JOURNAL OF CLINICAL MICROBIOLOGY, May 2003, p. 1843-1849
0095-1137/03/$08.00+0 DOI: 10.1128/JCM.41.5.1843-1849.2003

Vol. 41, No. 5

Copyright © 2003, American Society for Microbiology. All Rights Reserved.

Evaluation of Pulsed-Field Gel Electrophoresis as a Tool for
Determining the Degree of Genetic Relatedness
between Strains of Escherichia coli O157:H7

Margaret A. Davis,'* Dale D. Hancock,' Thomas E. Besser,” and Douglas R. Call*

Field Disease Investigation Unit, Department of Veterinary Clinical Sciences," and Department of Veterinary
Microbiology and Pathology,> Washington State University, Pullman, Washington 99164

Received 16 May 2002/Returned for modification 29 September 2002/Accepted 29 January 2003

Pulsed-field gel electrophoresis (PFGE) has been used extensively to investigate the epidemiology of Esch-
erichia coli O157:H7, although it has not been evaluated as a tool for establishing genetic relationships. This
is a critical issue when molecular genetic data are used to make inferences about pathogen dissemination. To
evaluate this further, genomic DNAs from 62 isolates of E. coli O157:H7 from different cattle herds were
digested with Xbal and Binl and subjected to PFGE. The correlation between the similarity coefficients for these
two enzymes was only 0.53. Four additional restriction enzymes (Nkel, Pacl, Sfil, and Spel) were used with
DNAs from a subset of 14 isolates. The average correlations between similarity coefficients using sets of one,
two, and three enzymes were 0.405, 0.568, and 0.648, respectively. Probing with lambda DNA demonstrated that
some DNA fragments migrated equal distances in the gel but were composed of nonhomologous genetic
material. Genome sequence data from EDL933 indicated that 40 PFGE fragments would be expected from
complete Xbal digestion, yet only 19 distinguishable fragments were visible. Two reasons that similarity
coefficients from single-enzyme PFGE are poor measures of relatedness (and hence are poorly correlated with
other enzymes) are evident from this study: (i) matching bands do not always represent homologous genetic
material and (ii) there are limitations to the power of PFGE to resolve bands of nearly identical size. The
findings of the present study indicate that if genetic relationships must be inferred in the absence of epide-
miologic data, six or more restriction enzymes would be needed to provide a reasonable estimate using PFGE.

Escherichia coli O157:H7 (referred to as O157 hereafter) is
a food-borne human pathogen that can cause bloody diarrhea,
hemolytic uremic syndrome, and death (66). Studies of animal
reservoirs have focused on domestic cattle because early epi-
demiologic evidence indicated that foods of bovine origin were
the primary vehicles of infection and O157 was detected in
herds associated with outbreaks (25). Although outbreaks as-
sociated with foods of nonbovine origin have been detected
with increasing frequency, bovine sources have been consis-
tently implicated in the plurality of human infections (35, 46,
52).

Pulsed-field gel electrophoresis (PFGE) has been used ef-
fectively as a molecular subtyping tool in outbreak investiga-
tions (5, 11-16, 23, 33, 37, 59) and surveillance (6, 65), and
PFGE has been used to infer genetic relatedness between
isolates of O157 from different cattle herds (41, 64). Although
the discriminatory power of PFGE has compared favorably to
that of other subtyping methods (21, 29, 30, 38, 48), the simi-
larity of PFGE patterns has not been stringently evaluated as a
measure of genetic relatedness. This is most critical for trans-
mission studies, which rely on molecular genetic data for mak-
ing inferences about routes of pathogen spread (17, 20, 40, 47,
60, 69).

A Dice similarity coefficient is often used to quantify the
similarity between PFGE banding patterns (3, 20, 23, 31, 38,
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39, 43, 44). The Dice coefficient is calculated as 2k/(a + b),
where / is the number of matching bands and a + b is the total
number of bands being compared, including matching and non-
matching bands (19). The use of the Dice coefficient to mea-
sure genetic similarity assumes that bands of identical size are,
with high probability, genetically homologous. But in theory, a
restriction enzyme may cleave two nonhomologous genomes in
such a way as to yield similar fragment sizes, and thus produce
spurious matches. Equally, a minor genetic event (such as a
single-nucleotide mutation) could produce the same banding
change as a major genetic event (such as a very long insertion
or deletion) (67). There are also empirical reasons for uncer-
tainty that Xbal PFGE by itself is an adequate measure of re-
latedness. Spurious matches have been reported from surveil-
lance data (W. E. Keene, V. K. Balan, and P. R. Cieslak, poster,
International Conference on Emerging Infectious Diseases,
Atlanta, Georgia, 1998) and in conjunction with outbreak in-
vestigations (4, 5, 32, 71). Furthermore, different restriction
enzymes may assign conflicting relatedness to isolate pairs. For
example, Harsono et al. (29) found that some Xbal subtypes
contained multiple Sfil subtypes and some Sfil subtypes con-
tained multiple Xbal subtypes, so that some pairs were 100%
similar by Sfil but unrelated by Xbal and the reverse. Rice et
al. (57) found marked differences in Nofl banding patterns
between isolates that were indistinguishable by Xbal. Malorny
et al. (45) also found discrepancies using three different re-
striction enzymes and PFGE for Salmonella enterica serovar
Typhimurium DT104. Others have found a poor correlation
between similarities derived from PFGE and randomly ampli-
fied DNA for O157 (24, 56). Olsen et al. (49) found low
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TABLE 1. Restriction enzyme digest and electrophoresis
conditions for each restriction enzyme used

Digestion S Units of Initial Final
E h Digestion Run itch itch
nzyme emp time (h) enzyme .o (h) switch switc ‘
§©) per plug time (s) time (s)
Binl 37 16 10 22 2.2 542
Nhel 37 14 15 24 1 15
Pacl 37 21 24 20 0.1 15
Sfil 50 17 29 22 5 25
Spel 37 17 25 22 5 25
Xbal 37 4-16 30 20 2.2 54.2

correlations between similarity coefficients computed from
PFGE and two other genotyping methods for serovar Typhi-
murium.

To the extent that PFGE patterns are a measure of isolate-
specific genetic composition, one would predict that closely
related isolates would be more similar and distantly related
isolates less similar, regardless of the restriction enzyme used.
It would also follow that there should be a good correlation
between Dice coefficients generated by two enzymes, and non-
homology between matching bands should be infrequent. Also,
the distribution of fragment sizes from a restriction enzyme
profile would be expected to reflect the distribution of restric-
tion enzyme recognition sites throughout the genome. The
goal of this study was to determine the suitability of PFGE for
measuring relatedness by (i) measuring the degree of correla-
tion among similarity coefficients obtained by different en-
zymes and determining if this correlation was increased by
adding information from other enzymes, (ii) determining
whether bands that match by PFGE sometimes contain non-
homologous genetic material, and (iii) determining the degree
to which theoretical bands from a sequenced isolate match the
bands resolved by PFGE.

MATERIALS AND METHODS

Isolates. Sixty-two O157 isolates banked from previous studies (26-28) were
used for the present study. The sources of all isolates used in the present study
were bovine fecal samples from herds sampled from 1994 to 1995. One isolate
from each herd was used. A subset of 14 of these isolates was used for the
multiple-enzyme analysis. Isolate pairs with 100% similarity by Xbal PFGE were
used for band comparison.

PFGE. A standard protocol for PFGE of O157 was used, with some modifi-
cations (14a). Plugs were prepared from bacterial suspensions (200 pl) to which
proteinase K (10 pl at 20 mg/ml) was added. InCert (FMC Bio Products, Rock-
land, Maine) agarose was added (1.6% with 1% sodium dodecyl sulfate in 200 pl
of TE buffer [100 mM Tris and 100 mM EDTA]), and the mixture was imme-
diately dispensed into plug molds (Bio-Rad, Hercules, Calif.). The plugs were
lysed in ES buffer (0.5 M EDTA, pH 9.0, 1% sodium-lauroyl-sarcosine) with
proteinase K at 54°C for 1 to 2 h and then washed at 50°C in sterile distilled water
(two times for 15 min each time) and TE buffer (four times for 15 min each time).
Plug slices (2 mm thick) were digested with a restriction endonuclease (Table 1
shows the times and temperatures). PFGE was performed on a CHEF-DRII
PFGE apparatus (Bio-Rad) using the following parameters: separation on a 1%
agarose gel (Seakem Gold agarose; FMC Bio Products) in 0.5X Tris-Borate-
EDTA at 14°C and 6 V/cm. The run times and pulse times differed according to
the enzyme used (Table 1). The gels were stained with ethidium bromide and
photographed with UV transillumination. The photographic image was captured
digitally using a gel documentation system (Alphalmager 2000; Alpha Innotech
Corp., San Leandro, Calif.). After visual evaluation of digital images, the bands
were marked by hand and analyzed using Bionumerics software (Applied Maths,
Sint-Martens-Latem, Belgium).

Data analysis. Standard isolate G5244 (courtesy of Mansour Samadpour,
Department of Environmental Health, University of Washington, Seattle) was
used as the standard for the 62 isolates for which Xbal results were compared to
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FIG. 1. Correlation between Dice similarity indices for pairwise
analysis of 62 isolates (r = 0.5318).

Binl results. Each gel included 20 lanes with four standards for every gel. Dice
similarity coefficients were generated for all possible pairwise comparisons. The
unweighted pair group method of analysis was used to generate dendrograms.
For each isolate pair, the Dice similarity coefficient derived from the Xbal
pattern was compared to the Dice coefficient derived from BinI digestion. This
was done by exporting similarity matrices from Bionumerics into Excel (Mi-
crosoft, Redmond, Wash.) and calculating the Pearson product-moment corre-
lation coefficient between the Xbal Dice similarity coefficients and the Blnl Dice
similarity coefficients. For a subset of 14 isolates, each of four additional restric-
tion enzymes (Nhel, Pacl, Sfil, and Spel) was used to generate a set of similarity
indices, so that for each of these 14 isolates a total of six enzyme-specific profiles
were generated. The similarity indices for each enzyme were compared to each
other, as for Binl and Xbal. An arithmetic average of the correlations between
each enzyme pair was used to estimate the average correlation between two en-
zymes. To estimate the correlation between pairs of enzymes, the average simi-
larity for one enzyme pair was calculated, and then those average similarities
were correlated with the average similarity from a different enzyme pair. Like-
wise, to compare enzyme triplets, the average similarities for three enzymes were
calculated and correlated to the average similarities from a different set of three
enzymes.

Band comparison with Southern analysis. To evaluate whether bands that
migrate the same distance on PFGE gels consistently contain homologous ge-
netic material, DNAs from PFGE gels were probed using a standard Southern
transfer protocol (62). DNA fragments were transferred to a positively charged
nylon membrane (Immobilon-Ny+; Millipore, Bedford, Mass.) under alkaline
conditions using capillary transfer. Lambda DNA (2 pg; Promega Corp., Mad-
ison, Wis.) was biotinylated by nick translation using the BioNick kit (Invitrogen,
Carlsbad, Calif.) according to the manufacturer’s instructions. The biotinylated
DNA was cleaned using a QIAquick cleanup kit (Qiagen, Valencia, Calif.),
denatured by boiling it for 3 min, and dissolved in 15 ml of hybridization buffer.
Hybridization took place overnight at 50°C. A Southern Star detection kit (Ap-
plied Biosystems, Foster City, Calif.) was used for probe detection.

Predicted restriction fragments from genome sequence. A strain of O157 for
which the genome sequence is available (EDL933) (53) was acquired from the
American Type Culture Collection (ATCC 43895). The predicted fragments

TABLE 2. Matrix of correlation coefficients between the Dice
similarity coefficients generated by single restriction enzymes®

Coefficient
Enzyme
X B N P St

X

B 0.573158

N 0.195999 0.379299

P 0.521172  0.429225 0.504657

St 0.235544 0.259242 0.586138 0.408706

Sp 0.230233 0.264564 0.505782 0.484749 0.499297

“ X, Xbal; B, Blnl; N, Nhel; P, Pacl; Sf, Sfil; Sp, Spel. Average correlation,
0.405.
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TABLE 3. Correlations between Dice similarity indices averaged from two restriction enzymes®

Coefficient
Enzyme
X-B X-N X-P X-Sf X-Sp B-N B-P B-Sf B-Sp N-Sf N-Sp

B-N 0.551 0.617 0.587

B-P 0.732 0.641 0.640

B-Sf 0.723 0.578 0.626

B-Sp 0.670 0.569 0.614

N-P 0.442 0.594 0.591 0.660 0.642

N-Sf 0.337 0.374 0.537 0.480 0.597

N-Sp 0.342 0.398 0.548 0.503 0.622

P-Sf 0.426 0.674 0.626 0.622 0.610 0.702
P-Sp 0.394 0.596 0.560 0.558 0.557 0.618

“No correlations were computed if enzyme sets being compared included the same enzyme. Average correlation, 0.568. See Table 2, note a, for abbreviations.

from an Xbal digestion of EDL933 were obtained by downloading the entire
genome sequence (GenBank number AE(005174) and searching for the Xbal
recognition site (TCTAGA), using Vector NTI Suite software (InforMax, Be-
thesda, Md.). PFGE of EDL933 following Xbal digestion was performed under
the conditions listed in Table 1. For better fragment resolution, PFGE was also
performed following Xbal digestion with a pulse time ramp of 0.1 to 38 s over a
run time of 24 h (56).

RESULTS

Enzyme correlation. Genomic DNAs from 62 O157 isolates
were subjected to PFGE after restriction with Xbal and Blnl,
and each PFGE pattern was compared to those of all other
isolates, resulting in 1,891 pairwise comparisons of Dice coef-
ficients. The resulting Xbal and Binl similarity coefficients for
each pair of isolates were positively correlated (r = 0.53) (Fig.
1). A subset of 14 of the isolates was then similarly subjected to
PFGE following DNA digestion with each of four additional
restriction enzymes, resulting in 91 pairwise comparisons for
each of six enzymes. The average correlations for Dice coeffi-
cients derived from one, two, or three enzymes were 0.405,
0.568, and 0.648, respectively (Tables 2, 3, and 4). A logarith-
mic function computed from these data projected that six en-
zymes would be required to reach a correlation coefficient of
0.8 or higher (Fig. 2).

Genetic homology of same-size bands. To evaluate whether
same-size bands represented homologous genetic sequences,
six isolate pairs having 100% similarity by Xbal PFGE (Fig. 1)
were subjected to Southern transfer. Probing with lambda
DNA demonstrated that isolates that matched by Xbal PFGE
(100% similarity) had matching bands that contained non-

homologous genetic material (Fig. 3). For example, lambda
probe hybridized with a 436-kbp band from isolate A but not
with one from isolate B, and it hybridized with a 200- to 240-
kbp band from isolate B but not with one from isolate A.
Similarly, isolates C, D, and E were 100% similar by PFGE, yet
lambda probe hybridized with a 194- to 242-kbp band of isolate
E but not with one from C or D (Fig. 3a and b). Lambda probe
hybridized with a 242- to 290-kbp band from isolate F but not
with one from G, and it hybridized with a 339- to 388-kbp band
from G but not with one from F. Isolate pairs H plus I and C
plus D provided an example of matching PFGE profiles con-
sistent with hybridization (Fig. 3c and d).

Comparison of PFGE banding patterns to sequence data.
As an empirical test of the accuracy of PFGE in resolving DNA
bands, the predicted banding pattern of E. coli O157 EDL933
based on its whole genome sequence was compared with the
actual PFGE banding patterns in this study. Genome sequence
data indicated that 40 fragments would be expected from com-
plete Xbal digestion and PFGE of EDL933, yet only 19 dis-
tinguishable fragments were seen by the standard method (Fig.
4). Eight of the predicted fragments, smaller than 35 kbp,
would be expected to migrate off the gel under many PFGE
protocols. No predicted fragments were larger than 388 kbp,
yet in this study and in that reported by Harsono et al. (29),
three or four fragments larger than 388 kbp were observed
(Table 5). PFGE of EDL933 using the standard electrophore-
sis protocol produced some bands that did not resolve well
(Fig. 4a). Better resolution was obtained using different ramp-
ing times and run times (56) (Fig. 4b).

TABLE 4. Correlations between Dice similarity indices averaged from three restriction enzymes®

Enzyme

Coefficient

X-B-N X-B-P X-B-Sf X-B-Sp

X-N-P

X-N-Sf X-N-Sp X-P-Sf X-P-Sp X-Sf-Sp

B-N-P
B-N-Sf
B-N-Sp
B-P-Sf
B-P-Sp
B-Sf-Sp
N-P-Sf
N-P-Sp
N-Sf-Sp
P-Sf-Sp

0.614
0.596
0.436
0.596

0.727

0.697
0.656
0.686
0.776
0.701

“ No correlations were computed if enzyme sets being compared included the same enzyme. Average correlation, 0.648. See Table 2, note a, for abbreviations.
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FIG. 2. Effect of increasing numbers of enzymes on the correlation

between Dice similarities. Triangles, actual data points; diamonds, ex-
trapolations.

DISCUSSION

The Dice similarity coefficient has often been presented as
virtually synonymous with genetic relatedness (3, 7, 18, 42, 50,
51, 54, 58, 63), yet there is a very low correlation between
similarity estimates derived from single enzymes (average r,
0.4), and thus, the Dice coefficient is only a poor estimate of
genetic relatedness between two isolates. If the Dice similarity
coefficient from a single enzyme digest were an accurate esti-
mate, then the correlation between Dice coefficients from two
different restriction enzymes should be close to 1. If, however,
one enzyme assigns a low similarity to two isolates while the
other assigns a high similarity to the same pair, one or both

E
i
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must be an inaccurate measure of relatedness. Nevertheless,
there is a positive, albeit low, correlation between all pairs of
enzyme results. The most likely basis for this is that any single
enzyme provides at least a crude measure of true genetic re-
latedness. This supposition is supported by our finding that
pooling similarity results from multiple enzymes provided bet-
ter correlation between Dice similarities.

Additional enzymes provide information from a larger pro-
portion of the genome, which could explain improved correla-
tions. Single-enzyme PFGE is likely to correlate poorly with
randomly amplified polymorphic DNA (24, 56) or other meth-
ods (49), which of necessity only sample a minority of the
bacterial genome. Other investigators have found that combin-
ing results from additional typing methods and/or restriction
enzymes improved both the discriminatory power of the meth-
od and the correlation between epidemiology and the molec-
ular data for O157 (1, 4, 24, 32, 55) and Salmonella (2, 40, 49).
In the present study, we combined results from multiple en-
zymes using an unweighted average of similarity coefficients.
Using a composite of all banding patterns might have intro-
duced bias by weighting the results in favor of those enzymes
that produce a greater number of bands and are therefore
more likely to produce spurious matches. This possibility was
supported by our finding that enzymes that produced more
bands were more likely to have a higher similarity with the
lambda concatemer, a molecular size standard unrelated to
0157 (data not shown). Computer simulations have also illus-
trated this point (9).

The results of this study suggest two explanations for the
poor correlations between Dice coefficients from single-en-

d)
F G HI

FIG. 3. Isolate pairs AB, CD, CE, DE, FG, and HI were 100% similar after digestion with Xbal, PFGE by the standard protocol, and analysis
in Bionumerics with a 1% position tolerance. Lanes \ contain lambda DNA concatemers. (a and ¢) PFGE gel image. (b and d) Nylon membrane
with lambda probe hybridized to membrane. See the text for interpretation. The boxes mark occurrences of nonhomologous same-size bands.
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FIG. 4. Pulsed-field gels of isolate EDL933 after Xbal digestion.
Shown are electrophoresis conditions according to the standard Pulse-
Net protocol with switch times from 2.2 to 54.2 s over a 21-h run time
(A) and 0.1 to 38 s over a 24-h run time (B).

zyme PFGE. The first is that fragments that migrate the same
distance do not always contain homologous genetic material.
The results of our band comparison suggest that this is not a
rare occurrence: 62 epidemiologically unrelated isolates yield-
ed six pairs that were 100% similar. Comparing same-size
bands by probing with lambda DNA indicated that four of
these pairs were spurious matches. When those isolate pairs
with 100% similarity were assayed side by side on the same gel,
it became apparent that there were some differences in band
widths and intensities between some of the “matching” bands.
But when large sets of isolates are being analyzed, as in a
surveillance program or a large research project, it seems prob-
able that fragments migrating the same distance on a gel will be
marked and considered to be a “vote for similarity” whether or
not they have the same band intensity or width. Our finding
was the result of one probe type, representing only a small
proportion of the genome; the use of other probes would likely
detect more instances of nonhomology between same-size bands.

Another reason that the similarity coefficient is a poor esti-
mate of relatedness is the failure of PFGE to resolve bands of
nearly identical sizes. Among the expected 40 fragments re-
sulting from Xbal digestion of EDL933, 2 differ in size from
another fragment by <1%, and 15 differ by <5%. Depending
on the resolving power of the technique, as many as 17 frag-
ments could be obscured by bands of similar sizes. Thus, poor
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resolution of fragment size could account for the discrepancy
between the 18 to 25 fragments detected by most published
PFGE protocols for O157 (8, 22, 29) and the 40 fragments
expected based on sequence data. There are other possible
explanations for the discrepancy: (i) the sequence data may be
in error or (ii) some of the Xbal recognition sites in the O157
genome may not be available to the enzyme if, for example,
they happen to be adjacent to a methylated site. One of these
possibilities may explain the large fragment (>600 kb) de-
tected by PFGE of EDL933 (Table 5). The present study
demonstrated that, after Xbal digestion, the electrophoresis
conditions used by Radu et al. (56) resolved bands that are not
resolved by standard electrophoresis conditions. The impact of
occult or comigrating bands is potentially great. Homologous
but occult bands would not be counted and would bias the Dice
index downward. Two comigrating bands in a nonshared posi-
tion would be counted as only one nonmatching band and
would bias the Dice coefficient upward.

Based on the observation that the loss or addition of a single
recognition site can result in up to three band differences, The
criteria of Tenover et al. for interpretation of PFGE patterns
classify two isolates with three or fewer band differences as
closely related (67). Under standard PFGE conditions, a sig-
nificant proportion of fragments comigrate or are too small to
visualize, so the Tenover et al. criteria could misclassify unre-
lated isolates as closely related. There is also potential for the
Tenover et al. criteria to misclassify closely related isolates as
unrelated if two cells with a recent common ancestor each
undergo a minor genetic event and differ from the parent by
three bands but differ from each other by six bands. It should
be noted that Tenover et al. cautioned against the use of their
criteria for the interpretation of PFGE in the absence of epi-
demiologic data or for extensive sets of isolates (67).

PFGE using one or two enzymes to establish matches be-
tween O157 isolates has been used successfully in many
investigations of food-borne illness (5, 11-15, 72), where the
evidence implicating a food or other exposure has been con-
siderably strengthened by finding indistinguishable (matching)
PFGE patterns between the clinical and food (or environmen-
tal) isolates. Similarly, the use of PFGE in investigations of

TABLE 5. Results of PFGE of Xbal-digested EDL933

Observed no. of fragments

Expected no. of
xpected no. o in range (PFGE)

fragments in range
(sequence data)

Size range
(kbp)

Present study” Harsono 1993°

48.5 1
48.5-97
97-145.5
145.5-194
194-242.5
242.5-291
291-339.5
339.5-388
388-436.5
436.5-485
485-533.5
533.5-582
582-630.5
>630.5

SOOIV W AR UWN O
HOO»—H—\»—H—\NLAM[\)JA%
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“ See Fig. 4b. NA, data not available.
® Data are from reference 29.
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farm environments and/or cattle herds associated with human
cases have allowed investigators to establish relationships be-
tween animal and human isolates (7, 16, 34, 68; W. B. Trevena,
R. S. Hooper, C. Wray, G. A. Willshaw, T. Cheasty, and G.
Domingue, Letter, Vet. Rec. 138:400, 1996). In this context,
where there is a high prior probability that isolates are
epidemiologically linked, PFGE of a single enzyme digest is
appropriate for identifying genetic-fingerprint matches. In-
deed, when an outbreak investigation is under way, time and
resources may not accommodate more effort. In the absence
of the prior probability conferred by epidemiologic data,
however, a valid measure of relatedness, rather than a
method that simply identifies matches, is required. Infer-
ences about genetic relationships based solely on one-en-
zyme PFGE should be interpreted with caution. The avail-
ability of computer software programs that make calculation
of Dice coefficients and the generation of dendrograms rel-
atively easy, as well as failure to distinguish between the
concepts of relatedness and a similarity coefficient, may
have contributed to acceptance of dendrograms from single-
enzyme PFGE as accurate measures of relatedness. Soft-
ware such as Bionumerics makes analysis of banding pat-
terns from large sets of isolates possible but cannot be relied
on to assess the presence or absence of bands without visual
evaluation of the gel image.

While PFGE has been used for over a decade in epidemio-
logic studies of many eukaryotic and prokaryotic organisms
and has proved to be a robust typing method for investigations
of food-borne outbreaks and for hospital epidemiology, alter-
native molecular methods have promise for greater precision,
as well as higher efficiency, for molecular epidemiologic anal-
ysis of microbial pathogens. These include fluorescent ampli-
fied fragment length polymorphisms (73) and DNA microar-
rays (10, 61). The findings of the present study indicate,
however, that if epidemiologic relationships between isolates
must be inferred from PFGE data, six or more restriction
enzymes would be needed to provide a reasonable estimate of
genetic relatedness.
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