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ABSTRACT 21 

Acute rheumatic fever (ARF) is a post-suppurative sequela caused by Streptococcus pyogenes 22 

infections affecting school-age children. Here, we describe the occurrence of an ARF outbreak that 23 

occurred in the Bologna province, Northeast Italy, between November 2012 and May 2013. 24 

Molecular analysis revealed that ARF-related group A streptococcus (GAS) strains belonged to the 25 

M-18 serotype, including subtypes emm18.29 and emm18.32. All M-18 GAS strains shared the 26 

same antigenic profile, thus including SpeA, SpeB, SpeC, SpeL, SpeM and SmeZ.  27 

MALDI-TOF analysis revealed that M-18 GAS strains grouped separately from other serotypes, 28 

thus suggesting a different S.pyogenes lineage. Single nucleotide polymorphisms and phylogenetic 29 

analysis based on whole genome sequencing showed that emm18.29 and emm18.32 GAS strains 30 

clustered in two distinct groups highlighting genetic variations between these subtypes. 31 

Comparative analysis revealed similar genome architecture between emm18.29 and 18.32 strains 32 

that differed from non-invasive emm18.0 strains. The major sources of differences between M-18 33 

genomes were attributable to the prophage elements. Prophage regions contained several virulence 34 

factors  that could have contributed to the pathogenic potential of emm18.29 and emm18.32 strains. 35 

Notably, phage ΦSPBO.1 carried erythrogenic toxin A gene (speA1) in six ARF-related M-18 GAS 36 

strains, but not in emm18.0 strains. In addition, phage-encoded hyaluronidase gene (hylP.2) 37 

presented different variants among M-18 GAS strains by showing internal deletions located in the 38 

α-helical and TSβH regions.  39 

In conclusion, our study yielded insights into the genome structure of M-18 GAS strains responsible 40 

for the ARF outbreak in Italy, thus expanding our knowledge of this serotype.   41 

 42 
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INTRODUCTION 43 

Streptococcus pyogenes, group A streptococcus (GAS), is a gram-positive bacterium responsible for 44 

a wide spectrum of diseases ranging from moderate or mild infections to severe invasive diseases 45 

such as necrotizing fasciitis and toxic shock-like syndrome (TSLS). Several GAS infections can 46 

cause severe post-infectious sequelae, including acute post-streptococcal glomerulonephritis 47 

(APSGN), acute rheumatic fever (ARF), and rheumatic heart disease (RHD) (1).  48 

ARF is a systemic disorder resulting from an autoimmune disease following a GAS infection that 49 

usually occurs in children between 5 and 15 years of age (2). During the last decades, the incidence 50 

of ARF cases has significantly declined in the United States and Western Europe, whereas it 51 

remains high in Eastern Europe, Asia and Australia (3). However, the resurgence of ARF in several 52 

geographical areas, including United States, is a matter of concern (4).  53 

S.pyogenes possesses different virulence factors such as the M protein and Superantigens (SAgs) 54 

that contribute to the pathogenesis of GAS infection (1). On the basis of the high variability of the 55 

M protein among GAS strains, the 5’terminal sequence of the emm gene (emm-typing) is considered 56 

a reliable molecular marker commonly used for epidemiological studies (5).   57 

Previous studies indicated that emm-types 1, 3, 5, 6, 18, 19, 24 and 29 have been isolated from ARF 58 

cases, suggesting a “rheumatogenic” role of certain serotypes (2). Epidemiological study of 59 

different ARF outbreaks in the US revealed a strict association with serotype M-18 GAS (6)   60 

Recently, matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass 61 

spectrometry (MS) has been introduced in microbiological laboratories for prompt highly accurate 62 

identification and classification of bacterial species (7). Several studies have now demonstrated the 63 

ability of MALDI-TOF MS to type and distinguish a wide range of bacterial species at subspecies 64 

or strain level (8,9).   65 
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On the other hand, whole genome sequencing is a consolidated procedure for epidemiological and 66 

evolutionary purposes (10-12). This technique is highly sensitive and can identify single nucleotide 67 

polymorphisms (SNPs) throughout the entire genome (13). In particular, the resolution of strains 68 

genetically indistinguishable by other molecular techniques (i.e. MLST, PFGE) made whole 69 

genome sequencing technology a powerful tool for the epidemiological investigations of related 70 

high clonal bacterial isolates (12,13).   71 

Here, we report an epidemiological investigation based on both whole genome sequencing and 72 

MALDI-TOF MS on serotype M-18 GAS strains collected from primary school-age children in 73 

Bologna province during an ARF outbreak in early 2013.  74 

 75 

MATERIAL AND METHODS 76 

Epidemiological investigation 77 

In February 2013, a notification of an ARF case following hospital admission was reported in an 78 

11-year-old otherwise healthy white boy resident in Bologna province, Emilia-Romagna region. In 79 

this area, six ARF cases were diagnosed in the previous three months. After the last notification of 80 

ARF diagnosis, the Regional Health Agency instituted active epidemiological surveillance to 81 

monitor all potential ARF contact cases following WHO criteria (14). The active surveillance 82 

protocol required both clinical evaluation and culture screening of all classmates of ARF cases. At 83 

the same time, 14 GAS strains isolated from school-age children with pharyngotonsillitis in the 84 

Bologna metropolitan area were collected. Two months later, diagnosis of ARF was notified in a 4-85 

year-old white boy resident in the same province. Subsequently, 14 GAS positive samples were 86 

collected from classmates of the second ARF case and from 34 symptomatic children resident in the 87 

same area.     88 
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The date of isolation, mucoid trait, emm-type, antimicrobial resistance, superantigen genes and 89 

epidemiological linkage for each strain are listed in Supplemental Table 1. 90 

 91 

Bacterial isolation and identification 92 

70 GAS strains were isolated from throat swabs collected at the bacteriology laboratory of 93 

St.Orsola-Malpighi Hospital, Bologna, except for the two thirty years old emm18 GAS strains that 94 

were deposited in the bacterial collection bank of Istituto Superiore di Sanità (ISS). Bacteria were 95 

initially identified using standard methods and confirmed by MALDI-TOF 3.1 RTC (Bruker 96 

Daltonics, GmbH, Germany) following the manufacturer’s instructions. Antimicrobial susceptibility 97 

to penicillin, ampicillin, tetracycline, chloramphenicol, erythromycin and clindamycin was tested by 98 

MicroScan semi-automated system (Siemens, Germany) and the results were interpreted according 99 

to the EUCAST criteria (15). GAS isolates were examined for the presence of a mucoid phenotype 100 

by culture visualization and categorized as mucoid or nonmucoid.  101 

 102 

Emm-typing and SuperAntigen (SAg) genes 103 

Genomic DNA from 70 GAS strains were extracted from pure cell bacterial culture using the 104 

manual DNeasy Blood&Tissue kit (Qiagen, Basel, Switzerland) according to the manufacturer’s 105 

protocol. PCR amplification of the emm gene was performed as previously described (16). In order 106 

to assign the specific emm type and subtype, the first 240 nt of each sequence were compared to the 107 

S.pyogenes emm-database available at the CDC website (http://www.cdc.gov/streplab/index.html). 108 

Super Antigen (SAg) genes were analyzed by multiplex PCR assays, as previously described (17). 109 

The exotoxin genes speB and speF were used as PCR internal controls.  The presence of the SAg 110 

genes (speA,  speC, speG, speH, speI, speJ, speK, speL, speM, ssa and smeZ ) was confirmed by 111 

single PCRs.  112 
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 113 

Multilocus sequence typing 114 

To determine the genetic relationship between the eleven S. pyogenes isolates belonging to the 115 

serotype M-18, multilocus sequence typing (MLST) based on seven housekeeping genes (gki, gtr, , 116 

murI, mutS, recP, xpt, yiqL) was performed (18). The allele numbers and the relative sequence type 117 

(ST) were assigned using the S.pyogenes MLST database available at the webpage 118 

(http://Spyogenes.mlst.net). 119 

 120 

MALDI-TOF MS sample preparation and analysis 121 

Sample preparation for MALDI-TOF MS was performed as previously described with minor 122 

modifications (8). Briefly, colonies of fresh overnight culture derived from 49 GAS isolates were 123 

resuspended at 1 McFarland and 1 ml of bacterial suspension was centrifuged at 5,000 g for 5 min. 124 

Pellets were suspended with 300 μl distilled water and 900 μl absolute ethanol and pelletted again. 125 

Then supernatants were discharged and cells were suspended in 20 μl formic acid (70%) and 20 μl 126 

acetonitrile. Whole cell suspension was centrifuged at 12.000 g for 5 min and 1 μl of supernatants 127 

was placed on a MALDI sample slide (Bruker-Daltonics, Bremen, Germany) and dried at RT. Then 128 

sample was overlaid with 1 μl matrix solution (α-cyano-4-hydroxycinnamic acid in 50% acetonitrile 129 

and 2.5% trifluoroacetic acid) and dried at RT. MALDI-TOF MS measurement was performed with 130 

a Bruker MicroFlex MALDI-TOF MS (Bruker Daltonics, Germany) using FlexControl software 131 

and a DH5-α Escherichia coli protein extract (Bruker- Daltonics) was deposited on the calibration 132 

spot of the sample slide for external calibration. Spectra collected in the positive ion mode within a 133 

mass range of 2,000 to 20,000 Da were analyzed using Bruker Biotyper automation control and the 134 

Bruker Biotyper 3.1 software and library (database [DB] 5627 with 5,627 entries). The clustering 135 

analysis of the GAS strains was performed by generation of the dendrogram based on the different 136 
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serotypes collected in this study. In detail, 49 strains representing 11 different serotypes included: 137 

M-1 [n=4], M-3 [n=2], M-5 [n=6], M-6 [n=9], M-9 [n=1], M-12 [n=1], M-18 [n=11], M-28 [n=9], 138 

M-44 [n=2], M-89 [n=3] and M-102 [n=1]. The main spectra (MSPs) of each strain were generated 139 

from ten technical replicates prior to manual visualization inspections by FlexAnalysis 3.4 software. 140 

The relationship between MSPs obtained from each strain was visualized in a score-oriented 141 

dendrogram using the average linkage algorithm implemented in the MALDI Biotyper 3.1 software 142 

(Bruker Daltonics, Germany). 143 

 144 

Whole genome sequencing and comparative genomics 145 

Whole genome sequencing was conducted on the two S.pyogenes isolated from the ARF case and 9 146 

M-18 GAS strains included in this study (see Table S1 in the Supplemental materials). Libraries 147 

were prepared with the Nextera XT sample preparation kit (Illumina) and sequencing was 148 

performed on the Illumina MiSeq platform (Illumina, San Diego, USA) with a 2 X 250 paired-end 149 

run. All read sets were evaluated for sequence quality and read-pair length using FastQC (19) and 150 

then assembled with MIRA 4.0 using a de novo assembly mode (20). 151 

For comparative studies, single nucleotide polymorphisms (SNPs) were identified with an in-house 152 

Perl pipeline based on the Mauve software (21). In this approach, the genome of Streptococcus 153 

pyogenes, group A Strain SP665Q, was used as reference, and the other eleven genome assemblies 154 

included in this study were aligned against it. All the alignments were then merged, and the 155 

coordinates of all nucleotide variations were detected on the basis of the annotated reference strain 156 

assembly (SP665Q). All the variations were then organized in a matrix to assess the 157 

presence/absence pattern in specific subsets of strains (e.g. emm 18.29 and emm18.32). The core 158 

SNPs, defined as the non-degenerate SNPs present in all the twelve genomes and flanked by 159 

conserved positions, 160 

 on S
eptem

ber 24, 2018 by guest
http://jcm

.asm
.org/

D
ow

nloaded from
 

http://jcm.asm.org/


8 

 

were extracted and finally subjected to Bayesian phylogenetic  analysis with MRBAYES (22). The 161 

Bayesian analysis was run on the GTR substitution model for 2000000 generations with a chain 162 

sampled every 1000th generation. The final parameter values and trees are summarized after 163 

discarding 25% of the posterior sample. The Bayesian tree is displayed and edited using FigTree 164 

v1.4.0 available at the website: http://tree.bio.ed.ac.uk/software/figtree.  165 

Informative SNPs (i.e., present in at least two strains) were extracted from core SNPs using an in-166 

house script. Additionally, among the strains with emm-type 18.29, all genes presenting at least one 167 

core SNP were selected and compared with the virulence factors of pathogenic bacteria (VFPB) 168 

database (23), using a blast search with a 10-5 value cutoff. 169 

Prophages were detected and analyzed using the free web tool PHAST (PHAge Search Tool) (24). 170 

The comparative sequence circular maps of whole genomes and concatenated prophages of each 171 

strain of S. pyogenes M18GAS were generated using BRIG (25). 172 

Accessions. The sequences of the 11 M-18 GAS genomes were deposited at EMBL-EBI under the 173 

accession numbers: M18GASBO1065 (CDGV01000001-CDGV01000182), M18GASBO665 174 

(CDGO01000001-CDGO01000182), M18GASBO9 (CDGY01000001-CDGY01000207 ), 175 

M18GASBO8 (CDGW01000001-CDGW01000183),  M18GASBO7 (CDGX01000001-176 

CDGX01000199), M18GASBO6 (CDGM01000001-CDGM01000081), M18GASBO5 177 

(CDGQ01000001-CDGQ01000096 )  M18GASBO4 (CDGN01000001-CDGN01000158), 178 

M18GASBO3 (CDGS01000001-CDGS01000294),  M18GASBO2 (CDHA01000001-179 

CDHA01000222), M18GASBO1 (CDHB01000001-CDHB01000235) (Study project: 180 

PRJEB7108). 181 

 182 

RESULTS 183 
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Characterization of GAS isolates  184 

Eight ARF cases were recorded in the Bologna province between November 2012 and May 2013. 185 

All patients were aged between 4 and 12 years. In the last years the number of ARF cases in this 186 

province has ranged from one to four per year. At time of diagnosis, seven out of eight ARF cases 187 

were culture negative, only one GAS strain being isolated from a patient resident in Bologna 188 

province.  189 

During the surveillance period, 70 GAS isolates were collected (see Table S1 in the supplemental 190 

material). In detail, two consecutive isolates were collected from the first patient with ARF (i.e. 191 

SPBO1 and SPBO2), six were isolated from classmates of the first case and 14 were isolated from 192 

symptomatic children resident in the Bologna area at time of ARF diagnosis. Two months later, a 193 

second collection comprised 14 GAS isolates collected from classmates of the second ARF case and 194 

34 GAS obtained from symptomatic school-age children resident in the same area. However, no 195 

GAS was isolated from second case of ARF.  196 

Analysis of the emm sequence revealed that the GAS isolates obtained from patient with ARF was 197 

emm18.29, as two out of six of the GAS isolated from contacts (Figure 1A). At the same time, GAS 198 

isolated from symptomatic children of the community were: emm28.0 (3 cases), emm18.29 (2 199 

cases), emm89.0, emm1.0, emm56.0, emm9.0, emm6.4, emm102.3, emm12.0, emm5.3, and emm3.8 200 

(one case each), as shown in Figure 1B.  201 

Molecular investigation conducted among the 14 GAS collected from the classmates of the second 202 

ARF case showed that two isolates (14.3%) were emm18.32, four (28.5%) were emm28.0 and eight 203 

(57.2%) were emm6.4, as shown Figure 1C. Among the 35 GAS isolates collected from 204 

symptomatic school-age children in the community, eight different emm-types were identified: 205 

emm6.4 (23 cases), emm28.0 (2 cases), emm44.0 (3 cases), emm1.0 (2 cases), and emm5.3, 206 

emm18.32, emm89.0 emm5.1 and emm3.1 (one case each, respectively), as shown in Figure 1D.  207 
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Our data indicate that emm18.29 was the dominant serotype among the isolates collected from the 208 

class of the first case, whereas emm18.32 spread in the class of the second case. To investigate the 209 

relationship between the specific emm-type and the SAg profile, GAS isolates were evaluated by 210 

molecular analysis for the different SAg genes (see Table S1 in the supplemental material). 211 

Molecular analysis revealed eight different antigenic profiles among 70 GAS isolates. The 212 

chromosomally encoded speB, speG and smeZ genes were present in all isolates. In addition, all 213 

emm-18 strains, including emm18.29 and emm18.32 and the two emm18.0 derived from the ISS 214 

bank collection (SP665Q and SP1065Q) presented a characteristic SAg profile showing speA, speC, 215 

speL and speM genes. Overall, the isolates with the same emm-type shared a common SAg profile, 216 

with the exception of the emm3 isolates. MLST analysis showed that all emm18 GAS isolates 217 

belonged to sequence type (ST) 42. 218 

To determine the association of the mucoid phenotype with emm-type, all GAS isolates were 219 

analyzed by culture visualization. Among GAS isolates, the M-102, M-9 and M-18 GAS strains 220 

showed the highest incidence (100%, 100% and 87.5%, respectively) of mucoid traits, while all 221 

emm1 showed a nonmucoid colony type (see Table S1 in the supplemental material). Antimicrobial 222 

susceptibility testing showed that all isolates were susceptible to penicillin, ampicillin, clindamycin, 223 

chloramphenicol, tetracycline and clindamycin, while only two GAS belonging to the emm89.0 and 224 

emm5.3 serotypes resulted resistant to erythromycin   225 

 226 

MALDI-TOF and clustering analysis 227 

MALDI-TOF MS analysis of different S.pyogenes strains showed that 37 of 50 (74.0%) isolates 228 

clustered in accordance with the serotype group, as shown in Figure 2. In detail, the main spectra 229 

generated by MALDI-TOF MS analysis demonstrated a high overall discriminatory power of the 230 

strains belonging to the serotypes M-18, M-28 and M-3. However, different clustering groups were 231 
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observed for M-1, M-5, M-6, M-89 and M-44 strains by showing a different protein mass spectral 232 

profiling among isolates belonging to the same serotype (Figure 2). Notably, the score-oriented 233 

dendrogram showed that all isolates belonging to serotype M-18 formed a separate clustering group 234 

clearly distinguishable from other serotypes. Additionally, a different cluster grouping within the 235 

M-18 serotype was observed between emm-18.0 and 18.32-18.29 subtypes with a critical distance 236 

of 500 (see Figure 2), respectively corresponding to the S.pyogenes strains isolated 30 years ago and 237 

the isolates involved in the ARF outbreak in Bologna province during 2013. However, MALDI-238 

TOF MS analysis was not able to distinguish among emm18.29 and emm18.32 subtypes.   239 

 240 

Whole genome sequencing and phylogenetic analysis of M-18 GAS isolates  241 

The draft genomes of emm18.29, emm18.32 and emm18.0 GAS isolates were assembled into 242 

average 185 contigs with a G+C content of 38.6 % for a total of 1,929545 base pairs (Figure 3). 243 

Genome annotations predicted a total of 1881 open reading frames (ORFs).  244 

To investigate the relationship among M-18 GAS isolates, a whole genome analysis was performed 245 

on the basis of core SNPs identified with the Mauve-based approach (593 core SNPs). Phylogenetic 246 

analysis indicated that two main clusters were highlighted with high posterior probabilities:  the first 247 

cluster grouped the emm18.29 strains, while the second grouped the emm18.32 strains. In addition, 248 

the two emm18.0 GAS isolates derived from the ISS bank collection (SP665Q and SP1065Q) 249 

showed a closely relationship to the GAS8232 strain. Phylogenetic analysis indicated that emm18.0 250 

strains and GAS8232 differed by 198 informative SNPs and were nearer to emm18.32 rather than 251 

emm18.29 strains (Figure 4). Comparison of SNPs between M-18 strains isolated during the ARF 252 

outbreak in Bologna province showed that the two consecutive GAS isolates from the ARF case 253 

(SPBO1 and SPBO2) differed by 14 SNPs (0 informative SNPs) and were closely related to strains 254 

collected from classmates (SPBO3 and SPBO4) and from the community (SPBO5 and SPBO6), as 255 
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shown in Figure 4. Comparison of emm18.29 genomes disclosed 216 different SNPs and five 256 

informative SNPs in this group. In addition, all emm18.32 GAS strains collected from children 257 

during the second ARF episode were closely related (53 different SNPs and 0 informative SNPs) 258 

(Figure 4).  259 

Further comparison of all M-18 genomes identified 73 and 207 SNPs exclusive to emm18.29 and 260 

emm18.32 clusters, respectively (see Table S2 in the supplemental material). Analysis of all unique 261 

SNPs of emm18.29 cluster showed that 36.9% (27) were synonymous, 58.9% (43) were non-262 

synonymous and 4.2% (3) were in intergenic regions. At the same time, the SNPs of emm18.32 263 

cluster were 41.6% (86) synonymous, 50.2% (104) non-synonymous and 8.2% (17) within 264 

intergenic regions, respectively. Analysis of synonymous and non-synonymous substitutions in the 265 

coding regions of the core genome revealed that SNPs were associated with different GAS virulent 266 

factors (see Table S2 in the supplemental material) present in the VFPB database (23). Notably, 46 267 

SNPs substitutions occurred in prophage elements, including hyaluronidase and gp58-like genes 268 

both in emm18.29 and emm18.32 clusters (see table S2 in the supplemental material). In detail, five 269 

SNPs in the hyaluronidase (hylP) genes among the two cluster subtypes were synonymous and six 270 

were non-synonymous, most of them located in the N-terminal region of hylP gene.  271 

 272 

Comparison of phage elements in M-18 GAS strains 273 

Analysis of M-18 GAS chromosomes revealed that six regions contained prophage elements  274 

(ΦSPBO.1, ΦSPBO.2, ΦSPBO3, ΦSPBO4, ΦSPBO.5 and ΦSPBO.6) ranging from 7.6 to 75.8 Kb 275 

(Table 2). Genome distribution of the prophages across the GAS chromosome revealed that all M-276 

18 strains shared a common localization of these elements, as shown in Figure 3. Comparison with 277 

other GAS genomes revealed that five prophage (ΦSPBO.1, ΦSPBO2, ΦSPBO3, ΦSPBO4 and 278 
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ΦSPBO.5) elements showed similar chromosome locations with GAS8232 genome (11), suggesting 279 

conservative site integrations of these regions across M-18 GAS strains (Figure 3). Moreover, 280 

examination of prophages elements showed a similar genetic architecture with GAS8232 (M-18) 281 

and MGAS315 (M-3) strains, as shown in figure 5  (11,26).  282 

Genomes of M-18 GAS strains contained prophage regions harboring several virulence factors, 283 

including exotoxin type A (SpeA), exotoxin type C (SpeC), exotoxin type L (SpeL), exotoxin type 284 

M (SpeM), mitogenic factor (DNase) and streptodornase (Sdn) (Table 2). Comparison of the 285 

prophage elements showed that ΦSPBO.2,ΦSPBO.3 and ΦSPBO.5 regions were shared among all 286 

M-18 GAS strains. These three phage regions contained different virulence factors such as genes 287 

encoding SpeC, mitogenic factor, SpeL/SpeM,  hyaluronidase and streptodornase. Interestingly, 288 

closely association between phages encoded SpeC and SpeL/speM were observed in seven  M-18 289 

GAS strains (Table 2).  290 

Moreover, ΦSPBO.1 region was present in ten out of eleven of the M-18 GAS strains, lacking in 291 

the SP665Q isolate (emm18.0 subtype). Analysis of virulence factors showed that ΦSPBO.1 region 292 

has variant of the speA gene (speA1) in six out of nine emm18.29 and emm18.32 strains, while was 293 

absent in emm18.0 strains (Table 2). In addition, phage ΦSPBO.4 was lacking in emm18.32 strains, 294 

whereas it was present in all emm18.0 and emm18.29 strains. This region contained a gene encoding 295 

mitogenic factor. Interestingly, each phage region had a hyaluronidase gene (Table 2). Similar 296 

findings were observed in a previous study demonstrating that all phages in M-3 GAS 297 

strainscontained a hyaluronidase gene (26).  298 

Comparison of phage-encoded hyaluronidase (hylP.2) gene among M-18 GAS strains 299 

To investigate the genetic variability in the hylP.2 gene, the gene-encoded HylP.2 of the M-18 300 

strains was compared with previously described GAS isolates. Our analysis indicated that the 301 

hylP.2 gene was located in phage ΦSPBO.1 in all emm18.29, emm18.32 and emm18.0 GAS strains 302 
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(Table 2). Analysis of hylP.2 gene derived from the emm18.29, emm18.32 and emm18.0 strains 303 

showed a high rate of homology with the M18 (MGAS8232) and M5 (Manfredo) GAS strains, two 304 

strains isolated from ARF cases (11,27). Comparison of deduced amino acid sequences with M5-305 

GAS Manfredo strain demonstrated that HylP.2 were C-terminal truncated in all M-18 GAS isolates 306 

(including emm18.29, emm18.32, emm18.0 and GAS8232 strain) (Figure 6). Of note, three 307 

emm18.29 isolates (SPBO1, SPBO3 and SPBO6) showed an internal deletion located between the 308 

N-terminal and the TSβH domains. At the same time, the deduced amino acid sequence of hylP.2 309 

gene in the SPBO8 isolate was truncated in the TSβH region (Figure 6). Comparison analysis 310 

conducted on the hylP.2 gene revealed different clustering groups according to the corresponding 311 

subtypes (data not shown).   312 

 313 

DISCUSSION 314 

Since late 2012, an outbreak of acute rheumatic fever (ARF) was observed in the Bologna province, 315 

Northeast Italy, where the annual frequency of ARF in resident children has ranged from 1 to 4 316 

cases per year. From November 2012 to May 2013, eight cases of ARF were recorded, showing a 317 

significant increase of ARF in this area . Molecular analysis conducted among GAS collected from 318 

both contacts and the community during the outbreak indicated that M-18 represented one of the 319 

most prevalent serotype within classes of two unrelated ARF episodes. Our findings showed that 320 

two distinct subtypes, i.e. emm18.29 and emm18.32, were observed to spread separately across the 321 

two classes of ARF cases. Analysis of GAS isolated from children in the community showed that 322 

the majority of the isolates were subtype emm6.4. Phenotypic analysis of GAS showed that the M-323 

18 GAS strains presented a high frequency of mucoid strains, thus confirming previous findings (5). 324 

Indeed, GAS mucoid isolates have been observed to correlate with invasive infections and the 325 
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pathogenesis of rheumatic fever (1). Previous studies clearly demonstrated that higher capsule 326 

production has been observed in M-18 strains responsible for multiple ARF outbreaks (11). 327 

Although our study evidenced that GAS M-18 was responsible of an ARF case and that this 328 

serotype has spread in the two classes, we cannot exclude the possibility that others strains (i.e. 329 

serotypes) have been responsible of others ARF cases. 330 

The present study evaluated the ability of MALDI-TOF MS to correctly identify GAS and to 331 

distinguish among the different serotypes. MALDI-TOF analysis demonstrated an excellent 332 

discrimination of M-18 GAS strains by showing a separate cluster. Overall, cluster analysis by 333 

MALDI-TOF showed a good concordance (74%) with emm-typing methods. In detail, a 100% 334 

concordance was observed with serotypes M-28 (9 out 9) and M-3 (2 out 2), whereas 75% and 335 

83.4% concordances were found with M-1 (3/4) and M-5 (5/6), respectively. The discrepancies 336 

observed within these serotypes were attributable to two isolates, SPBO13 (emm5.3) and SPBO17 337 

(emm1.0), grouped separately from strains belonging to the same serotypes. These results are in 338 

accordance with a previous study demonstrating the potential of the MALDI-TOF Biotyper System 339 

for GAS clustering analysis, thus showing a high discriminatory power among different serotypes 340 

(9). However, a poor discriminatory classification was observed for M-89 serotype. Based on these 341 

findings and for its rapidity and low cost analysis, we suggest the MALDI-TOF technique could be 342 

used successfully for the identification of the M-18 serotype among GAS strains. 343 

In recent years, whole genome sequencing (WGS) has been applied for epidemiological purposes 344 

by showing a more accurate resolution than classical genotypic methods (13). WGS has been 345 

extensively used to explore the genetic organization of bacterial genomes and to compare the 346 

rearrangements between closely related strains (10,12,28). The present study described the complete 347 

genomes of nine M-18 GAS strains isolated during an ARF outbreak in northeastern part of Italy 348 
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and compared them with two M-18 S.pyogenes collected from non-invasive infections in the same 349 

area 30 years ago. SNP phylogenetic analysis revealed that emm18.29 and emm18.32 subtypes 350 

segregated in two separate clusters, whereas emm18.0 GAS strains did not cluster in a distinct 351 

group. Genome polymorphism analysis demonstrated that isolates from ARF cases, community and 352 

class contacts were closely related showing a low number of informative SNPs both in emm-18.29 353 

and emm-18.32 strains.  354 

Our analysis revealed that M-18 strains possessed several virulence genes, including speA, speC, 355 

speL, speM, smeZ, mitogenic factor, and hyaluronidase, most of them located in prophage elements. 356 

Integrated prophages represent one of the most divergent tracts among GAS genomes and the 357 

majority of genetic variations among M-18 GAS strains (29).  358 

Our results indicated that prophage elements are located in the same genomic locations among 359 

different M-18 strains collected in this study and in the MGAS8232 reference strain. In addition, 360 

genomic organization revealed that three prophage elements (ΦSPBO.2, ΦSPBO.3 and ΦSPBO.5 ) 361 

were common among M-18 GAS strains. Alignment of the prophage sequences showed a similar 362 

architecture between subtypes emm18.29, emm18.32 and emm18.0, thus revealing a similar 363 

genomic architecture of M-18 GAS strains.  It has been established that hyper-virulent GAS strains 364 

acquire virulence factors via prophage integrations (29). Recently, Bao et al. reported that prophage 365 

integrations represent one of the multiple genetic factors related to the pathogenic role of the M-366 

23ND GAS strain (30). Our findings showed that three prophages (ΦSPBO.1, ΦSPBO.3, 367 

ΦSPBO.5) present in the M-18 GAS strains were similar with  phages of M-3 serotypes (Φ315.1, 368 

Φ315.2 and Φ315.4) that have been previously associated with the emergence of virulent M-3 369 

subclones (26) by different sequential acquisition.  370 
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We showed that the streptococcal pyrogenic exotoxin A gene (speA1) was located in the prophage 371 

ΦSPBO.1 region in six out of nine emm18.29 and emm18.32 strains, whereas this gene was absent 372 

in emm18.0 strains. Also, we observed that the speC was present in all M-18 GAS strains 373 

possessing speL/speM,  thus showing a strictly correlation between these pro-phage encoded SAgs 374 

genes. Based on these findings, we hypothesize that a different combination of phage-encoded 375 

virulence factors could be related to the virulence of emm18.29 and emm18.32 strains isolated 376 

during focal ARF that differed from non-invasive emm18.0 strains collected from the same area 30 377 

years ago.  378 

Analysis of the phage-encoded virulence factors demonstrated that phage-encoded hyaluronidase 379 

showed a higher number of synonymous and non-synonymous substitutions than other genes within 380 

the M-18 GAS genomes. Previous studies reported that hylP and hylP.2 genes were present with 381 

different alleles among different serotypes from both invasive and non-invasive GAS isolates 382 

(31,32). However, M-18 GAS strains have been observed to possess a unique hylP.2 gene structure 383 

among different isolates (33). Our findings demonstrated that the hylP.2 gene possesses an internal 384 

deletion located between the N-terminal and TSβH regions in different M-18 GAS strains. 385 

Therefore, the truncated gene structures observed in several M-18 GAS isolates could be related to 386 

a different or non-functional activity of the HylP.2 protein. Previous study showed that inactivation 387 

in hyaluronate lyase (HylA) restored full encapsulation in partially encapsulated M-4 GAS strains, 388 

thus demonstrating the mutually exclusive interaction between the hyaluronan capsule and active 389 

hyaluronidase (32). In addition, Schommer et al. demonstrated in a mice model that the difference 390 

in capsule size was regulated by bacterial hyaluronidase, and that the high molecular mass of the 391 

hyaluronan capsule influences GAS virulence by facilitating deep tissue infections (34). Based on 392 

our findings, we hypothesize that inactivation of HylP.2 could determine a different encapsulation 393 

(i.e capsule sizing)  of M-18 GAS strains, thus resulting in a more virulent clone. Therefore, the 394 
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internal deletion in the hylP.2 gene observed in different isolates could reflect a different virulence 395 

potential among the M-18 GAS strains.  396 

In conclusion, we investigated the molecular and epidemiological linkage between GAS strains 397 

isolated during an ARF outbreak in Bologna province in early 2013. Our study explored the genome 398 

sequence of M-18 GAS strains, thus providing a better understanding of the genetic architecture of 399 

the M-18 serotype and expanding our knowledge of the genetic elements related to the GAS 400 

infections. 401 
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Figure 1. Distribution of emm-types among S.pyogenes strains collected during an ARF outbreak 519 

occurred in Bologna province. (A) GAS strains isolated from the ARF case and class contacts 520 

during the first episode. (B) GAS isolated from class children during the second ARF episode. (C) 521 

Distribution of emm-types among GAS collected from the community at the time of the first ARF 522 

case. (D) Distribution of emm-types among GAS collected from school-age children of the 523 

community at time of the ARF episode. 524 

Figure 2. Score-oriented dendrogram based on the main spectra (MSP) of 50 GAS strains obtained 525 

by Bruker MALDI-TOF MS and analyzed with Biotyper 3.1 software. Correlation with the 11 526 

different emm-types (M-1, M-3, M-5, M-6, M-9, M-12, M-18, M-28, M-44, M-89 and M-102) 527 

shown. Dotted lines define a similarity cutoff value of 500, 300 and 200 used for clustering groups 528 

of serotypes M-18,  M-1, M-3, M-5, M-28, and M-6.  529 

Figure 3. Comparison of the group A Streptococcus serotype M18 chromosomes. The circular 530 

representation shows the genome comparison from centre to periphery respectively of the strains: 531 

GAS8232, SPBO1, SPBO2, SPBO3, SPBO4, SPBO5, SPBO6, SPBO7, SPBO8, SPBO9, SP665Q 532 

and SP1065Q (see legend for color association). The regions of differences within GAS genomes 533 

are indicated with white gaps. The genomic localizations of the prophage elements (PEs) shared 534 

with GASM8232 are indicated as black boxes outside the circular GAS chromosome maps. 535 

Locations of the prophage regions (ΦSPBO.1, ΦSPBO.2, ΦSPBO.3, ΦSPBO.4, ΦSPBO.5, 536 

ΦSPBO.6) of M-18 GAS isolates collected from Bologna province are indicated as red boxes. 537 

Figure 4. Bayesian tree-based on core SNPs identified with the Mauve-based approach. In each 538 

node of the tree, posterior probabilities (>0.7) are indicated on the right of the node, while the N. of 539 

different and informative SNPs located respectively up and down the branch are on the left of the 540 

node. 541 
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Figure 5. Circular representation of concatenated prophage elements (PEs) integrated in the 542 

genome of the M-18 GAS strains in comparison with M-3 GAS prophages . The outermost black 543 

circle represent the concatenated M-3 GAS prophages (Φ315.1, Φ315.2, Φ315.3, Φ315.4). The 544 

prophages of M-18 GAS strains collected in this study (SPBO1, SPBO2, SPBO3, SPBO4, SPBO5, 545 

SPBO6, SPBO7, SPBO8, SPBO9, SP1065Q and SP665Q) and reference strain (M18GAS8232) are 546 

indicate in red and blue, respectively. The areas of similarity and divergence are contrasted with 547 

white gapped areas indicating regions of highest variance.      548 

Figure 6. Alignment of the phage-encoded hyaluronidase gene (hylP.2) derived from M-18 GAS 549 

(emm18.29, emm18.32, emm18.0 subtypes). The hylP.2 sequences from ARF-related M-18 550 

(GAS8232) and M-5 (Manfredo) strains are shown. Dotted lines shown the common deleted regions 551 

between α-helical and TSβH domains between SPBO1, SPBO3 and SPBO6 strains. The deduced 552 

amino acid sequence of a 327 nt deletion in emm18.29 strains is shown.     553 

  554 
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emm

6.4 

28.0 

18.29b

18.32 

5.3 
5.6 

5.18 

1.0 

44.0 

89.0 

3.88 
3.1 

9.0 

102.3 

12.0 
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Table 2. Pro-phage elements in M-18 GAS strains 

 

 

    
GAS strains 

              
                                                        

  emm18.29   emm18.32   emm18.0 Virulence factors 
                                                        

Phage 
(Kb)   

SPBO
1   

SPBO
2   

SPBO
3   

SPBO
4   

SPBO
5   

SPBO
6   

SPBO
7   

SPBO
8   

SPBO
9   

SP665
Q 

SP1065
Q             

                                                        

ΦSPBO.1 
 

56.4* 
 

67.2 
 

52.5 
 

67.4* 
 

64.9* 
 

61.2* 
 

68.7 
 

75.8* 
 

57.6* 
 

- 
 

66.1 
 

 
speA, hyaluronidase (hylP.2) 

       

ΦSPBO.2 
 

32.5 
 

38.5 
 

36.9 
 

39.5° 
 

38.3° 
 

37.2° 
 

38 
 

38.6° 
 

37.3° 
 

36.4° 
 

39.6 ° 
 

 
speC   mitogenic factor, 

hyaluronidase       

ΦSPBO.3 
 

47.8 
 

68.5 
 

59.4 
 

57# 
 

58.4# 
 

59.4# 
 

57.3 
 

57.4# 
 

59.1# 
 

57.6# 
 

67.1# 
 

 
speL, speM, hyaluronidase 

     

ΦSPBO.4 
 

33 
 

31.8 
 

30.6 
 

25.2 
 

30.6 
 

32.5 
 

- 
 

- 
 

- 
 

43.6 
 

41.1 
 

 
hyaluronidase, mitogenic factor 

     

ΦSPBO.5 
 

60 
 

47.3 
 

39.3 
 

45.7 
 

47.2 
 

51 
 

48.5 
 

42.6 
 

48 
 

51.3 
 

46.6 
 

 
hyaluronidase, streptodornase 

     
 

ΦSPBO.6 
 

14.1 
 

12.8 
 

12.5 
 

19.5 
 

47.2 
 

18.4 
 

17 
 

- 
 

10.5 
 

- 
 

7.6 
 

 hyaluronidase 
       

                                                        
 

*Pro-phage containing variant of speA (speA1)  

°Pro-phage containing spec 

#Pro-phage containing speL and speM 
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