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Salmonella enterica serotype Typhi strains belonging to eight different outbreaks of typhoid fever that
occurred in Spain between 1989 and 1994 were analyzed by ribotyping and pulsed-field gel electrophoresis. For
three outbreaks, two different patterns were detected for each outbreak. The partial digestion analysis by the
intron-encoded endonuclease I-Ceul of the two different strains from each outbreak provided an excellent tool
for examining the organization of the genomes of epidemiologically related strains. S. enterica serotype Typhi
seems to be more susceptible than other serotypes to genetic rearrangements produced by homologous
recombinations between rrn operons; these rearrangements do not substantially alter the stability or survival
of the bacterium. We conclude that genetic rearrangements can occur during the emergence of an outbreak.

Typhoid fever is an important public health problem only in
developing countries. However, outbreaks have also occurred
in industrialized countries, perhaps due to the high frequency
with which patients suffering from typhoid fever convert into
(asymptomatic) carriers, a state in which they can continue up
to several years.

Salmonella enterica serotype Typhi, the causal agent of ty-
phoid fever, is the most homogeneous of the S. enterica sero-
types. On the basis of their phylogenetic origin, the strains of
this serotype seem to originate from a single clone, according
to Reeves et al. (10), or from two clones, according to Selander
et al. (11). On the other hand, some methods used in epide-
miological studies, such as determination of phage type (15),
which is the phenotypic marker of choice for this serotype, or
the more modern genotypic methods like ribotyping (1), IS200
insertion fragment distribution analysis (14), and pulsed-field
gel electrophoresis (PFGE) (9), have demonstrated a high
discrimination index within this serotype. In these studies, the
comparison of the obtained restriction patterns, with or with-
out hybridization with specific probes, determines the epide-
miological relationship among different isolates.

Ideally, the patterns obtained from strains which belong to
the same outbreak should be indistinguishable. However, vari-
ations among these strains that may represent genetic events
that occurred during the emergence of the outbreak and which
make it difficult to establish the relationship between these
strains have been described frequently (2). The criteria pro-
posed by Tenover et al. (13) can serve as a good guide for the
interpretation of the restriction patterns obtained by PFGE for
epidemiologically related strains and the determination of the
category of their genetic relationship.

In enteric bacteria, chromosomal rearrangements such as
duplications and deletions may appear quite frequently; inver-
sions seldom occur, except for those between the rrm operons,
which can be quite common (4). In spite of this, the overall
chromosomal organization has been highly conserved during
evolution, which suggests a strong negative selection of the
mutant cells (6).

The serotype Typhi of S. enterica seems to represent an
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exception to this high conservation of the genetic structure. Liu
and Sanderson (8) studied the distribution of the rm in-
teroperon fragments in the chromosomes of 127 strains of this
serotype by subjecting the fragments obtained by digestion
with I-Ceul to PFGE. This restriction enzyme cuts exclusively
in the rrn gene of the 23S rRNA fraction. Liu and Sanderson
showed that the I-Ceul fragments could be rearranged into 21
different orders.

In the present study, we assessed whether the detected vari-
ations among strains of some outbreaks may be caused by such
reorganizations. Therefore, we analyzed the ribotypes and the
PFGE types of 85 selected S. enterica serotype Typhi strains.
These strains belonged to eight different outbreaks of typhoid
fever that occurred in Spain between 1989 and 1994 (5, 9, 16,
17) and were already characterized by phage typing in accor-
dance with the method of Guinée and van Neuween (3). The
related strains were epidemiologically well described as mem-
bers of an outbreak set and belonged to the same phage type
(2) (Table 1).

The ribotyping of the DNA digested by HindIII, EcoRI, and
PstI and then subjected to electrophoresis for 18 h at 40 V was
carried out as described by Altwegg et al. (1).

The PFGE analysis of the DNA restriction fragments ob-
tained by digestion using Xbal was executed as described by
Smith et al. (12). Electrophoresis was carried out in 0.5X
Tris-borate-EDTA buffer with a Chef DRII machine (Bio-
Rad). The conditions were 200 V for 16 h at 12°C with a ramp
time of 1 to 50 s.

Analysis of the I-Ceul restriction fragments was carried out
as described by Liu and Sanderson (8), using the Chef DRII
machine, for strains of each outbreak in which we detected two
different patterns. Electrophoresis was carried out over 28 h at
200 V and 12°C in 0.5X Tris-borate-EDTA buffer. The ramp
times were 1 to 40 s for the first 10 h and then 40 to 150 s for
the following 18 h. The partial digestions were carried out by
reducing the enzyme concentration and the digestion time.
The fragments were subjected to electrophoresis at 150 V in
two steps: ramp times of 10 to 120 s over 20 h and of 70 to 120 s
over 26 h. All enzymes were provided by Boehringer Mann-
heim, except for I-Ceul, which was purchased at New England
Biolabs.

For five of the eight outbreaks studied, the related strains
were indistinguishable when the following techniques were
used: ribotyping with HindIIl, EcoRI, and PstI and PFGE
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TABLE 1. Distribution of the types obtained by analysis of the
studied outbreaks using conventional and molecular typing methods

Outbreak  Yr of No. of Phage Ribotype ; PFGE
no. isolation  strains  type(s) Hindlll Psd Clal yp;bl;sllng

1 1989 4 C1 1 1 1 1
2 1990 5 C4 2 2 2 2
1 C4 3 33 3
3 1990 4 Ela 4 2 4 4
4 1991 14 34 5 4 5 5
3 34 6 5 6 5
5 1989-94 25 46 7 6 7 6
12 46 8 6 8 7
6 1992 4 Ade 9 7 9 8
7 1991-94 5 D1 10 8§ 1 9

8 1994 9 I+1V 11 9 10 10

using Xbal. For the other three outbreaks (outbreaks 2, 4, and
5), two different ribotyping patterns for each outbreak were
detected (Fig. 1). However, only two of the outbreaks also
presented two PFGE patterns (outbreaks 2 and 5) (Fig. 2). The
strain distribution for each type was the same when either
technique was used (Table 1).

PFGE of the fragments produced by complete digestion with
I-Ceul of the strains of outbreaks 2, 4, and 5 produced identical
patterns of seven bands with molecular weights similar to those
described for the rrn interoperon fragments of S. enterica se-
rotype Typhi. According to Liu and Sanderson (8), this should
indicate that neither inversions nor transpositions have oc-
curred in other zones of the chromosome, which would have
produced different I-Ceul fragments, nor have deletions or
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FIG. 1. Restriction fragments of the S. enterica serotype Typhi types from
outbreak 2 after hybridization with a digoxigenin-linked marker obtained by
using Escherichia coli 16S RNA. Lanes: 2 and 3, ribotypes 2 and 3 obtained by
cleavage using HindIII; 4 and 5, ribotypes 2 and 3 obtained by using PstI; 6 and
7, ribotypes 2 and 3 obtained by using Clal; 1 and 8, molecular size markers, \
phage digested by HindIII.
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FIG. 2. PFGE of the digestion patterns obtained by using Xbal for the two
types of S. enterica serotype Typhi from outbreaks 2 (lanes 2 to 5) and 5 (lanes
6 to 10). Lanes: 1, molecular size markers, A phage concatemers; 2 to 4, PFGE
type 2; 5, PFGE type 3; 6, 8, and 10, PFGE type 6; 7 and 9, PFGE type 7.

duplications in which the rn operons were involved, which
would have caused the loss of some of the I-Ceul fragments or
doubled the intensity of some of the bands (Fig. 3).

The analysis of the fragments obtained by partial digestion
of the same strains using I-Ceul revealed different patterns for
each type from the same outbreak (Fig. 3). Even if the number
and the nature of the implicated genetic recombinations which
have given rise to the important variability in the known ri-
botypes are not known, it may be possible that the reorgani-
zation between the two patterns of the same outbreak was
caused by the inversion between operons pointing in opposite
directions (4). The orders of the I-Ceul fragments in the pat-
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FIG. 3. (A) PFGE pattern after complete digestion of the S. enterica serotype
Typhi strains using I-Ceul (lanes 1 to 3). Lane 4 contains molecular size markers,
\ phage concatemers. (B) PFGE patterns after partial digestion of the S. enterica
serotype Typhi strains using I-Ceul. Lanes: 1, molecular size markers, Saccha-
romyces cerevisiae; 2, strain not related to any of the studied outbreaks; 3 and 4,
strains of outbreak 2, ribotypes 2 and 3; 5 and 6, strains of outbreak 4, ribotypes
5 and 6; 7 and 8, strains of outbreak 5, ribotypes 7 and 8; 9, molecular size
markers, N phage concatemers.



VoL. 36, 1998 NOTES 2125
A B
1 2 3
A2400Kb— — — I-Ceul type: I-Ceul type: Outbreak Ribotype  I-Ceul
BC 1226 — 5 16 Hindlll  type
EDB 1006 ABCEDF G A AGF CEDB A 2 2 5
GF 872 _— — - 3 16
G§sg — — — TF Bane » TS RS B »
CED 784 - At
B724 — — —
CE 648 _ 4 23
CF 546 - ABCDFE G A AGECDTFBA 4 5 23
cs2 — —— — e T ERee » s e e e ee 6 4
EDF 326 —_ A N
ED 282 _— -
11 14
DF 180 —
E 46 — — AG CEDFB A ABF CEDG A 5 7 i1
D 136 _— — — - 8 14
T S e B E X T n 11
A A
Fd4 — — —

FIG. 4. (A) I-Ceul restriction fragment size scheme. Lanes: 1, fragments after complete digestion with I-Ceul; 2 and 3, two type fragments from outbreak 2 after
partial digestion with I-Ceul. (B) Order of the I-Ceul restriction fragments of the two types of S. enterica serotype Typhi from each of the studied outbreaks. Dotted
lines show rrn operons implicated in inversions. I-Ceul types are named in accordance with the nomenclature of Liu and Sanderson (8).

terns of one single outbreak as deduced from the partial di-
gestions and the homologous recombinations between the rrn
operons postulated for each outbreak are presented in Fig. 4.

These chromosomal rearrangements can explain the two
different patterns found for each of the three studied out-
breaks. Consequently, the environments of the two involved
rrn operons and presumably also the positions of the recogni-
tion sequences of the restriction enzymes in these environ-
ments would be modified, which would explain the differences
in the two bands detected in the two different ribotypes for the
same outbreak. Furthermore, it would be easy to understand
the appearance of two PFGE types in the very same strains.

In conclusion, S. enterica serotype Typhi seems to be more
susceptible than other serotypes to genetic reorganizations that
do not substantially alter the stability and survival of the bac-
terium (7). These reorganizations, produced by homologous
recombinations between rm operons, could be responsible for
the high discrimination index detected in this serotype when
molecular methods such as ribotyping and PFGE are used. The
frequency with which these events take place in nature is not
known, but it may be possible that they occur even during the
emergence of an outbreak. This may be supported by the fact
that these outbreaks of typhoid fever can be very long lasting,
given that humans are the only reservoir of S. enterica serotype
Typhi and that the bacteria in carriers can stay active for many
years.

For the time in which the outbreaks described in this work
were studied, three outbreaks were considered mixed out-
breaks, since two different patterns among the strains were
identified. The results obtained in this study together with the
facts that (i) the related strains belonged to phage types oc-
curring infrequently in Spain (2), (ii) the PFGE types had high
homology to each other, and (iii) both patterns were detected
in the isolates from one patient and from the index case of
outbreak 5 (2, 9) and in the isolates from one patient of
outbreak 2 (2, 16) suggest that in each of these outbreaks one
pattern may be derived from the other.

Finally, the strains of each outbreak, which are epidemio-
logically related, can now be considered genetically related if

analyzed by PFGE and, on the basis of the criteria of Tenover
et al. (13), can be labelled as closely related strains.

We thank the epidemiologists and microbiologists from the different
Spanish Health Laboratories who submitted all of the data and isolates
investigated in this study.
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