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Knowledge concerning stability is important in the development and assessment of microbial molecular typing systems and is
critical for the interpretation of their results. Typing system stability is usually measured as the fraction of isolates that change
type after several in vivo passages, but this does not necessarily reflect in vivo stability. The aim of this study was to utilize sur-
vival analysis to provide an informative quantitative measure of in vivo stability and to compare the stabilities of various tech-
niques employed in typing methicillin-resistant Staphylococcus aureus (MRSA). We identified 100 MRSA pairs (isolated from
the same patient >1 month apart) and typed them using multilocus sequence typing (MLST), phage-derived open reading frame
(PDORF) typing, toxin gene profiling (TGP), staphylococcal cassette chromosome mec (SCCmec) subtyping, pulsed-field gel
electrophoresis (PFGE), and spa sequence typing. Discordant isolate pairs, belonging to different MLST clonal complexes, were
excluded, leaving 81 pairs for analysis. The stabilities of these methods were examined using Kaplan-Meier survival analysis, and
discriminatory power was measured by Simpson’s index of diversity. The probability percentages that the type remained un-
changed at 6 months for spa sequence typing, TGP, multilocus variable number of tandem repeats analysis (MLVA), SCCmec
subtyping, PDORF typing, and PFGE were 95, 95, 88, 82, 71, and 58, respectively, while the Simpson’s indices of diversity were
0.48, 0.47, 0.70, 0.72, 0.89, and 0.88, respectively. Survival analysis using sequential clinical isolates adds an important quantita-
tive dimension to the measurement of stability of a microbial typing system. Of the methods compared here, PDORF typing pro-
vides high discriminatory power, comparable with that of PFGE, and a level of stability suitable for MRSA surveillance and out-
break investigations.

The stability of a new typing method is one of the key parame-
ters defining its utility, along with discriminatory power, re-

producibility, ease of use and interpretation, cost, throughput,
and concordance with both epidemiologic data and existing typ-
ing systems (1). Discriminatory power is usually estimated by
Simpson’s index of diversity (2), concordance is usually measured
by Wallace or Rand coefficients (3), and reproducibility is usually
measured by Cohen’s kappa.

Stability relates to the likelihood that the measured character-
istic of an organism will change with time or in subsequent gen-
erations of the organism. If a typing system has low stability, it may
incorrectly identify related isolates as being unrelated. It is impor-
tant to define the stability of a typing system so that guidelines for
the interpretation of results can be established. If isolates typed by
a highly stable system differ at one locus, it may indicate that they
are unrelated strains, whereas if they are typed by an unstable
system, they may need to differ at multiple loci before nonrelat-
edness can be inferred.

Stability has been most commonly measured by observing the
fraction of isolates in which the genotype remains unchanged after
a fixed number of in vitro passages (1). However, this approach is
less applicable to epidemiologic studies and does not provide
much relevant information about the natural rate of change over
time. Here, we describe a method of measuring stability using
Kaplan-Meier survival analysis and its application to the estima-
tion of in vivo stability of typing methods used to study the short-
term epidemiology of methicillin-resistant Staphylococcus aureus
(MRSA) in hospital and community settings.

MATERIALS AND METHODS

Isolate collection. A collection of MRSA isolates from clinical and screen-
ing samples obtained between July 2005 and March 2009, routinely stored
at the Centre for Infectious Diseases and Microbiology, Westmead Hos-
pital, Sydney, Australia, was used in the study. This collection was sur-
veyed to find multiple isolates from the same patient; patients were en-
rolled if they had two isolates collected �1 month apart, irrespective of the
anatomical site or type of specimen from which they were isolated. The
multilocus sequence type (MLST) was predicted using kinetic PCR for
informative single-nucleotide polymorphisms (SNPs) (4), and patients
were excluded if their isolates belonged to different MLST clonal com-
plexes (as it was assumed that this represented acquisition of a new strain
rather than evolution of the initial strain).

DNA preparation. For PCR-based methods, one or two colonies from
a pure subculture were suspended in 400 �l of molecular-grade water,
which was boiled for 10 min and frozen. After thawing, the suspension
was centrifuged at 10,000 rpm for 5 min, and the supernatant was used for
a DNA template. The same lysate was used for all methods. A sweep of the
pure subculture was used to make suspensions for pulsed-field gel elec-
trophoresis (PFGE).
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Molecular typing. PFGE of SmaI-digested genomic DNA was per-
formed according to the Harmony protocol (5) and analyzed using
BioNumerics (Applied Maths NV, Belgium). A comparison of PFGE pat-
terns in BioNumerics was performed using the Dice coefficient with the
position tolerance set at 1.5% (change toward end of the fingerprint,
0.75%), and a dendrogram was constructed using the unweighted-pair
group method using arithmetic averages (UPGMA). The isolates were
grouped using two similarity cutoffs: 100% (indistinguishable patterns)
and 80% (PFGE-100 and PFGE-80, respectively), as 80% is commonly
used to define PFGE patterns that are likely to be epidemiologically related
(6). Multilocus variable number of tandem repeats analysis (MLVA) was
performed as reported previously (7). Each MLVA locus was amplified
using single-primer-pair PCRs, and the amplification products were de-
tected using gel electrophoresis with isolate pairs in adjacent lanes. The
band sizes and matching bands between isolates were determined using
BioNumerics and confirmed by visual inspection. MLVA patterns were

considered to be different if the molecular weights of one or more loci
varied by at least the size of one repeat for that locus. spa sequence typing
was performed as described previously (8), and spa types were assigned
using the SpaServer (Ridom Bioinformatics) (9). Three multiplex PCR/
reverse line blot (mPCR/RLB) binary typing systems were employed (10,
11): (i) toxin gene profiling to target sea, seb, sec, sed, see, seg, seh, sei, eta,
etb, etd, tst, and lukS-PV (Panton-Valentine leukocidin) genes (8), (ii)
phage-derived open reading frame typing (PDORF) to examine 16 loci
derived from integrated prophages (12), and (iii) staphylococcal cassette
chromosome mec (SCCmec) subtyping to determine the mec class and ccr
type and to interrogate 14 loci in the three junkyard regions (13). Refer-
ence strains that, in combination, were positive for each probe and a
DNA-free control were used as the positive and negative controls, respec-
tively.

Data analysis. Stability was assessed by Kaplan-Meier survival analysis
using SAS for Windows 9.3. For the purposes of survival analysis, an

FIG 1 Comparison of genotyping methods for 23 pairs, which differed by only one method (as indicated in the right-hand column). TGP, toxin gene profiling;
PDORF, phage-derived open reading frame typing; MLVA, multilocus variable number of tandem repeats analysis. The MLVA repeats are for (from left to right)
sspA, spa, sdrC, sdrD, sdrE, clfA, and clfB.
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“event” was considered to have occurred when the members of the isolate
pair had different results depending on the typing method under analysis.
The time at which the “event” occurred was arbitrarily considered to be
the midpoint between the collection times of the two isolates. An isolate
pair was considered “censored” (at the time of collection of the second
isolate) if the results for the typing method for the two isolates were in-
distinguishable, i.e., the time required for a change in molecular type was
unknown for that patient, but it was longer than the period of observation.
Survival analysis was used to estimate the probability that a typing method
would remain unchanged for an isolate after 6 months. The log rank �2

test was used to assess the differences in survival curves between methods,
and P values were adjusted for multiple comparisons using the Šidák
method (14). The initial isolate of each pair was used to calculate Simp-
son’s index of diversity (2) of the typing method.

RESULTS

One hundred pairs of MRSA isolates were identified from the
culture collection, and the time between isolate collections for
each of the pairs varied between 1 month and 2.7 years. The mem-
bers of 19 isolate pairs belonged to different MLST clonal com-
plexes and therefore were excluded from further analysis.

Of the remaining 81 isolate pairs, 37 had concordant results
with all the methods (PFGE with 100% similarity [PFGE-100],
PFGE with 80% similarity [PFGE-80], phage-derived open read-
ing frame typing [PDORF], SCCmec subtyping, toxin gene profil-
ing [TGP], spa sequence typing, and MLVA). Twenty-three isolate
pairs differed by only 1 method (excluding PFGE-80): 13 for
PFGE-100, 8 for PDORF, and 1 each for MLVA and SCCmec sub-
typing (Fig. 1). Fourteen isolate pairs differed by 2 methods, and
the remaining 7 differed by 3 or more methods. Five isolate pairs
differed by PFGE-80: one of these pairs was concordant for all
non-PFGE methods, and the remaining four differed by 1, 2, 3,
and 5 non-PFGE methods.

Kaplan-Meier survival curves show a clear separation of PFGE-
100, PDORF, and SCCmec subtyping from the other more stable
methods after as little as 3 months (Fig. 2). PFGE-100 was signif-
icantly less stable than all other methods tested (probability of no
change at 6 months, 58%; 95% confidence interval [CI], 43 to
70%). spa typing was the most stable (probability of no change at
6 months, 95%; 95% CI, 82 to 99%), but this higher stability was
significant only when compared with PFGE-100 and PDORF (P �
0.0001 and P � 0.03, respectively). PFGE-80 was significantly
more stable but less discriminatory than PFGE-100. In general,
there was an expected inverse relationship between stability and
Simpson’s index of diversity (Table 1). However, despite having a
fractionally higher discriminatory power than PFGE-100 (Simp-
son’s index of diversity, 0.89 versus 0.88), PDORF also had signif-
icantly higher stability, with a probability of no change at 6
months of 71% (95% CI, 55 to 82%) (Table 1).

DISCUSSION

Stability has an inverse relationship with discriminatory power
and is a function of the molecular “clock speed” of the genetic loci
being interrogated by a typing system. Housekeeping genes, for
example, which are utilized for multilocus sequence typing
(MLST), have a low molecular clock speed, resulting in high sta-
bility but low discriminatory power. Genetic loci on mobile ge-
netic elements demonstrate a high molecular clock speed; utilizing
these for typing may result in systems with low stability (possibly
leading to misleading inferences about the relationships between
isolates) but potentially high discriminatory power. The stability
of a typing method has traditionally been measured by sampling
strains at two time points and determining the fraction of strains
that have the same results at each time point. Most commonly,
sampling is performed before and after a given number of serial

FIG 2 Kaplan-Meier survival curves for different genotyping methods. PFGE-100, PFGE-80: PFGE with similarity cutoffs of 100% and 80%, respectively. For
other typing method abbreviations, see the Fig. 1 legend.
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passages of the organism in the laboratory (in vitro stability); less
commonly, it is performed by culturing an organism in its natural
environment at different time points, e.g., conducting repeat cul-
tures on a patient known to be colonized with the organism (in
vivo stability). Measuring stability in vitro may lead to overestima-
tion of the stability of a pathogen in its natural host environment,
since the opportunities for genetic changes through transforma-
tion, the acquisition of mobile genetic elements, or in response to
environmental conditions, such as antibiotic therapy or immune
pressure, will be absent.

Our findings suggest that the consideration of stability of an
MRSA typing system is especially important when one aims to
measure the relatedness of MRSA isolates obtained in time inter-
vals of more than 3 months. With studies examining shorter time
periods (e.g., during a hospital outbreak), highly discriminatory
but relatively unstable methods, such as PDORF or PFGE, will be
suitable for examining the microepidemiology of strains which
may otherwise be closely related. Studies examining longer time
periods (macroepidemiology) benefit from more stable methods,
such as spa sequence typing or PFGE, which have similarity cutoffs
of 80%. These findings are consistent with those of a recent study
that utilized next-generation sequencing to examine the micro-
evolution of one geographically widespread MRSA clone (ST239)
and which found an estimated molecular clock speed of one SNP
mutation in the core genome every 6 weeks (15).

Simultaneous carriage of multiple MRSA strains, or loss of one
strain and recolonization with another, are potentially confound-
ing factors in studies of in vivo stability. Major changes in coloniz-
ing strains have been infrequent in other in vivo stability studies
with MRSA (16–18), but the reported frequency of simultaneous
carriage of multiple strains has varied in the literature (19). One
report suggested that while simultaneous carriage of multiple me-
thicillin-sensitive Staphylococcus aureus (MSSA) strains may be
common, this is not the case for MRSA (20). Of 100 isolate pairs
initially identified in our study, 19 differed by their MLST clonal
complex and so were assumed to represent recolonization/infec-
tion with different strains.

The potential limitations of this study include the lack of serial
sampling of isolates, which may have impaired the accuracy of the
stability measures; more frequent sampling would require a pro-
spective clinical study. While attempts were made to exclude re-
infection/colonization by a different strain by excluding the iso-
late pairs belonging to different MLST clonal complexes, it is
possible that some of the changes between isolate pairs repre-
sented reinfection with a different strain within the same clonal

complex rather than the evolution of the initial isolate or perhaps
the carriage of multiple strains at different body sites, since a com-
bination of clinical and screening isolates was utilized for this
study. This limitation may have led to an underestimate of stabil-
ity, particularly that of methods with higher discriminatory
power. However, the majority of discordant pairs differed by only
one method, suggesting that reinfection with a different isolate
was probably infrequent in this cohort. Despite the limitations,
the estimates produced in this study should reliably reflect the
relative stability of different genotyping methods.

In conclusion, PDORF offered greater stability than PFGE-100
over a 12-month period but had a similar ability to discriminate
between apparently unrelated isolates from different individuals;
this indicates that PDORF may be a suitable substitute for PFGE in
the investigation of MRSA outbreaks and infection control sur-
veillance. It also has additional advantages over PFGE, such as
lower cost, faster turnaround time, higher portability of results,
and easier interpretation. All other methods were relatively more
stable but had correspondingly limited discriminatory power.
Survival analysis techniques provide a useful quantitative measure
of stability for the assessment of novel genotyping targets.
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