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We used a nonredundant microarray of the Salmonella enterica serovar Typhimurium LT2 and Typhi CT18
genomes to assess the genomic content of a diverse set of isolates of serovar Typhi. Comparative genomic
hybridization revealed 13 regions of absent or divergent gene content in the eight Typhi strains examined
compared to Typhi CT18. In particular, two Typhi CT18 prophage regions, STY1048 to STY1077 and STY2038
to STY2077, as well as a five-gene islet (STY3188 to STY3193) were absent or divergent in all other Typhi
strains examined. Seven Typhi strains lacked most or all of the IS7 elements present in strain CT18, and three
Typhi strains lacked a P4-like phage (STY4821 to STY4834). One strain was devoid of a 149-gene region
(STYA4521 to STY4680), which encodes numerous phage genes and the Vi antigen biosynthesis and export gene
cluster, a type IV pilus, and numerous phage genes. In Typhi strain 26T25, an amplification of an entire
inter-ribosomal region encompassing 31 genes has occurred. Furthermore, a 257-gene region (STY1360 to
STY1639) showed an aberrant replication pattern in three Typhi isolates. Overall, these differences in gene
content indicate that even within a highly clonal bacterial population the genomic reservoir is unstable.

Salmonella enterica is a facultative intracellular pathogen
that is implicated in a wide variety of life-threatening infections
ranging from typhoid to gastroenteritis and bacteremia. Sal-
monella-induced enterocolitis is the leading food-borne illness
with a lethal outcome in the United States and causes millions
of cases of gastroenteritis each year. Of the seven subspecies (I,
II, IIa, I1Ib, IV, VI, and VII) of S. enterica, only subspecies I
isolates are routinely associated with humans and warm-
blooded animal infections (26). In addition, some serovars of
S. enterica subspecies I show remarkable host specificity. For
example, serovars Typhi, Dublin, and Gallinarum exclusively
infect humans, cattle, and birds, respectively.

S. enterica serovar Typhi is the etiological agent of typhoid
fever. Studies have shown that isolates of serovar Typhi are
extremely homogeneous (22, 25). Multilocus enzyme electro-
phoresis (MLEE) analysis measuring chromosomal genotypic
diversity and evolutionary relationships among several hun-
dred serovar Typhi isolates of worldwide distribution and col-
lected over several years distinguished only two clones: a pre-
dominant clone of global distribution and a second, very
similar clone initially confined to West Africa (25).

The sequences of two S. enterica subspecies I genomes, se-
rovar Typhimurium strain LT2 (STM) and serovar Typhi strain
CT18 (STY), were completed in 2001 (16, 18). STY CT18 is a
multiple-drug-resistant isolate recovered from a typhoid fever
patient from Vietnam in 1993 (18). During completion of this
manuscript, the genome sequence of a second S. enterica se-
rovar Typhi strain (Ty2) was decoded (8), facilitating the first
genome-wide comparison within the highly clonal S. enterica
serovar Typhi. The sequence revealed that 84 S. enterica sero-
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var Typhi strain CT18 genes were missing, or altered, in the
Ty2 genome, whereas 29 genes were Ty2 specific (8).

A microarray was constructed with sequences from the an-
notated open reading frames (ORFs) in STM supplemented
with annotated chromosomal ORFs from STY that are diver-
gent from Typhimurium (>10% DNA sequence divergence)
(19). This array consisted of genes or gene fragments repre-
senting 471 STY-specific genes cleared of paralogous se-
quences, which were added to an STM array that represents
4,442 STM genes and gene fragments (including 104 pSLT
plasmid genes). Overall, STM genome coverage is 96.6%; cov-
erage of the STY genome is 94.5% (4,348 genes), excluding
plasmids (19).

Comparative genomic analysis utilizing microarray technol-
ogy has been used to provide insights into the evolution and
virulence of a number of pathogenic bacteria including Campy-
lobacter jejuni, Helicobacter pylori, Escherichia coli, Mycobacte-
rium tuberculosis, S. enterica, Vibrio cholerae, and Streptococcus
pyogenes (2,7, 9-11, 23, 27). In the present study we utilize the
S. enterica serovar Typhimurium and Typhi microarray to assay
gene content differences among nine different Typhi isolates.
We identify additional CT18 genomic regions of divergence
within the Typhi, and characterize regions whose absence in
every Typhi strain except CT18 indicates true CT18 specificity.

MATERIALS AND METHODS

The nonredundant microarray was probed with labeled genomic DNA from
nine serovar Typhi strains of interest (Table 1). Briefly, genomic DNAs of S.
enterica serovar Typhi strains listed in Table 1 were prepared from fresh over-
night cultures by using the GenElute Bacterial Genomic DNA kit (Sigma, St.
Louis, Mo.). Cells were grown in Luria broth at 37°C. The harvested nucleic acid
was labeled by using Cy3- and Cy5-dCTP (Amersham, Piscataway, N.J.) and
Klenow enzyme as previously described (21). Probes were purified by using the
QIAquick PCR purification kit (Qiagen, Valencia, Calif.) as suggested by the
manufacturer, eluted in 1 mM Tris-HCI (pH 8.0), dried, and resuspended in 10
pl of sterile water. Immediately before use, the labeled probes of Typhi CT18
(control sample) and one of the eight query Typhi strains (experimental sample)
were mixed with equal volumes of 2X hybridization buffer containing 50%
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TABLE 1. S. enterica serovar Typhi strains used in this study

Strain SGSCno“  Date (yr) Origin Source ot
CT18 4072 1993 Vietnam 18
26T25 3148 1994 Canada R. Khakria
ST24A 2771 1986 Malaysia T. Pang
Ty2 2408 NA® NA 13
3125 3185 1983 Chile T. Pang
Inl5 2783 1994 Indonesia T. Pang
CDC1707 2661 NA Liberia 22
SARB63 2520 1988 Senegal 5
SARB64 2521 1988 Senegal 5

“ SGSC, Salmonella Genetic Stock Centre (http://www.ucalgary.ca/~kesander
/index.html).
? NA, not available.

formamide, 10X SSC (1x SSCis 0.15 M NaCl plus 0.015 M sodium citrate), and
0.2% sodium dodecyl sulfate and then boiled for 5 min. Probes were hybridized
to the nonredundant Salmonella microarray overnight at 42°C by using a hybrid-
ization chamber (Corning, Inc., Corning, N.Y.) submerged in water. Protocols
suggested by the manufacturer for hybridizations in formamide buffer (http:
/lwww.corning.com/Lifesciences/technical_information/techDocs/gaps_ii_manual
_protocol_5_02_cls_gaps_005.pdf) were applied for prehybridization, hybridiza-
tion, and posthybridization wash processes. Scans were performed on a Scan-
Array 5000 laser scanner (Packard BioChip Technologies, Billerica, Mass.) by
using ScanArray 2.1 software. Signal intensities were quantified by using the
QuantArray 3.0 software package (Packard BioChip Technologies, Billerica,
Mass.). Spots were analyzed by adaptive quantitation, and the local background
was subsequently subtracted from the recorded spot intensities. Ratios of the
contribution of each spot to total signal in each channel were calculated (data
normalization). Negative values (i.e., local background intensities higher than
spot signal) were considered no data. Since the array was spotted in triplicate,
one hybridization resulted in three datum points per gene. The median of the
three ratios per gene was recorded. The lowest 5% of gene specific signals were
determined for the control sample (Typhi CT18) and excluded from the graph-
ical representation in Fig. 1A.

The presence and absence of genes were evaluated based on comparison of
normalized hybridization signal ratios of the query Typhi strain versus Typhi
CT18 for the respective gene spot on the array. The median of the ratios of the
genes neighbored on the STY genome by elements with ratios higher than 0.67
on both sides (presence baseline P) and the standard deviation (SDp) of these
ratios were calculated for each query strain. Similarly, the medians and standard
deviations of genes neighbored on STY by elements with ratios lower than 0.5
were determined (absence baseline A and SD ). Ratios which were higher than
the “presence” threshold set at 2 SDp below the baseline P were scored as
“present,” whereas genes with ratios lower than the “absence” threshold set at 2
SD, above the baseline A were scored as “absent.” Genes that were outside
these thresholds were scored as uncertain.

RESULTS AND DISCUSSION

A microarray containing 94.5% of the ORFs from the Typhi
CT18 genome (4,348 genes) was used to determine the shared
genome content of eight other Typhi strains. The strains were
picked for their temporal and geographic diversity and in-
cluded the two known MLEE types, as represented by the two
Typhi strains in the SARB collection (5). More than 4,000 of
the CT18 genes were shared by all of the Typhi strains exam-
ined. However, 13 STY regions had variable present or absent
patterns in the Typhi strains examined (Table 2 and Fig. 1).
Nine of these regions were Typhi-specific regions, i.e., found in
the Typhi CT18 sequence but not in the Typhimurium LT2
genome. Six regions were absent from a single Typhi strain
(Table 2).

The microarray experiment suggested that region I, which is
Typhi specific and comprises two genes (STY0311 to STY0312),
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is absent from Typhi strain Ty2 (Fig. 1). This result was sub-
sequently confirmed by the decoded Ty2 genome sequence (8).
Region I encodes a hypothetical protein and a secreted pro-
tein. Since it is known that bacterial secreted proteins tend to
be hypervariable, the pattern of hybridization noted may indi-
cate divergence of this region from strain CT18 (4, 14).

Region II, comprising 24 genes (STY1048 to STY1071),
encodes Typhi CT18-specific bacteriophage gene homologues
and is absent or divergent from all other Typhi strains exam-
ined. The decoded Ty2 sequence confirmed this finding and
showed that STY1072 and STY1073, which had intermediate
scores in the microarray experiment, were also missing (8). The
region from STY1071 to STY1073 is present in two copies on
the CT18 genome (the respective duplicate genes are STY2015
to STY2013), and the C-terminal 588 nucleotides of STY1070
are duplicated in STY2016. The copy number difference for
these genes in Ty2 compared to CT18 was correctly detected
by the microarray, although the distinction between true ab-
sence and altered copy number is not always possible for mul-
ticopy genes. Miscalls due to cross-hybridization are a general
limitation for phage regions since these genes can be very
similar to elements present on other phages located elsewhere
on the genome. Caution must always be applied in the inter-
pretation of microarray hybridization results for genes that are
present in more than one copy on the reference genome. Up-
stream of region II, ORFs STY1011 to STY1044 show signif-
icant homology to the lambdoid phage Gifsy-2 from S. enterica
serovar Typhimurium LT2; therefore, it is possible that, in the
Typhi strains examined, region II has been replaced by diver-
gent phage sequence. Recombination between lambdoid-like
phage and the generation of unique phage genomes has been
well documented (3, 6).

Region III consists of STY1484, which was found to be
divergent or absent in CDC1707, and gene narl” (STY1485),
which was detected as absent from strains Ty2 and 26T25 (Fig.
1). The Ty2 genome sequence revealed that, in fact, narl” and
narW (STY1486) are fused by a deletion in this strain, retaining
only 98 nucleotides of narV, but 531 nucleotides of narW (8).
Comparative hybridization of genomic DNA to the microarray
did not detect the deletion in narW, but the remaining se-
quence of nar) was small enough to observe the deletion
event.

STY1508 (region IV) is a pseudogene and is absent from
strains 26T25 and 3125. In strain 3125, the adjacent gene
STY1509 was also predicted to be absent or else diverged.
Another CT18 pseudogene, STY2012, is absent from the Ty2
genome sequence. However, our current microarray version
does not contain a representative spot for this pseudogene, and
we were therefore unable to report on the status of STY2012
in the other Typhi strains.

Region V (STY2038 to STY2077) is another Typhi CT18-
specific prophage region that is absent or divergent in all Typhi
strains examined. All genes of this region except STY2038 and
STY2039 were absent from the Ty2 genome sequence (8).
Similarities between CT18 and Ty2 for these two genes were 96
and 95% in any given 100-bp sequence window, respectively, a
value that is just below the 97% sequence identity required to
ascertain identical hybridization behavior (19). In addition, the
lower hybridization ratios obtained in the microarray experi-
ment for STY2038 and STY2039 in Ty2 were also generated by
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STY0305 - STY0320

STY1010 - STY 1080

STY1480 - STY 1490

STY1500 - STY1515

STY2005 - STY2090

STY2415 - STY2425
STY2490 - STY2500

STY3040 - STY3050

STY3180-STY3200

STY4120 - STY4130

STY4515 - STY4685

STY4820 - STY4840

FIG. 1. Detection of deleted regions on S. enterica serovar Typhi chromosomes. (A) Comparative genomic hybridization of eight S. enterica
serovar Typhi strains versus serovar Typhi CT18. The eight plots display medians of signal ratios of the query S. enterica serovar Typhi strain over
Typhi CT18. Genes are plotted in order of their position on the Typhi CT18 genome. The 13 regions containing genes deleted from other Typhi
strains are indicated. The region with abberant replicative behavior in strains ST24A, 3125, and CDC1707 is marked with an “R.” The amplified
segment in strain 26T25 is marked with an “A.” (B) Presence or absence of S. enterica serovar Typhi CT18 protein coding sequence homologues in
other Typhi strains. Gene status is color coded: blue, present; purple, uncertain; red, absent; and gray, low signal. Only the 13 regions that harbor
genes that are missing in other Typhi strains, along with some adjacent genes, are shown.
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TABLE 2. S. enterica serovar Typhi CT18 genomic regions absent from various other Typhi isolates

Corresponding

No. of STY gene no.

No. of

Region Szzlgneatnaoﬁl(lg) genes (specificity) Protein function(s) strains
I g 2 0311-0312 (STY specific) Hypothetical proteins 1
II f 23 1048-1071 (STY specific) Prophage 8
III e 2 1484-1485 NarV 3
v 2 1508-1509 Transporter 2
\% 42 2038-2077 (STY specific) Prophage 8
VIa a 2 2419-2420 (STY specific) IS InsAB 7
VIb m 2 4124-4125 (STY specific) IS7 InsAB 7
Ve o 2 4657-4658 (STY specific) IS7 InsAB 7
VII 2 2494-2495 Sensor kinase, regulator of capsule synthesis 1
VIII 3 3046-3048 Hypothetical proteins 1
IX i 5 3188-3193 (STY specific) Hypothetical proteins, Int 8
X 149 4521-4680 (STY specific) Vi antigen, type IV pilus, SopE, phage proteins 1
XI n 2 45804582 (STY specific) Hypothetical proteins 1
XII 2 4587-4588 (STY specific) Hypothetical proteins 1
XTI 14 4821-4834 (STY specific) P4-like phage 3

their sequence identity to STY1048 to STY1049, genes which
belong to a phage region (region II) that is missing in Ty2. The
same scenario resulted in the “undercall” of STY2035 in Ty2,
i.e., the gene was reported as missing or divergent, when in fact
only its cross-hybridizing counterpart (STY1052) was missing.
Overall, Parkhill et al. (18) identified seven prophage elements
within Typhi strain CT18. The absence, or divergence, of two
of these prophage elements (regions II and V) in all other
Typhi strains examined suggests possible continuing phage mo-
bility.

Region VI is present on the Typhi CT18 genome in three
copies and encodes the two genes (insAB) of an IS] element.
IS is also present in five copies on the Typhi CT18 plasmid
pHCMI. This element is absent, or present in substantially
lower copy numbers, in all isolates examined except for Typhi
strain 26T25, which apparently retains several copies of insAB.
The microarray has only one representative spot for each of
the two IS7 genes; therefore, the ratios reported for the three
copies (regions VIa [STY2419 to STY2420], VIb [STY4124 to
STY4125], and VIc [STY4657 to STY4658], respectively) are
identical. The Ty2 genome sequence confirmed the absence of
IS! insAB in this Typhi strain (8).

Region VII (STY2494 and STY2495) encodes a kinase and
a regulator of the capsule synthesis B component (rcsB) and is
absent from Typhi strain CDC1707.

STY3046 to STY3048, which comprises region VIII, en-
codes a putative decarboxylase, as well as two conserved hy-
pothetical proteins, and is absent from strain ST24A.

Region IX (STY3188 to STY3193), a Typhi CT18-specific
region, encodes several hypothetical proteins, as well as an
integrase, and is absent from all Typhi isolates examined, sug-
gesting this region to be a recent addition to the CT18 genome.
Its absence in Ty2 was confirmed by the genome sequence (8).

Region X is a remarkable deletion in strain SARB64. It
comprises more than 133 kb and encompasses 149 genes, from
STY4521 to STY4680, almost none of which have homologs in
Typhimurium LT2. Among the genes of this region are the tvi
and vex operons, which are responsible for the synthesis and
export, respectively, of the Typhi-specific Vi capsular antigen,
and the pil locus involved in type IV pilus formation. Further-
more, the invasion-associated secreted protein SopE is en-

coded on this island, as are numerous hypothetical proteins
and phage elements. Six of the 149 ORFs are pseudogenes:
STYA4537, STY4541, STY4541a, STY4598, STY4608, and
STY4633. The microarray reported all but one of the genes of
region X as absent or uncertain. The spot that represented the
exception, STY4606, has high homology (89% over the entire
sequence) to two other genes on the STY CT18 genome,
STY2887 and STY3697. Therefore, cross-hybridization pre-
vented a correct call for this gene. This region appears to be
inserted at the pheU tRNA gene (12), and the presence of a
homologous pheU tRNA pseudogene on the other end of the
region could be the basis of a deletion event by homologous
recombination (K. Sanderson, unpublished data). SARB64 is
a relatively rare MLEE type, originally from West Africa (5). It
is possible that the large deletion is correlated with this MLEE
type.

Regions XI (STY4580 to STY4582) and XII (STY4587 and
STY4588) are Typhi-specific regions that are absent in Typhi-
murium LT2. They both encode hypothetical proteins and are
absent from strain Ty2 and In15, respectively. Absence of re-
gion XI in Ty2 was also noted by Deng et al. (8).

Finally, the Typhi-specific region XIII (STY4821 to STY4834),
which encodes P4-like genes, is absent, or divergent, in three
strains (3125, CDC1707, and In15), suggesting a P4-like phage
to have entered, and possibly left, Typhi genomes after their
evolutionary separation from serovar Typhimurium.

In strain 26T25 there is an amplification of 31 genes
(STY3709 to STY3742) (region A in Fig. 1A). The amplified
region encodes gene clusters required for thiamine biosynthe-
sis and 508 ribosomal subunit synthesis and is located between
ribosomal gene clusters. TRNA clusters are known to recom-
bine with one another, particularly in host-specific S. enterica,
as in serovar Typhi (15), and duplications of inter-r7n frag-
ments have also been observed in several S. enterica serovar
Typhimurium strains (S. Porwollik, unpublished data).

STY1360 to STY1639, encompassing a total of 257 genes
shows an aberrant hybridization pattern in three strains—3125,
CDC1707, and ST24A—compared to the rest of the Typhi
genome (Fig. 1A, region R). This region shows a progressive
reduction in apparent DNA content from STY1360 to STY1639
in all three strains; however, the downward trend is not signif-
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icant enough to be considered a deletion of this region but may
instead reflect aberrant replication patterns in some cells of
these isolates. Interestingly, the region is adjacent to the Typhi
CT18 terminus of the replication site (fer), STY1360, and the
locus corresponding to the Typhimurium LT2 fer site (STY1655).
The fer site was previously shown to undergo extensive inver-
sions involving IS200 elements in serovar Typhi strains (1, 17).
The abberant region encodes several bacteriophage structural
and assembly proteins, as well as putative virulence genes and
transporter systems.

Two genes, IppA and IppB (STY1745 and STY1746), which
encode outer membrane lipoprotein, show an intermediate
hybridization pattern in Typhi strain Inl5. Since protein ex-
posed to the external environment tend to be more variable,
the intermediate hybridization pattern may reflect divergence
of these proteins in response to selective pressure.

In addition to these differences, there were three deviations
in gene content of the eight Typhi strains compared to Typhi
CT18 that were detected among genes present in Typhi-
murium LT2 but were absent in Typhi CT18. The deletion of
yneH (STM1525) in Typhi CT18 is strain specific, since all
other Typhi strains examined still retained this gene in their
genome. Second, one of the Typhi strains, strain CDC1707,
apparently contained homologs of STM4491/STM4492 and
STM4495/STM4496. These genes are part of an 11-gene Ty-
phimurium LT?2 region that is frequently deleted in other Sal-
monella strains (20). This area is inserted into the Typhimu-
rium LT2 genome at a tRNA site (lewX) and starts with a gene
(STM4489) that encodes an integrase, suggesting foreign ori-
gin. Third, the gene cluster of STM1568 to STM1572 encoding
nitrate inducible formate dehydrogenase subunits (fdnlH), a
molybdopterin-dependent oxidoreductase (fdnG), a permease
(vddG), and a predicted porin (nmpC or ompD) have homo-
logues in both SARB63 and SARB64 but in none of the other
Typhi isolates. Previous observations had suggested the ab-
sence of ompD from all clinical Typhi isolates (24).

Finally, it is important to point out that only genes that are
present on the array can be assayed. For example, the 29 genes
present in Ty2 that are not present in CT18 (8) have not been
assayed, and their status in the other strains remains unknown.
Another general caveat for the assessment of the genetic rep-
ertoire of related bacteria by using microarrays is the fact that
the functionality of the detected genes cannot be character-
ized. However, the enormous potential of microarrays to
quickly and cost-effectively survey genome contents makes this
technique a valuable tool for comparative genomics studies.

In conclusion, by utilizing a nonredundant microarray for
the S. enterica serovars Typhimurium and Typhi, we examined
several recent isolates of the highly clonal serovar Typhi,
whose only known host is humans. We uncovered significant
differences in gene content among the isolates examined. Pro-
phage genes make up the major differences in gene content
among Typhi strains. Contrary to previous analysis, the present
study demonstrated the underappreciated diversity among se-
rovar Typhi isolates. The polymorphic regions could be useful
targets for epidemiological classification of Typhi strains by
microarrays, PCR, or immunological methods.
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