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identified all 29 outbreak-related isolates, which made it the
most sensitive technique, but it also incorrectly identified an
additional 7 strains as being related to the clusters. HindIII
ribotyping identified 27 of 29 outbreak-related isolates but
also included 7 additional unrelated isolates as part of the
clusters.

IS typing could type only 17 of 29 outbreak-related isolates
(the other isolates were oxacillin susceptible), and of these,
16 were correctly identified. Three additional isolates were
incorrectly identified as belonging to the cluster. RFLP
typing grouped 28 of 29 isolates correctly, but included 3
additional unrelated isolates in the cluster. PCR coagulase
gene typing correctly identified 28 of 29 outbreak-related
isolates, but included an additional 8 unrelated isolates in the
clusters.

Among the alternative electrophoretic methods, PFGE
correctly identified 28 of 29 organisms in the outbreak-
related cluster, but incorrectly identified an additional 7
isolates as being related to the clusters. FIGE, on the other
hand, correctly identified 27 of 29 outbreak-related isolates,
but included 3 unrelated isolates.

Finally, immunoblotting correctly identified 28 of 29 out-
break-related strains, but incorrectly identified 6 isolates as
related to the clusters, and MLEE correctly identified 26 of
29 outbreak-related isolates, but included 4 additional iso-
lates in the clusters.

Ease of use and interpretation. Antibiograms and biotypes
were the simplest methods to perform and their results were
the simplest to interpret; no equipment was required. Phage
typing was easy to perform, but titering and maintaining
stocks were very laborious. Interpretation of phage typing
results was difficult when multiple, related patterns were
observed. An inoculator for dispensing the phages to the
bacterial lawns proved to be invaluable for reproducibility.

Of the DNA-based methods, plasmid restriction analysis
was the easiest to perform; only several relatively inexpen-
sive pieces of equipment were needed, including an electro-
phoresis chamber, a power supply, a transilluminator, and a
camera system. Interpretation required merging of two sets
of patterns (HindIII and EcoRI); however, this required only
minimal subjective interpretive steps. Ribotyping, PFGE,
and FIGE generated patterns of 15 to 20 bands which
occasionally included partial restriction products, doublet
bands representing two or more fragments of approximately
the same size, and faintly staining bands of low molecular
size. These problems made interpretation of the banding
patterns more subjective than interpretation of plasmid
restriction patterns or the RFLP and IS typing schemes,
which resulted in fewer bands per pattern. The more com-
plex the pattern, the greater the expertise required for
interpretation. PFGE and FIGE both required preparation of
DNA in agarose blocks and the use of specialized electro-
phoretic equipment. PFGE equipment costs several thou-
sands of dollars more than FIGE equipment, but banding
PFGE patterns are typically more distinct than FIGE pat-
terns. Unlike PFGE, FIGE required two separate gels to
resolve high- and low-molecular-size fragments; however, in
several instances, the low-molecular-size FIGE gel allowed
differentiation of strains that appeared to be identical by
PFGE.

The methods involving DNA probing (ribotyping, RFLP
typing, and IS typing) all required electrophoretic equip-
ment, an apparatus for transferring the electrophoresed
DNA onto a membrane, and procedures for labeling probes
and visualizing the results. Although nonradioactive labeling
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procedures are readily available, these procedures were still
highly labor intensive and time-consuming.

The enzyme banding patterns generated by starch gel
electrophoresis during MLEE were easy to interpret, but the
overall analysis required the application of sophisticated
algorithms and computer software not readily available in
most laboratories. This makes this technique inaccessible to
most clinical laboratories.

Immunoblotting involved both polyacrylamide gel protein
electrophoresis and preparation of Western blots (immuno-
blots), the latter of which can be difficult for those unaccus-
tomed to protein analysis techniques. Typically, the banding
patterns produced were very complex, differentiation of
strains from subtypes was often subjective, and the promis-
ing results may be directly related to the experience of the
investigator.

DISCUSSION

The goal of the present study was to identify the strengths
and weaknesses of 12 different typing techniques for S.
aureus to determine which methods would be best suited for
clinical and research microbiology laboratories. The “‘gold
standard” for these studies was the epidemiologic data
collected during the four outbreak investigations from which
29 of the study isolates were taken and data from an
investigation of an outbreak in two nursing homes. For the
strains from the nursing homes and for two strains from
outbreak II, the epidemiologic data did not match the
majority of the typing data. This disparity emphasizes the
need to collect and analyze epidemiologic and laboratory
data together when investigating a cluster of isolates.

Of the two traditional techniques most accessible to clin-
ical laboratories, antibiograms and biotyping, we found that
antibiogram typing worked reasonably well, but only when
zone diameters and not the categorical interpretations of
susceptible, intermediate, or resistant were used as strain
markers. The antibiograms obtained by using interpretive
categories have proved to be problematic in past studies (2,
9, 13, 17, 30). In our study, most subtypes, i.e., changes in
disk diffusion zone sizes for a single antimicrobial agent,
were not significant. Therefore, changes in the zone sizes
around disks for two or more antimicrobial agents must be
observed before two isolates can be considered to be differ-
ent strains. This highlights the instability of resistance pat-
terns in S. aureus, which is probably at least partially related
to changes in plasmid content (see below). Although we used
12 antimicrobial agents, trospectomycin was not helpful in
discriminating among strains and could be eliminated. Anti-
biogram typing is the least expensive typing method and
could be considered, especially in small laboratories, as an
initial screen to determine strain relatedness.

Although biotyping works well for coagulase-negative
staphylococci (18), it recognized too many subgroups within
the S. aureus outbreak clusters for it to be useful in the
present study. Biotyping results did not correlate well with
either the epidemiologic data or the results of the other
typing methods. While biotyping could be used to subtype
isolates within clusters into smaller groups, it is not clear
that this would have epidemiologic significance.

Bacteriophage typing has been used for typing S. aureus
for many years, but its limitations are clearly recognized (5,
20, 30, 37, 42, 45). In the present study, 4 of the 59 S. aureus
isolates were nonreactive by phage typing, and 3 produced
results during the study that differed from the original typing
results. Approximately 20% of isolates submitted to CDC for
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typing are nonreactive by using the international phage
typing set (16a); other studies suggest much higher percent-
ages (5, 17, 20, 30, 37, 42). Given our results and the time and
labor required to maintain phage stocks and propagating
strains, we concluded that bacteriophage typing is not a
cost-effective method of typing S. aureus for most clinical
laboratories, particularly since other available methods can
be used to type a broader range of other microorganisms.

Plasmid analysis was the first DNA-based method to be
applied to S. aureus, and it has been used in a number of
outbreak investigations (2, 12, 17, 29, 34, 44, 46). Although
used extensively, the relative stability of staphylococcal
plasmids has often been debated. In our study, the specific-
ity of the technique was high; none of the epidemiologically
unrelated isolates were misclassified. However, plasmid
typing showed only moderate reproducibility. One replicate
(SA-09) within one of the duplicate pairs demonstrated the
loss of a plasmid, and 5 of 29 outbreak-related isolates had an
altered plasmid profile. Both the loss of plasmids, as sug-
gested in set C (SC-11), and the acquisition of additional
plasmids, as in set B for isolates SB-01 and SB-16, posed
problems. The latter two strains were identified in the
present study as being outbreak related by nine typing
techniques, but were called unrelated in the original out-
break investigation since the patients were not hospitalized
during the outbreak period and the strains showed additional
plasmid DNA. Thus, while these isolates were deemed to be
unrelated to the cluster epidemiologically, they appeared to
be related in terms of their other characteristics. Whether
further studies would have been able to establish an epide-
miologic link among these patients outside of the hospital is
unclear. To determine more precisely the loss or acquisition
of a plasmid during the course of an epidemiologic study,
plasmid restriction analysis can be supplemented with ex-
amination of unrestricted plasmid preparations.

RFLP typing with a variety of DNA and RNA probes has
been used with increasing frequency to type bacterial
strains. The most widely applicable procedure is ribotyping
(5), although some investigators have questioned its effec-
tiveness for differentiating among isolates of methicillin-
resistant S. aureus (35). In our study, two different labora-
tories performed ribotyping, each using a slightly different
probe and different restriction enzymes to digest the DNA.
The results highlight some of the potential limitations of this
procedure. Ribotyping with Clal digests of DNA probed
with a cloned Escherichia coli ribosomal operon was the
only technique that identified all 29 outbreak-related iso-
lates, but it was also one of the least discriminatory tech-
niques, assigning strains from outbreaks II and III to the
same type and misclassifying 7 additional isolates as out-
break related. The use of labeled TRNA to probe HindIII
digests was slightly less consistent than Clal ribotyping, but
it misclassified an equal number of isolates.

Differences in ribotype and in RFLP and IS typing results
generally reflect random DNA mutations that alter the
distribution of restriction sites within and adjacent to the loci
being probed. Such changes are relatively infrequent within
bacterial IDNA operons and other coding sequences, but are
more common in noncoding flanking regions (35). As with
many other typing systems, however, the most appropriate
criterion for interpreting ribotype banding patterns remains
unresolved. In a study by Blumberg et al. (5), ribotypes that
varied in the size of a single band were considered to
represent different strains. In our study, we assigned Clal
and HindlIII ribotypes that differed by a single band to
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subtypes. Such differences in interpretation may account for
some of the differences in the results.

Immunoblotting is a technique that is relatively easy to
perform (41), is widely applicable to many bacterial species,
and, as shown here, was successful in differentiating out-
break-related from unrelated strains as long as the subtype
data were ignored. However, a stricter interpretation of
results, which would not classify D1 and D2 or AS and A6 as
similar, would result in a much lower degree of sensitivity.
Thus, the method used for interpretation of the blots is the
key to this technique, since the banding patterns produced
are complex and may be difficult to interpret by individuals
who do not perform Western blots routinely. The require-
ment for human serum for the Western blots is another
disadvantage.

As the use of PCR becomes more widespread in clinical
laboratories, the use of typing techniques based on this
technology may become more appealing. Saulnier et al. (36)
have reported that results generated by PCR by using a
random priming technique are less discriminatory than
PFGE. However, it is possible that other primers or different
amplification conditions may yet prove to be useful. Al-
though we did not undertake arbitrarily primed PCR in our
study, we investigated restriction analysis of amplified DNA
generated by PCR amplification of coagulase gene se-
quences. This technique was highly sensitive in detecting
outbreak-related strains (28 of 29); however, it failed to
exclude eight of the nonrelated isolates from the clusters.
The low number of types seen within the study (total of
seven) is a disadvantage. If the number of bands generated
by restriction analysis could be expanded by the use of other
enzymes, the technique may be more useful.

Although many of the reports of strain typing focus on
methicillin-resistant S. aureus, methicillin-susceptible iso-
lates remain a common cause of nosocomial infections. For
that reason, both methicillin (oxacillin)-susceptible and me-
thicillin-resistant isolates were included in the present study.
Two additional Southern blot methods were tested in the
current study, one that used IS431/257 sequences as probes
(IS typing) and another that used a collection of four probes
(RFLP typing). These techniques were primarily designed to
type methicillin-resistant strains and proved to be relatively
effective with such isolates. However, these methods were
ineffective with methicillin-susceptible strains, which, by
definition, lack the mec gene, carry the aph(2")-aac(6’) gene
only infrequently, and carry Tn554 or IS431/257 rarely (22).
This emphasizes the importance of choosing the typing
techniques that are most appropriate for examining isolates.
In this case, probes directed at mobile genetic elements that
can be plasmid associated [e.g., 1S431/257, Tn554, and
aph(2")-aac(6’)] may show pattern differences that reflect
changes in plasmid content rather than true strain differ-
ences. Such plasmid-related changes may explain the vari-
ous results obtained by these methods for some outbreak
isolates (e.g., SC-11) or replicates (SA-02 and SA-15).

The diversity detected by each individual probe was
relatively limited; only two mec genotypes, three Tn554
genotypes, four agr genotypes, and two gentamicin resis-
tance genotypes were observed among the isolates tested.
Thus, the additional discriminatory power achieved by using
multiple probes must be offset by the extra cost and effort
involved.

The final two methods used in the present study, FIGE
and PFGE, were developed for resolving large (50- to
700-kb) fragments of DNA obtained by digesting whole-cell
DNA with restriction enzymes that cleave DNA infre-
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quently. This general approach has proved to be useful for a
wide variety of bacterial species (27). PFGE has been
recommended as the typing method of choice for methicillin-
resistant S. aureus by several groups of investigators (6,
35-37, 40), although FIGE also has its supporters (44).

In the present study, in comparison with PFGE, FIGE
misclassified fewer nonrelated strains, differentiated subtle
differences among the 47/54/75/77/83A strains, but excluded
one of the outbreak III isolates (SC-11). Given that both
techniques used the enzyme Smal, the differences in results
are intriguing but may reflect the ability of FIGE to resolve
differences in smaller fragments, differences in interpreta-
tion, or spontaneous variation among organisms from the
same culture. The fact that both methods can be used to type
virtually all bacteria and yeasts is a major advantage in
choosing one of these technologies for the clinical labora-
tory. The major issue with the electrophoretic techniques, as
with most typing techniques, is the lack of standards for
interpreting the results. While Prevost and coworkers (35)
attempted to address this issue by setting up criteria for
interpretation of pulsed-field gels, few other investigators
have followed these rules. Until standardized rules of inter-
pretation are published, the same data may be interpreted in
different ways by different investigators.

MLEE is a technique frequently used for studying popu-
lations of organisms, but it is rarely, if ever, used in the
clinical laboratory (38). In our study, only 12 enzymes were
used to type the isolates, and we arbitrarily chose a genetic
distance of 0.1 to indicate strain differences. In fact, the
12-enzyme set worked well and was able to differentiate
most outbreak-related from unrelated isolates. However, the
time and labor involved in this technique do not make it
practical for use in the routine outbreak investigations that
would be undertaken in a clinical laboratory.

In summary, we analyzed the typeability, reproducibility,
discriminatory power, ease of use, and ease of interpretation
of 12 typing methods by using a well-characterized collection
of 60 staphylococcal isolates. No typing method clearly
prevailed among the others, and ultimately, a combination of
two methods may be most efficacious. One method that
would be sensitive enough to include all potential patients or
sources may be used for screening isolates early in an
epidemiologic study, and another method for detailed strain
differentiation may be used later. The choice depends on the
resources available to the laboratory and the level of exper-
tise of the personnel involved in the testing. Microbiologists
should not expect physicians or infection control personnel
to interpret strain typing data without assistance. Thus, the
strengths and weaknesses of the techniques used should be
understood before any results are generated.
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