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Fifty-nine Staphylococcus aureus isolates and 1 isolate of Staphylococcus intermedius were typed by
investigators at eight institutions by using either antibiograms, bacteriophage typing, biotyping, immunoblot-
ting, insertion sequence typing with IS257/431, multilocus enzyme electrophoresis, restriction analysis of
plasmid DNA, pulsed-field or field inversion gel electrophoresis, restriction analysis of PCR-amplified
coagulase gene sequences, restriction fragment length polymorphism typing by using four staphylococcal genes
as probes, or ribotyping. Isolates from four well-characterized outbreaks (n = 29) and a collection oforganisms
from two nursing homes were mixed with epidemiologically unrelated stock strains from the Centers for
Disease Control and Prevention. Several isolates were included multiple times either within or between the sets
of isolates to analyze the reproducibilities of the typing systems. Overall, the DNA-based techniques and
immunoblotting were most effective in grouping outbreak-related strains, recognizing 27 to 29 of the 29
outbreak-related strains; however, they also tended to include 3 to 8 epidemiologically unrelated isolates in the
same strain type. Restriction fragment length polymorphism methods with mec gene-associated loci were less
useful than other techniques for typing oxacillin-susceptible isolates. Phage typing, plasmid DNA restriction
analysis, and antibiogram analysis, the techniques most readily available to clinical laboratories, identified 23
to 26 of 29 outbreak-related isolates and assigned 0 to 6 unrelated isolates to outbreak strain types. No single
technique was clearly superior to the others; however, biotyping, because it produced so many subtypes, did
not effectively group outbreak-related strains of S. aureus.

Staphylococcus aureus continues to be a major cause of
both nosocomial and community-acquired infections (9, 24,
43). Consequently, microbiologists are frequently asked to
determine the relatedness of staphylococcal isolates col-
lected during the investigation of an outbreak or as part of an
ongoing surveillance system. While there are many different
methods for typing S. aureus, not all methods divide groups
of strains in a similar fashion (2, 8, 17, 20, 29, 30, 35-37, 42).
Unfortunately, few studies have evaluated a broad sample of
isolates or directly compared multiple techniques. Nonethe-
less, data from several studies suggest that phenotypic
markers, such as biotypes or antimicrobial susceptibility
patterns, are more likely to change over time than are the
results of techniques, such as pulsed-field gel electrophoresis
(PFGE) or multilocus enzyme electrophoresis (MLEE) (2, 6,
12, 13, 30, 37, 38, 42, 46).
Maslow et al. (26) have characterized typing systems using

five criteria: typeability, reproducibility, discriminatory
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(404) 639-1381.

power, ease of interpretation, and ease of use. Typeability
refers to the ability of the test to provide an unambiguous
result for each isolate examined; nontypeable isolates are
those that produce a null or ambiguous result. Reproducibil-
ity refers to the ability of a technique to produce the same
result when a strain is tested repeatedly. Discriminatory
power defines the ability of the test to discriminate between
unrelated isolates. This discrimination is important, because
some typing systems tend to group organisms into a few
broad groups, while others divide collections of isolates into
many small clusters, often subdividing groups of isolates that
are tightly linked by epidemiologic data (6, 8, 40). Ease of
interpretation and use are also key issues for many tech-
niques. The greater the expertise that is required to discern
differences between strains, the less likely the technique is to
be readily accepted by clinical microbiologists who generally
lack such expertise.
Typing of methicillin-resistant strains of S. aureus has

proven to be particularly difficult because most strains are
derived from relatively few clones (5, 6, 10, 22, 37, 40, 46).
The present study was organized to determine the strengths
and weaknesses of 12 currently available typing systems,
ranging from a simple antibiogram method to a more tech-

407



408 TENOVER ET AL.

nically demanding MLEE method, for discriminating among
methicillin-susceptible and methicillin-resistant isolates.

MATERIALS AND METHODS

Bacterial strains. Fifty-nine isolates of S. aureus, including
isolates from four well-documented outbreaks and one pseu-
do-outbreak, were included in the study. One isolate of
Staphylococcus intermedius was also included as a control
to determine whether the various techniques could discrim-
inate this organism, which can give a positive slide coagulase
test and has colonies that may resemble S. aureus, from true
S. aureus isolates. The identification of all isolates used in
the study was confirmed by using standard biochemical
methods (21).

Description of the three sets of isolates. The isolates were
divided into three sets to facilitate analysis. Set A contained
a cluster of nine S. aureus isolates from two nursing homes
that were originally thought to represent dissemination of a
single strain. All were found to be of group III by bacterio-
phage typing. However, additional epidemiologic investiga-
tions could not establish a link among the patients. Thus, the
group of isolates is referred to as the isolates involved in a
pseudo-outbreak. The isolates SA-01 and SA-02 (Table 1)
were also included in set A as SA-09 and SA-15, respec-
tively. The remaining nine isolates in set A included S.
aureus ATCC 12600 (American Type Culture Collection,
Rockville, Md.) (Table 1, SA-04) and seven unrelated iso-
lates of S. aureus from the strain collection of the Centers for
Disease Control and Prevention (CDC) from seven different
states. Among these isolates were three strains (SA-12,
SA-18, SA-20) that were bacteriophage type 47/54/75/77/83A
and that were collected from three different states during 3
different years. The final isolate in the set (SA-16) was S.
intermedius ATCC 49052.

Set B contained strains from outbreaks I and II, eight
epidemiologically unrelated isolates, and S. aureus ATCC
12600 (SB-07). Outbreak I represents dissemination of a
methicillin-resistant strain of S. aureus in the Iowa Veterans
Affairs Medical Center (34). The outbreak cluster comprised
seven isolates obtained from patients during June through
August 1985; all infections met the National Nosocomial
Infections Surveillance Study definitions (11). The outbreak
isolates were originally defined on the basis of an epidemio-
logic investigation in the hospital and the plasmid restriction
profiles of the isolates. Six additional epidemiologically
unrelated isolates from the same hospital that were collected
after the epidemic period were included as controls. Two of
these isolates (SB-01, SB-16) were obtained from patients
who had no obvious epidemiologic link to outbreak patients,
although they were admitted to the same surgical service in
the hospital, but after the outbreak period. These isolates
had the same base plasmid restriction profiles as the out-
break strain but showed additional bands that represented
acquisition of a new, low-molecular-size plasmid. The other
four isolates were epidemiologically unrelated.

Outbreak II isolates were from the CDC collection and
represented an outbreak of a methicillin-susceptible strain of
S. aureus related to a contaminated anesthetic (7). Four
isolates were in this cluster; three (SB-02, SB-04, SB-06)
were from the same patient, and the fourth (SB-11) was from
a different patient. The isolates were originally classified by
bacteriophage typing as being part of the outbreak. Two
additional isolates of the same bacteriophage type as those in
outbreak II, but unrelated to the cluster, were provided as

controls by Barbara Robinson, Michigan State Department
of Health, East Lansing.

Set C contained isolates from outbreaks III and IV, an
unrelated control strain of S. aureus that originally had a
bacteriophage type similar to those of the isolates in out-
break IV, although it was nonreactive on repeat testing
(SC-08), and S. aureus ATCC 12600 (SC-03). Outbreak III
contained 10 isolates of a methicillin-resistant strain of S.
aureus from an outbreak at the Sepulveda Veterans Affairs
Medical Center, Sepulveda, Calif. (15). The isolates were
obtained from cultures of hip wound, sputum, nose, or axilla
samples from eight patients identified by infection control
criteria as being part of the outbreak. One of the isolates was
repeated within the set (SC-17, SC-20), and two samples for
culture were taken from the same patient on the same day
but from different sites (SC-14, SC-15). All isolates were
collected within a 2-month period and were initially classi-
fied by immunoblotting as being outbreak related. Outbreak
IV isolates were from another anesthetic-related outbreak of
methicillin-susceptible S. aureus (7). The eight outbreak-
related isolates, all from cultures of blood or wound speci-
mens from separate patients, were provided by the Texas
State Health Department and were originally classified by
bacteriophage typing as being outbreak related.

Antibiograms. Antibiograms were determined by disk dif-
fusion by using the following antimicrobial agent-containing
disks: amoxicillin-clavulanate (20/10 ,ug), chloramphenicol
(30 ,ug), ciprofloxacin (5 ,ug), erythromycin (15 ,g), gentam-
icin (10 ,ug), minocycline (30 ,ug), oxacillin (1 ,ug), penicillin
(10 U), rifampin (5 p,g), tetracycline (30 ,g), and trospecto-
mycin (30 jig). Plates were inoculated and zone sizes were
interpreted as described by the National Committee for
Clinical Laboratory Standards (32). The mean zone diameter
was determined for each set of 20 organisms, and all zone
diameters within ±2 mm of the mean were arbitrarily con-
sidered identical. Zone sizes of >2 mm from the mean were
considered indicative of a different strain. Strains were given
different letter designations if two or more of the antimicro-
bial agents tested had zone diameters of >2 mm from the
mean for that drug. Strains that differed by a single antimi-
crobial agent were numbered as subtypes (e.g., Al). Oxacil-
lin MICs were determined by the broth microdilution
method with Mueller-Hinton agar (Becton Dickinson Micro-
biology Systems) as described previously (31).

Bacteriophage typing. Bacteriophage typing was per-
formed as described previously by using the international
bacteriophage typing set (4, 20) at the routine test dilution
and 100x the routine test dilution. A plus sign indicates the
presence of additional strong phage reactions. Phage types
that differed by the presence or absence of one phage were
considered related. Differences by the presence or absence
of two or more phages were considered to be unrelated
strains.

Biotyping. Biotyping was performed by using the system
described by Hebert et al. (18) for typing coagulase-negative
staphylococci. Tests included the Staph-Ident system
(bioMerieux-Vitek, St. Louis, Mo.), adherence to glass
tubes, and synergistic hemolysis by using a P-hemolysin-
producing strain of S. intermedius (18). Codes represent a
combination of biochemical (Staph-Ident) type codes (capi-
tal letters) and physiological test results (subtypes; numbers
and lowercase letters).
RFLP typing using variable gene probes. Restriction frag-

ment length polymorphism (RFLP) typing is a Southern blot
method based on the restriction fragment banding patterns of
the chromosomal DNAs produced by hybridization with
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TABLE 1. Staphylococcal strain typing results by 12 methodsa

Strain Outbr Ox Phage type gram Biotype Plasmid Hribl Clal IS type RFLP type PCR PFGE FIGE Immuno MLEE

SA-16 NO S NR

SA-04 NO S 6/47/54/75
SA-12 NO R 47/54/75/77/83A
SA-18 NO R 47/54/75/77/83A
SA-20 NO R 47/54/75/77/83A
SA-06 NO I NR
SA-07 NO S 53/+
SA-08 NO R 54/75/77/81
SA-li NO R NR

SA-01 NH1 R 54/77
SA-09 NH1 R 54/77
SA-03 NH1 R 47/54/75/77
SA-13 NH1 R 54/77
SA-14 NH1 S 54/75/77
SA-19 NH1 R 54/77
SA-17 NH2 R 54/75/77
SA-02 NH2 R 75/77
SA-15 NH2 R 77
SA-05 NH2 R 77
SA-10 NH2 R 77

SB-07 NO S 6/47/54/75
SB-03 I R 75/+
SB-05 I R 75/+
SB-10 I R 75/+
SB-12 I R 75/+
SB-15 I R 75/77/83A
SB-19 I R 75/+
SB-20 I R 75/+

SB-01 NO R 75/77
SB-16 NO R 75/77/83A
SB-18 NO R 75/+
SB-17 NO I 96
SB-14 NO R 47/54/75/77/83A
SB-08 NO S 95
SB-02 II S 3A/55
SB-04 II S 3A/55
SB-06 II S 3A/55
SB-il II S 3A/55
SB-09 NO S 3A
SB-13 NO S 3A

SC-03 NO S 6/47/54/75

SC-01 III R 75
SC-04 III R 75
SC-05 III R NR
SC-09 III R 75
SC-il III R 75
SC-12 III R 75
SC-14 III R 75
SC-15 III R 75
SC-17 III R 75
SC-20 III R 75

SC-08 NO S NR
SC-02 IV S 52/52A/80/47/54/

83A/84/95
SC-06 IV S 95
SC-07 IV S 95
SC-10 IV S 52A/79/80/47/54/

75/77/83A/95
SC-13 IV S 95
SC-16 IV S 95
SC-18 IV S 95
SC-19 IV S 95

I INTER NP D e NH NH:NH:NH:NH

B A-2b
G A-3b
J A-3b
K A-3b
C A-3b
D H-4
E I-2b
F A-2b

Al A-lb
A A-lb
A2 A-3b
A3 A-lb
H B-lb
A4 G-lb
A C-3b
A A-3b
A A-3b
A A-3b
A A-3b

C A-2b
A C-4
A A-4
A A-4
A C-4
A C-4
A A-4
A A-4

A A-4
A A-4
A C-4
E B-3b
Al A-3b
Bl C-4
B B-lb
B D-lb
B B-lb
B B-3b
D D-3b
B2 D-3b

B F i NH NH:X:4:NH
NP B b C I:A:1:NH
I B b C I:A:1:NH
J B b C I:A:1:NH
C A a B II:NH:l:a
D B c NH NH:NH:1:NH
E E d D I:NH:6:NH
E G d G II:NH:6:NH

A A a.l A I:A:5:a
NP A a.l A I:A:5:a
NP A a C I:A:1:NH
G A a A I:A:l:a
H C i NH NH:NH:1:NH
A A a.l A I:A:l:a
A A a A I:A:l:a
A A a Al I:A:l:b
A A a Al I:A:l:a
A A a A I:A:l:a
A A a A I:A:l:a

D C i NH NH:X:4:NH
C A a E I:A:l:a
C A a E I:A:l:a
C A a E I:A:l:a
C A a E I:A:l:a
C A a E I:A:l:a
C A a E I:A:l:a
C A a E I:A:l:a

A A a E I:Y:l:a
A A a E I:Y:l:a
J A a El I:A:l:a
I F j NH NH:NH:1:NH
H E a D I:A:1:NH
E D d.l NH NH:NH:1:NH
B B b NH NH:NH:7:NH
B B b NH NH:NH:7:NH
B B b NH NH:NH:7:NH
G Bl b NH NH:NH:7:NH
F B b NH NH:Z:7:NH
G B b NH NH:NH:7:NH

C A-2b C A i NH NH:NH:4:NH

A A-lb
A A-lb
Al A-lb
A A-lb
E A-lb
A2 A-lb
A2 B-2b
A A-lb
A A-lb
A A-lb

A A b F I:A:4:a
D A b F I:A:4:a
D A b F I:A:4:a
D A b F I:A:4:a
NP A b NH I:A:4:NH
A A b F I:A:4:a
A A b F I:A:4:a
D B2 b F I:A:4:a
A A b F I:A:4:a
D A b F I:A:4:a

B B-3a E B1 g NH NH:NH:1:NH
B E-lb B B g NH NH:NH:1:NH

B J-lb
D I-la
B I-2a

Bl I-lb
Bl I-lb
F I-3b
Bl D-la

B B g NH NH:NH:1:NH
B B g NH NH:NH:1:NH
B B g NH NH:NH:1:NH

B B g NH NH:NH:1:NH
B A g NH NH:NH:1:NH
B B g NH NH:NH:1:NH
B B g NH NH:NH:1:NH

0.0 I VII K F

2.1 E IV
9.0 J IC2
9.0 J IC3
9.0 J ICl
9.0 C III
9.0 B V
7.0 G IIA
7.0 F IIB

9.0 K.1 IB
9.0 K.2 IB
9.0 A IA
9.0 A IA
9.0 H VI
9.0 K.3 IB
9.0 A IA
9.0 A IA
9.0 A IA
9.0 A IA
9.0 D ID

2.1 D IIB3
9.0 A IA
9.0 A IA
9.0 A IA
9.0 A.l IA
9.0 A IA
9.0 A IA
9.0 A IA

9.0 A.1 IB1
9.0 A.1 IB1
9.0 A IA
6.0 E IV
9.0 A.2 IB2
2.0 F
6.0 B
6.0 B
6.0 B

14.0 C
6.0 B
6.0 B.1

III
IIA
IIA
IIA
IIB2
IIA
IIB1

D E
A A5
A2 A3
Al Al
A4 A4
C A2
El Dl
E2 D2

Al Al
Al Al
A Al
A3 A2
E3 C
Al Al
A Al
A Al
Al AS
A Al
Al B

D' B3
A6 Al
A6 Al
A6 Al
A6 Al
A6 Al
A5 Al
A5 Al

A5 Al
A5 Al
A7 Al
G A2
A5 A3
E5 C
Dl Bi
Dl Bi
Dl Bi
D2 Bi
Dl Bi
E6 B2

2.1 C III D B

10.0 A
10.0 A
10.0 A
10.0 A
10.0 A
10.0 A
10.0 A
10.0 A
10.0 A
10.0 A

IA F Al
IA F Al
IA F Al
IA F Al
IB F Al
IA F Al
IA F A2
IA F Al
IA F Al
IA F Al

2.0 B.1 II E7 A3
2.0 B II E7 Cl

2.0 B
2.0 B
2.0 B

2.0 B
2.0 B
2.0 B
2.0 B

II
II
II

II
II
II
II

E7 Cl
E7 Cl
E7 Cl

E7 Ci
H Dl
E7 Cl
E7 D2

a Outb, outbreak; NO, not in epidemiologically related cluster; YES, strain in epidemiologically related cluster; I to IV, outbreak number; Ox, oxacillin
susceptibility test results; S, susceptible; R, resistant; INTER, S. intennedius biotype; Plasmid, plasmid restriction profile; NP, no plasmids; Hind/Ribo,
ribotyping result with Hindlll; Cla/Ribo, ribotyping result with ClaI; IS, insertion sequence; NH, no hybridization; PCR, coagulase gene PCR typing; PFGE,
pulsed-field gel electrophoresis; FIGE, field inversion gel electrophoresis; Immuno, immunoblot typing; MLEE, multilocus enzyme electrophoresis.

409



410 TENOVER ET AL.

four unique DNA probes (23). Whole-cell DNA from each
strain was extracted as described previously (22) and di-
gested with ClaI, and the fragments were separated on a
1.0% agarose gel. The DNA was transferred to Nytran or
nitrocellulose filters (Schleicher & Schuell, Keene, N.H.)
and was then hybridized sequentially with four probes that
targeted the following genes or transposons: mec, Tn554,
agr, and aph(2")-aac(6'). Control strains of methicillin-resis-
tant S. aureus were run on each gel. The mec-specific probe
patterns were designated I to V, the TnS54-specific probe
patterns were designated A to Y, the staphylococcal acces-
sory gene regulator probe (agr) produced patterns desig-
nated 1 to 7, and the aph(2")-aac(6') aminoglycoside resis-
tance gene probe produced two different patterns (a and b).

IS probe typing. Insertion sequence (IS) typing is based on
the restriction polymorphisms obtained by using IS257/431
sequences as a probe (3). DNA was extracted and hybridized
as described previously (22), except that hybridization was
performed by using target DNA cleaved with BglII and
probed with a 250-bp internal fragment of IS2571431 DNA
(3). It primarily targeted multiresistant staphylococcal iso-
lates. The designation NH (no homology) was used to
indicate no binding of the DNA probe to the target nucleic
acid. Patterns that differed only in a single band were
designated subtypes.
FIGE. Field inversion gel electrophoresis (FIGE) was

performed as described by Goering and Winters (14). DNA
samples were digested in duplicate with SmaI and electro-
phoresed through agarose gels with switching times to sep-
arate fragments of 250 kb on one gel and fragments of <50
kb on a second gel (44). Three or more band differences were
interpreted as indicative of strain differences. An isolate that
demonstrated a change in a single band when it was com-
pared with another isolate was considered to be a subtype of
the first isolate.

Immunoblotting. Immunoblotting was performed as de-
scribed by Tsang et al. (41). Briefly, EDTA extracts of S.
aureus cell surface proteins were prepared from cultures
grown for 24 h at 35°C in brain heart infusion broth (Becton
Dickinson Microbiology Systems). Samples were subjected
to polyacrylamide gel electrophoresis (5% stacking gel and
12.5% running gel) for 6 h and were transferred to nitrocel-
lulose in a Trans blot chamber (Bio-Rad Laboratories,
Richmond, Calif.) as described previously (41). The anti-
body source was a 1:50 dilution of pooled human serum
(from 50 patients), and detection of protein bands was
achieved by using peroxidase-conjugated goat anti-human
immunoglobulin G, which was subsequently reacted with a
mixture of 50 mg of 3,3'-diaminobenzidine and 0.1 ml of 3%
hydrogen peroxide.
MLEE. MLEE was performed as described by Selander et

al. (38) by using the following enzymes: alcohol dehydroge-
nase (EC 1.1.1.1), mannitol 1-phosphate dehydrogenase (EC
1.1.1.17), lactate dehydrogenase (EC 1.1.1.27), hydroxybu-
tyrate dehydrogenase (EC 1.1.1.30), glucose 6-phosphate
dehydrogenase (EC 1.1.1.49), diaphorase (NADH) (EC
1.6.99.3), catalase (EC 1.11.1.6), nucleoside phosphorylase
(EC 2.4.2.1), creatine kinase (EC 2.7.3.2), esterase (1B-
naphthyl propionate) (EC 3.1.1.1), mannose phosphate
isomerase (EC 5.3.1.8), and phosphoglucose isomerase (EC
5.3.1.9). Organisms were sonicated by using a XL2020
programmable sonicator (Heat Systems, Inc.) fitted with a
cup probe. Sonicates were filter sterilized through a 0.22-
,um-pore-size low-protein-binding filter (Millex-GV; Milli-
pore) before analysis. Electrophoretic variants of each en-
zyme assayed were considered to be alleles of that enzyme

and were assigned different numbers. Each unique combina-
tion of alleles was designated an electrophoretic type. Ge-
netic relationships among electrophoretic types were deter-
mined by the average linkage method of clustering from a
matrix of pairwise coefficients of weighted distance (38, 39)
by using a SAS program described by Jacobs (19). Strains
were delineated at a genetic distance of 0.1 and were
assigned letter and number designations reflecting their
relative relatedness. No subtypes were designated.
PFGE. PFGE was performed as described by Maslow et

al. (27) by using the enzyme SmaI, and the results were
interpreted as described by Arbeit et al. (1). All isolates
within a set were compared in a single gel; each set was
evaluated by at least two independent electrophoretic runs.
Gels were stained with ethidium bromide and photographed
under UV illumination, and the profiles were compared
visually. Isolates with identical restriction profiles were
assigned the same type. Isolates that differed by one or two
band shifts consistent with a single genetic event (e.g., a
point mutation resulting in the loss or the gain of a restriction
site, an insertion, a deletion, or a chromosomal inversion)
were assigned a subtype; isolates with more than one such
differences were considered to be different types.
PCR amplification and restriction analysis of the staphylo-

coccal coagulase gene. Strains were analyzed as described
previously by Goh et al. (16) by PCR, a nested primer
technique, and AluI digestion. The outer primers were
COAG-1 (ATACTCAACCGACGACACCG) and COAG-4
(GATlTTlGGATGAAGCGGATT) (GenBank accession
number D00184), and the inner primers were COAG-2
(CGAGACCAAGATTCAACAAG) and COAG-3 (AAAGA
AAACCACTCACATCA).
A binary code based on the presence or absence of 243-,

324-, 405-, and 486-bpAluI digest fragments was used to type
most strains. However, not all strains with the same binary
code type were identical. For these strains, a decimal code
referring to the presence of a 162-bpAluI fragment was used
(i.e., 2.1).

Restriction digestion of plasmid DNA. Plasmid DNAs were
obtained from all isolates by the method of Pfaller et al. (33)
and were digested separately with HindIII and EcoRI. The
digestion products of both digests were electrophoresed
through 0.7% agarose gels, stained with ethidium bromide,
and photographed by using a midrange UV light source. The
patterns produced by both enzymes were used to determine
a composite strain type. Strains showing greater than two
band differences were given different letters. Strains without
plasmids were considered to be nontypeable.

Ribotyping. Ribotyping was performed independently by
two laboratories. In the first laboratory, ribotyping was
performed with the restriction enzyme HindIl as described
previously by McDougal et al. (28), except that organisms
were grown overnight in Mueller-Hinton broth and lyso-
staphin was substituted for lysozyme. rRNA was labeled
with [y-32PJATP (specific activity, 3,000 Ci/mmol). Isolates
showing two or more band differences were given different
types; those with a single band difference (either size or
number of bands) were considered subtypes.

Ribotyping was performed in the second laboratory with
the restriction enzyme ClaI as described by Maslow et al.
(25) by using a [32P]ATP-labeled gene probe (DNA that
encodes rRNA) from the Escherichia coli rrnB operon.

Study protocol. Sixty isolates of staphylococci were sent
to each participating laboratory in three sets of 20. The
investigators tested each set of 20 isolates independently to
determine which of the isolates in each set were related. All
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TABLE 2. Number of major types, subtypes, and nontypeable isolates by set and number of isolates correctly identified and
misclassified by each typing method

No. of isolates in set:
NoTotal no. co No. mis-

Method A B Cof types classified classified'

Types Subtypes Nontypeable Types Subtypes Nontypeable Types Subtypes Nontypeable

Phage typing 9 3 7 5 2 18 25 4
Antibiogram 11 4 5 3 6 3 21 26 6
Biotype 6 8 4 8 6 11 23 17 2
Plasmids 9 4 10 5 1 20 23 0
HindIll ribotyping 7 6 1 2 2 16 27 7
Clal ribotyping 6 1 5 1 3 9 29 7
IS typing 5 1 4 2 1 9 1 11 9 16 3
RFLP typing 10 1 7 4 17 28 3
Coagulase gene 3 1 4 1 2 1 7 28 8
PCR

PFGE 11 3 6 3 3 1 25 28 7
FIGE 11 3 6 5 4 25 27 3
Immunoblotting 5 7 4 8 4 23 28 6
MLEE 11 7 7 21 26 4

a Total number of types and subtypes among the 60 isolates examined.
bNumber of isolates identified correctly as outbreak-related (n = 29).
c Number of unrelated isolates reported to have same strain type as outbreak-related strains.

primary data were sent to CDC for confirmation and further
analysis. The total number of strain types and the presence
of strains in multiple sets were determined independently by
investigators at CDC after analysis of the primary typing
data.

RESULTS

Typeability of strains. Fifty-nine isolates of S. aureus and
1 isolate of S. intermedius were typed by 12 methods. The
total number of types, subtypes, and nontypeable strains
identified by each method are given in Table 2. All isolates,
including the S. intermedius isolate, were typeable by anti-
biogram, biotype, and immunoblot analyses, MLEE, ri-
botype analysis, PFGE, and FIGE; all S. aureus isolates
were typeable by coagulase gene PCR. Phage typing was
nonreactive for four S. aureus isolates, and five isolates,
including the S. internedius strain, lacked plasmids for
analysis. Among the set of four RFLP probes, the agr probe
typed all S. aureus isolates and the mec probe typed all
oxacillin-resistant isolates; the remaining two probes in this
set, those for TnS54 and aph(2")-aac(6'), typed most oxacil-
lin-resistant isolates, but only a minority of oxacillin-suscep-
tible isolates. The IS257/431 probe typed all but two of the
oxacillin-resistant isolates, but none of the oxacillin-suscep-
tible isolates. Consequently, IS typing was not evaluable for
isolates from outbreaks II and IV, both of which were due to
oxacillin-susceptible isolates.
Four methods, i.e., phage typing, plasmid restriction

analysis, MLEE, and RFLP typing, assigned each isolate to
a distinct type without the use of subtypes. Isolates assigned
to the same type or related subtypes were considered to be
epidemiologically related; isolates assigned to different types
were considered to be unrelated.

Reproducibility. To check the reproducibilities of the
methods, two organisms were included twice in set A and
one organism was included twice in set C. The S. aureus
type strain ATCC 12600 was included in each set. Of the
duplicate strains in set A (SA-01 and SA-09), antibiograms,
plasmid restriction, and PFGE all showed slight variations in
their respective typing results for one of the duplicate

isolates. In the second set of replicates (SA-02 and S-15),
phage typing, RFLP typing, immunotyping, and MLEE
showed some variability. The replicates in set C were
identical by all typing methods. The results for the three S.
aureus ATCC 12600 replicates must be interpreted with
caution, since several of the methods used different codes
for each set. However, the primary data show that RFLP
typing classified one of the three isolates as different in the
Tn554 locus, immunotyping reported one isolate as a sub-
type of the others, while all other methods classified the
isolates as identical.

Discriminatory power. Since phage typing has been the
standard epidemiologic tool for S. aureus for many years, we
wanted to test the ability of the various techniques to
differentiate strains with a common phage type that were
known to be epidemiologically unrelated. Therefore, three
S. aureus isolates of phage type 47/54/75/77/83A, which were
sent to CDC from three different states in 3 different years,
were included in set A. Antibiograms, plasmid restriction
analysis, FIGE, immunotyping, and MLEE classified each
as different (FIGE showed only minor variations), while
biotyping, both ribotyping techniques, IS typing, RFLP
typing, PFGE, and coagulase gene PCR classified all the
isolates as the same strain.
With regard to the ability of the techniques to discriminate

the 29 outbreak-related strains from the other isolates in the
study, antibiograms grouped 26 of 29 outbreak-related iso-
lates together, but included 6 additional strains in the out-
break-related clusters. By using the standard rules of inter-
pretation, phage typing correctly classified 25 of 29 outbreak
strains but included 4 unrelated strains with the clusters. For
biotyping, if type A4 from outbreak I was considered cor-
rect, then 17 of 29 outbreak strains were correctly identified
and 2 unrelated isolates were incorrectly included in the
clusters.
Among the DNA-based techniques, plasmid restriction

analysis was relatively insensitive, recognizing only 23 of 29
outbreak-related isolates; however, no unrelated isolates
were incorrectly classified, which means that this technique
had the highest degree of specificity of any of the typing
methods. ClaI ribotyping, on the other hand, correctly
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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

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 ClaI 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 rRNA to probe Hindlll
digests was slightly less consistent than ClaI 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 rDNA 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 ClaI
and HindIII ribotypes that differed by a single band to

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 DI and D2 or A5 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 IS4311257 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 TnS54 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., IS431/257, TnS54, 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 TnS54
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 SmaI, 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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