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ABSTRACT  

 2 

Sequence based methods for typing Staphylococcus aureus, such as Multilocus 

Sequence Typing (MLST) and spa typing, have increased inter-laboratory 4 

reproducibility, portability, and speed in obtaining results, but Pulsed-Field Gel 

Electrophoresis (PFGE), remains the method of choice in many laboratories due to the 6 

extensive experience with this methodology and the large body of data accumulated 

using this technique. Comparisons between typing methods have been 8 

overwhelmingly based on a qualitative assessment of the overall agreement of results 

and the relative discriminatory indexes. In this study, we quantitatively assess of the 10 

congruence of the major typing methods for S. aureus, using a diverse collection of 

198 S. aureus strains previously characterized by PFGE, spa typing, MLST, and, in 12 

the case of methicillin-resistant S. aureus (MRSA), SCCmec typing, in order to 

establish the quantitative congruence between the typing methods.  14 

The results of most typing methods agree in that MRSA and methicillin-susceptible S. 

aureus (MSSA) differ in terms of diversity of genetic backgrounds, with MSSA being 16 

more diverse. Our results show that spa typing has a very good predictive power over 

the clonal relationships defined by eBURST while PFGE is less accurate in that 18 

purpose, providing nevertheless better typeability and discriminatory power. The 

combination of PFGE and spa typing provided even better results. Based on these 20 

observations we suggest the use of the conjugation of spa typing and PFGE typing for 

epidemiological surveillance studies, since this combination provides the ability to 22 

infer long-term relationships, while maintaining the discriminatory power and 

typeability needed in short-term studies. 24 

 

ACCEPTED

 by on N
ovem

ber 14, 2009 
jcm

.asm
.org

D
ow

nloaded from
 

http://jcm.asm.org


 

 

3 

INTRODUCTION 

 2 

Staphylococcus aureus is a leading human pathogen and remains a major cause of 

infections worldwide (16, 22, 38), causing a high rate of hospital-acquired infections 4 

in several countries (2, 10). Recently, the epidemiology of S. aureus, in particular for 

methicillin-resistant Staphylococcus aureus (MRSA), has changed with the 6 

emergence of community-acquired MRSA (CA-MRSA), as reported by several 

studies (10, 13, 16, 22, 38). The epidemiology of infectious diseases relies on typing 8 

methods as tools for the characterization and discrimination of isolates based on either 

their genotypic or phenotypic characteristics, which may be used to establish clonal 10 

relationships between strains and trace the geographic dissemination of bacterial 

clones. Nowadays, the classification of isolates is mostly based on molecular 12 

methods, which usually provide better discriminatory power than phenotypic 

methods. Pulsed-field gel electrophoresis (PFGE), after SmaI digestion of total 14 

bacterial DNA (33), is still regarded by many authors as the gold standard used for 

benchmarking new typing methods, although it was originally proposed for outbreak 16 

investigation (37). Recently, due to the availability and affordability of DNA 

sequence technology, several sequenced-based typing methods have been developed 18 

and are now widely used, such as Multilocus Sequence Typing (MLST) (23) and spa 

typing (34), which are the most frequently used for S. aureus. DNA sequence based 20 

typing methods generate unambiguous and portable data, amenable to the creation of 

central databases, which enable the comparison of local data with data from previous 22 

studies in different geographical locations. 

Apart from factors such as discriminatory indexes, reproducibility and 24 

standardization, typing techniques differ dramatically in associated costs (32, 39), 

which may restrict the choice of typing methods due to budget limitations. For 26 
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instance, MLST, which relies on the sequence of the internal fragments of seven 

housekeeping genes, is much more expensive than spa typing, which is based on the 2 

sequence of an internal fragment of a single gene. Although PFGE is a labor-intensive 

and may be a more economical alternative, it has several drawbacks: it requires 4 

unique technical skills, has an high set-up cost and the inter-laboratory comparison of 

results is not straightforward. 6 

According to a proposal by Enright and colleagues (12) which was accepted by a 

subcommittee of the International Union of Microbiology Societies in Tokyo, 2002, 8 

MRSA clones are named according to their MLST and SCCmec types (e.g. clone 

ST5-MRSA-II). However, the amount of sequencing required for MLST typing and 10 

the increasing number of primers need to define SCCmec types (25, 29) as new types 

and variants are found, hampers the use of this combination of methods for clonal 12 

characterization of large collections, mainly due to cost related reasons. Other 

combinations of methods that provide a similarly fine resolution of the accepted 14 

clonal group definition can be explored.  

In line with this rationale, SeqNet (www.seqnet.org), the European Network of 16 

Laboratories for Sequence Based Typing of Microbial Pathogens, has proposed spa 

typing as the sequence-based method of choice to determine the genetic relatedness of 18 

S. aureus isolates. An online database is now available featuring automated curation 

of submitted sequences and assignment to spa types (3).  20 

Molecular epidemiology studies of clinical microorganisms often rely on the 

application of typing methods that produce different type assignments. From the 22 

comparison and analysis of these assignments, a classification of the isolate in terms 

of clonal type or lineage is generated. What is more, since different laboratories may 24 

use different combinations of methods and over time implement new typing schemes, 
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the definition of clones is neither universal nor static. Since different typing schemes 

analyze different phenotypic and genotypic properties of bacteria, if a congruent result 2 

is obtained between different methods, it suggests that a phylogenetic signal is being 

recovered by both methods, allowing a high confidence in the assignment of clonal 4 

types. Therefore, the quantification of congruence between different methods, with an 

assessment of the confidence for predicting an unknown character from another 6 

typing method, can be a useful tool in epidemiology (6), enabling an informed choice 

between typing methods for a given study taking into account the degree of 8 

discrimination needed and the available budget. 

At the Molecular Genetics Laboratory, ITQB, Oeiras, Portugal, different S. aureus 10 

strains from different worldwide locations have been collected since the late 80’s. 

These strains have been analyzed by different typing methods over time. Pulsed-field 12 

gel electrophoresis has been the standard typing technique during this period due to its 

high discriminatory power and relative low cost per isolate. However, with the 14 

introduction of spa typing and MLST typing schemes, the characterization of S. 

aureus isolates involves now a combination of different techniques [including the 16 

SCCmec type for the characterization for MRSA strains (20, 27, 28)]. We have 

previously extended the work of Robinson et al. (31), by proposing the use of 18 

measures of clustering concordance – Adjusted Rand and Wallace coefficients – to 

compare type assignments, allowing a quantitative approach for exploring the 20 

concordance between typing methods (6). In this study, we have implemented the use 

of that methodological framework to a set of 198 S. aureus strains, which were 22 

previously characterized by PFGE, spa typing, MLST, and SCCmec typing (for 

MRSA) in order to quantify the congruence between methods and the discriminatory 24 

power of each method and combination of methods. 
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MATERIAL and METHODS 

Strain collection 2 

A collection of 198 S. aureus strains (116 MRSA and 82 MSSA) was included in this 

study – see Tables 1S and 2S of the online supplementary material. These strains were 4 

chosen from a large (> 5,000 isolates) international collection of S. aureus isolated in 

several parts of the world, mainly in hospitals in Southern and Eastern Europe, Latin 6 

America and USA since the late 1980´s, and included representatives of early isolates 

from the United Kingdom and Denmark isolated between 1957 and 1972. Overall, 8 

among the selected 198 S. aureus strains, 19 countries are represented as follows: 

Argentina (n=9; 4.5%), Brazil (n=1; 0.5%), Cabo Verde (n=12; 6%), Chile (n=1; 10 

0.5%), Colombia (n=2; 1%), Czech Republic (n=3; 1.5%), Denmark (n=46; 23%), 

Egypt (n=10; 5%), Greece (n=5; 2.5%), Hungary (n=18; 9%), Italy (n=2; 1%), Japan 12 

(n=7; 3.5%), Mexico (n=4; 2%), Poland (n=4; 2%), Portugal (n=63; 32%), Spain 

(n=1; 0.5%), Taiwan (n=5; 2.5%), UK (n=8; 4.0%), USA (n=6; 3%). The criteria used 14 

in the strain selection process excluded duplicated outbreak strains, in order to 

minimize sampling bias, and tried to maximize the diversity represented in the 16 

analyzed collection relative to that present in the >5,000 isolates screened. All strains 

included in this study were characterized by PFGE (7), MLST (9, 11) and spa typing 18 

(21, 34). MRSA strains were also characterized by SCCmec typing (27, 28). 

 20 

PFGE data analysis 

PFGE patterns were analyzed in Bionumerics version 4.61 from Applied Maths (Sint-22 

Martens-Latem, Belgium). Gel photos were acquired using Polaroid black & white 

instant pack film 667 and the negative was digitalized as an 8-bit grayscale TIFF 24 

images to use in the above software. Each image was then analyzed using the 
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resources of the Bionumerics™ software. A spectral analysis was performed for each 

image in order to obtain the background subtraction (Background scale) and the cutoff 2 

threshold for least squares filtering (wiener cutoff scale). After this process, PFGE 

runs were normalized, intra- and inter-gels, using S. aureus strain NCTC8325 loaded 4 

in each gel as reference. Band assignments were manually curated after automatic 

band detection for all gel images; bands ranging from 10 kb to ~674 kb were 6 

considered for analysis in this study. For band pattern comparisons within and 

between different gels, the following settings were used: optimization of 0.5% and 8 

position tolerance of 1.25%. PFGE types and subtypes were defined respectively by 

groups formed at an 80% and 95% Dice similarity cut-off on a dendrogram 10 

constructed by Unweighted Pair Group Method with Arithmetic mean (UPGMA). The 

groups defined at these thresholds were previously shown to approximate those 12 

defined using Tenover’s criteria for visual PFGE type definition (5, 24, 37). 

 14 

DNA sequence data analysis 

spa typing 16 

Ridom StaphType software, version 1.4 (Ridom GmbH, Würzburg, Germany) was 

used for spa type analyzes. The new spa type assignments were provided 18 

automatically through the Ridom SpaServer (http://spa.ridom.de/index.shtml). BURP 

algorithm (Ridom StaphType software) was used to calculate spa clonal complexes 20 

(spaCC) with the default parameters for the group/cluster definition: “exclude spa 

types that are shorter than 5 repeats” and “spa types are clustered if cost is less or 22 

equal to 6” (30). 

 24 
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Multi Locus Sequence Typing (MLST) 

MLST sequence types (ST) were assigned through the MLST database 2 

(http://www.mlst.net). e-BURST algorithm was used to assign MLST clonal 

complexes (CC) (http://www.e-burst.net). 4 

 

SCCmec typing 6 

SCCmec types were determined by a multiplex PCR strategy, which generated a 

specific amplification pattern for each SCCmec structural type (28). SCCmec type 8 

assignments were confirmed by ccrAB typing, as previously described by Okuma et 

al. (27).  10 

 

Diversity indices 12 

Hunter and Gaston (18) proposed the use of Simpson’s index of diversity (35) to 

measure the discriminatory ability of typing systems. This index indicates the 14 

probability of two strains sampled randomly from a population belonging to two 

different types. Grundmann et al. (17) introduced a method for determining 16 

confidence intervals (CIs) of Simpson’s index, thereby improving the objective 

assessment of the discriminatory power of typing techniques.  18 

 

Comparison of typing methods 20 

A framework for assessing the quantitative correspondence between typing methods 

was proposed by Carriço et al. (6). It is based on two coefficients developed to 22 

compare two ways to partition a given dataset: Adjusted Rand (AR) (17) and Wallace 

(W) (40). 24 
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Adjusted Rand’s coefficient corrects Rand’s coefficient, commonly used for 

quantifying the congruence for typing methods (31) for the presence of chance 2 

agreement; i.e., that the two sets of results match by chance alone. The use of Rand 

coefficient, which is formally equivalent to the concordance measure proposed by 4 

Robison et al. (31), leads to overestimation of the agreement between two typing 

methods and should be avoided. For a more detailed discussion on the use of these 6 

indices in the context of microbial typing see Carriço et al (6). Wallace coefficient can 

provide an even finer comparison between two methods, since the value indicates the 8 

probability that two strains classified as the same type by one method, are also 

classified in the same type by the other method, or vice-versa. A high value of 10 

Wallace’s coefficient (it can assume any value from 0 to 1) indicates that partitions 

defined by a given method could have been predicted from the results of another 12 

method, suggesting that the use of both methodologies could be redundant. The 

combined use of the two coefficients can provide further information: two methods 14 

can have a low global agreement (assessed by AR) and yet, one of those methods can 

predict very well the results of another, which can be assessed by Wallace coefficient. 16 

To facilitate the use of these coefficients, a web page with the Bionumerics™ scripts 

used in this study was made available at www.comparingpartitions.info. 18 
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RESULTS  

Our strain collection can be divided into two distinct groups – MRSA and MSSA – 2 

that differ on the “broad-spectrum” resistance to ß-lactams as a consequence of the 

acquisition of the SCCmec element. The following analysis will always be applied to 4 

the two groups and to the overall collection, since the MRSA and MSSA populations 

are expected to differ. For each typing method two levels of discrimination were 6 

considered: one corresponding to the direct result of the method itself [MLST 

sequence type (ST), spa type, PFGE subtype and, for MRSA, SCCmec type] and 8 

another resulting of the application of an algorithm that generates groups of related 

isolates from this primary data (eBURST for MLST data, BURP for spa and the 80% 10 

cutoff for defining PFGE type). In order to explore if there was an improvement in 

discriminatory power when compared with classifications obtained with individual 12 

typing method results, classifications based on the combination of typing methods 

were also considered. One such conjugation of typing methods evaluated was the 14 

currently accepted ST/SCCmec combination for the definition of MRSA lineages. We 

also considered the conjugation of PFGE type and subtype with spa type, the two 16 

methods recently shown to be suitable for long range epidemiological studies (15), 

and in the MRSA subset, PFGE type and subtype together with SCCmec type. The 18 

results of the number of groups found for each method or conjugation of method are 

presented in Table 1. 20 

 

Pulsed-field gel electrophoresis 22 

The type and subtype definition in PFGE is commonly obtained by determining a cut-

off value on a dendrogram of distances constructed with Dice coefficient and 24 

Unweighted Pair Group Mean Average (UPGMA) method. Several cut-off values and 

ACCEPTED

 by on N
ovem

ber 14, 2009 
jcm

.asm
.org

D
ow

nloaded from
 

http://jcm.asm.org


 

 

11 

parameters for dendrogram construction have been proposed (5, 24, 26, 36). Ideally, 

the determination of the cut-off level should be supported by other epidemiologically 2 

relevant data referring to the strains. To evaluate the groups defined by PFGE two cut-

off levels were considered: 80% to define PFGE types and 95% to define PFGE 4 

subtypes, which were shown to be adequate for the analysis of large and diverse 

collections of strains (24). Considering the entire collection of 198 strains, 56 PFGE 6 

types (80% cut-off) and 153 PFGE subtypes (95% cut-off) were detected, 

corresponding to which can be split in 32 types and 92 subtypes if only MRSA are 8 

considered and 30 types and 63 subtypes for MSSA. 

 10 

spa typing 

spa types were assigned using Ridom StaphType software and BURP algorithm was 12 

run in all the datasets using the settings previously described in Materials and 

Methods. For the 198 strains, 98 distinct spa types were found. For the MRSA and 14 

MSSA subsets, 51 and 55 types were determined, respectively. Some spa types where 

shared by both subsets: t002, t008, t012, t018, t021, t024, t127, and t148. 16 

When applying the BURP algorithm for the inference of clusters of related isolates, 

192 strains (96.7%) were distributed in 29 groups, where 12 of those groups were 18 

singletons (groups represented by a single type), and six strains (3 MRSA and 3 

MSSA strains) were excluded due to the rules described in the Material and Methods 20 

section. 

 22 

MLST 

Sequence types (ST) were assigned through the MLST database (http://www.mlst.net) 24 

and MLST clonal complexes (CC) were calculated using the e-BURST algorithm. 
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Overall, the 198 strains were distributed among 61 ST’s, belonging to 21 CC´s. 

Thirty-two ST’s, belonging to 11 CC´s, were found among the 116 MRSA strains. 2 

MSSA strains were more diverse since, among the 82 MSSA strains, 35 ST’s 

belonging to 17 CC´s were detected. 4 

 

Comparing Discriminatory power for different methods 6 

Simpson’s index (SID) of diversity provides a measure of the discriminatory power of 

the different typing methods or conjugation of typing methods within a confidence 8 

interval. If the confidence intervals of any two methods overlap, one cannot exclude 

the hypothesis that they have similar discriminatory power at 95% confidence level. 10 

The SID values obtained for our datasets are presented in Table 1. When analyzing 

either the entire collection or only the MRSA subset, PFGE has the highest SID, 12 

whenever PFGE subtype assignments are compared with spa types or ST’s or PFGE 

types or subtypes are compared to eBURST or BURP. However when comparing the 14 

PFGE type assignment with the spa types, as is usually done in literature, similar 

levels of discriminatory power are found (15). This observation is valid for the entire 16 

dataset, or any of the MRSA or MSSA subsets. As expected for MRSA strains, 

SCCmec typing was the least discriminatory technique due to the restricted number of 18 

variants generated by this method. Nevertheless, if SCCmec types are conjugated with 

ST´s, the level of discrimination is similar to that of spa typing or conjugation of 20 

PFGE type and SCCmec type. Among all conjugations of two typing methods, the 

highest SID´s were obtained for the PFGE subtype with either spa type or SCCmec. It 22 

is interesting to note, that for MSSA the three typing methods (PFGE, MLST and spa) 

show similar SID´s in contrast to MRSA, where ST´s do not perform so well. Also, 24 

when comparing the MLST discriminatory power at the ST or eBURST level, 
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between MRSA and MSSA, the MSSA presented always have higher values. This is 

also true when comparing the discriminatory power of groups made by the BURP 2 

algorithm, further confirming the more diverse genetic structure of the MSSA subset.  

 4 

Typing methods results global concordance: Adjusted Rand 

By analyzing the values of Adjusted Rand (AR) coefficient between all typing 6 

methods, an overall concordance value can be reached (see Tables 2 – 4). For 

comparison purposes with other published values of concordance between typing 8 

methods (31), tables with Rand coefficient values are provided as supplemental 

material (see Supplemental Material - Tables 3S to 5S), although these values clearly 10 

overestimate the concordance between typing methods as discussed in the Materials 

and Methods section and previous publications (6). For the entire collection (Table 2) 12 

the highest AR value found between two single typing methodologies was between 

eBURST and BURP groups – 0.551. This value suggests that clustering ST´s in clonal 14 

complexes using eBURST or spa types in groups using BURP extracts roughly 

similar phylogenetic signals. All other methods and combination of methods 16 

presented AR values lower than 0.5 except, as expected, one comparing a method 

with a conjugation of itself with another method (e.g. PFGE type+spa type vs spa 18 

type, 0.581 of concordance). 

A similar situation was found when only the MRSA subset was considered (Table 3).  20 

For the MSSA subset (Table 4), AR values were higher, although always below 0.66. 

PFGE type has the highest agreement values when compared to other methods: 0.53 22 

to spa type, 0.61 to BURP groups, 0.66 to ST´s, and 0.59 to e-BURST clonal 

complexes. Similarly, to the entire collection and the MRSA subset, for the MSSA 24 
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subset an agreement of 0.56 was found between BURP and eBURST and 0.58 

between ST´s and BURP groups. 2 

 

Directional agreement between typing methods groupings: Wallace coefficient 4 

In order to determine how the results of one method map onto the results of the other 

methods, we calculated the Wallace coefficients. The results are presented in tables 6 

6S to 8S as Supplementary Material, and are summarized in Figures 1, 2 and 3. 

Overall, Wallace coefficients show that MRSA and MSSA datasets differ in the 8 

confidence of the predictions of the results of other typing methods knowing those of 

a single method. 10 

Concerning spa type performance, it was found that, in all datasets, if any two strains 

share the same spa type, they have a high probability (over 94%) of belonging to the 12 

same eBURST group. spa typing is also able to predict the PFGE type in MSSA 

strains with a 92% probability while for MRSA strains the agreement is only about 14 

40% (Figures 2 and 3). In all datasets, spa typing is also not able to clearly predict the 

ST (W=0.61 for the all dataset, W=0.60 for MRSA and W=0.52 for MSSA). 16 

PFGE is able to predict the BURP group much better for MRSA than for MSSA: 

W=0.83 for PFGE type and W=0.97 for PFGE subtype in MRSA versus W=0.69 and 18 

W=0.83, respectively in MSSA strains. Concerning the ability of PFGE (type or 

subtype) to predict eBURST complexes, the values are similar for MRSA and MSSA 20 

as well as for the overall dataset: around W=0.84 for PFGE type and W=1.0 for PFGE 

subtype. Similar results, at a lower level of agreement, where found for the PFGE 22 

subtype’s capability to predict ST’s: W=0.82 for MRSA dataset and W=0.79 for 

MSSA and entire dataset. Conversely, if two strains have the same ST, when 24 

considering the whole dataset, they have only 33% probability of sharing the same 
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PFGE type. This value is lower in the MRSA dataset (W=0.21), but interestingly 

higher for the MSSA dataset (W=0.79). In summary, knowing the ST information one 2 

can only predict with some certainty the PFGE type if an isolate is a MSSA. In the 

case of MRSA strains, PFGE subtypes also predict quite well the SCCmec type 4 

(W=0.88). 

When conjugating the results of PFGE and spa typing, it was found that if two strains 6 

are classified together in the same PFGE-spa type, there is 100% probability of 

sharing the same eBURST for MSSA or 99.5% for the entire collection (it is not 8 

100% because there are two strains classified together in PFGE type 6 / spa type t030 

but one belongs to CC 8 while the other is a singleton). For MRSA the agreement 10 

between PFGE-spa types and eBURST complexes is slightly lower (W=0.94), which 

is explained by the fact that five strains grouped together in PFGE type 18 / spa type 12 

t001 were divided in CC 228 (2 strains) and CC 5 (3 strains) and two strains grouped 

together in PFGE type 4- spa type t030 that were classified as CC8 and as a singleton. 14 

The combination of PFGE subtype with spa type does not add over the PFGE subtype 

alone for the prediction of eBURST groups, although it slightly improves the 16 

prediction of ST´s (Figure 1). However, in MRSA strains, the PFGE subtype / spa 

type combination was found to perform better in the prediction of SCCmec type 18 

(W=0.91) than PFGE subtype alone (W=0.88). 

We have also analyzed the performance of PFGE type-SCCmec type and PFGE 20 

subtype-SCCmec type combinations for MRSA strains and, in both cases, there was 

no significant differences when comparing with the results of the PFGE type-spa type 22 

conjugation, although the later performs better for the prediction of eBURST clonal 

complexes (W=0.85 vs W=0.94). It is also interesting to note that if two MRSA 24 

strains share the same PFGE type-SCCmec type, they have a 94% probability of 
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sharing the same BURP group, which is a higher probability than that of sharing the 

same eBURST group (W=0.85). 2 
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DISCUSSION  

 2 

Currently a wide variety of genotype-based typing methods are available for 

classifying S. aureus isolates for epidemiological studies. Molecular methods based 4 

on the analysis of band patterns, such as PFGE, are now being replaced by more 

portable sequence-based methods such as spa typing and MLST. However, the 6 

advantages of these newer methods in terms of discriminatory power and their 

relationship between the groups defined by the once dominant typing methods and 8 

these new ones, now frequently more used, was not fully explored. 

In this study, we have analyzed a collection of 198 epidemiologically unrelated S. 10 

aureus, composed of 82 MSSA and 116 MRSA, in order to quantify the congruence 

between the most frequently used genotyping methods for the characterization of S.  12 

aureus strains: PFGE subtypes (defined at an 95% cut-off on the Dice/UPGMA 

dendrogram), MLST, spa typing and, for MRSA strains, SCCmec typing. We have 14 

also evaluated the congruence between techniques in assigning strains to larger groups 

using eBURST for MLST, BURP for spa type and PFGE type defined as the groups 16 

formed at an 80% cut-off on the Dice /UPGMA dendrogram. For PFGE , the type 

definition at the 80% cut-off approximates Tenover’s criteria for possibly related 18 

isolates (up to 6 bands difference) (5) while the 95% cut-off for subtype definition is a 

more discriminatory cut-off usually allowing for up to 1 or 2 band difference 20 

(depending on the total number of bands for each isolate), that would correspond to 

indistinguishable or closely related strains in Tenover’s classification.  22 

Not only the overall congruence of results was evaluated by Adjusted Rand, but we 

also evaluated the capability of one method to predict the results of any other in terms 24 

of Wallace coefficients. Our goal was to determine, among the methods used or any 
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combination of them, which is the best and most cost-effective method to infer 

genetic relatedness. 2 

The discriminatory power is an important parameter for the evaluation of any typing 

method performance. Our results show that, in contrast with some previous studies 4 

(8), PFGE at the subtype level is the most discriminatory technique, with Simpson´s 

ID values over 99.69% (Table 1). Comparing the MRSA and MSSA sub-datasets, it 6 

was found that all methods have higher discriminatory power for the latter (always 

above over 90%), supporting the notion that MSSA have a more diverse genetic 8 

structure than MRSA and in agreement with the hypothesis that MRSA derived 

recently from a limited number of MSSA lineages, by the acquisition of the SCCmec 10 

element (4, 19). 

When assessing the overall concordance between typing methods using the Adjusted 12 

Rand coefficient, a distinction between MRSA and MSSA is also apparent. Although, 

overall the levels of concordance were not high (below 80%), they are higher for the 14 

MSSA subset than for MRSA. Assuming that MRSA are largely confined to the 

clinical settings where intense antibiotic selective pressure may favor the exchange of 16 

genetic material. Since different methods probe different areas of the genome, the 

higher levels of concordance for MSSA, may indicate that the MSSA sub-population 18 

strains is constituted by more stable clones whereas among MRSA recombination is a 

more frequent event.This is further supported by the analyzes of Wallace coefficients, 20 

where, for instance, it was found that if two MSSA strains share the same spa type 

they have a 92% probability of sharing the same PFGE type, whereas for MRSA this 22 

probability drops to 40%. This doesn’t exclude the fact that recombination is  an 

infrequent event in S. aureus (14). 24 
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spa typing and BURP analysis have been proposed as the sequence based method of 

choice to determine the genetic relatedness of S. aureus (1, 36). Our results show that 2 

spa types alone are able to infer eBURST clonal complexes (W=0.96 for MRSA and 

W=0.94 for MSSA). The overall agreement between eBURST and BURP clonal 4 

complexes was also low (0.53 for MRSA strains and 0.56 for MSSA), although it was 

the highest found for any two methods in the MRSA subset. This suggests that the 6 

BURP algorithm retrieves a similar phylogenetic signal as eBURST but, since the 

latter interrogates housekeeping genes and BURP is based on the alignment of 8 

sequence repeats found in the polymorphic region of the spa gene, BURP is likely to 

reflect a faster evolutionary clock. This is supported by the fact that if two strains 10 

belong to the same BURP group they have 74% probability of belonging to the same 

eBURST clonal complex if the strain are MSSA and 76% if the strain are MRSA, but 12 

the reverse (strains belonging to the same eBURST CC, also having the same BURP 

group) is only 50% for MSSA and 56% for MRSA, indicating that some eBURST 14 

groups have strains that belong to more than one BURP group. However, one should 

bear in mind that the typeability of spa typing is not 100%, as shown in Table 1, 16 

which could negatively influence an epidemiological study. 

Our results also demonstrate that PFGE, while being a labor-intensive and time-18 

consuming technique, shows high levels of agreement with other methods. For 

instance, if any two strains share the same PFGE type, they have over 80% probability 20 

of belonging to the same eBURST CC (W=0.85 for MSSA, W=0.83 for MRSA and 

W=0.86 for the whole dataset); whereas for PFGE subtypes there is an absolute 22 

agreement (W=1.00; fact expected given the high discriminatory power of PFGE at 

subtype level: SID = 99.69%), which is higher than the values found for agreement 24 

between PFGE subtypes and spa typing (W=0.97 for MRSA; W=0.94 for 
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MSSA;W=0.82 for the entire collection) or ST (W=0.82 for MRSA; W=0.79 for 

MSSA;W=0.77 for the entire collection) .  2 

We have also found that PFGE type-spa type combination, for the MRSA subset, 

improves the predictive power of each single technique for determining SCCmec type 4 

(W=0.71). For the MSSA subset, if two strains share the same PFGE type-spa type, 

they have 100% probability of belonging to the same eBURST CC; for MRSA strains 6 

this value is slightly lower (W=0.94), and there is no gain of predictive power over 

spa type alone (W=0.96). In terms of costs, and for MRSA, the PFGE-SCCmec 8 

combination is possibly the best option: while being less expensive than spa typing 

alone (data not shown), it was found that if two strains share the same PFGE type-10 

SCCmec type they have 94% probability of sharing the same BURP group and 85% 

probability for sharing the same eBURST clonal complexes (in the last case it is only 12 

marginally better than PFGE type alone). However, since SCCmec characterization 

can only be applied to MRSA strains, the PFGE-spa type combination remains a more 14 

broadly applicable technique to the study of S. aureus. Also SCCmec characterization 

does not provides 100% typeability, which can hamper the correct characterization of 16 

some MRSA strains even when combined with PFGE types, similarly to spa typing. 

Based in the data here presented, we can provide a rationale for the informed choice 18 

of the most appropriate typing scheme for the characterization of S. aureus isolates. 

Since the MRSA and MSSA subsets were shown to differ in terms of diversity and 20 

stability, they could be characterized by different typing schemes, although an unified 

methodology could be desirable. In our dataset PFGE subtypes were shown to predict 22 

the CC at 100% and are also the best method for the ST and SCCmec prediction, they 

have, nevertheless, the disadvantage of requiring a normalized and curated database of 24 

patterns, the complexity of which the complexity increases dramatically with the 
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number of isolates. Therefore, we suggest that the most suitable method to infer clonal 

relationships between isolates, taking MLST and eBURST as reference method, is spa 2 

typing. Moreover, for the MSSA dataset spa types also predict the PFGE type with 

92% confidence rendering PFGE analysis redundant. Therefore, for MSSA strains, 4 

our data support the use solely of spa typing, whereas for MRSA a combination of 

PFGE with spa typing would offer additional discriminatory power. Overall the most 6 

cost effective combination of techniques for a detailed characterization of S. aureus 

isolates, irrespective of resistance to methicillin, would be a combination of PFGE 8 

and spa typing, which allows a very accurate (W = 0.995) assignment of strains to 

eBURST clonal complexes without performing MLST. This combination also 10 

provides the necessary discriminatory power and typeabitlity for local 

epidemiological studies as well as the possibility of defining more distant 12 

relationships between isolates suitable for long-term epidemiological studies. 

 14 
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TABLES 

 2 

Table 1 - Resolution of typing methods for the three data sets analyzed. 

I. D. – Index of Diversity 4 
C. I. – Confidence Interval 

 6 

 

 8 

 Typing technique Number of types Typeability (%) Simpson’s I. D.  C. I. (95%) 

PFGE type 56 100 95.92 (94.89-96.95) 

PFGE subtype 153 100 99.69 (99.55-99.82) 

spa type 98 99 97.31 (96.30-98.33) 

BURP (spa) 29 97 87.35 (84.88-89.81) 

ST (MLST) 61 100 94.82 (93.42-96.21) 

e-BURST (MLST) 21 100 82.24 (78.19-86.29) 

PFGE type +spa type 129 100 98.88 (98.29-99.47) E
n

ti
re

 c
o
ll

ec
ti

o
n

 

(n
=

1
9
8
) 

PFGE subtype +spa type 175 100 99.85 (99.74-99.95) 

PFGE type 32 100 94.27 (92.70-95.84) 

PFGE subtype 92 100 99.51 (99.20-99.81) 

spa type 51 98.3 95.85 (94.34-97.35) 

BURP (spa) 14 97.4 78.62 (74.98-82.26) 

ST (MLST) 34 100 91.36 (88.63-94.10) 

e-BURST (MLST) 12 100 70.84 (63.99-77.69) 

SCCmec 11 97.4 83.13 (79.89-86.38) 

PFGE type +spa type 72 100 98.32 (97.47-99.17) 

PFGE subtype +spa type 101 100 99.67 (99.38-99.96) 

PFGE type +SCCmec 56 100 97.32 (96.21-98.43) 

PFGE subtype + SCCmec 96 100 99.57 (99.26-99.87) 

M
R

S
A

 s
tr

a
in

s 
 

(n
=

1
1
6
) 

SCCmec + ST (MLST) 50 100 96.42 (95.18-97.65) 

PFGE type 30 100 94.85 (92.85-96.86) 

PFGE subtype 63 100 99.28 (98.83-99.72) 

spa type 55 100 97.83 (96.27-99.39) 

BURP (spa) 26 96.3 93.83 (91.73-95.92) 

ST (MLST) 35 100 96.18 (94.78-97.58) 

e-BURST (MLST) 17 100 90.88 (88.19-93.56) 

PFGE type +spa type 59 100 98.01 (96.43-99.59) M
S

S
A

 s
tr

a
in

s 

(n
=

8
2
) 

PFGE subtype + spa type 74 100 99.76 (99.55-99.97) 
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Table 2– Adjusted Rand values for the entire collection (n=198). 

 

 

Typing technique PFGE type 
PFGE 

subtype 

spa 

type 

BURP 

(spa) 

ST 

(MLST) 

e-BURST 

(MLST) 

PFGE type 

+spa type 

PFGE 

subtype +spa 

type 

spa type + 

ST (MLST) 

PFGE type          

PFGE subtype 0.1373         

spa type 0.3079 0.0975        

BURP (spa) 0.3215 0.0376 0.3201       

ST (MLST) 0.3372 0.0823 0.3915 0.4915      

e-BURST (MLST) 0.2719 0.0286 0.2189 0.5507 0.4041     

PFGE type  

+spa type 
0.4198 0.2112 0.5810 0.1448 0.2266 0.0990    

PFGE subtype  

+spa type 
0.0699 0.6586 0.1057 0.0210 0.0471 0.0142 0.2399   ACCEPTED by on N
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Table 3 – Adjusted Rand values for the MRSA strains (n=116). 

 

Typing 

technique 

PFGE 

type 

PFGE 

subtype 

spa 

type 

BURP 

(spa) 

ST 

(MLST) 

e-BURST 

(MLST) 
SCCmec 

PFGE type 

+spa type 

PFGE 

subtype 

+spa type 

PFGE 

type 

+SCCmec 

PFGE 

subtype + 

SCCmec 

SCCmec 

+ ST 

(MLST) 

PFGE type             

PFGE subtype 0.1513            

spa type 0.3065 0.1343           

BURP (spa) 0.2862 0.0345 0.2749          

ST (MLST) 0.1996 0.0801 0.3529 0.4897         

e-BURST 

(MLST) 
0.1935 0.0239 0.1798 0.5310 0.3735        

SCCmec 0.1663 0.0409 0.1579 0.1599 0.1883 0.0571       

PFGE type 

+spa type 
0.4389 0.2981 0.5654 0.1182 0.1804 0.0726 0.1002      

PFGE subtype 

+spa type 
0.1033 0.7992 0.1419 0.0240 0.0576 0.0160 0.0286 0.3246     

PFGE type 

+SCCmec 
0.6244 0.2675 0.3245 0.1698 0.2087 0.0998 0.2393 0.5333 0.1943    

PFGE subtype 

+ SCCmec 
0.1341 0.9352 0.1238 0.0316 0.0750 0.0210 0.0421 0.2787 0.7835 0.2734   

SCCmec+ ST 

(MLST) 
0.2605 0.1767 0.3873 0.2264 0.5644 0.1656 0.3096 0.3206 0.1250 0.4175 0.1802  
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Table 4 – Adjusted Rand values for the MSSA strains (n=82). 

 

 

 

Typing 

technique 
PFGE type 

PFGE 

subtype 

spa 

type 

BURP 

(spa) 

ST 

(MLST) 

e-BURST 

(MLST) 

PFGE type 

+spa type 

PFGE subtype 

+spa type 

PFGE type         

PFGE subtype 0.2365        

spa type 0.5288 0.1575       

BURP (spa) 0.6055 0.1639 0.5039      

ST (MLST) 0.6560 0.2424 0.4160 0.5764     

e-BURST 

(MLST) 
0.5890 0.1352 0.3395 0.5623 0.5674    

PFGE type  

+spa type 
0.5439 0.1690 0.9556 0.4712 0.4094 0.3361   

PFGE subtype 

+spa type 
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Figure Legends 

 

FIGURE 1. - Representation of correspondences between typing methods and 

combination of typing methods, used in the 198 strain collection, calculated by Wallace 

coefficients. The arrows represent Wallace coefficients of >0.60, excluding the obvious 

relations. 

 

FIGURE 2. - Representation of correspondences between typing methods and 

combination of typing methods, used in the 116 MRSA subset, calculated by Wallace 

coefficients. The arrows represent Wallace coefficients of >0.60, excluding the obvious 

relations. 

 

FIGURE 3. - Representation of correspondences between typing methods and 

combination of typing methods, used in the 82 MSSA subset, calculated by Wallace 

coefficients. The arrows represent Wallace coefficients of >0.60, excluding the obvious 

relations 
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