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Abstract: 108 isolates of Staphylococcus aureus, belonging to six large ribogroups according to the auto-
mated Ribo-Printer® system, were studied with two highly used molecular methods for epidemiological
studies, namely multi-locus sequence typing (MLST) and spa typing, followed by BURP and eBURST v3
analysis for clustering spa types and sequence (ST) types. The aim was to evaluate whether automated
ribotyping could be considered a useful screening tool for identifying S. aureus genetic lineages with
respect to spa typing and MLST. Clarifying the relationship of riboprinting with these typing methods
and establishing whether ribogroups fit single clonal complexes were two main objectives. Further
information on the genetic profile of the isolates was obtained from agr typing and the search for the
mecA, tst genes, and the IS256 insertion sequence. Automated ribotyping has been shown to predict spa
clonal complexes and MLST clonal complexes. The high cost and lower discriminatory power of auto-
mated ribotyping compared to spa and MSLT typing could be an obstacle to fine genotyping analyzes,
especially when high discriminatory power is required. On the other hand, numerous advantages such
as automation, ease and speed of execution, stability, typeability and reproducibility make ribotyping a
reliable method to be juxtaposed to gold standard methods.

Keywords: Staphylococcus aureus; orthopedic infections; strain typing; Riboprinting; multilocus
sequence typing (MLST); spa typing

1. Introduction

Staphylococcus aureus is a leading pathogen in infections associated with orthopedic
implants [1-4]. Originally described using multi locus enzyme electrophoresis (MLEE)
and pulsed field gel electrophoresis (PFGE), and subsequently confirmed by multi-locus
sequence typing (MLST) [5], the highly clonal structure of S. aureus population underlines
the flexibility of S. aureus to evolve into an assortment of different clones.

Sequence-based typing methods, such as MLST and spa typing, characterized by a
universal and worldwide nomenclature and by organized databases and networks (e.g.,
http:/ /spaserver.ridom.de, http:/ /www.seqnet.org/, http:/ /saureus.beta.mlst.net/; ac-
cessed on 26 January 2022), are becoming the gold standards for epidemiological and for
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microbial population genetic investigations. In fact, the increase of variations by mutation
occurs approximately linearly with time, and the resulting genetic distance tends to be
proportional to the time of divergence between alleles, particularly in MLST [6].

At present, MLST is the most diffuse and highly discriminative typing method, based
on the sequencing of seven housekeeping genes. The alleles at these seven loci are compared
to an online database for each gene and provide an allelic profile represented by a distinct
numerical identifier. A given allele’s combination generates an allelic profile which defines
the sequence type (ST) that unequivocally identifies a clone. By this technique, linked
STs that share 6/7 alleles (single locus variants, SLV) or at least 5/7 alleles (double locus
variants, DLV) may be clustered together by eBURST software (http://eburst.mlst.net/;
accessed on 26 January 2022) into genetically related groups referred to as ‘clonal complexes’
(CC), useful to assess the population organization and the patterns of evolution [7].

Spa typing is another commonly used sequence-based typing method for S. aureus
isolates, which targets the polymorphic variable number tandem repeat (VNTR) region of
the staphylococcal protein A gene (spa). The spa repeats are in general 24 bp in length, and
with their putative mutations, duplications, deletions, and rearrangements, contribute to
the identification of more than 15,100 distinctive patterns identified as ‘spa types’. Relat-
edness between spa types is analyzed by Based Upon Repeat Patterns (BURP) algorithm.
spa CCs obtained by BURP analysis generally display an excellent concordance with MLST
CCs [8]. As for MLST, spa typing data is unambiguous, portable and has a database accessi-
bility, which permits intra- and inter-laboratory comparability. Moreover, this technique
is cost-effective, involves easy processing, allows a rapid throughput of samples, and is
dynamically evolving [9].

Ribotyping is a classic variant of the southern hybridisation-mediated assay that
assesses the number of ribosomal gene loci and their collocation in the genome [10,11].
Bacterial ribosomes contain three distinct types of rRNA, the 165, the 23S, and the 55 rRNA.
Their encoding genes are orderly organized into the operon (rrn), which also includes a
spacer region between the genes encoding for 165 and 235 rRNAs. The genetic peculiarity
of 165 rRNA gene makes it one of suitable tools among phylogenetic markers for the
evolutionary relationships between bacteria [12]. More than a copy of the rrn operon can
often be found within a single bacterial genome. While the rRNA genes are at least 99.5%
identical among multiple copies of the operon of the same microorganism, the spacer
regions, including their internally transcribed spacer (ITS) region, can substantially differ
in sequence and structure [12].

Automated ribotyping (riboprinting), which is performed using the RiboPrinter® mi-
crobial characterization system (Qualicon), consists of the analysis of the genomic fragments
generated by the enzymatic restriction of the rRNA operon, frequently found in multiple
copies (from 1 to 15) in the bacterial genome [13]. Whole genome sequencing analysis has
shown as the number of copies of the rrn operon varies not only across species of the same
genus, but also within each single species. For instance, in S. aureus the number of copies of
rrn operons was found to vary between four and six (http://rrndb.umms.med.umich.edu/;
accessed on 26 January 2022), with six copies being the conditions most frequently observed.
As aforementioned, the DNA regions encoding ribosomal RNA are highly conserved, but
the flanking sequences result in variations that are significant for the diversities of the
ribopatterns [14]. The genetic peculiarity of 165 gene makes it one of suitable tools among
phylogenetic markers for the evolutionary relationships between bacteria [12]. The restric-
tion enzymes selected by Stoddard et al. [12] for the digestion of chromosomal DNA were
EcoRI and HidIll. However, EcoRI was the best enzyme used, since, producing more bands
and ribotypes than Hidlll within the same Staphylococcus species, it can discriminate be-
tween more genetic types [15]. The number of bands distinguished by manual or automated
ribotyping depends on the quantity of recognitions sites of the restriction enzyme and on
the polymorphisms that are present within the rrn operons and their flanking regions.

Automated ribotyping is easy to execute and, due to the complete automation and
standardisation, the riboprinting patterns have successful typeability, high reproducibility,
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and stability. In fact, the patterns of repeated isolates were always the same also after
one year period [11,15,16]. Moreover, the reliability and rapidity (approximately 2-3-fold
greater than manual ribotyping) make this method an ideal system in the clinical laboratory
when identification rather than characterization is requested [14].

This study aimed at analysing by spa typing and by MLST 108 S. aureus isolates
belonging to six major ribogroups present in our database, identified by the RiboPrinter®
microbial characterization system. Moreover, the study aimed at understanding the relation
between the most widely used typing techniques and riboprinting, and at detecting the
correspondence of ribogroups with MLST and spa CC. Additional information on the
genetic profile of the isolates belonging to the same clonal complexes was obtained from
agr typing and from the search for the mecA, tst and 15256 genes.

2. Results
2.1. Results of the Automated Ribotyping Analysis

The outcomes resulting from the comparative analysis of the three distinct typing
genotypic methods, respectively ribotyping, spa typing, and MLST, on the 108 clinical
isolates of S. aureus are shown in Tables 1 and 3. Automated ribotyping identified nine
different ribotyping patterns. However, three of them were merged in a unique ribocluster,
based on their high similarity, as reported in a previous work [17]. In fact, the three
ribogroups cra-119-S8, cra-138-5-2 and cra-53-5S-7, constituted respectively by 17, six, and
four isolates, were merged in a larger one of 27 isolates hence called ribocluster. In the
present study, that ribocluster has been further extended to include 21 additional isolates,
thus obtaining a ribocluster consisting of 48 strains. The other ribogroups in order of
frequency were cra-94-S-7 (16 isolates), cra-137-5-4 (14 isolates), cra-157-5-4 (13 isolates),
cra-146-S-8 (9 isolates), and cra-147-5-6 (8 isolates), as reported in Table 1.

Table 1. Relatedness between ribogroups, STs, MLST CCs and groups founded by eBURST
v3 analysis.

Ribogroup ST (%) MLS;&EE;?nder eBURST Groups **
ST30 (64.6%)
ST34 (20.8%)
ST2954 * (6.2%)
Ribocluster (48) ST2957 * (2.1%) CC30 (SLV) Group 1
ST2960 * (2.1%)
ST untypeable (2.1%)
ST243 (2.1%)
ST228 (87.5%) CC5 (DLV) Group 2
cra-94-S-7 (16) ST2956 * (6.25%) CC5 (DLV) Group 2
ST46 (6.25%) CC45 1 (SLV) ST46 singleton
ST5 (88.9%) CC5
cra-146-5-8 (9) ST2626 (11.1%) CC5 (SLV) Group 2
ST8 (64.3%) CC8
cra-137-5-4 (14) ST247 (28.6%) CC8 (DLV) Group 3
ST241 (7.1%) CC8 (DLV)
ST7 (69.2%) cCr Group 4
e ST2955 * (7.7%) CC7 (DLV) Group 4
cra-157-5-4 (13) ST109 (15.4%) CC1t (TLV) ST109 singleton
ST101 (7.7%) CC not deliveredt ST101 singleton

cra-147-5-6 (8)

ST1 (100%) CcC1 ST1 singleton

The CCs were evaluated with SLV and DLV (Single and Double Locus Variant). * New STs founded in this study
and to be submitted to the MLST database; t atypical CCs found within the ribogroup. ** Groups founded
by eBURST v3 analysis (DLV limit). The principal ST found for each ribogroup is reported in bold. STs in red
characters had an atypical allele succession respect to the founder or the most frequent STs of the respective CC.
In brackets the number of isolates.
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2.2. Results of the MLST Analysis

The MLST analysis generated 19 STs, these including five new, previously unreported,
STs, plus an additional non-typeable ST (Table 1). The isolates belonged to five clonal com-
plexes, namely CC30, CC8, CC7, CC5, and CC1 and a sporadic CC, CC45. The population
structure analysis based on eBURST v3 algorithm with the limit of 5 SLV produced 4 groups
and singletons, namely ST1, ST109, ST101, and ST46.

2.3. Relatedness between Ribogroups, STs, MLST CCs and eBURST Groups

As reported in Table 1, the majority of the 48 strains of the ribocluster belonged to
two MLST strain types: ST30 (64.6%) and ST34 (20.8%). The other less represented strains
belonged to: ST243, ST2954, ST2957, and ST2960. A further strain resulted a non-typeable
ST. All of them formed part of the CC30 (this was perfectly aligned with our previously
published findings [17]) and of Group 1 founded by eBURST v3 analysis (DLV limit).

The ribogroup cra-94-S-7 consisted prevalently of strains identified as ST228 (87.5%).
The 14 strains ST228 and an additional strain belonging to a previously unknown ST,
namely ST2956, were all part of the CC5 and of the eBURST Group 2. A further strain
S5T46 was attributed to CC45 and to the ST46 singleton, as per e BURST identification. A
similar ribogroup, cra-146-S-8, consisted uniquely of strains belonging to CC5 and eBURST
Group 2. In this case, ST5 represented the most frequent ST (87.5%).

All 14 strains of the ribogroup cra-137-5-4 belonged to CC8 and eBURST Group 3, with
ST8 (64.3%) and ST247 (28.6%) being the two prevailing STs and ST241 being represented
by a single strain. The ribogroup cra-157-5-4 saw the prevalence of strains ST7 (69.2%) and
included one strain, ST2955, a new, previously unreported, strain type. Although most of
its strains belonged to CC7, a pair of strains were ST109 and associated to CC1 and one
strain was ST101, for which the CC was not delivered. The strains of CC7 were clustered
by eBURST in Group 4, while both ST109 and ST101 were classified as singletons. The
ribogroup cra-147-5-6 consisted uniquely of strains ST1 (CC1), which were grouped in the
ST1 singleton by eBURST analysis.

Opverall, ribogroups cra-94-5-7 and cra-146-5-8 were found to be associated to CC5, the
ribocluster to CC30, the ribogroup cra-137-5-4 to CC8 and the ribogroup cra-147-5-6 to CC1.
Based on the above data, the ribogroups of the isolates would predict the MLST CC in a
proportion of strains ranging from 76.9 to 100%, which is a remarkable result giving the
different methodological approach adopted for strain typing.

2.4. Relatedness between Ribogroups, spa Types, spa CCs and BURP Clusters

The characterization by spa typing discriminated 39 spa types, while the BURP analysis
clustered 82 isolates in four spa clonal complexes (spa CC), namely spa CC021/012, spa
CC166, spa CC002 and spa CC121, and classified 24 isolates as singletons (Table 2 and
Figure 1). Two sporadic isolates (t693 and t1252) were excluded, having the sequences
shorter than 5 repetitions. Among the 39 different spa types, three spa types (t13129, t13130
and t13132) were discovered as totally new.

In total, three isolates with spa type t1382 belonging to spa CC021/012, were observed
in two different ribogroups, respectively in the ribocluster (2 isolates) and in cra-94-S-7
ribogroup (1 isolate) (Table 2).

The clonal complex spa CC021/012, prevalently correlated with the ribocluster, was
the most frequent spa CC among all the 108 isolates (34%), followed by spa CC121 (12%),
spa CC166 (7%), and spa CC002 (6%). Moreover, two ribogroups were not associated with
any specific spa CC, namely: cra-157-5-4, which was structured by only singletons, and
cra-147-5-6, which was structured by singletons and along with the two excluded isolates
(Table 2).
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Table 2. Relatedness between ribogroups, spa types, spa CCs, and clusters as per BURP analysis.
Ribogroup MLST CC MLST spa Type spa CC Cluster
1012 (12)
1021 (8)
t018 (3)
093 (1)
ST30 (31) 338 (3)
t1382 (2)
5891 (1) CC021/012 (37) Cluster 1
t11956 (1)
" 298 2)
Ribocluster (48) CC30 (48) 5T2954* (3) 1012 (1)
ST2957 * (1) 021 (1)
ST2960 ** (1) t021 (1)
ST untyp. (1) 338 (1)
t166 (4)
4437 (1) CC166 (8) Cluster 4
ST34(8) 1369 (3)
3906 (1) Singleton (1) -
ST34 (1) 13129 * (1) spa types with missing _
ST30 (1) t13132 * (1) alignments (2)
ST228 (7) t001 (7)
CCs (15) ST228 (6) t041 (6) CC002 (14) Cluster 2
cra-94-S-7 (16) ST2956 ** (1) t109 (1)
ST228 (1) 1382 (1) CC021/012 (1) Cluster 1
CC45 (1) ST46 (1) 1646 (1) Singleton (1) -
t002 (2)
%Zg 83 CC002 (6) Cluster 2
cra-146-5-8 (9) ST5.(8) 1985 (1)
CC5 (9)
t045 (1) Singleton (2) -
5349 (1) &
* spa type with missing _
ST2616 (1) 13130 * (1) alanments (1)
1008 (5)
t024 (2)
ST8 (9) 121 (1 121 (1
cra-137-5-4 (14) CC8 (14) az 8 CC121(13) Cluster 3
ST247 (4) t051 (4)
ST241 (1) 037 *(1) CC021/012 (1) Cluster 1
ST7 (9) t091 (9)
CC7 (10) P
ST2955 ** (1) t091 (1) Singleton (13) 3
cra-157-5-4 (13) CC12) ST109 (2) t209 (2)
CCnd. ST101 (1) 7956 (1)
tt2142778((51)) Singleton (6) -
cra-147-5-6 (8) CC1 ST1 (8) %93 (1)
£1252 (1) Excluded CC no founder (2) Cluster 5

The underlined strains t1382 belonged to different ribogroups and exhibit different STs, with diverse allelic profiles
(ST30 and ST228); *: spa type t037 belonging to CC021/012 was found in a different ribogroup and MLST CC; t693
and t1252 were excluded due to the shorter repetitions (<5): 1693 (7), t1252 (07-22-13); * new spa types found in
this study and submitted to the spa Ridom software; ** new STs founded in this study and to be submitted to the
MLST database. In brackets are the number of isolates.

Differently from what was observed with MLST CCs, ribotyping could less effectively
predict spa CCs and spa clusters. For instance, in cra-147-5-6, only 25% of the strains
belonged to Cluster 5 and none to a perfectly identified CC. Similarly, cra-157-S-4 included
only singletons and none of the strains was attributed to a spa CC or to a cluster. cra-146-5-8
and cra-94-5-7 were composed for 66.7% and 87.5% of strains CC002 (Cluster 2), respectively.
77.1% of the strains enlisted in the ribocluster were CC021/012 (Cluster 1). An exception
was observed with cra-137-5-4 consisting of 92.9% of strains CC121 and Cluster 3, and
showing up to 87.5% of the strains belonging to CC002(Cluster 2). Thus, ribotyping never
reached 100% ability to predict spa CCs. Conversely, MSLT CC could be predicted by
ribotyping in 100% of the strains of the ribocluster and other 3 ribogroups: cra-146-5-8, cra-
137-5-4, and cra-147-5-6. Further considerations in this regard may be made on the strange
segregation of CC021/012 (Cluster 1), which, although prevailing within the ribocluster,
was found to segregate into two further ribogroups: cra-94-S-7 and cra-137-5-4. Such
misalignment occurred even with the MLST CC identifications as CC021/012 strains were
observed to belong to MLST CC30, CC8, and CC5, suggesting that ribotyping and MLST
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shared greater similarity when predicting the relatedness of the isolates of S. aureus with
respect to spa typing. Given the different methodological approaches existing between the
three methods, whose two based on gene sequencing and one based on Southern blotting
and restriction fragment length polymorphism (RFLP), it is at least in part surprising that
MLST results at CC level seem more consistent with ribotyping than with spa typing.

t338 1298

° ° 179
o 1041
11382 1093
t548 1002 1001
15891 021 @ 1037
111956 1018 t002
o2 1985
® (
Cluster 1 Cluster 2
t051
[ J
14437 1166 1369
t574 121 1024
Cluster 4
1693 t1252
1008
[ J
Cluster 3 Cluster 5

Figure 1. Clusters founded by BURP software analysis.

2.5. Ribogroups Association with agr Type, tst and mecA Genes, IS256 and Phenotypic
Antibiotic Resistance

Table 3 shows a high correlation between agr types and the prevalence of mecA, 15256
and tst genes, within respective ribogroups, confirming the results of previous works.
Moreover, the phenotypic antibiotic resistance traits followed the same patterns between
isolates belonging to the same ribogroup.

As reported in Table 3, most of the strains of the large ribocluster exhibited an agr
type III (93%), were endowed with the tst (83%) gene, resistant to the antibiotics PEN
and AMP, but lacking IS256. All strains were negative to the mecA gene, thus largely
susceptible to OXA. These findings confirm our previous observations [17]. Conversely, the
two ribogroups cra-94-57 and cra-146-S8, whose strains mostly belonged to CC5, exhibited
very distinct genotypic and phenotypic traits except for the agr type II, which was highly
prevalent (respectively in 94% and 100% of the strains), the fst gene (6% and 22%), and
antibiotic resistance to three antibiotics, VAN, SXT, and CHL. Indeed, cra-94-S7 showed a
high frequency of strains endowed with IS256 (94%), mecA gene (88%), and resistant to OXA,
PEN, AMP, GEN, ERY, CLI and CIP. The high prevalence of its resistant/multiresistant
strains was reflected by the MAR index [18,19] that reached its highest value of 0.66. On
the other hand, cra-146-S8 exhibited a MAR of 0.11, which was the lowest observed across
ribogroups. Even the generally frequent resistance to PEN and AMP concerned less than
50% of the strains. The ribogroup cra-137-54 consisted uniquely of agr type I strain, lacking
the tst gene, and resistant to both PEN and AMP. IS256 was present just in half of its strains,
while the mecA gene was detected in a much larger proportion (79%). The MAR reached
a value of 0.57 reflecting a high prevalence of strains resistant to the different antibiotics
assayed, in particular GEN, ERY, and CIP. Similarly, cra-157-54 included prevalently agr
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type I strains, all lacking the tst and mecA genes and the insertion element 1S256. Its MAR
value was 0.18 and reflected a particularly low frequency of antibiotic resistant strains,
apart from PEN and AMP. Finally, cra-147-56 consisted of agr type III strains. A quarter of
the strains was endowed with the tst and mecA genes, while IS256 was detected in half of
its strain population. The MAR (0.24) indicated an antibiotic resistance just slightly lower
than the average MAR calculated on all 108 strains (0.31).

Table 3. Overall prevalence of agr type, 15256, tst, and mecA genes, and phenotypic antibiotic
resistance traits within each ribogroup.

&
Sl s S < Z = Z > — = E & 4 >
. . & - 8 3 = =
Ribogroup g = 2 @ g s ) E T ] @) 5 S @] < g
A~
Ribocluster o 8% 0% 0% 2% 0% 2% 4% 1% 6% 0% 0% 4% 0% 021
cra-94-57 o1 6% 94% 88% 88% 94% 94% 94% 94% 94% 6% 0%  94% 0%  0.66
cra-146-58 11100% 22% 0% 22% 0% 44% 44% 0% 0% 0% 0% 0% 0% 0% 011
cra-137-84 100% 0% 50% 79% 86%  100%  100%  57% 57% 62% 21% 7% 8% 0% 057
cra-157-84 82% 0% 0% 0% 0% 77% 77% 8% 8% 8% 8% 0% 0% 0% 018
cra-147-S6  111100% 25% 50% 25% 25% 75% 75% 13% 25% 25% 0% 0% 0% 0% 024
Percent frequency of strains resistant to each antibiotic, with the insertion sequence 15256, and endowed with
the genes tst and mecA. The average MAR value for all the 108 strains and all 10 antibiotics was 0.315. Legend:
oxacillin (OXA); penicillin (PEN); ampicillin (AMP); gentamicin (GEN); erythromycin (ERY); clindamycin (CLI);
chloramphenicol (CHL); trimethoprim-sulfamethoxazole (SXT); ciprofloxacin (CIP); vancomycin (VAN).
2.6. Uncommon STs and spa Types Atypically Found within Ribogroups
Table 4 reports the genetic characteristics of some uncommon STs and spa types that
have been identified within three ribogroups and appear atypical, as they markedly differ
from the other more prevalent STs, and spa types observed. ST46, detected only once, shows
a sequence type different from all the others of the ribogroup cra-94-5-7 constituted by
16 isolates. In fact, it differed by all six alleles with respect to the most frequent ST228, and
its t1646 spa type was very dissimilar from both t001 and t041. BURP analysis generated
the singleton t1646 spa type, whereas the ribogroup was constituted by spa CC002.
Table 4. Atypical STs and spa types in relation with the most frequent genetic profile observed in the
same ribogroup.
&
. MLST Allele S i > .
Ribogroup STs (arc-aroe-glp ffg;k?;;:-sts;;?-;iql) ;O spa Types-spa CC spa Repeats Succession
S
26-30-17-34-17-20-17-12-17-16
cra-94-5-7 5T228 (14) 01-04-01-04-12-24-29 1 o100 gg 26-30-17-34-17-20-17-34-17-20-17-
(16) < 12-17-16
ST46 (1) 10-14-08-06-14-03-02 I t1646-singleton (1) 09-20-16-34-13-17-34-16-34
15754 ST7 (9) 05-04-01-04-04-06-03 I t091-singleton (9) 07-23-21-17-34-12-23-02-12-23
) ST109 (2) 03-27-01-01-01-01-1003-01-14-15- I 1209-singleton (2) 07-16-12-23-3404-13-21-12-17-20-
ST101 (1) 11-19-03 I t7956-singleton (1) 17-12-17-17-17
cra-137-5-4 ST8 (9) 03-03-01-01-04-04-03 I 1008 (5 CC121) 11-19-12-21-17-34-24-34-22-25
(14 ST241 (1) 02-03-01-01-04-04-03 I 1037 (1 CC021/012) 15-12-16-02-25-17-24

STs and spa types atypical for the ribogroup appear in bold. MLST allelic profile and spa repeats successions that
are unusual within the ribogroup are in italics. In brackets the number of isolates.

Other atypical STs were identified in the cra-157-5-4 ribogroup, i.e., ST109 and ST101,
which differed from the prevalent strains ST7 by five and six alleles, respectively. Their spa
types (1209 and t7956 respectively) were also very dissimilar from the principal t091 spa
type of that ribogroup.
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Some strains such as cra2198 with the genetic profile ST241/t037 (Table 2) exhibited
ambiguous connotations. In terms of allele succession, the sequence type ST241 showed
similarity, with the genetic founder ST8, but its spa type t037 clustered into spa CC021/012
(Cluster 1).

2.7. Hunter-Gaston Discriminatory Power Analysis

The Hunter-Gaston discriminatory power of spa typing, ribotyping, and MLST ob-
tained on the 108 S. aureus is shown in Table 5. For all 108 S. aureus, the method with the
highest discriminatory index was spa typing (D = 0.955), followed by MLST (D = 0.869), and
ribotyping (D = 0.744). Ribotyping discriminatory index indicates a low or moderate ability
to create different genotypes. Moreover, considering MSSA isolates, the discriminatory
index was superior to MRSA considering both spa typing and MLST. In fact, for spa types,
the discriminatory power was of 0.936 vs. 0.879, while for MLST ST was of 0.802 vs. 0.751,
and considering the spa CC, the discriminatory power was of 0.746 vs 0.594 while for MLST
CC was of 0.590 vs 0.567. Tables 6 and 7 illustrate the genotypic characteristics of MSSA
and MRSA strains (spa types and CC, MLST ST and CC) inside the ribogroups. The data
obtained clearly confirm the prevalence between MSSA strains of more genetic lineages
respect MRSA and then, excluding ribotyping, a major discriminatory power.

Table 5. Hunter-Gaston discriminatory index of spa typing and MLST of 108 S. aureus.

Spa Typing MLST Ribotyping spa CC MLST CC
MSSA (79) 0.936 0.802 * 0.596 0.746 * 0.590 **
MRSA (29) 0.879 0.751 0.636 0.594 0.567
TOTAL (108) 0.955 0.869 * 0.744 0.817* 0.721**

MSSA methicillin-susceptible S. aureus, MRSA methicillin-resistant S. aureus, * Excluding one non typeable ST
(Total n°® = 107, MSSA n° = 78), ** Excluding one strain without CC (Total n° = 107, MSSA n°=78). * Excluding
two strains with no founder CC (due to the shorter repetitions i.e., <5). In brackets the number of isolates.

Table 6. Clonal Complexes and relationship between the genotypic patterns of the 79-methicillin
susceptible S. aureus (MSSA).

Ribogroup ! MLST CC? MLST ST spa Type spa CC 1S256
1012 (13),
t021 (10),
1018 (3),
t093 (1),
ST30 (31), t166 (4),
ST34 (10), 298 (2),
Ribocluster (48/48) CC30 (48/48) ggggé ﬁ’i ggg %; Cccoéll/gél%s()m (44)
ocluster , , : . neg
ST2960 (1), 1382 (2), Smglf.to“ a“dtml;smg
ST243 (1), t3906(1), alignments (3)
ST non-typeable (1) 4437 (1),
t5891 (1),
11956 (1),
13129 * (1),
t13132 * (1)
11382 (1),
t1646 (1),
002 (1),
cr04.7 /16 S/ ety 1045 1) o nes ()
cra-146-58 (7/9) ( ) ST46 (1) {548 ((2))’, singletons (3) pos (1)
£5349 (1),
13130 * (1)
t008 (1),
cra-137-54 (3/14) CC8 (3/14) ST8 (3) t024 (1), CC121 (3) neg (3)
t574 (1)
CC7 (10/13) ST7 (9)-ST2955 (1) t091 (10),
cra-157-54 (13/13) CC1(2/13) ST109 (2) 209 (2), singletons (13) neg (13)
CC not delivered (1/13) ST101 (1) 17956 (1)
60 & luded (2 @
ne;
cra-147-56 (6/8) CC1 (6/8) ST1 (6) u 252((1))', N (( 4)) p0§ o
12478 (1)

Numbers between brackets represent the number of strains. The Clonal Complexes of STs and the Clonal
Complexes of spa types were inferred by eBURST v3 and BURP analysis, respectively, on the entire collection of
108 S. aureus. The main ST type, spa type, and spa CC appear in bold. ! (number of MSSA isolates /number of
isolates of the ribogroup). * Excluding one non typeable ST (Total n® = 107, MSSA n° = 78).
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Table 7. Clonal Complexes and relationship between the genotypic patterns of the 29 methicillin
resistant S. aureus (MRSA).

Ribogroup ! MLST CC! MLST ST spa Type spa CC 1S256
1001 (7),
on ST228 (13) 1041 (6),
Ccrr‘;ziéségé//lg? CC5 (16/25) ST5 (2) £109 (1), CC002 (16) pos ((124))
ST2956 (1) t002 (1), &
1985 (1)
1008 (4),
STS (6) 1051 (4),
cra-137-4 (11/14) CC8 (11/14) ST247 (4) 1024 (1), ?C}Ztl (1(01)) pos g;
ST241 (1) t037 (1), smgieton nes
t121 (1)
cra-147-56 (2/8) CC1 (2/8) ST1(2) t127 (2) singletons (2) pos (2)

Numbers between brackets represent the number of strains. The Clonal Complexes of STs and the Clonal
Complexes of spa types were inferred by eBURST v3 and BURP analysis respectively on the entire collection of
108 S. aureus. The main ST type, spa type, and spa CC appear in bold. ! (number of MSSA isolates /number of
isolates of the ribogroup).

3. Discussion

In the present study, 108 S. aureus isolates belonging to the six larger ribogroups,
determined by automated RiboPrinter® System, were investigated by the two molecular
methods most used for epidemiological studies, i.e., MLST and spa typing, followed by
BURP and eBURST v3 analysis to cluster the spa types and STs (Sequence Types) which
originated. The strain variety, the discriminatory power, and the typeability were used to
assess the efficiency of the genotyping methods.

3.1. MLST vs. Automated Ribotyping

Relationships between ribogroups and STs were shown in Table 1. There was a good
concordance between the genetic lineages created by MLST and automated ribotyping.
MLST evidenced 19 STs, five of them being new STs (572954, ST2957, ST2960, ST2956, and
ST2955), plus 1 non-typeable isolate. Each ST was characteristic of a specific ribogroup
since it was not found in other ribogroups. Ribotyping assigned strains with specific STs as
ST30 (64.6%) with to the riboclusters (cra-119-5-8, cra-138-5-2, and cra-53-5-7 ribogroups),
S5T228 (87.5%) to cra-94-S-7 ribogroup, ST8 (64.3%) to cra-137-5-4 ribogroup, ST7 (69.2%) to
cra-157-5-4 ribogroup, ST5 (88.9%) to cra-146-5-8 ribogroup and ST1 (100%) to cra-147-5-6
ribogroup (Table 1).

MLST and ribotyping, referring to highly conserved nature of the housekeeping
genes and rrn operon examined, could be considered good tools for long-term and large-
scale evolution of a vast spectrum of microorganism, being the clock speed of their DNA
alterations moderately slow.

Comparative ribotyping and MLST-based dendrograms for H. influenzae and
S. pneumoniae, constructed with large sets of about 500 isolates each, proved to be highly
congruent [14].

A fine relation between MLST and automated ribotyping was previously shown by
McAleese et al. [20] in a group of CA-MRSA strains, coming from skin and intra-abdominal
infections of patients in part from USA and from Europe. In that work, ST8 and ST1 were
strictly linked respectively to the A2 and G2 ribotypes. In that study, the use of ribotyping
was considered a fine tool to group MRSA with similar genetic background. As previously
seen, and also in this study, cra-94-S-7, and cra-137-5-4 ribogroups, constituted for the
mostly part by MRSA strains, had particular STs, as ST228 (87,5%) and ST8 (64,3%) (Table 1).
Moreover, the other STs assigned to the same ribogroup were correlated and had similar
allele succession. On the contrary, four isolates, namely cra1143 (5T46-t1646), cra2578,
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cra3029 (5T109-t209), and cra3164 (ST101-t7956), had atypical STs compared to the ones of
the other isolates assigned to the same ribogroup (Tables 1 and 4).

Although automated ribotyping is considered a reliable method for identifying dif-
ferent bacterial species, easy to perform, with a high reproducibility, high typeability, and
stability, its relatively limited discriminatory power is an obstacle to be used as a reference
technique in genotyping method [11]. rRNA 168, 23S, and 5S are encoded by the poly-
cistronic rrn operon which is present in different copies with a range between one (Rickettsia
prowazekii and Mycoplasma pneumoniae) and 15 (Clostridium paradoxum), depending on the
bacterial species [21]. Staphylococcus aureus exposes the presence of a range between four
and six copies of rrn operons (http://rrndb.umms.med.umich.edu/; accessed on 26 January
2022); then, considering that rRNA operons number commonly raises the discriminatory
power, a moderate discriminatory power is obtained.

MLST method is considered as the current gold standard method for microbial pop-
ulation dynamics and global genetic lineages analysis and quickly has become the gold
standard for epidemiological surveillance. MLST is useful than ribotyping to relate inter-
laboratory results with a standardized taxonomy having an online database increased over
the time, making possible the sharing and investigation of MLST data [11].

3.2. spa Typing vs. Automated Ribotyping

spa typing is recommended as a fine genotyping method for a national and interna-
tional epidemiological control as well as for short time and local surveillance [22].

As shown in Table 2, spa typing of the 108 S. aureus strains gave 39 spa types and three
of these were new types observed for the first time in this study, namely, 13129, t13130,
and t13132. Analyzing the relationship between spa typing and ribogroups, each spa type is
generally characteristic for a specific ribogroup.

A significant incongruence was found, namely t1382, belonging to spa CC021/012, was
observed in three strains assigned to two different ribogroups and to two different MLST
CCs. In fact, two of these strains with the genetic profile t1382-ST30 belong to the ribocluster-
MLST CC30, mainly constituted by strains assigned to spa CC021/012 (37 isolates out of
48), while the other strain had the different genetic profile t1382-5T228 and was assigned
to cra-94-5-7 ribogroup-MLST CC5, mainly constituted by strains assigned to spa CC002
(14 isolates out of 16).

This finding should not be considered eccentric, since “spa type” genotypes are based
on highly variable X region sequences of the gene encoding for surface protein A, and
therefore it is not obvious that this gene match with the same evolutionary lineages observed
using the other molecular epidemiologic methods as ribotyping and MLST. Moreover, a
confirmation of this was observed in the isolate carrying the spa type t037 clustered into spa
CC021/012 and assigned to a ribogroup (namely cra-137-5-4), whereas all of the other strains
had dissimilar spa repeat succession and were clustered into spa CC121 (Tables 2 and 4). In
this case, its MLST sequence type (5T241) showed a similarity, in term of allele succession,
with the genetic founder ST8, clustered into MLST CC8. This observation validates that the
evolutionary histories of isolates, (taking in consideration spa typing and MLST methods)
are not always linked and the mutations on the seven housekeeping alleles and that spa
repeat succession cannot always be predicted and do not follow any precise scheme.

Furthermore, as previously evidenced, four strains had with unusual STs had in
addition atypical spa types respect the other strains assigned to the same ribogroups
(Table 4).

Considering spa typing and MLST, more genetic assortments were detected in MSSA
isolates. The discriminatory power of spa typing and MLST for MSSA isolates was 0.936
and 0.802, respectively (32 spa types and 16 STs), while for MRSA isolates, the discrimi-
natory power was of 0.879 and 0.751, respectively (11 spa types and 7 STs). This finding
was similar to those observed in previous studies [23-26]. In fact, the genetic lineage
population of MSSA has in general a diversity in genetic assortment greater than MRSA
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lineages [22,26-30]. In some instances, there were not specific MLST STs and spa types for
discriminating among MSSA and MRSA strains (Table 6A,B).

3.3. Clonal Complexes

As observed from the results shown in Table 1, automated ribotyping and eBURST
v3 analysis had higher concordant results between ribotyping and BURP analysis, since
ribogroups corresponded to determine groups and MLST clonal complexes, excluding
the CC5 (group 2 from eBURST analysis), which was represented by two different ri-
bogroups (cra-94-5-7 and cra-146-S8) (Tables 1 and 2). The ribocluster matched with CC30
(group 1), cra-137-5-4 ribogroup with CC8 (group 3), cra-147-5-6 ribogroup with isolates
corresponded to CC1 (singletons), and cra-157-5-4 ribogroup corresponded to CC7 (group
4 and three singletons).

BURP analysis of spa types generated numerous singletons. The cra-157-5-4 and cra-
147-5-6 ribogroups were constituted by only singletons. As for eBURST v3 analysis, where
Group 2 (MLST CC5) corresponded to cra-94-S-7 and cra-146-5-8 ribogroups; additionally,
BURP analysis created a single spa CC002 from the strains assigned to two cra-94-S-7 and
cra-146-5-8 ribogroups. On the contrary, two spa CCs (spa CC021/012 and spa CC166) were
merged in the same ribocluster and MLST CC30.

The outcome was that BURP and eBURST v3 analysis were more linked to each other
than to with ribotyping.

Spa CC021/012 is found in three ribogroups, i.e., the ribocluster, the cra-94-S-7, and the
cra-137-5-4 ones ribogroups, even if, as previously observed, there were only two isolates
with spa types t1382 and t037, belonging to the cra-94-5-7 and the cra-137-5-4 ribogroups
(Tables 2 and 6). This finding can be explained considering the different nature of genes
analyzed with the different genotyping methods, which could group in the same cluster by
one method, even if strains were clustered into the same clone by another method.

Therefore, there is a better accordance between MLST CCs and ribogroups than
between spa CCs and ribogroups, and it could be explained by the intrinsic nature of spa
typing which is a single-locus sequence typing (SLST) pertaining to the S. aureus protein
A gene, whose repeats are moderately mutable and variable in number, while for DNA
sequences, analyzed with MLST and automated riboprinting, genetic variations were
slower than those for protein gene A, since polymorphism evolves gradually in 771 operon
and housekeeping genes [11].

While spa typing and MLST are considered gold standard and have a high discrimi-
natory power, the combination of the three typing methods are more instructive tools for
epidemiological studies on S. aureus strains and useful to perform a clearer evaluation of
the outbreaks. It has been suggested that the use of two or more genotyping methods may
attain a better estimation of the genetic diversities of isolates [31].

Automated ribotyping, with respect to the other typing methods, was unable to
discern difference between the groups of isolates of this study, then had the ability to group
strains with different genetic pattern in congruence with MLST and spa typing.

The discriminatory power of the genotyping methods is the crucial argument to
take into consideration in the context of a predominant spreading clone [31]. Despite the
disadvantage that automated ribotyping may not be the method for genotyping when
discriminatory power is needed, it offers the possibility to correlate clone complexes with
virulence factors, i.e., adhesins, toxins, antibiotic resistances, capacity to form biofilm
(Table 3), etc. Automated ribotyping could be useful to identify isolates belonging to
virulent clones, with particular interest to phylogenetic studies between members of the
same taxon [17,32,33].

Ribotyping could therefore be an advantage in a preliminary study where it is required
clinical isolates that possess distinct pathogenic characteristics (Table 3). The study of Blasi
F et al. [34] exhibits that C. difficile strains belonging to the same ribotypes have the same
toxinotypes and antimicrobial resistance profiles. Additionally, it would be an additional
value to improve the information obtained from spa typing and MLST in order to associate
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the identified clones with probable emerging global clones with special genetic lineages and
also to verify the incidence of the same clones in the laboratory databases and to compare
their genetic and phenotypic properties.

4. Conclusions

The goal of the current work is to evaluate if automated ribotyping could be consid-
ered as a helping screening tool to identify and differentiate S. aureus genetic lineages in
relation with other golden methods as spa typing and MLST. For the multitude of spa types
generated, spa typing, unlike ribotyping and MLST, proves a strong tool in an outbreak
location, since endemic clones request high levels of discrimination.

The automated ribotyping, can predict in some cases the spa clonal complexes and,
in a more balanced way, MLST clonal complexes. The high cost, similar to the MLST
method one, and lower discriminatory power of automated ribotyping than spa typing and
MSLT, could be an obstacle for genotyping analysis especially when high discriminatory
power is needed. Otherwise, different advantages as automation, easy to perform, stability,
typeability, rapidity (less than 8 h), and reproducibility make ribotyping a reliable method
to juxtapose to the gold standard ones [11,33]. Combination of genotyping technique
should be better and preferable over single technique if high discriminatory method is
required [32]. Spa typing and MLST offer a multitude of genetic lineages which would
otherwise have been overlooked by automated ribotyping; both of the methods use a
universal nomenclature, which makes them helpful for collaborative networks.

Finally, automated ribotyping, indicating a relatedness among isolates with different
genetic background, could be better for small or local analysis and regional or national
investigations, instead of studies among internationally collaborative networks and explo-
rations of worldwide disseminated clones and outbreaks.

5. Materials and Methods
5.1. Bacterial Isolates

A total of 108 S. aureus isolates, coming from revisions of surgical wounds and treat-
ment of infected prostheses of patients coming from the entire Italian territory, were col-
lected over a period of 13 years (2000-2012) and stored at —80 °C. The majority (82 samples,
76%) of the isolate was from orthopedic implant-related infections. The strains were de-
posited in the ISO 9001:2015 certified biobank of the Research Unit on Implant Infections at
the Rizzoli Orthopaedic Institute (Bologna, Italy). The strains were identified by either or
both Api-Staph and ID 32 Staph test (BioMérieux, Marcy I’Etoile, France) and confirmed by
ribotyping analysis.

5.2. Antibiotic Susceptibility

The agar diffusion (Kirby-Bauer) method was utilized to perform the antibiotic sus-
ceptibility tests according to Clinical and Laboratory Standards Institute (CLSI) guidelines
(NCCLS, 2002) [35]. Antimicrobial susceptibility was tested for a panel of 10 antibiotics:
oxacillin (OXA), penicillin (PEN), ampicillin (AMP), gentamicin (GEN), erythromycin
(ERY), clindamycin (CLI), chloramphenicol (CHL), trimethoprim—-sulfamethoxazole (SXT),
ciprofloxacin (CIP), and vancomycin (VAN).

5.3. Automated Ribotyping

To be subjected to ribotyping method, each strain was seeded on brain hearth infusion
(BHI) agar plate for 24 h at 37 °C. A single colony of each isolate culture obtained on
BHI agar plates was transferred to mannitol salt agar (MSA) plate specific for staphylo-
cocci growing. A pure colony from MSA agar plates of each isolate was processed by
RiboPrinter® microbial characterization system (Qualicon, Wilmington, DE, USA), follow-
ing the manufacturer’s instructions. EcoRI was the restriction enzyme used for the analysis.

The identification of each isolate was obtained when its ribotype pattern matched
the pattern of one of the reference isolates of the DuPont Identification Library with a
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similarity > 0.85. Isolates with a pattern similarity > 93% are clustered together in the same
ribocluster. When the similarity with other previously analyzed isolates does not reach
such a threshold, a new ribogroup is automatically generated. Conversely, the attribution
of an isolate to a previously existing ribogroup automatically occurs when the similarity
with the ribogroup average profile is >90%.

The RiboPrinter patterns were also imported and analyzed in BioNumerics version 4.6
(Applied Maths, Sint-Martens-Latem, Belgium). Pairwise similarities were calculated using
the Pearson-product-moment correlation coefficient with 0.5% optimization and from the
resulting similarity matrix a UPGMA (unweighted pair group method using arithmetic
averages) dendrogram was derived. The Cluster Cut-off method of BioNumerics was
utilized for the identification of the major clusters [36].

5.4. Bacterial DNA Isolation

The chromosomal DNA used as an amplification template was extracted from the bac-
terial cultures using QIAmp DNA mini kit (Qiagen, GmbH, Hilden, Germany), according
to the manufacturer’s instruction, as previously described [37].

5.5. Detection of mecA, tst, 1S256, and agr Typing

PCR conditions and primers of mecA, tst and 1S256 genes used in this study are
previously described [38]. The identification of the agr polymorphisms was performed
through PCR, as described by von Eiff et al. [39].

5.6. spa Typing

The polymorphic X, or short sequence repeat (SSR) region, of the S. aureus protein A
gene (spa) was amplified with the forward (5-TGTAAAACGACGGCCAGT-3’) and the
reverse (5-CAGGAAACAGCTATGACC-3') primers according to the protocols previously
defined [40,41]. A total of 10 microliters of the amplified products were analyzed on 1.5%
agarose gels and 5 pL were purified with EXO SAP-IT (GE Health care, Buckinghamshire,
UK). In total, two microliters of the purified amplification products were used for subse-
quent sequencing using the Big Dye Terminator v3.1 sequencing kit (Applied Biosystems,
Carlsbad, CA, USA) and were finally analyzed on ABI Genetic Analyzer 3500 Dx (Applied
Biosystems). The chromatograms obtained were analyzed with the Ridom StaphType soft-
ware version 1.4 (Ridom GmbH, Wiirzburg, Germany; http://spa.ridom.de/index.shtml;
accessed on 26 January 2022) to determine the spa type of each isolate [41]. spa types
were deduced by the difference in number and sequence of spa repeats. For establish-
ing the evolutionary relationship, spa types were clustered into different spa CCs and
groups by using the BURP algorithm (Ridom GmbH) and the Ridom SpaServer database
(http:/ /www.spaserver.ridom.de; accessed on 26 January 2022).

5.7. MLST

MLST genotyping was performed on all 108 S. aureus isolates as described in [42]. The
amplification of a portion of seven housekeeping genes (arc, aroE, glp, gmk, pta, tpi, and
yqiL) was performed and successively sequenced. The sequences were analyzed using
the bioinformatics software package UGENE 1.13 (Unipro) and the reference seven genes
sequences were obtained on the MLST website (https:/ /pubmlst.org/bigsdb?db=pubmlst_
saureus_seqdef; accessed on 26 January 2022). Each allele was acquired by submitting
the examined sequence to the S. aureus MLST database (https://pubmlst.org/bigsdb?
db=pubmlst_saureus_seqdef&page=profiles&scheme_id=1; accessed on 26 January 2022),
and finally the allelic profiles (sequence types, STs) and the CCs were allocated via the
MLST database. With the eBURST v3 software (https:/ /pubmlst.org/bigsdb?db=pubmlst_
saureus_islates&page=plugin&name=BURST; accessed on 26 January 2022), sequence
types (STs) were clustered to assign them to groups and to identify the potential ancestral
type (AT). S. aureus isolates with STs differing for just one or two housekeeping genes/loci
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were assigned to a unique group, then a double locus variant (DLV) was the limit set for
the analysis.

5.8. Discriminatory Power

MRSA and MSSA strains discriminatory power of ribotyping, spa typing, MLST, spa
CC and MLST CC, was obtained using the Hunter-Gaston discriminatory index (HGDI;
http:/ /insilico.ehu.es/mini_tools/discriminatory_power/; accessed on 26 January 2022).

1 S
Dzl—m;n(n]—l)

where N is the total number of examined strains, S the total number of identified types and
nj the total number of isolates belonging to the jth type.

Author Contributions: Conceptualization, S.R., C.R.A., D.C. and L.M.; Methodology, S.R., C.R.A.,
L.M., D.C.,, WR. and F.A.; Data Curation, S.R. and W.R.; Validation, S.R., A.P, E.C., WR. and FA_;
Investigation, S.R. and W.R.; Writing—original draft preparation, S.R.; Formal analysis, S.R., D.C.
and L.M.; Writing—review and editing, S.R., LM., A.P, D.C. and C.R.A,; Supervision, L.M., FA. and
C.R.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors (C.R.A. and D.C.).

Acknowledgments: The contribution from “5 per mille” of the Italian Ministry of Health to the
Rizzoli Orthopaedic Institute of Bologna is gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Arciola, CR,; An, Y.H.; Campoccia, D.; Donati, M.E.; Montanaro, L. Etiology of implant orthopedic infections: A survey on 1027
clinical isolates. Int. |. Artif. Organs 2005, 28, 1091-1100. [CrossRef] [PubMed]

2. Rao,N.; Cannella, B.A.; Crossett, L.S.; Yates, A.J.; McGough, R.L.; Hamilton, C.W. Preoperative screening/decolonization for
Staphylococcus aureus to prevent orthopedic surgical site infection: Prospective cohort study with 2-year follow-up. J. Arthroplast.
2011, 26, 1501-1507. [CrossRef] [PubMed]

3. Montanaro, L.; Speziale, P.; Campoccia, D.; Ravaioli, S.; Cangini, I.; Pietrocola, G.; Giannini, S.; Arciola, C.R. Scenery of
Staphylococcus implant infections in orthopedics. Future Microbiol. 2011, 6, 1329-1349. [CrossRef]

4.  Tande, AJ.; Patel, R. Prosthetic joint infection. Clin. Microbiol. Rev. 2014, 27, 302-345. [CrossRef] [PubMed]

5. Feng, Y.; Chen, CJ; Su, LH,; Hu, S.; Yu, J.; Chiu, C.H. Evolution and pathogenesis of Staphylococcus aureus: Lessons learned
from genotyping and comparative genomics. FEMS Microbiol. Rev. 2008, 32, 23-37. [CrossRef] [PubMed]

6.  Francisco, A.P; Bugalho, M.; Ramirez, M.; Carrigo, ].A. Global optimal eBURST analysis of multilocus typing data using a graphic
matroid approach. BMC Bioinform. 2009, 10, 152. [CrossRef] [PubMed]

7. Mediavilla, J.R.; Chen, L.; Mathema, B.; Kreiswirth, B.N. Global epidemiology of community-associated methicillin resistant
Staphylococcus aureus (CA-MRSA). Curr. Opin. Microbiol. 2012, 15, 588-595. [CrossRef]

8.  Mellmann, A.; Weniger, T.; Berssenbrtigge, C.; Keckevoet, U.; Friedrich, A.W.; Harmsen, D.; Grundmann, H. Characterization of
clonal relatedness among the natural population of Staphylococcus aureus strains by using spa sequence typing and the BURP
(based upon repeat patterns) algorithm. J. Clin. Microbiol. 2008, 46, 2805-2808. [CrossRef]

9.  Stefani, S.; Chung, D.R,; Lindsay, ].A.; Friedrich, A.W.; Kearns, A.M.; Westh, H.; Mackenzie, EM. Meticillin-resistant Staphylococ-
cus aureus (MRSA): Global epidemiology and harmonisation of typing methods. Int. J. Antimicrob. Agents 2012, 39, 273-282.
[CrossRef]

10. Grimont, F.; Grimont, P.A. Ribosomal ribonucleic acid gene restriction patterns as potential taxonomic tools. Ann. Inst. Pasteur
Microbiol. 1986, 137B, 165-175. [CrossRef]

11.  van Belkum, A; Tassios, P.T.; Dijkshoorn, L.; Haeggman, S.; Cookson, B.; Fry, N.K.; Fussing, V.; Green, J.; Feil, E.; Gerner-Smidt, P;

et al. Guidelines for the validation and application of typing methods for use in bacterial epidemiology. Clin. Microbiol. Infect.
2007, 13 (Suppl. 3), 1-46. [CrossRef] [PubMed]


http://insilico.ehu.es/mini_tools/discriminatory_power/
http://doi.org/10.1177/039139880502801106
http://www.ncbi.nlm.nih.gov/pubmed/16353115
http://doi.org/10.1016/j.arth.2011.03.014
http://www.ncbi.nlm.nih.gov/pubmed/21507604
http://doi.org/10.2217/fmb.11.117
http://doi.org/10.1128/CMR.00111-13
http://www.ncbi.nlm.nih.gov/pubmed/24696437
http://doi.org/10.1111/j.1574-6976.2007.00086.x
http://www.ncbi.nlm.nih.gov/pubmed/17983441
http://doi.org/10.1186/1471-2105-10-152
http://www.ncbi.nlm.nih.gov/pubmed/19450271
http://doi.org/10.1016/j.mib.2012.08.003
http://doi.org/10.1128/JCM.00071-08
http://doi.org/10.1016/j.ijantimicag.2011.09.030
http://doi.org/10.1016/S0769-2609(86)80105-3
http://doi.org/10.1111/j.1469-0691.2007.01786.x
http://www.ncbi.nlm.nih.gov/pubmed/17716294

Int. ]. Mol. Sci. 2022, 23, 1660 150f 16

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Stoddard, S.F,; Smith, B.].; Hein, R.; Roller, B.R.; Schmidt, T.M. rrnDB: Improved tools for interpreting rRNA gene abundance in
bacteria and archaea and a new foundation for future development. Nucleic Acids Res. 2015, 43, D593-D598. [CrossRef] [PubMed]
Klappenbach, J.A.; Saxman, PR.; Cole, J.R.; Schmidt, T.M. rrndb: The Ribosomal RNA Operon Copy Number Database. Nucleic
Acids Res. 2001, 29, 181-184. [CrossRef] [PubMed]

Bouchet, V.; Huot, H.; Goldstein, R. Molecular genetic basis of ribotyping. Clin. Microbiol. Rev. 2008, 21, 262-273. [CrossRef]
Andollina, A.; De Cesare, A.; Bertoni, G.; Modelli, L.; Manfreda, G. Identification and genetic characterisation of orthopaedic
Staphylococcus isolates collected in Italy by automated EcoRI ribotyping. FEMS Microbiol. Lett. 2004, 234, 275-280. [CrossRef]
Hollis, R.J.; Bruce, J.L.; Fritschel, S.J.; Pfaller, M.A. Comparative evaluation of an automated ribotyping instrument versus
pulsed-field gel electrophoresis for epidemiological investigation of clinical isolates of bacteria. Diagn. Microbiol. Infect. Dis. 1999,
34, 263-268. [CrossRef]

Campoccia, D.; Speziale, P.; Ravaioli, S.; Cangini, I.; Rindi, S.; Pirini, V.; Montanaro, L.; Arciola, C.R. The presence of both bone
sialoprotein-binding protein gene and collagen adhesin gene as a typical virulence trait of the major epidemic cluster in isolates
from orthopedic implant infections. Biomaterials 2009, 30, 6621-6628. [CrossRef]

Krumperman, P.H. Multiple antibiotic resistance indexing of Escherichia coli to identify high-risk sources of fecal contamination
of foods. Appl. Environ. Microbiol. 1983, 46, 165-170. [CrossRef]

Kaspar, C.W.; Burgess, J.L.; Knight, I.T.; Colwell, R.R. Antibiotic resistance indexing of Escherichia coli to identify sources of fecal
contamination in water. Can. J. Microbiol. 1990, 36, 891-894. [CrossRef]

McAleese, E.; Murphy, E.; Babinchak, T.; Singh, G.; Said-Salim, B.; Kreiswirth, B.; Dunman, P.; O’Connell, J.; Projan, S.J.; Bradford,
P.A. Use of ribotyping to retrospectively identify methicillin-resistant Staphylococcus aureus isolates from phase 3 clinical trials
for tigecycline that are genotypically related to community-associated isolates. Antimicrob. Agents Chemother. 2005, 49, 4521-4529.
[CrossRef]

Klappenbach, J.A.; Dunbar, ].M.; Schmidt, T.M. rRNA operon copy number reflects ecological strategies of bacteria. Appl. Environ.
Microbiol. 2000, 66, 1328-1333. [CrossRef] [PubMed]

Strommenger, B.; Braulke, C.; Heuck, D.; Schmidt, C.; Pasemann, B.; Niibel, U.; Witte, W. Spa Typing of Staphylococcus aureus as
a frontline tool in epidemiological typing. J. Clin. Microbiol. 2008, 46, 574-581. [CrossRef] [PubMed]

Benito, D.; Aspiroz, C.; Gilaberte, Y.; Sanmartin, R.; Hernandez-Martin, A.; Alonso, M.; Gémez, P; Lozano, C.; Torres, C. Genetic
lineages and antimicrobial resistance genotypes in Staphylococcus aureus from children with atopic dermatitis: Detection of
clonal complexes CC1, CC97 and CC398. |. Chemother. 2016, 28, 359-366. [CrossRef] [PubMed]

Ho, C.M.; Lin, C.Y;; Ho, M.W,; Lin, H.C.; Peng, C.T,; Lu, ]J.J. Concomitant genotyping revealed diverse spreading between
methicillin-resistant Staphylococcus aureus and methicillin-susceptible Staphylococcus aureus in central Taiwan. J. Microbiol.
Immunol. Infect. 2014, 49, 363-370. [CrossRef] [PubMed]

Grundmann, H.; Aanensen, D.M.; van den Wijngaard, C.C.; Spratt, B.G.; Harmsen, D.; Friedrich, A.W.; European Staphylococcal
Reference Laboratory Working Group. Geographic distribution of Staphylococcus aureus causing invasive infections in Europe:
A molecular-epidemiological analysis. PLoS Med. 2010, 7, e1000215. [CrossRef] [PubMed]

Rodriguez, M.; Hogan, P.G.; Satola, S.W.; Crispell, E.; Wylie, T.; Gao, H.; Sodergren, E.; Weinstock, G.M.; Burnham, C.D.; Fritz,
S.A. Discriminatory Indices of Typing Methods for Epidemiologic Analysis of Contemporary Staphylococcus aureus Strains.
Medicine 2015, 94, e1534. [CrossRef] [PubMed]

Tavares, A.; Faria, N.A ; de Lencastre, H.; Miragaia, M. Population structure of methicillin-susceptible Staphylococcus aureus
(MSSA) in Portugal over a 19-year period (1992-2011). Eur. J. Clin. Microbiol. Infect. Dis. 2014, 33, 423-432. [CrossRef] [PubMed]
Miko, B.A.; Hafer, C.A ; Lee, C.J.; Sullivan, S.B.; Hackel, M.A ; Johnson, B.M.; Whittier, S.; Della-Latta, P.; Uhlemann, A.C.; Lowy,
F.D. Molecular characterization of methicillin-susceptible Staphylococcus aureus clinical isolates in the United States, 2004 to
2010. . Clin. Microbiol. 2013, 51, 874-879. [CrossRef]

Deurenberg, R.H.; Stobberingh, E.E. The evolution of Staphylococcus aureus. Infect. Genet. Evol. 2008, 8, 747-763. [CrossRef]
[PubMed]

Shakeri, F.; Ghaemi, E.A. New Spa Types among MRSA and MSSA Isolates in North of Iran. Adv. Microbiol. 2014, 4, 899-905.
[CrossRef]

Abdel-Rhman, S.H.; Rizk, D.E. Comparative Assessment of Different PCR-Based Typing Methods of Pseudomonas aeruginosa
Isolates. Infect. Drug Resist. 2021, 14, 1019-1035. [CrossRef] [PubMed]

Pavlic, M.; Griffiths, M.W. Principles, applications, and limitations of automated ribotyping as a rapid method in food safety.
Foodborne Pathog. Dis. 2009, 6, 1047-1055. [CrossRef] [PubMed]

Montanaro, L.; Speziale, P.; Campoccia, D.; Pirini, V.; Ravaioli, S.; Cangini, I.; Visai, L.; Arciola, C.R. Polymorphisms of agr locus
correspond to distinct genetic patterns of virulence in Staphylococcus aureus clinical isolates from orthopedic implant infections.
J. Biomed. Mater. Res. A 2010, 94, 825-832.

Blasi, F; Lovito, C.; Albini, E.; Bano, L.; Dalmonte, G.; Drigo, I.; Maresca, C.; Massacci, ER.; Orsini, S.; Primavilla, S.; et al.
Clostridioides difficile in Calves in Central Italy: Prevalence, Molecular Typing, Antimicrobial Susceptibility and Association
with Antibiotic Administration. Animals 2021, 11, 515. [CrossRef] [PubMed]

NCCLS. Performance Standards for Antimicrobial Susceptibility Testing: Twelfth Informational Supplement NCCLS Document M100-512
NCCLS; NCCLS: Wayne, PA, USA, 2002.


http://doi.org/10.1093/nar/gku1201
http://www.ncbi.nlm.nih.gov/pubmed/25414355
http://doi.org/10.1093/nar/29.1.181
http://www.ncbi.nlm.nih.gov/pubmed/11125085
http://doi.org/10.1128/CMR.00026-07
http://doi.org/10.1111/j.1574-6968.2004.tb09544.x
http://doi.org/10.1016/S0732-8893(99)00033-4
http://doi.org/10.1016/j.biomaterials.2009.08.032
http://doi.org/10.1128/aem.46.1.165-170.1983
http://doi.org/10.1139/m90-154
http://doi.org/10.1128/AAC.49.11.4521-4529.2005
http://doi.org/10.1128/AEM.66.4.1328-1333.2000
http://www.ncbi.nlm.nih.gov/pubmed/10742207
http://doi.org/10.1128/JCM.01599-07
http://www.ncbi.nlm.nih.gov/pubmed/18032612
http://doi.org/10.1179/1973947815Y.0000000044
http://www.ncbi.nlm.nih.gov/pubmed/26027683
http://doi.org/10.1016/j.jmii.2014.07.010
http://www.ncbi.nlm.nih.gov/pubmed/25305708
http://doi.org/10.1371/journal.pmed.1000215
http://www.ncbi.nlm.nih.gov/pubmed/20084094
http://doi.org/10.1097/MD.0000000000001534
http://www.ncbi.nlm.nih.gov/pubmed/26376402
http://doi.org/10.1007/s10096-013-1972-z
http://www.ncbi.nlm.nih.gov/pubmed/24057140
http://doi.org/10.1128/JCM.00923-12
http://doi.org/10.1016/j.meegid.2008.07.007
http://www.ncbi.nlm.nih.gov/pubmed/18718557
http://doi.org/10.4236/aim.2014.413100
http://doi.org/10.2147/IDR.S298838
http://www.ncbi.nlm.nih.gov/pubmed/33762830
http://doi.org/10.1089/fpd.2009.0264
http://www.ncbi.nlm.nih.gov/pubmed/19694556
http://doi.org/10.3390/ani11020515
http://www.ncbi.nlm.nih.gov/pubmed/33669325

Int. J. Mol. Sci. 2022, 23, 1660 16 of 16

36.

37.

38.

39.

40.

41.

42.

Campoccia, D.; Baldassarri, L.; Pirini, V.; Ravaioli, S.; Montanaro, L.; Arciola, C.R. Molecular epidemiology of Staphylococcus
aureus from implant orthopaedic infections: Ribotypes, agr polymorphism, leukocidal toxins and antibiotic resistance. Biomaterials
2008, 29, 4108-4116. [CrossRef]

Arciola, C.R,; Baldassarri, L.; Von Eiff, C.; Campoccia, D.; Ravaioli, S.; Pirini, V.; Becker, K.; Montanaro, L. Prevalence of genes
encoding for staphylococcal leukocidal toxins among clinical isolates of Staphylococcus aureus from implant orthopedic infections.
Int. ]. Artif. Organs 2007, 30, 792-797. [CrossRef]

Montanaro, L.; Ravaioli, S.; Ruppitsch, W.; Campoccia, D.; Pietrocola, G.; Visai, L.; Speziale, P.; Allerberger, F,; Arciola, C.R.
Molecular Characterization of a Prevalent Ribocluster of Methicillin-Sensitive Staphylococcus aureus from Orthopedic Implant
Infections. Correspondence with MLST CC30. Front. Cell. Infect. Microbiol. 2016, 6, 8. [CrossRef]

von Eiff, C.; Friedrich, A.W.; Peters, G.; Becker, K. Prevalence of genes encoding for members of the staphylococcal leukotoxin
family among clinical isolates of Staphylococcus aureus. Diagn. Microbiol. Infect. Dis. 2004, 49, 157-162. [CrossRef]

Schmid, D.; Simons, E.; Ruppitsch, W.; Hrivniakova, L.; Stoeger, A.; Wechsler-Fordos, A.; Peter, L.; Geppert, E.; Allerberger, F.
Limited value of routine spa typing: A cross-sectional study of methicillin-resistant Staphylococcus aureus-positive patients in an
Austrian hospital. Am. J. Infect. Control 2013, 41, 617-624. [CrossRef]

Harmsen, D.; Claus, H.; Witte, W.; Rothganger, J.; Turnwald, D.; Vogel, U. Typing of methicillin-resistant Staphylococcus aureus
in a university hospital setting by using novel software for spa repeat determination and database management. J. Clin. Microbiol.
2003, 41, 5442-5448. [CrossRef]

Enright, M.C.; Day, N.P,; Davies, C.E.; Peacock, S.J.; Spratt, B.G. Multilocus sequence typing for characterization of methicillin-
resistant and methicillin-susceptible clones of Staphylococcus aureus. J. Clin. Microbiol. 2000, 38, 1008-1015. [CrossRef] [PubMed]


http://doi.org/10.1016/j.biomaterials.2008.07.006
http://doi.org/10.1177/039139880703000908
http://doi.org/10.3389/fcimb.2016.00008
http://doi.org/10.1016/j.diagmicrobio.2004.03.009
http://doi.org/10.1016/j.ajic.2012.09.013
http://doi.org/10.1128/JCM.41.12.5442-5448.2003
http://doi.org/10.1128/JCM.38.3.1008-1015.2000
http://www.ncbi.nlm.nih.gov/pubmed/10698988

	Comparison of Automated Ribotyping, spa Typing, and MLST in 108 Clinical Isolates of Staphylococcus aureus from Orthopedic Infections
	Let us know how access to this document benefits you
	Authors

	Introduction 
	Results 
	Results of the Automated Ribotyping Analysis 
	Results of the MLST Analysis 
	Relatedness between Ribogroups, STs, MLST CCs and eBURST Groups 
	Relatedness between Ribogroups, spa Types, spa CCs and BURP Clusters 
	Ribogroups Association with agr Type, tst and mecA Genes, IS256 and Phenotypic Antibiotic Resistance 
	Uncommon STs and spa Types Atypically Found within Ribogroups 
	Hunter-Gaston Discriminatory Power Analysis 

	Discussion 
	MLST vs. Automated Ribotyping 
	spa Typing vs. Automated Ribotyping 
	Clonal Complexes 

	Conclusions 
	Materials and Methods 
	Bacterial Isolates 
	Antibiotic Susceptibility 
	Automated Ribotyping 
	Bacterial DNA Isolation 
	Detection of mecA, tst, IS256, and agr Typing 
	spa Typing 
	MLST 
	Discriminatory Power 

	References

