bongori originally possessed the island but elim-
inated it earlier in its evolution due to its restricted niche in

cold-blooded animals. Arizona, on the other hand, although
considered a pathogen of reptiles, can cause severe disease in
humans (24, 57). The island in Arizona may therefore have
evolved to maximize its contribution to Arizona’s host range.
Arizona’s genome as a whole may have proceeded down a
distinct evolutionary path, leading to its ability to cause disease
in such disparate hosts as human and cold-blood animals.

Serogroup and disease-associated relationships are re-
vealed by hierarchical clustering. We employed a clustering
analysis tool to determine how the assayed serovars are asso-
ciated with one another and to identify patterns in gene com-
position that drive the associations. The unrooted tree gener-
ated from clustering the entire data set by both serovars and
genes (Fig. 2A) reveals that Arizona is the most distant serovar
relative to subspecies I, followed by the two S. bongori strains,
which is consistent with the percent present analysis in Table 1.
All of the subspecies I serovars fall under the same major node,
whereas all of the serovar Typhi strains and Typhimurium
strains form their own subnodes (Fig. 2A). The large blue
region in the center of the image illustrates the appreciable
proportion of core genes that are shared across the serovars.

Clustering of a data set from which the core genes (54% of
the entire data set) were removed produced a different un-
rooted tree (Fig. 2B and C) without altering the composition of
the gene clusters (data not shown). The differences between
the serovars were emphasized, and a greater level of resolution
with regard to the relationships between the strains and sero-
vars, particular with the subspecies I serovars, was achieved.
For example, Tm2 appears to be genetically distinct from the
other three strains of serovar Typhimurium. In addition, sero-
var Gallinarum associated with other group D serovars (Pul-
lorum, Enteritidis, and Dublin), and Arizona and S. bongori
emphasized their distinction from the subspecies I serovars by
forming a distinct node (Fig. 2C). Analysis of the data by
PHYLIP Camin-Sokal parsimony analysis (http://evolution
.genetics.washington.edu) generated an unrooted tree that
revealed a similar relationship between the serovars and
strains (data not shown).

Molecular signatures characterize groups of serovars. Pre-
vious MLEE work focusing on the human enteric fever-asso-
ciated serovars could not resolve a relationship between them
(9, 50). However, we observe the clustering of serovars Typhi,
Paratyphi A, and Sendai into a shared node, suggesting shared
genetic features may exist for these serovars (Fig. 2C). A clus-
ter of genes absent from S. bongori, Arizona, and the human
enteric fever-associated serovars but present in the other
warm-blooded disease-associated serovars is shown in Fig. 3.
This pattern of absent/divergent genes suggests that a common
Salmonella ancestor possessed these genes but that they were
lost or diverged specifically in the enteric fever-associated se-
rovars and in Arizona and S. bongori. Alternatively, perhaps
the common Salmonella ancestor lacked these genes and the

FIG. 2. Hierarchical cluster analysis of the microarray data by XCLUSTER. (A) Clustering of the entire data set by both serovar and gene. Shown
at the top is the unrooted tree for the relationship of the serovars. (B) Clustering of the data set is as described in panel A except that the 2,244 core
genes have been removed. (C) Enlargement of the tree generated in panel B. Color scheme is as described in Fig. 1. The data set in panel B is available
elsewhere (http://falkow.stanford.edu/whatwedo/supplementarydata/, Appendix 5).
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nonenteric fever-associated serovars acquired them, whereas
the human enteric fever-associated serovars did not.

Within the human-specific node, the serovar Typhi strains
fall into a separate grouping, whereas the two Paratyphi A
(serogroup A) strains and Sendai (serogroup D) form another
group (Fig. 2C). This organization of the serovar Typhi strains
is consistent with the highly clonal nature of this serovar (44).
The close association of serovars Paratyphi A and Sendai has

also been previously noted (9, 50). Additional evidence sup-
porting a close relationship between these two serovars arises
from their serotypes. For example, in addition to sharing the
same phase-1 flagellar antigen, serovar Paratyphi A also pos-
sesses the genetic information for the same phase-2 antigen as
serovar Sendai, although it is not expressed unless under se-
lective pressure (Bruce A. Stocker, unpublished data). Both
share the same minor O antigens and differ only in the major
serogroup-determining antigen. However, both group A and
group D serovars proceed through the same intermediate dur-
ing O-antigen synthesis, at which point conversion of a para-
tose sugar residue to a tyvelose residue by the product of the
rfbE locus generates the group D O antigen (43). It is possible
that serovar Paratyphi A, in addition to preferentially not ex-
pressing the phase-2 flagellar antigen, either does not possess
or does not express rfbE. Our data for these two serovars
substantiates a close genetic relationship, since they share the
same profile for present and absent genes with the exception of
166 genes (4% of 4,124 total in a separate Paratyphi A and
Sendai specific analysis [data not shown]).

Figure 4 is a node of genes specific to group B serovars,
which includes Typhimurium and Paratyphi B. Contained
within this group B signature is the gene for OafA responsible
for the O-antigen acetylation step that generates the group B
serotype antigen. Interestingly, even though these serovars
share a strong group B pattern, Paratyphi B (which causes a
typhoid-like disease in humans) forms a node in the tree dis-
tinct from Typhimurium (Fig. 2C). In contrast, MLEE analysis
indicated that serovars Typhimurium and Paratyphi B are rel-
atively similar (9, 50). There may be additional disease-associ-
ated genetic features that drive the separation of Typhimurium
and Paratyphi B (Fig. 4). Nevertheless, the existence of a
specific signature for this serogroup indicates that shared ge-
netic factors do not necessarily correlate with disease pheno-
type.

The organization of the two serogroup C serovars into a
single node (Fig. 2C) illustrates a second situation where clus-
tering is not as strongly influenced by a disease correlation.
Serovar Paratyphi C is associated with human typhoid-like
disease, whereas serovar Choleraesuis, which is occasionally
associated with serious human disease, is generally considered
a pathogen of swine. This association between Paratyphi C and
Choleraesuis has been previously observed and was attributed
to the two serovars sharing an ancestor, with Choleraesuis
subsequently gaining the Vi antigen during the course of its
evolution (50). The organization of serovars Enteritidis, Dub-
lin, Gallinarum, and Pullorum into the same node is another
example of organization according to serogroup irrespective of
disease correlation. The association between serovars Enteri-
tidis and Dublin has been previously observed by MLEE (9). In
addition, it has also been demonstrated by sequence analysis of
various loci that serovars Gallinarum and Pullorum (both are
nonmotile serovars associated with disease in fowl) are highly
related and share a recent common lineage (32). This organi-
zation may be driven by a gene cluster unique to these sero-
group D (non-Typhi) serovars.

The presence of a cluster of absent genes unique to serovars
associated with human-specific enteric fever (Fig. 3) indicates
that there may have been a convergent evolution of the sero-
vars into their disease niche or that they originated from a

FIG. 3. A cluster pattern showing genes that are absent in the
serovars associated with human enteric fever and cold-blooded ani-
mals but present in the other warm-blooded disease-associated sero-
vars. This cluster was pulled out from the larger image shown in Fig.
2B. Indicated is the annotation gene number (STM) and annotated
gene information. The color scheme is as described in Fig. 1. Inter-
genic regions are not shown. Putative genes are indicated by the term
“put.”
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common ancestral serovar. This cluster includes genes from
the Lpf fimbrial operon previously shown to be absent in se-
rovars Typhi, Paratyphi A, and Sendai (●●Appendix 3●●) (56),
the sodC-1 gene encoding a periplasmic superoxide dismutase
(located within the Gifsy-2 prophage region), and the avrA
gene mentioned above. Lpf has been implicated in mediating
attachment of serovar Typhimurium to the Peyer’s patches in
the mouse intestine, a critical early step in the disease process
(4, 5). SodC-1 is one of three periplasmic superoxide dismu-
tases found in Salmonella and one of two horizontally acquired
from lysogenic bacteriophages (21). The periplasmic location
of the Sod enzymes positions them for the neutralization of the
toxic effects of exogenous superoxide produced by the host, a
feature that is critical for persistence in macrophages and
pathogenesis in mice (11, 18, 49). Mutation of either sodC-1 or
sodC-2 in serovar Typhimurium has been shown to attenuate
the bacteria during mouse infection while mutation of both
genes leads to an even more severely attenuated phenotype
(17). Interestingly, although mutation of either sodC-1 or
sodC-2 in serovar Choleraesuis leads to attenuation in mice,
mutation of both does not result in a more severe phenotype
(49). While all Salmonella serovars possess sodC-2, the distri-
bution of sodC-1 has been shown to be restricted to a smaller
set of serovars, including isolates of the serovars Dublin, En-
teritidis, Gallinarum, Pullorum, and Paratyphi B (17), a finding
in agreement with our observations and its location in a pro-
phage. Taking into account the important role that this en-
zyme plays in resistance to the host superoxide response, it has
been proposed that there may be selective pressure for the
horizontal acquisition of additional Sod genes (49). AvrA, as
mentioned above, possesses homology to the Y. pseudotuber-
culosis-secreted effector YopJ and the plant pathogen X.
campestris-secreted protein AvrRxv. YopJ has been shown to
interfere with the host immune response by modulating the
mitogen-activated protein kinase and NF-�B signaling path-

ways to prevent the release of proinflammatory cytokines and
block the antiapoptotic pathway (38). AvrRxv is a member of
a family of plant-secreted “avirulence” proteins whose pres-
ence elicits a hypersensitivity response from the plant that
limits the spread of disease and thereby restrict host range
(29). Recent work has demonstrated a potential role for sero-
var Typhimurium AvrA in modulating virulence in vertebrates
by interfering with proinflammatory NF-�B activation (12).

Concluding remarks. There are several features of microar-
ray-based analysis that make it a particularly attractive com-
plement to the MLEE method for the study of strain and
serovar relationships. The MLEE method is limited by the
number of enzymes that can be assayed, whereas the microar-
ray allows us to probe most of the genome of a strain of
interest. In addition, MLEE has been determined to have a
limited ability to accurately assess some relationships due to
the presence of different alleles giving the same pattern of
mobility (52). Also, by being restricted to alleles of metabolic
enzymes, the contribution of horizontally acquired genes and
other larger changes to the evolution of a particular genome
are overlooked.

There are also several limitations with spotted DNA mi-
croarrays. Single-nucleotide polymorphisms are not currently
detectable with spotted DNA arrays; for instance, the limit of
resolution for conserved genes in the microarray used for these
studies (based on a CT18 analysis) is �93% identity. Conse-
quently, caution needs to be employed when applying the term
“divergent” to microarray comparison studies since this cutoff
is higher than what is currently used in direct sequence com-
parisons. As a result of this limitation, small genetic changes
during serovar evolution and minor gene differences between
serovars may not be detected. These restrictions could be ad-
dressed by using other independent approaches to verify ob-
servations. For example, phylogenic observations made with
the microarray could be substantiated and complemented by

FIG. 4. (A) A cluster indicating genes that are conserved only in group B serovars. This cluster was pulled out from the larger image shown
in Fig. 2B. Indicated is the annotation information from the LT2 sequence including the gene number (STM number) and the gene name if
available. Not indicated are intergenic regions. The color scheme is as described in Fig. 1.
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MLEE or sequence comparison. Microarrays are also incapa-
ble of identifying regions present in the serovar of interest but
absent from the strain or serovar from which the array was
constructed. For example, a comprehensive analysis of clinical
isolates of serovar Typhi and correlating them to disease out-
come may not be feasible with a serovar Typhimurium array
since Typhi possesses genetic elements important in disease
(such as multidrug resistance genes and the Vi capsule) that
are absent in Typhimurium. Finally, genomic comparisons with
microarrays reveal nothing about the effect of gene expression
on a serovar or strain’s ability to cause disease or persist in a
particular environment. One potentially powerful study to ad-
dress this would be to synchronize the growth of strains of
interest and perform RNA expression comparisons at defined
time points or under specific growth conditions. Nevertheless,
microarrays provide a powerful, high-capacity means to char-
acterize serovars and strains and clearly complement other
techniques.

While this study was in preparation, Porwollik et al. de-
scribed genomic comparisons of Salmonella serovars per-
formed by using a serovar Typhimurium LT2 array (40). We
have found that the results of that study and ours are both
highly comparable and complementary. We had chosen to
incorporate serovars into our analysis that were primarily rep-
resentative of those in subspecies I associated with disease in
humans and animals and had included Arizona and S. bongori
as references for their occasional disease association and phy-
logenic distance, respectively. Porwollik et al. selected serovars
that represent all of the subspecies of both S. enterica and S.
bongori and incorporated genome information from other gen-
era in order to trace the history of gene acquisition and loss
that may have contributed to the emergence of Salmonella and
its the widely diverse serovars. One major difference in obser-
vation between our analyses is the location of Arizona relative
to both S. bongori and subspecies I. This difference can most
likely be attributed to the respective designs of the arrays.
Whereas Porwollik et al. constructed their array to include
entire annotated ORFs and used LT2 as the source of genomic
DNA, our group built an SL1344 genomic DNA array to in-
clude shorter amplicons corresponding to the region of each
ORF that was the most unique and therefore less likely to
cross-hybridize. Since the two arrays are inherently different in
their design, some dissimilarity would be expected in the re-
sults.

We have shown here that a Typhimurium microarray is a
useful tool for the genomic comparison of Salmonella serovars.
With a few exceptions, the observations made here correspond
well with those made in MLEE analysis and DNA association
experiments, lending credibility to the use of this tool in infer-
ring phylogenic relatedness. The observation that Arizona is
more distant from the subspecies I serovars than currently
thought is where our results have significantly deviated from
previous studies. In general, although we have observed some
correlation between the descriptive taxonomy of the serovars
and their genetic relatedness, there are additional genetic loci
that influence the clustering of some of the serovars together in
a manner that reflects their disease associations. An example
of this is the clustering of human enteric fever-associated se-
rovars Typhi, Paratyphi A, and Sendai that we observed de-
spite their distribution in two distinct serogroups. The identi-

fication of genes that drive the clustering of these serovars may
provide information regarding the role of these genes in de-
termining host range and disease phenotype. Thus, while se-
rogrouping may provide a good first approximation of the
genetic relationship between the serovars, it is not necessarily
predictive of the phylogenic organization of Salmonella (6),
nor does it account for the horizontal exchange of genetic
information that could alter the serotype of a Salmonella or
influence its evolution into a particular disease or host affilia-
tion. Application of microarray-based genomic comparison
could therefore serve as a tool to clarify, if not modify, the way
in which we understand the organization of Salmonella.
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