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Molecular Analysis of Environmental and Human
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Molecular characterization of a total of 54 isolates of Salmonella typhi from Santiago, Chile, was performed
by pulsed-field gel electrophoresis (PFGE) after digestion of chromosomal DNA with three restriction endo-
nucleases: XbaI (5*-TCTAGA-3*), AvrII (5*-CCTAGG-3*), and SpeI (5*-ACTAGT-3*). Thirteen of the 54 isolates
were obtained from environmental sources (sewage and river water), and the rest were isolates from clinical
cases of typhoid fever. Considerable genetic diversity was detected among the human isolates obtained in 1994,
as evidenced by the presence of 14 to 19 different PFGE patterns among 20 human isolates, with F (coefficient
of similarity) values ranging from 0.69 to 1.0 (XbaI), 0.61 to 1.0 (AvrII), and 0.70 to 1.0 (SpeI). A total of eight
phage types were detected among these 20 isolates, with 50% possessing the E1 or 46 phage type. There was no
correlation between PFGE pattern and phage types. Similar diversity was seen among 21 isolates obtained in
1983, with 17 to 19 PFGE patterns detected and F values of 0.56 to 1.0 (XbaI), 0.55 to 1.0 (AvrII), and 0.67 to
1.0 (SpeI). Comparison of these two groups of human isolates obtained 11 years apart indicated that certain
molecular types of S. typhi are shared and are able to persist for considerable periods. A similar degree of
genetic diversity was also detected among the environmental isolates of S. typhi, for which 10 to 12 different
PFGE patterns were detected among the 13 isolates analyzed, with F values ranging from 0.56 to 1.0 (XbaI),
0.52 to 1.0 (AvrII), and 0.69 to 1.0 (SpeI). Certain molecular types present among the environmental isolates
of S. typhi were also found among the human isolates from the same time period, providing evidence for the
epidemiological link between environmental reservoirs and human infection.

In many developing countries, typhoid fever remains an im-
portant public health problem, with 16.6 million cases and
600,000 deaths annually (14). In areas where typhoid fever is
endemic, water from rivers or lakes which is used for public
consumption and is sometimes contaminated by raw sewage is
the main source of infection (9). It has been clearly demon-
strated that the incidence of typhoid fever decreases dramati-
cally with the provision of clean water through chlorination
and filtration (9). Thus, in many developing countries where
the use of raw river water remains widespread, this pathway of
transmission remains an important factor in disease epidemi-
ology. However, despite the clear importance of environmental
sources of Salmonella typhi, little is known about the biochem-
ical and molecular characteristics of such strains of S. typhi and
the mechanisms of survival employed by this pathogen. Very
few molecular studies have been carried out on these strains of
S. typhi mainly because of the well-known difficulty in isolating
this organism from environmental sources (3, 5, 15). Multiple
resistance to antibiotics among S. typhi strains has become an
important problem in recent times (14), and it is conceivable
that transfer of antibiotic resistance can occur in aquatic envi-
ronments. It is clear that a better definition of the molecular
epidemiology of S. typhi, including analysis of strains obtained
from environmental sources, would benefit greatly from the
application of recently developed molecular typing techniques.
We report here the results of molecular analysis by pulsed-field
gel electrophoresis (PFGE) on environmental and human iso-

lates of S. typhi from Santiago, Chile. PFGE analysis was un-
dertaken to determine (i) whether the isolates were identical
or different, (ii) whether environmental isolates were similar or
identical to human isolates, and (iii) the extent of genetic
diversity among the isolates.
Environmental and human isolates of S. typhi were used in

this study. A total of 13 environmental isolates were obtained
during the summer of 1983 (January to March) from sewage or
water from the Mapocho River, Santiago, Chile, using Moore
swabs as described previously (5). A total of 41 human isolates
from blood were also obtained from sporadic cases of typhoid
fever in Santiago, Chile; 21 isolates were obtained in 1983, and
20 were obtained during 1994. The organisms were isolated,
maintained, and identified by standard methods (6). The iso-
lates studied belonged to multiple phage types, and typing was
performed according to standard procedures by the Salmo-
nella Reference Centre at the Institute for Medical Research,
Kuala Lumpur. As reported previously, most of the isolates
belonged to phage types E1 and 46 (22). Repeated subcultur-
ing of isolates was avoided, and stocks of the primary isolates
were maintained at 2708C. All S. typhi isolates tested were
sensitive to ampicillin, amikacin, chloramphenicol, kanamycin,
carbenicillin, cephalothin, cefamandole, gentamicin, neomy-
cin, tetracycline, trimethoprim, streptomycin, spectinomycin,
sulfonamides, nitrofurans, and nalidixic acid, as determined by
standard disk diffusion procedures to measure resistance (Na-
tional Committee for Clinical Laboratory Standards guide-
lines) (12). None of the isolates studied contained any plas-
mids, as determined by a standard alkaline lysis procedure and
by PFGE of undigested DNA (see below).
DNA for PFGE analysis was prepared by a modification of

the method of Smith et al. (19) as described previously (20).
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Selection of restriction enzymes was based on the recognition
site of the enzyme and the G1C content of 50 to 54% previ-
ously reported for Salmonella spp. The following restriction
endonucleases were used: XbaI (59-TCTAGA-39), AvrII (59-
CCTAGG-39), and SpeI (59-ACTAGT-39) (New England Bio-
labs, Beverly, Mass.; Stratagene Co., La Jolla, Calif.). PFGE of
inserts was performed by the contour-clamped homogeneous
electric field (CHEF) method on a CHEF DR-II or DR-III
system (Bio-Rad Laboratories, Richmond, Calif.) in gels of 1%
agarose in 0.53 TBE buffer (0.1 M Tris, 0.1 M boric acid, 0.2
mM EDTA) for 28 to 30 h at 200 V at a temperature of 148C,
with ramped pulse times varying according to the enzymes
used (ranging from 2 to 50 s). Gels were stained with ethidium
bromide and photographed with a UV transilluminator (Spec-
troline; 302 nm). The DNA size standards used were a lambda
ladder consisting of concatemers starting at 48.5 kbp and in-
creasing to approximately 1,000 kbp (Bio-Rad Laboratories)
and a mid-range II PFG Marker (size range, 24 to 291 kbp)
(New England Biolabs). Size determination of DNA fragments

was carried out by measuring migration distances of individual
bands and referring these to a standard curve which plotted
migration distances against log molecular weight of the DNA
size standards. For each strain, with various restriction endo-
nucleases, 15 to 24 bands were normally seen, and all visible
bands were included in determining PFGE patterns. The ex-
istence of doublets (comigrating bands) was also taken into
account by referring to band intensity. Several electrophoretic
runs with ramped pulse times varying between 2 and 50 s were
performed to obtain optimal times in which individual bands
were clearly separated. DNA fragment patterns were visually
assessed, and distinct patterns were assigned an arbitrary
PFGE pattern. Isolates were considered genetically similar or
identical if there was complete concordance of DNA fragment
profiles and considered different if there was a difference of
one or more DNA bands. Patterns generated by PFGE for
various isolates were compared, and the similarity of fragment
length patterns between two strains is scored by the Dice co-
efficient, also known as a coefficient of similarity (7). This
coefficient, F, expresses the proportion of shared DNA frag-
ments in two isolates and was calculated by using the formula
F 5 2nxy/(nx 1 ny), where nx is the total number of DNA
fragments from isolate X, ny is the total number from isolate Y,
and nxy is the number of fragments identical in the two isolates.
An F value of 1.0 indicates that the two isolates have identical
PFGE patterns.
PFGE analysis of the various S. typhi isolates was carried out

following digestion of chromosomal DNA with three restric-
tion endonucleases: XbaI (59-TCTAGA-39), AvrII (59-CCTA
GG-39), and SpeI (59-ACTAGT-39). Stable and reproducible
PFGE patterns comprising 15 to 24 DNA fragments were
regularly obtained with the three enzymes, and representative
results with two of these enzymes are shown in Fig. 1. Analysis
of these PFGE patterns showed that between 14 and 19 dif-
ferent PFGE patterns were present among the 20 human iso-
lates obtained in 1994, with F (coefficient of similarity) values
ranging from 0.69 to 1.0 (XbaI), 0.61 to 1.0 (AvrII), and 0.70 to
1.0 (SpeI) (Table 1). Among these 20 isolates from 1994, 10
(50%) were phage types E1 and 46, with six other phage types
distributed among the remainder. There was no correlation
between the phage types and PFGE patterns of the isolates.
Similar diversity was seen among 21 isolates obtained in 1983,
with 17 to 19 PFGE patterns detected and F values ranging
from 0.56 to 1.0 (XbaI), 0.55 to 1.0 (AvrII), and 0.67 to 1.0
(SpeI) (Table 1). Three XbaI, four AvrII, and two SpeI PFGE
patterns were present or shared between isolates in the groups
obtained in 1994 and 1983 (F 5 1.0).
Analysis of 13 environmental isolates of S. typhi from sewage

and from the river Mapocho, also obtained in 1983, indicated
a similar extent of diversity (Fig. 1). A total of 11 or 12 different
PFGE patterns were detected among the 13 isolates analyzed,
with F values ranging from 0.56 to 1.0 (XbaI), 0.52 to 1.0
(AvrII), and 0.69 to 1.0 (SpeI) (Table 1). Based on comparison
of PFGE patterns, two SpeI patterns and two AvrII patterns
were shared between these environmental isolates and human

FIG. 1. PFGE patterns of environmental and human isolates of S. typhi
following digestion with XbaI (A) and SpeI (B). (A) Lanes: 1 and 2, human
(1983); 3 to 15, environmental (1983). (B) Lanes: 1 to 9, environmental (1983);
10 to 18, human (1983); 19, S. typhi ATCC 19430; 20, lambda concatemers
(markers).

TABLE 1. F values and PFGE patterns for S. typhi
isolates from Santiago, Chile

No. of
isolates

Source and yr
of isolation

F value range (no. of PFGE patterns)

XbaI SpeI AvrII

20 Human, 1994 0.69–1.0 (19) 0.70–1.0 (14) 0.61–1.0 (19)
21 Human, 1983 0.56–1.0 (19) 0.67–1.0 (18) 0.55–1.0 (17)
13 Environmental, 1983 0.56–1.0 (12) 0.69–1.0 (11) 0.52–1.0 (10)
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isolates obtained in the same year (F 5 1.0) (Fig. 1B, lanes 6,
7, and 13). With the enzyme XbaI, four very similar PFGE
patterns, differing by only a single band (F 5 0.97), were
shared between the human and environmental isolates. Iden-
tical, shared PFGE patterns were also observed between the
environmental isolates of 1983 and the human isolates ob-
tained in 1994. None of the isolates studied contained any
plasmids, as determined by a standard alkaline lysis procedure
and by PFGE of undigested DNA.
Typhoid fever continues to be a major public health problem

in developing countries as a result of many interrelated factors,
including increased urbanization, inadequate supplies of clean
water, antibiotic resistance, variable efficacy of vaccine prepa-
rations, and increased regional movement of large numbers of
migrant workers. Despite the clear need for more effective
epidemiological surveillance based on discriminative markers,
the differentiation of individual S. typhi strains has been prob-
lematical in the past. Plasmid profiles are not very useful, as
only a small proportion (,10%) of strains harbor plasmids
(16). Vi phage typing has been of some value but is technically
difficult and can be performed only by reference laboratories.
In addition, a significant proportion of strains (22%) are not
typeable, and some are Vi negative (4). Analysis of envelope
protein profiles of S. typhi strains isolated in Peru and Indo-
nesia detected only minor differences between strains (8). Re-
cently, molecular analysis has provided important new insights
into the molecular epidemiology and genetic diversity of S.
typhi. Earlier studies utilizing the techniques of multilocus en-
zyme electrophoresis concluded that S. typhi represents a sin-
gle clone that has shown minimal intraspecies divergence in its
spread to different parts of the world (17, 18). More recently,
the development of PFGE, by which large DNA fragments are
separated after digestion of chromosomal DNA with infre-
quently cutting restriction endonucleases, has provided a new
approach to the molecular typing and differentiation of indi-
vidual strains of a variety of bacterial pathogens (2, 10). By this
approach, studies of S. typhi isolates from different parts of
Southeast Asia suggested that the extent of genetic diversity
among strains of S. typhi is actually greater than was thought
previously (11, 20, 21). The considerable genetic diversity
among S. typhi strains has also been shown by ribotyping (1,
13).
The present study has extended this observation of signifi-

cant diversity to human isolates of S. typhi from South Amer-
ica, an important typhoid fever-endemic area. It is clear from
the data obtained that considerable heterogeneity exists at the
DNA level among S. typhi isolates from Santiago, Chile. In
overall terms, the South American strains (F 5 0.55 to 1.0)
appear to possess the same amount of diversity as the South-
east Asian strains (F5 0.53 to 1.0) (21). The present study also
confirms the discriminatory power of PFGE, in that 14 to 19
PFGE patterns were detected, compared with eight phage
types, among the 20 human isolates obtained in 1994. The
results also suggest that multiple clones of S. typhi are endemic
to Chile and coexist simultaneously to cause sporadic cases of
typhoid fever among the population throughout the year and
that no single clone predominates. Comparative analysis of
isolates obtained 11 years apart also indicates that certain
genotypes of S. typhi are stably maintained and persist over this
considerable time period. The results of the present study with
S. typhi strains from South America, together with those of
previous studies (20, 21), provide further support for the hy-
pothesis that multiple clones of S. typhi coexist independently
and simultaneously in regions of the world where it is endemic,
in contrast to the previous notion that all S. typhi strains belong
to a single clone worldwide (17, 18). This conclusion is in

agreement with the observation that recent studies of micro-
bial populations have shown substantial genetic diversity
within species which suggest that isolates are distributed
among many genetically diverging lineages (2). It has been
suggested that this evolutionary divergence is a reflection of
the accumulation of random, nonlethal point mutations, in-
cluding single-base substitutions and deletions, deletion of sin-
gle genes, or even substitutions of DNA from other microbial
species (2).
With a water-borne disease such as typhoid fever, the envi-

ronmental reservoirs of S. typhi and the mode of survival of this
organism in the environment are clearly important in disease
epidemiology and transmission. We report here the molecular
characterization of strains of S. typhi isolated from environ-
mental sources and their relationship with human isolates. In
contrast to studies involving other water-borne pathogens,
which are relatively easy to isolate from water samples, studies
with S. typhi from the environment have been hampered in the
past by the well-documented difficulty in obtaining environ-
mental isolates of S. typhi (3, 15), perhaps because of fastidious
nutritional requirements, a dormant, viable, but nonculturable
state, or the abundant presence of phages lytic for S. typhi (5).
The environmental isolates of S. typhi analyzed in the present
study were obtained from the river Mapocho in Santiago,
Chile, known to be heavily polluted with sewage discharge (5,
22). The results in the present study suggest, not surprisingly,
that similar genetic diversity exists among S. typhi from envi-
ronmental sources as among the human isolates. Also, most of
the molecular types detected among these environmental iso-
lates of S. typhi were also present among the human isolates
obtained during the same time period in the same locality. This
observation provides convincing evidence, at the molecular
level, of the epidemiological link between water supplies con-
taminated by sewage and human infection with S. typhi.
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