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Abstract

The major human pathogen Streptococcus pyogenes shares an intimate evolutionary history with mobile genetic elements, 

which in many cases carry genes encoding bacterial virulence factors. During recent whole- genome sequencing of a longitu-

dinal sample of S. pyogenes isolates in England, we identified a lineage within emm4 that clustered with the reference genome 

MEW427. Like MEW427, this lineage was characterized by substantial gene loss within all three prophage regions, compared to 

MGAS10750 and isolates outside of the MEW427- like lineage. Gene loss primarily affected lysogeny, replicative and regulatory 

modules, and to a lesser and more variable extent, structural genes. Importantly, prophage- encoded superantigen and DNase 

genes were retained in all isolates. In isolates where the prophage elements were complete, like MGAS10750, they could be 

induced experimentally, but not in MEW427- like isolates with degraded prophages. We also found gene loss within the chro-

mosomal island SpyCIM4 of MEW427- like isolates, although surprisingly, the SpyCIM4 element could not be experimentally 

induced in either MGAS10750- like or MEW427- like isolates. This did not, however, appear to abolish expression of the mis-

match repair operon, within which this element resides. The inclusion of further emm4 genomes in our analyses ratified our 

observations and revealed an international emm4 lineage characterized by prophage degradation. Intriguingly, the USA popula-

tion of emm4 S. pyogenes appeared to constitute predominantly MEW427- like isolates, whereas the UK population comprised 

both MEW427- like and MGAS10750- like isolates. The degraded and cryptic nature of these elements may have important 

phenotypic and fitness ramifications for emm4 S. pyogenes, and the geographical distribution of this lineage raises interesting 

questions on the population dynamics of the genotype.

DATA SUMMARY

Complete genomes were obtained for four isolates and 

these were submitted to the National Center for Biotech-

nology Information (NCBI) under the BioProject number 

PRJNA660931 and accession numbers are provided in Table 

S1 (available with the online version of this article). All raw 

sequence data used in this study has been previously published 

and was obtained from the NCBI short- read archive. The 

accession numbers and citations for this genome data for each 

individual isolate are provided in Table S2.

INTRODUCTION

Streptococcus pyogenes (also known as the Lancefield group A 
Streptococcus or GAS) is a globally distributed human path-
ogen [1]. The spectrum of infections caused by S. pyogenes is 
broad, with manifestations ranging from the relatively mild 
and self- limiting tonsillitis and scarlet fever, to the more 
severe, invasive and potentially life- threatening, notably 
necrotizing fasciitis and streptococcal toxic shock syndrome 
[2]. S. pyogenes isolates are classified into emm genotypes in 
accordance with the 5′ hypervariable region of the emm gene, 
which encodes the surface protein M [3, 4].

Most S. pyogenes genotypes are lysogenized by at least one 
prophage, though it is not at all uncommon for certain 
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genotypes to carry several such elements integrated into the 
bacterial chromosome, or indeed none [5]. As is the case for 
a number of other bacterial pathogens, the lysogenic bacterio-
phage of this species often are associated with bacterial virulence 
factors. Eight of the thirteen superantigens in S. pyogenes (ssa, 
speA, speC, speH, speI, speK, speL and speM, and allelic variants 
thereof) are prophage- associated [6, 7]. In addition, prophage in 
this species often carry genes encoding a potential six secreted 
nucleases (sdn, spd1, spd3, spd4, sda and sdaD2, and allelic 
variants thereof), and a secreted A

2
 phospholipase, denoted 

sla [8, 9]. The S. pyogenes chromosomal islands (SpyCIs) are 
similar but distinct mobile genetic elements, which are more 
closely related to the Staphylococcus aureus pathogenicity islands 
(SaPIs) than they are to phage [10, 11]. In the emm1 isolate 
SF370, SpyCIM1 is integrated within the DNA mismatch repair 
(MMR) operon, separating mutS from mutL and other down-
stream repair- associated genes, preventing co- transcription of 
these genes from a promoter upstream of mutS [12]. A similar 
element was also identified in the genomes of isolates belonging 
to other genotypes, including the emm4 MGAS10750 [13]. With 
the exception of emm5 isolate Manfredo, the presence of a SpyCI 
element within the MMR operon was associated with increased 
mutation rates, indicating the disruption of the MMR- associated 
gene transcription [12, 13]. Dynamic integration and excision of 
SpyCIM1 in SF370 was detected in response to bacterial growth: 
excising during earlier growth phases to permit transcription 
of the MMR operon, but remaining integrated at later stages; 
thus, abolishing transcription and promoting a transient, more 
mutable phenotype [12, 13]. Intriguingly, curing of SpyCIM1 
had a dramatic effect on global transcription, including the 
expression of a number of well- characterized virulence factors 
[14]. Together, these studies effectively describe a mechanism of 
genetic regulation in S. pyogenes that is dependent on integra-
tion and excision of phage- like elements. There is, however, a 
general lack of knowledge regarding prophages and phage- like 
elements and their impact on streptococcal biology, despite their 
prevalence.

In recent years, whole- genome sequencing (WGS) has 
provided valuable insight into the biology of this pathogen, 
illuminating population dynamics and bringing clarity to 
outbreak investigations and epidemiological shifts. Often, 
changes in infection character, population structure and 
disease incidence have been associated with prophage being 
acquired and/or lost from the population and, with them, 
cognate bacterial virulence factors, particularly the strepto-
coccal superantigens and DNases [8, 15–21]. Genotype emm4 
S. pyogenes constitute a major emm- type in high- income 
countries globally [1] that is capable of causing both superfi-
cial and invasive disease [22–25]. This genotype is genetically 
acapsular [26], frequently associated with outbreaks of scarlet 
fever [27–30] and, occasionally, has superseded in incidence 
the consistently dominant emm1 genotype, in some parts of 
the world [25, 31]. Typically, isolates belonging to this geno-
type are host to three prophage elements, Φ10750.1, Φ10750.2 
and Φ10750.3, encoding the streptococcal superantigen speC 
and the DNase spd1, the DNase spd3, and another strepto-
coccal superantigen ssa, respectively [32–35]. It was recently 

reported that in an emm4 population from Houston, TX, 
USA, the majority of isolates carried a novel chimeric emm 
gene, formed by the fusion of the 5′ end of emm4 with the 3′ 
end of the downstream gene enn. This chimeric emm4 gene 
was also found in the closely related reference emm4 genome 
MEW427, but not the more distantly related MGAS10750 
[36].

Despite the prevalence of emm4, there has been little genomic 
work on this genotype so far, particularly regarding prophage 
gene content. To address this, we explored the genome data of 
emm4 isolates and revealed that within an emm4 population 
from England is a lineage that is characterized by marked gene 
loss within prophage- encoding regions, although associated 
superantigen and DNase genes remain intact. This lineage was 
also identified in a wider international population. The gene loss 
has rendered the prophages immobile, unable to replicate extra- 
chromosomally and these are, therefore, cryptic prophages.

METHODS

Genome sequence analysis of British Society for 
Antimicrobial Chemotherapy (BSAC) isolates

Short- read Illumina WGS data were obtained for 10 emm4 
S. pyogenes isolates from a collection of 344 S. pyogenes 
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bloodstream infection isolates submitted to the BSAC from 
11 geographical locations within England, and sequenced as 
part of a previous study [37]. Short- read sequence data were 
mapped to the reference genome of MGAS10750 using smalt 
(https://www. sanger. ac. uk/ tool/ smalt- 0/), regions of recombi-
nation were predicted, and a phylogenetic tree reconstructed 
using Gubbins analysis and default parameters [38].

Prophage/SpyCI gene content

To determine prophage gene presence or absence in the ten 
BSAC isolates, prophage regions were extracted using in 
silico PCR (https:// github. com/ simonrharris/ in_ silico_ pcr) 
from de novo assemblies previously performed with a Velvet 
assembly pipeline [37]. To aid prophage sequence assembly, 
a second assembly method was performed using SPAdes 
v3.13.1 (k- mers 21, 33, 55, 77 with --careful) [39] with align-
ment of contigs to the reference genome MGAS10750 using 
abacus (http:// abacas. sourceforge. net/ index. html). For five 
isolates (BSAC_bs468, BSAC_bs696, BSAC_bs916, BSAC_
bs1052 and BSAC_bs1349), full sequences of each of the 
three prophage regions could be extracted, as they had each 
assembled within single contigs using the second assembly 
method. The original Velvet de novo assemblies produced 
similar results, but with some gaps within contigs. Annotation 
was performed using Prokka and prophage regions visually 
assessed using Artemis [40]. For the five remaining isolates, 
the presence of additional prophages with some homology 
to the three prophages of interest introduced contig breaks 
within prophage regions. Four of these were then subject 
to Nanopore long- read sequencing to resolve the prophage 
regions and complete the genomes. To determine the pres-
ence of any further prophages within the ten BSAC isolate 
genomes, Roary [41] (with 95 % minimum identity) was used 
to calculate the pangenome and identify accessory genes.

SpyCIM4 assembled within a single contig for all ten BSAC 
isolates due to its relatively short sequence, and lack of 
homology to prophages. SpyCI sequences were compared to 
each other and to the reference genomes of MGAS10750 and 
MEW427.

Nanopore sequencing

Long- read Nanopore sequencing was performed on four 
isolates: BSAC_bs192, BSAC_bs472, BSAC_bs1388 and 
BSAC_bs1802. DNA was prepared for sequencing using the 
Oxford Nanopore Technologies (ONT) ligation sequencing 
kit (SQK- LSK109), according to the manufacturer’s protocols. 
Four separate whole- genome sequences and a blank negative 
control were barcoded using the Native Barcoding Expan-
sion 1–12 (EXP- NBD104) and pooled to produce bacterial 
libraries. Libraries were sequenced with the ONT MinION 
Mk1C using rev C 9.4 flow cells, and run for 24 h. Resulting 
trace files were analysed with the ONT Guppy basecaller 
(version 3.2.10) using high- accuracy basecalling.

Assemblies were performed using Unicycler v0.4.7 [42], 
combining the fastq Nanopore data with the short- read 
Illumina data for each isolate. Single contigs were obtained 

from the genome data of each of the four isolates (Table S1), 
with 34–75× coverage. Prophage regions were predicted using 
phaster [43], and curated by visual assessment and blast 
alignment. Complete genomes were submitted to the NCBI (the 
accession numbers are shown in Table S1) and annotated with 
the NCBI Prokaryotic Annotation Pipeline. BSAC_bs400 was 
not subjected to long- read sequencing, but comparison with the 
newly completed genome of BSAC_bs1388 allowed for manual 
determination of Φ10750.1 genes from the additional prophage; 
Φ10750.2 and Φ10750.3 did assemble within single contigs 
from the short- read sequence data for this isolate.

Genome sequence analysis of international emm4 
isolates

To contextualize our BSAC isolates, publicly available genome 
sequence data were obtained for emm4 from other studies, 
which had also been used in a previous study [37] (Table S2). 
This comprised data from USA isolates collected by Active 
Bacterial Core Surveillance (ABCs) USA in 2015 from inva-
sive infections (n=48) [44], Canadian isolates (n=8 isolated in 
2013 or on an unknown date) [45, 46], isolates collected from 
across England and Wales by Public Health England (PHE) 
in 2014/2015 from invasive and non- invasive infections 
(n=153) [27, 47], and Cambridgeshire (UK) isolates collected 
2008–2012, also from non- invasive and invasive infections 
(n=4) [48]. These were selected as major studies with avail-
able emm4 sequence data, and were previously assembled and 
processed for sequence quality, adapter contamination and 
assembly quality [37]. We chose to focus on sequence type 
(ST)39 isolates (or closely related STs differing by a single 
locus) and excluded those with highly diverse STs (differing 
by two or more loci) as they represent diverse genetic back-
grounds and, therefore, do not reflect the population described 
here. Short- read sequence data were mapped to the reference 
genome of isolate MGAS10750 using smalt. Prophage and 
SpyCI regions were removed from the alignment (posi-
tions in MGAS10750 : 54 6 031–589 487, 804 157–841 762, 
1 220 848–1 256 149, 1 862 867–1 876 370), and core SNPs were 
extracted by SNP- sites [49] and used to generate a maximum- 
likelihood phylogenetic tree using RAxML v8.2.12 [50] 
with the GTR substitution model and 100 bootstraps. De 
novo assembly had already been performed on the genome 
sequence data for these isolates using Velvet [37]. Prophage 
gene presence/absence was detected by extracting the DNA 
sequence of each of the annotated coding regions within each 
prophage in MGAS10750 to blast the de novo assemblies. 
Gene presence was assigned with ≥99 % match over 100 % 
length. SpyCIM4 regions, including the flanking mutL and 
mutS genes, were extracted from the de novo assemblies using 
in silico PCR as, in all cases, this region had assembled across 
a single contig. In the absence of a SpyCIM4 element, only 
the sequence for the mutL/mutS locus was obtained by this 
in silico PCR method.

Figure annotation

Figures comparing prophages and SpyCI regions were 
constructed using EasyFig [51]. Genes were classified 
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according to blast into eight categories: integrase, regula-
tion, hyaluronidase, replication, infection, structural, viru-
lence and, where present, transposon. A ninth hypothetical/
indeterminate category was assigned to proteins returning 
a hypothetical protein result, or identities that did not yield 
sufficient information to definitively determine function.

Prophage induction

The ten BSAC emm4 S. pyogenes isolates were grown on 
Columbia agar supplemented with 5 % defibrinated horse 
blood, then colonies transferred for liquid culture statically in 
Todd–Hewitt broth (Oxoid) at 37 °C, supplemented with 5 % 
CO

2
. Overnight liquid cultures were diluted 1 : 10 and grown 

to OD
600

 0.3 before cultures were split into two 50 ml aliquots. 
One aliquot was treated with 0.2 µg mitomycin C ml−1 (Sigma- 
Aldrich) and the second served as an untreated control. 
Cultures were grown for an additional 3 h before the culture 
was pelleted by centrifugation and DNA was extracted. Bacte-
rial DNA was extracted using the method of Pospiech and 
Neumann [52]. Isolates were also cultured exponentially from 
1 : 10 dilutions of overnight cultures, and DNA extracted from 
aliquots at given time points. To detect excision and integra-
tion of each of the three prophages and SpyCIM4, specific sets 
of four primer combinations were designed (Table S3). PCR 
was performed using each primer combination.

RNA extraction and transcription detection

RNA was extracted from one M4
complete

 isolate and one M4
degraded

 
isolate cultured exponentially for 3 h using a using a hot acidic 
phenol method, as described previously [7]. RNA samples 
were then DNase treated with Turbo DNase- free (Ambion) 
for 30 min at 37 °C, and 5 µg was converted to cDNA by 
reverse transcription using Transcriptor reverse transcriptase 
(Roche) and random hexaoligos (Sigma- Aldrich). A corre-
sponding RT- negative reaction was also performed for each 
sample, whereby the reverse transcriptase was excluded as a 
control for contaminating genomic DNA. Transcription of 
mutL and mutS was detected using standard PCR with 100 ng 
cDNA (or RT- negative equivalent) and primers designed to 
detect each transcript individually (Table S3).

RESULTS

Gene loss within each of three prophage regions

We recently undertook WGS of 344 invasive S. pyogenes 
isolates, collected by the BSAC from across England during 
2001–2011, and identified 10 emm4 isolates within this collec-
tion [37]. Within this small population of emm4 was a lineage 
of five isolates that were genetically related to the reference 
isolate MEW427 [35]. Four of the remaining five isolates were 
more closely related to the reference isolate MGAS10750 
[53] (Fig. 1). A total of 556 core SNPs, outside the regions of 
predicted recombination, were identified in the population; 
34 of these being found in all MEW427- like isolates compared 
to all MGAS10750- like isolates, differentiating the lineage. 
Gubbins analysis identified regions of predicted recombina-
tion, common to the lineage containing MEW427 and five 

BSAC MEW427- like isolates, but absent in MGAS10750 and 
the other five BSAC isolates. Four of the regions of predicted 
recombination were within each of the three previously iden-
tified [53] prophages (Φ10750.1, Φ10750.2, Φ10750.3) and a 
chromosomal island, SpyCIM4 (Φ10750.4) (Fig. 1).

Comparison of the three prophage regions between the two 
completed reference isolates, MGAS10750 and MEW427, 
actually identified a varying level of sequence and gene loss 
within these regions in the MEW427 genome relative to the 
MGAS10750 genome (Figs 2 and S2). To determine whether 
an equivalent gene loss had occurred in the genomes of the 
BSAC isolates, we analysed the de novo assemblies of the 
genome sequence data. For five isolates (BSAC_bs468, BSAC_
bs696, BSAC_bs916, BSAC_bs1052 and BSAC_bs1349), we 
could extract the entire sequence of each of all three prophage 
regions from the de novo assemblies as they were within 
single contigs. The presence of additional prophages within 
the other five isolates interfered with the de novo assembly 
due to homology between prophages and introduced contig 
breaks. Four of these isolates (BSAC_bs192, BSAC_bs472, 
BSAC_bs1388, BSAC_bs1802) were, therefore, subjected to 
long- read sequencing to resolve the prophage regions and 
complete genomes were obtained (Table S1). These newly 
completed genomes were then used to resolve prophage 
composition within the remaining isolate, BSAC_bs400, 
which shared a similar additional prophage to BSAC_bs1388. 
In all isolates, the superantigen and DNase genes associated 
with each of the prophages were present, and shared 100 % 
DNA identity between all ten BSAC isolates and the reference 
strains. The exception was speC, wherein a histidine residue 
was replaced by an asparagine residue in all isolates and 
MEW427 compared to MGAS10750.

In MGAS10750, the prophage associated with speC/spd1, 
Φ10750.1, was integrated between whiA (MGAS10750_
Spy0559) and pepD (MGAS10750_Spy0623) [53] and 
comprised 63 genes over ~43.5 kb. In the reference genome 
MEW427, the corresponding element, Φ427.1, was integrated 
at the same position. Φ427.1 comprised just 14 genes over 
~13.5 kb, equivalent to ~78 % gene loss and ~69 % sequence 
loss, but with no additional genetic content (Fig. S1). In the 
emm4 isolates in our collection that were associated with the 
MEW427- like lineage, with the exception of BSAC_bs1802, 
we found the same pattern of gene presence/absence (Fig. 2a). 
All five of the other BSAC isolates had all the genes that 
comprise Φ10750.1, indicating this prophage was complete 
in these isolates (Fig. 2a).

We did not detect any non-Φ10750.1 prophage genes or 
sequence within this region in the other four MEW427- like 
isolate genomes, but we did identify the genes found in Φ427.1 
that were altered by the gene loss; MEW427-02755 which 
is the truncated equivalent of MGAS10750- Spy0575, and 
MEW247-02770, which is a fusion of regions of MGAS10750-
 Spy609, Spy612 and Spy614 (Fig. 2a). Genes predicted to be 
involved in regulation and replication of the prophage element 
were absent in Φ427.1, and in the four MEW427- like BSAC 
isolates. All predicted structural genes were also absent from 
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the genomes of these isolates, suggesting this prophage would 
be unable to form bacteriophage particles.

The exception was BSAC_bs1802, which, despite clustering by 
core genome SNP analysis within the MEW427- like lineage 
(Fig. 1), in fact carried speC/spd1 on a different prophage to 
the rest of the emm4 population (Φ1802.1). This prophage 
was most closely related to a speC/spd1 prophage found in 
the genome of emm87 isolate NGAS743 [46] (Fig. S2), but 
did also share regions of homology to Φ10750.1. The integra-
tion site remained the same as in MGAS10750/MEW427. As 
structural genes and other genes predicted to have replication 
and regulatory roles were present, it seems likely that this 
would be a full- length lysogenic phage, able to form bacte-
riophage particles.

The spd3- associated prophage Φ10750.2, integrated between 
MGAS10750_Spy0830 (cpsFQ) and MGAS10750_Spy0890 
[53], comprised 59 genes over ~37 kb in MGAS10750, and 

the same was observed in the five MGAS10750- like BSAC 
isolates (Fig. 2b). However, this element in MEW427 and 
corresponding elements in all five MEW427- like BSAC 
isolates, including BSAC_bs1802, comprised only 29 genes 
over ~20 kb, a loss of ~50 % of genes and ~46 % sequence. 
This included loss of regulation and replication elements and 
some structural genes. There were no non-Φ10750.2 genes 
or sequence present in this region in the MEW427- like 
isolates but, as in Φ427.1, the sequence loss introduced gene 
truncations. These included the integrase gene for which the 
first 184/1140 bases were missing, likely to render the gene 
non- functional, and we predicted that this prophage would be 
unable to excise from the chromosome or integrate.

The ssa- associated prophage Φ427.3 demonstrated the 
lesser degree of gene loss compared to Φ10750.3 (~26 %), 
maintaining the majority of structural genes, although genes 
predicted to be involved in regulation, and some predicted 

Fig. 1. Recombination in prophage regions of isolates clustering with MEW427. Sequence data for all ten BSAC isolates were mapped 

to the reference isolate MGAS10750 along with a second reference isolate MEW427, and Gubbins analysis performed on the resulting 

alignment. Vertical red lines indicate recombination common to other isolates (internal nodes) and vertical blue lines indicate 

recombination on terminal branches. Six predicted regions of recombination were common to all five BSAC isolates and MEW427, 

which form a separate lineage to the other five BSAC isolates and MGAS10750. Four of these regions were within the three prophages 

(Φ10705.1, Φ10705.2, Φ10705.3) and the SpyCI element (Φ10705.4) (shaded grey). Two other regions of recombination were also 

identified within all MEW427- like isolates: *1, relating to the absence of MGAS10750 genes Spy485-488 in MEW427- like isolates; and 

*2, corresponding to the previously identified chimeric emm- enn gene found in MEW427- like isolates [36]. The phylogenetic tree was 

generated by Gubbins from 556 polymorphic sites following removal of regions of predicted recombination. The tree is mid- point rooted. 

The scale below boxed region represents genomic position relative to MGAS10750.
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to be involved in replication, were absent in MEW427 and 
MEW427- like BSAC isolates, except for BSAC_bs1802 
(Fig.  2c). Φ10750.3 is integrated between MGAS10750_
Spy1275 and MGAS10750_Spy1329 in MGAS10750 [53], and 
in the same equivalent position in MEW427. BSAC_bs1802 

carried the same ssa- encoding prophage as MGAS10750, 
except for one gene, MGAS10750_Spy1322, which in 
BSAC_bs1802 was replaced with a gene identical to one 
found in the BSAC_bs1802 speC/spd1 Φ1802.1 phage; the 
adjacent gene MGAS10750_Spy1321 was also identical to 

Fig. 2. Gene loss within prophage regions. All genes (represented by arrows) present in the three prophages (a) Φ10705.1, (b) Φ10705.2 

and (c) Φ10705.3 of MGAS10750 were also present in the five BSAC isolates BSAC_bs468, BSAC_bs916, BSAC_bs1052, BSAC_bs1379 

and BSAC_bs1388 (M4
complete

). However, fewer genes were present in the corresponding prophage regions (a) Φ427.1, (b) Φ427.2 and 

(c) Φ427.3 in MEW427 and the MEW427- like BSAC isolates BSAC_bs192, BSAC_bs400, BSAC_bs472 and BSAC_bs696 (M4
degraded

). BSAC_

bs1802 carried a different prophage associated with speC/spd1 and so is not shown in (a). Gene presence in each isolate is represented 

by corresponding horizontal lines. Some genes in MEW427 and M4
degraded

 isolates were truncated (shown in lighter colours), for example 

the integrase genes 03820 of Φ427.2 and 05920 of Φ427.3 (lighter shade of blue and shorter arrow/line). Within Φ427.1, the annotated 

gene 02770 actually comprised sections of spy609, spy0612 and spy614 of MGAS10750. In all isolate genomes and in MEW427, spy0619 

of Φ10705.1 was divided into two genes. Locus numbers for some genes are provided above and below as a guide; MEW427 is annotated 

in increments of five. The asterisks indicate an additional gene that was present but not included in the reference annotation. Colours 

represent predicted gene function according to the key.
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adjacent genes in BSAC_bs1802 at both sites, so there may 
have been some homologous recombination between phages 
in BSAC_bs1802. The other four MEW427- like BSAC isolates 
had the same pattern of gene presence/absence to MEW427. 
The integrase gene was also truncated in MEW427 and 
the four MEW427- like BSAC isolates, with the loss of the 
first 548/1143 bp. Therefore, we predict that this prophage 
would also be unable to excise from the chromosome or to 
reintegrate.

Overall, five BSAC isolates had 100 % of all three prophage 
genes with limited sequence variation between them (pairwise 
comparison ≤6 SNPs) and were, therefore, denoted M4

complete
 

type, like MGAS10750 (as indicated in Fig. 2). Four BSAC 
isolates had the same number of genes in Φ10750.1, Φ10750.2 
and Φ10750.3, as MEW427, also with limited sequence varia-
tion between them (pairwise comparison ≤3 SNPs), and were, 
therefore, denoted M4

degraded
. In no instance did we identify 

any novel non- MGAS10750 sequence within the prophage 
regions, supporting the hypothesis that this was gene loss. 
BSAC_bs1802 had a different phage associated with speC/
spd1 that was predicted to be complete, and a near- complete 
Φ10750.3. However, a pattern of gene loss that was identical 
to M4

degraded
 isolates was identified in Φ10750.2 and, thus, was 

regarded as only partially degraded.

Prophage excision potential is abolished in isolates 
with degraded prophage

In view of the substantive loss of genes within Φ427.1 and 
the predicted non- functional integrase genes of Φ427.2 and 

Φ427.3, we hypothesized that the prophages of M4
degraded

 
BSAC isolates would be unable to excise from the chromo-
some. Using PCR to detect the integrated prophage genome 
as well as excised and circularized prophage, we found that 
all three prophage elements spontaneously excise from the 
chromosomes of M4

complete
 BSAC isolates, and this excision is 

enhanced with the addition of mitomycin C (Figs 3 and S3). 
In contrast, we were unable to detect excision of the three 
degraded prophages from the chromosomes of M4

degraded
 type 

BSAC isolates, even upon addition of mitomycin C. For the 
partially degraded BSAC_bs1802, clear excision of the speC/
spd1- associated prophage was detected as was excision of the 
ssa- associated Φ10750.3/427.3, but not the spd3- associated 
Φ10750.2/427.2. This was expected, as the integrase of 
Φ10750.2/427.2 was truncated in BSAC_bs1802, like the 
other MEW427- like isolates.

Gene loss within the SpyCI element

In our five BSAC M4
complete

 isolates, the SpyCIM4 element was 
identical to that found in MGAS10750, integrated between 
mutS and mutL. However, this element shared 97 % DNA 
identity over just 55 % of the length of SpyCIM1 in SF370. 
Interestingly, like the prophage elements, MEW427 exhibited 
some gene loss within the equivalent SpyCI region compared 
to MGAS10750 (Fig. 4). An identical pattern of gene loss 
was identified in four of the M4

degraded
 BSAC emm4 isolates. 

The exception was BSAC_bs1802, which appeared to carry 
a different SpyCI element (Fig. S4) that shared ~99 % iden-
tity with a SpyCI found in emm28 isolates (e.g. MGAS6180 

Fig. 3. Phage induction in M4
complete

 isolates but not M4
degraded

 isolates. (a) Primers were designed to detect integrated (In) and excised 

(Ex) prophage. Primer pairs A+B and C+D spanned the attachment sites attL and attR, respectively, formed when the prophage (grey) is 

integrated into the chromosome (black). Primer pairs A+D and C+B spanned the attachment site attB on the bacterial chromosome and 

attP on the prophage, respectively, detecting prophage excision. (b) Both integrated prophage, as indicated by bands in the two ‘In’ lanes, 

and excised prophage, as indicated by bands in the two ‘Ex’ lanes (primer pairs A+D and C+B) were detected in M4
complete

 for all three 

prophages. Excision was enhanced by the addition of mitomycin C (+MC). No excision was detected for all three prophages in M4
degraded

, 

as indicated by bands only in the In lanes but not the Ex lanes, even with mitomycin C. The exception was BSAC_bs1802, where excision 

of Φ10750.1/427.1 and Φ10750.3/427.3 was detected but excision of Φ10750.2/427.2 was not. Representative gels are shown for single 

isolates out of the five M4
complete

 BSAC isolates tested (BSAC_bs1388) and four M4
degraded

 tested (BSAC_bs472). Primer pairs were used in 

the following order: In lane 1, A+B (attL); In lane 2, C+D (attR); Ex lane 3, A+D (attB); Ex lane 4, C+B (attP).
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GenBank accession no. CP000056.2), and emm77 isolate 
NCTC13742 (GenBank accession no. LS483386.1). The SpyCI 
integrase gene in all emm4 isolates was identical. PCR was 
used to detect excision of SpyCIM4 in M4

complete
 and M4

degraded
 

isolates, similar to the three prophage regions. We could not 
detect excision of this element in M4

complete
 nor M4

degraded
 

isolates, even in the presence of mitomycin C (Fig. S5a). 
Previous studies have shown that this element excises during 
early exponential growth [12]. Therefore, we tested during 
exponential growth of one M4

complete
 isolate, but still could 

not detect excision (Fig. S5b). This was surprising, as when 
integrated, the element should interrupt the mutS and mutL 
operon, preventing the expression of mutL. To confirm the 
lack of expression of mutL, we extracted RNA from samples 
cultured for 3 h, converted the RNA to cDNA, and performed 
semi- quantitative PCR to detect mutS and mutL transcrip-
tion. In all samples, we detected transcripts of both mutS and 
mutL, suggesting that despite the consistent integration of 
SpyCIM4, transcription of mutL could still occur (Fig. S6).

Other prophages within the BSAC isolate genomes

Our short- read sequence assembly and pangenome analysis 
of the BSAC isolates indicated the presence of one additional 
prophage within each of five isolates: three M4

degraded
, one 

M4
complete

 and BSAC_bs1802. Long- read sequencing of four 

of these isolates allowed us to determine the exact composi-
tion of these prophages. BSAC_bs1802 carried a different 
speC/spd1 prophage (Φ1802.1) to the other emm4 isolates 
and, additionally, carried another prophage just 12 genes 
downstream of Φ1802.1, which was associated with the DNase 
sdn (Φ1802.2). Φ1802.2 was almost identical to Φ743.3, an 
sdn- encoding prophage in the genome of emm87 isolate 
NGAS743 (CP007560.1), (Fig. S7a), integrated between 
gph (DI45_06350 of NGAS743) and rplS (DI45_06680 of 
NGAS743).

The additional prophage found in M4
degraded

 BSAC_bs192 
(Φ192.1) was associated with the superantigen speK and the 
phospholipase sla (Fig. S7b). This prophage was integrated 
between yesN and msrA; equivalent to MGAS10750_Spy1388 
and MGAS10750_Spy1389. A prophage integrated into 
the same site was also identified in M4

degraded
 BSAC_bs472 

(Φ472.1), but lacked speK/sla. A comparison between these 
two prophages identified a high level of homology across the 
prophage, except for a region of five genes in Φ192.1. This 
region of Φ192.1 included speK/sla, but comprised seven 
different genes of unknown function in the otherwise similar 
Φ472.1 (Fig. S7b). An almost identical prophage to Φ472.1 
was also found in BSAC_bs1388 (Φ1388.1), but was integrated 
into a different site, equivalent to MGAS10750_Spy0673 
(pheT) and MGAS10750_Spy0674. These three prophages, 

Fig. 4. Gene loss within the SpyCI. The SpyCIM4 element is integrated within the MMR operon, between mutL and mutS (red arrows), and 

comprises 25 genes at full- length (as in MGAS10750) in the genomes of M4
complete

 isolates. In the genomes of M4
degraded

 isolates, including 

MEW427, the SpyCI element consists of only 11 genes, representing ~56 % gene loss. The pattern of degradation was common to all 

M4
degraded

. The SpyCI of BSAC_bs1802 is not shown, as this isolate contains a different SpyCI. Locus numbers for some genes are provided 

above and below; MEW427 is annotated in increments of five. The asterisks indicate an additional gene that was present but not included 

in the reference annotation. Colours represent predicted gene function according to the key.
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Φ192.1, Φ472.1 and Φ1388.1, shared the closest homology 
to MGAS29284 as determined by blast against the entire 
NCBI database, with 98 % identity over 87 % of the length (Fig. 
S7b). Analysis of BSAC_bs400, which was not subjected to 
long- read sequencing, also revealed an additional prophage, 
integrated in the same site as Φ1388.1 and shared 68 % of the 
Φ1388.1 genes, as determined by blast. Structural, replica-
tion, regulation and integrase genes were present in all four 
homologous prophages, suggesting they could excise and 
form functional bacteriophages.

Prophage-associated gene loss is found in other 
international emm4 isolates

To place our isolates within the context of a wider emm4 
population, we obtained publicly available emm4 WGS 
data for isolates from North America and the UK (n=223) 
(Table S2). Phylogenetic analysis identified two broad line-
ages associated either with MGAS10750 or with MEW427, 
as well as a third smaller lineage (Fig. 5). As we could not 
obtain full sequence of the prophages over single contigs for 
all isolates, prophage gene presence was determined when 
a ≥99 % match over the full gene length was obtained from 
blast alignment of each gene within Φ10750.1, Φ10750.2 
and Φ10750.3 against the short- read de novo assemblies of 

these isolates. This estimated gene presence/absence to a 
varying degree (Fig. S8, Table S2). However, there was an 
association of fewer prophage genes across all three prophages 
within the lineage clustering with MEW427 when compared 
to the other lineages. A consistent feature within MEW427, 
M4

degraded
 and partially degraded BSAC_bs1802 was a dele-

tion of the 5′ region of the integrase gene in the spd3 phage 
Φ10750.2/427.2. All 117 genomes of isolates clustering with 
MEW427 (shaded region in Fig. 5, Table S2) had the same 
deletion within the integrase gene, like MEW427. In contrast, 
all of the 106 genomes of isolates outside this lineage had a 
full- length integrase gene, like MGAS10750. We also found 
within MEW427 and our M4

degraded
 isolates, a deletion of the 

5′ end of the ssa- associated prophage integrase. This dele-
tion was found in 112/117 genomes of isolates that clustered 
with MEW427 (shaded region in Fig. 5) and complete in the 
remaining five isolates, as well as all isolates outside of this 
lineage. Taken together, this suggested that the spd3- and ssa- 
associated prophages within the majority of isolates clustering 
within the MEW427- like lineage would not be able to excise 
from the chromosome and are, therefore, cryptic. We also 
performed blast alignment of the de novo assemblies with 
the sequence of the MEW427 gene, 02770, which was unique 
to the degraded Φ427.1 prophage as it is formed following 
gene/sequence loss. This was present in 106/117 of the isolates 
that clustered with MEW427 (Table S2), suggesting that in 
these isolates Φ10750.1 had undergone degradation similarly 
to MEW427, and may also be cryptic.

There was a third lineage within the population, comprising 
13 UK isolates, for which very few Φ10750.1 genes could 
be detected, although speC and spd1 genes were present. 
Prophages Φ10750.2 and Φ10750.3 appeared to be complete, 
with full- length integrases. Although we could not fully 
confirm this with the short- read sequence data, blast align-
ment indicated that these isolates carried Φ1802.1. We did 
not find any other isolates within the population that carried 
this prophage.

Two isolates, GASEMM0570 and PHE_45828, had only 6 % 
of the Φ10750.1 genes, but clustered with MGAS10750 and 
carried speC/spd1. Although we could not determine the exact 
composition, it did appear that they both carried a different 
prophage that was not related to Φ10750.1 or Φ1802.1. 
Additionally, within the whole population, we also identified 
two isolates that did not carry the speC and spd1 genes or an 
associated prophage (Table S2).

We also determined the sequence of the SpyCI region in 
all 223 isolates. This region did assemble within single 
contigs and so the sequence could be compared between 
all isolates. BSAC_bs1802 was the only isolate to carry the 
emm28/emm77- like SpyCI. The 13 isolates belonging to the 
third smaller lineage all carried a SpyCIM4 that was different 
to any variant carried by any other emm4 isolate, and did not 
share any appreciable homology to anything on the NCBI 
database (Fig. S4). Across all lineages, 14 isolates did not carry 
any element between mutS and mutL. All other isolates either 
carried an element identical to MGAS10750 if they were in 

Fig. 5. Lineages within the emm4 population. Genome sequence data 

from 223 isolates were obtained and mapped against the reference 

genome MGAS10750 (black square) and 4994 concatenated core SNPs 

(excluding prophage and SpyCI regions) used to generate a maximum- 

likelihood phylogenetic tree. The second reference isolate MEW427 

was also included (black triangle). Data comprised genomes from 

ABCs (USA) isolates (blue circles, n=48) [44], Canadian isolates (light 

blue circles, n=8) [45, 46], PHE (UK) isolates (red circles, n=153) [27, 47], 

as well as isolates from Cambridgeshire (CUH, UK) (pink circles, n=4) 

[48] and BSAC isolates (brown circles, n=10). Isolates in red and dark 

blue were obtained around a similar time period (2014–2015), but from 

either the UK (red) or the USA (blue). Two broad lineages exist, either 

associated with MEW427 (shaded grey) or MGAS10750 (unshaded). A 

small lineage was also identified (dotted line circle) and these isolates 

are all from the UK. Bar, number of substitutions per site.
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the MGAS10750- like lineage, or a degraded element identical 
to MEW427 if they were within the MEW427- like lineage.

Interestingly, although UK isolates were divided between 
the MEW427- like lineage and MGAS10750- like lineage, 
North American isolates appeared to be almost exclusively 
restricted to the MEW427- like lineage. Given that the PHE 
isolates (UK) [27, 47] were collected at a similar time to the 
USA ABCs collection (2014–2015) [44], we compared the 
numbers of isolates present in each lineage: 57/153 (37 %) of 
PHE isolates were MEW427- like compared to 47/48 (98 %) 
of ABCs isolates.

DISCUSSION

Genotype emm4 S. pyogenes are a major emm- type causing 
disease worldwide [1], with the capacity to cause both self- 
limiting and potentially life- threatening invasive infection, 
and a known association with scarlet fever [27–30]. We have 
identified a lineage within an international emm4 popula-
tion that is characterized by degradation within integrated 
prophage genomes. Genetic modules pertaining to replica-
tion, regulation and lysogeny were chiefly affected, and to 
a more variable extent, structural genes necessary for the 
formation of infectious phage particles. Prophage- associated 
virulence factors were not affected. We confirmed that, at 
least in the M4

degraded
 isolates in our sample of ten emm4, this 

degradation resulted in prophage immobility.

The lysogenic phage of S. pyogenes follow a typically lambdoid 
genomic architecture, with discrete modules dedicated to 
specific functions [5, 54, 55]. The most obvious characteristic 
that we observed in the prophage- encoding regions of the 
MEW427- like BSAC emm4 isolates was the loss of replica-
tive and regulatory modules, as well as deletions within the 
integrase genes of the prophages Φ427.2 and Φ427.3. From 
our study, we cannot predict the order in which gene loss 
occurred, but it seems likely that if a mutation were to occur 
in the genetic apparatus necessary for excision, selection 
would presumably act rapidly on those genes remaining that 
no longer serve a function that is beneficial to the bacte-
rium [56]. As such, the genes or modules remaining raise 
interesting questions regarding their utility. The retention of 
prophage- encoded virulence factors is perhaps unsurprising, 
as multiple lines of scientific investigation have highlighted 
these genes as conferring a fitness advantage to S. pyogenes 
at the host–pathogen interface [6, 9]. A potential hypothesis 
is that genomic inactivation of prophage by the bacterium 
is part of an ongoing process of domestication, whereby the 
bacterium may retain genes that are useful, particularly toxin 
genes, while neutralizing the imminent threat of host cell lysis 
following the induction of the lytic pathway [56].

Our collection of ten emm4 isolates could be divided, with 
the exception of one isolate, into M4

complete
 and M4

degraded
, 

as the number of genes present within each of the three 
prophages reflected that of either the complete (MGAS10750) 
or degraded (MEW427) reference genome prophages. This 
was based on the full sequence of each prophage region 

extracted from de novo assembly of either short- read or long- 
read sequence data. For analysis of the wider emm4 genomic 
collection, we used a blast alignment method to estimate 
prophage composition. We restricted the findings to only full- 
length genes with ≥99 % identity, meaning only the presence 
of MGAS10750 prophage genes were detected, and not any 
truncated genes found in degraded MEW427- like prophages. 
It was not possible to directly compare prophage sequence 
because, for the majority of isolates, prophages assembled 
into multiple contigs. This was either due to other prophage 
content, and/or variation in sequence and assembly quality. 
However, from this analysis we could broadly estimate that 
there was gene loss in all three prophages associated with 
isolates that clustered with MEW427, but not isolates that 
clustered with MGAS10750. Further evidence of degrada-
tion in the MEW427- lineage came from the fact that all 
MEW427- lineage isolates carried the same deletion, leading 
to a predicted non- functional integrase of the spd3-prophage, 
and the majority (96 %) also carried the deletion within the 
ssa- prophage integrase. These integrase deletion mutations 
were not found in isolates outside of this lineage. We also 
identified the presence of the Φ427.1 gene 02770, which had 
formed following gene loss, in 95 % of MEW427- associated 
isolates. Therefore, we predict that all isolates belonging to the 
MEW427- like lineage have at least one immobile and cryptic 
prophage, and it seems likely that all three prophages would 
be cryptic in many of these isolates.

It was interesting to note that as well as degradation within 
the three prophage genomes, we also identified degradation 
within the chromosomal island SpyCI in our M4

degraded
 BSAC 

isolates, and in the wider population. Apart from isolates 
with no SpyCI, all MEW427- lineage isolates had an identical 
degraded SpyCIM4, like MEW427, and all MGAS10750- 
lineage isolates had an identical complete SpyCIM4, like 
MGAS10750. There was one exception, BSAC_bs1802, which 
had a different SpyCI element entirely. The smaller lineage 
of 13 isolates also had a different SpyCI element, suggesting 
these elements can be diverse, even within a single genotype. 
We expected to find excision of SpyCIM4 from the M4

complete
 

lineage BSAC isolates during exponential growth or upon 
exposure to mitomycin C, as observed for SpyCIM1 in SF370 
[12]. Indeed, the excision of SpyCI is reportedly essential for 
the transcription of mutL. However, we could not detect 
the excision of SpyCIM4 from M4

complete
 BSAC isolates, nor 

M4
degraded

 BSAC isolates, under either condition tested. Despite 
this, transcription of both mutL and mutS were sustained. 
It seems that in emm4, the MMR operon is not regulated 
by the integration and excision of the element as has been 
described in other emm- types [13], although it is possible that 
low, undetectable levels of SpyCI excision may occur; thus, 
permitting transcription of mutL. We would expect, however, 
that this would not be the case for the M4

degraded
 isolates, due 

to the substantial gene loss within this element, yet mutL 
transcription still occurred. The inability to detect SpyCI in 
its extra- chromosomal conformation in MGAS10750- like 
isolates, yet apparently retaining a full complement of associ-
ated genes relative to the completed reference genome, may 
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indicate that the element can be induced under conditions 
not explored in the present study, for example in response to 
antibiotics [57, 58] or factors produced by the human host in 
vivo [59–62]. It is also possible that due to its stably integrated 
state, the element was subjected to deletion of surplus genes. 
In a previous study, wherein the SpyCI element was cured 
from an SF370- like emm1 isolate, this resulted in dramatic 
changes to global transcription [14]. Retaining a partial or 
full- length SpyCI in emm4 may, therefore, serve a function 
that extends beyond the DNA MMR operon. Additionally, the 
gene loss within SpyCI, and potentially the other prophage 
genomes too, might have a wider influence on the phenotype 
of the bacterium, through as yet unidentified transcriptional 
or even post- transcriptional regulatory mechanisms.

An interesting find was the geographical divide, whereby all 
isolates from the USA collection [44], bar one, were found to 
be MEW427- like, likely representing degraded prophages, 
compared to 37 % of UK isolates [27, 47]. This may be related 
to the over- representation of emm4 in the UK associated with 
scarlet fever [27], although we did not find any association 
with scarlet fever and emm4 lineage within this small dataset 
with available clinical information; 59 % (16/27) of scarlet fever 
isolates were M4

complete
. There is a potential that the prophage, 

either through direct regulation or excision and replication, 
may have an impact on the expression of prophage- encoded 
virulence factors, which include the scarlet fever- associated 
superantigens. It has previously been shown that induction 
of toxigenic prophage in S. pyogenes and Streptococcus canis 
can enhance expression of the cognate virulence factors 
[59–61, 63]. Similar findings have been described in entero-
haemorrhagic Escherichia coli, wherein toxigenic prophage 
induction appears to contribute to the pathogenesis of toxin- 
mediated disease [58, 64]. It is, therefore, conceivable that the 
inactivation of prophage in genotype emm4 S. pyogenes may 
represent a progression towards a less virulent phenotype, 
which may be associated with M4

degraded
 isolates, owing to an 

inability to elicit a gene dosing effect of prophage- encoded 
virulence factors. It is worth noting, however, that a gene 
dosing effect does not appear to be necessary in all cases to 
attain enhanced transcription of these genes [59].

There are other differences separating the two lineages in 
addition to the prophage degradation, and these may also 
impact on the behaviour and success of the lineage. A recent 
study on emm4 isolates from Houston, TX, USA, found 
isolates with a novel chimeric emm, formed from fusion with 
the downstream enn gene [36], and chimeric emm genes have 
subsequently been detected in a number of other emm- types 
[65]. The chimeric emm was previously found in MEW427 
and MEW427- like isolates but not in MGAS10750. We identi-
fied the chimeric emm in all our M4

degraded
 BSAC isolates, but 

not in our M4
complete

 BSAC isolates. The chimeric emm gene 
could influence the phenotype of the MEW427- like isolates 
in addition to the prophage degradation. Gubbins analysis of 
our BSAC emm4 also identified a region of recombination 
surrounding MGAS10750 genes Spy485–488, and these are 
absent in MEW427 and MEW427- like isolates. The function 
of these genes is not known, although Spy485 is annotated 

as microcin C7 self- immunity protein MccF. These genes are 
found in isolates belonging to some genotypes, but absent in 
others, indicating their presence in the S. pyogenes genome 
is variable.

It is not clear what other impacts prophages have on S. 
pyogenes during infection, beyond the transfer and expression 
of associated virulence factors. The cryptic prophage of E. coli 
may bolster the success of lysogens in challenging environ-
ments, and in response to certain stimuli, such as growth in 
nutrient poor conditions, extremes of pH, oxidative stressors 
and antibiotics [66], and perhaps this is the case for M4

degraded
 

emm4. It is also conceivable that by harbouring neutralized 
prophage that cannot induce lysis of the host bacterium, 
M4

degraded
 are better able to resist certain challenges encoun-

tered during growth at non- sterile sites such as the human 
nasopharynx, the primary anatomical niche of S. pyogenes. 
Streptococcus pneumoniae, another bacterium also often 
present in the human nasopharynx, may exploit the lysogenic 
nature of its competitors, specifically by secreting hydrogen 
peroxide and triggering prophage induction and lysis in 
Staphylococcus aureus lysogens [67]. Resilience to this form 
of competitive insult might, therefore, confer an advantage 
to M4

degraded
 during infection. Human pharyngeal cells alone 

appear to trigger prophage induction and particle formation 
in S. pyogenes [59, 60] and, thus, their inactivation may confer 
a possible survival advantage in vivo. Prophage also appear to 
play a role in the complex and elusive competence pathway(s) 
of S. pyogenes. Indeed, the prophage- borne ‘paratox’, which 
is often contiguous with genes pertaining to virulence in 
streptococcal phage, seemingly interferes with interactions 
between proteins involved in the mediation of transformation 
and recombination; thus, dramatically reducing competence 
[68]. These hypotheses represent exciting targets for future 
study, and may enhance current understandings of the infec-
tion biology of S. pyogenes and the role of prophages at the 
host–pathogen interface.

Full de novo assembly of integrated prophages is notori-
ously difficult due to the homologous and mosaic nature 
of these genomes. We were unable to fully assemble these 
regions within single contigs in isolates where at least one 
other prophage was present due to the homology between 
prophages. Long- read sequencing of four isolates produced 
complete genome sequences that led to the identification of 
additional prophages within five of the BSAC emm4 genomes. 
BSAC_bs1802 was unusual in that it not only carried a 
different speC/spd1 prophage and a unique SpyCIM4 element, 
but also carried a prophage associated with the DNase sdn, 
which was predicted to be complete. Four other BSAC isolates, 
BSAC_bs192, BSAC_bs400, BSAC_bs472 and BSAC_bs1388, 
each had one additional prophage. The prophages in these 
isolates were closely related to each other, but only Φ192.1 
was associated with speK/sla, and Φ192.1 and Φ427.2 had a 
different integration site to Φ400.1 and Φ1388.1. This suggests 
that these prophages are less stable in the population than 
the Φ10750.1/427.1, Φ17050.2/427.2 and Φ107050.3/427.3 
prophages. The presence of structural, replication and regu-
lation regions suggested that they were not degraded, even 
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within M4
degraded

 strains BSAC_bs192 and BSAC_bs472, 
compared to M4

complete
 BSAC_bs1388. The relatively high level 

of homology shared between these additional prophages and 
canonical emm4 prophages (80–100 % homology between 
~20 % of prophages genes), introduced breaks in the short- 
read sequence de novo assembly, and long- read sequencing 
was required to determine exact composition. This need for 
long- read sequencing, unfortunately, hampers current work 
into prophage genetics within the streptococcal population, 
about which we know little but, given our observations with 
just ten isolates, could be highly variable. There has been some 
evidence for prophage- mediated genome rearrangements 
[69] and the hybridization of different prophages giving rise 
to increased toxin expression [19]. It also seems likely that 
prophage degradation exists in other genotypes, as well as 
emm4.

There is great potential for prophages to drive evolutionary 
changes within the streptococcal population. Their mecha-
nisms of impact may range from the simple transfer of 
virulence factors, through to local- and genome- wide tran-
scriptional control, and even direct phenotypic influences, 
through induction, particle formation and host cell lysis. 
Therefore, we need to expand our knowledge and research 
in this area to fully appreciate the role prophages play in the 
population of streptococci, and indeed other bacterial species.

Funding information

A. R. is a PhD student funded by the Florey Institute, University of Shef-
field. C. E. T. is a Royal Society and Wellcome Trust Sir Henry Dale 
Research Fellow (208765/Z/17/Z).

Acknowledgements

The authors would like to thank the BSAC for providing the emm4 
isolates.

Conflicts of interest

The authors declare that there are no conflicts of interest.

References

 1. Efstratiou A, Lamagni T. Epidemiology of Streptococcus pyogenes. 
In: Ferretti JJ, Stevens DL, Fischetti VA (eds). Streptococcus 

pyogenes: Basic Biology to Clinical Manifestations. Oklahoma City, 
OK: University of Oklahoma Health Sciences Center; 2017.

 2. Carapetis JR, Steer AC, Mulholland EK, Weber M. The global 
burden of group A streptococcal diseases. Lancet Infect Dis 
2005;5:685–694.

 3. Facklam R, Beall B, Efstratiou A, Fischetti V, Johnson D et al. emm 
typing and validation of provisional M types for group A strepto-
cocci. Emerg Infect Dis 1999;5:247–253.

 4. McMillan DJ, Drèze P- A, Vu T, Bessen DE, Guglielmini J et al. Updated 
model of group A Streptococcus M proteins based on a comprehen-
sive worldwide study. Clin Microbiol Infect 2013;19:E222–E229.

 5. McShan WM, McCullor KA, Nguyen SV. The bacteriophages of 
Streptococcus pyogenes. Microbiol Spectr 2019;7:GPP3-0059-2018.

 6. Commons RJ, Smeesters PR, Proft T, Fraser JD, Robins- Browne R 
et al. Streptococcal superantigens: categorization and clinical asso-
ciations. Trends Mol Med 2014;20:48–62.

 7. Reglinski M, Sriskandan S, Turner CE. Identification of two new 
core chromosome- encoded superantigens in Streptococcus 

pyogenes; speQ and speR. J Infect 2019;78:358–363.

 8. Beres SB, Sylva GL, Sturdevant DE, Granville CN, Liu M et  al. 
Genome- wide molecular dissection of serotype M3 group A 

Streptococcus strains causing two epidemics of invasive infections. 
Proc Natl Acad Sci USA 2004;101:11833–11838.

 9. Remmington A, Turner CE. The DNases of pathogenic Lancefield 

streptococci. Microbiology 2018;164:242–250.

 10. Nguyen SV, McShan WM. Chromosomal islands of Streptococcus 

pyogenes and related streptococci: molecular switches for survival 
and virulence. Front Cell Infect Microbiol 2014;4:109.

 11. Novick RP, Christie GE, Penadés JR. The phage- related chro-
mosomal islands of Gram- positive bacteria. Nat Rev Microbiol 
2010;8:541–551.

 12. Scott J, Thompson- Mayberry P, Lahmamsi S, King CJ, McShan WM. 
Phage- associated mutator phenotype in group A Streptococcus. J 

Bacteriol 2008;190:6290–6301.

 13. Scott J, Nguyen SV, King CJ, Hendrickson C, McShan WM. Phage- 
like Streptococcus pyogenes chromosomal islands (SpyCI) and 
mutator phenotypes: control by growth state and rescue by a 
SpyCI- encoded promoter. Front Microbiol 2012;3:317.

 14. Hendrickson C, Euler CW, Nguyen SV, Rahman M, McCullor KA 
et  al. Elimination of chromosomal island SpyCIM1 from Strepto-

coccus pyogenes strain SF370 reverses the mutator phenotype and 
alters global transcription. PLoS One 2015;10:e0145884.

 15. Afshar B, Turner CE, Lamagni TL, Smith KC, Al- Shahib A et  al. 
Enhanced nasopharyngeal infection and shedding associated with 
an epidemic lineage of emm3 group A Streptococcus. Virulence 
2017;8:1390–1400.

 16. Al- Shahib A, Underwood A, Afshar B, Turner CE, Lamagni T et al. 
Emergence of a novel lineage containing a prophage in emm/M3 
group A Streptococcus associated with upsurge in invasive disease 
in the UK. Microb Genom 2016;2:e000059.

 17. Banks DJ, Beres SB, Musser JM. The fundamental contribution of 
phages to GAS evolution, genome diversification and strain emer-
gence. Trends Microbiol 2002;10:515–521.

 18. Ben Zakour NL, Davies MR, You Y, Chen JHK, Forde BM et  al. 
Transfer of scarlet fever- associated elements into the group A 
Streptococcus M1T1 clone. Sci Rep 2015;5:15877.

 19. Davies MR, Holden MT, Coupland P, Chen JHK, Venturini C et al. 
Emergence of scarlet fever Streptococcus pyogenes emm12 clones 
in Hong Kong is associated with toxin acquisition and multidrug 
resistance. Nat Genet 2015;47:84–87.

 20. Tse H, Bao JYJ, Davies MR, Maamary P, Tsoi H- W et al. Molecular 
characterization of the 2011 Hong Kong scarlet fever outbreak. J 

Infect Dis 2012;206:341–351.

 21. Turner CE, Abbott J, Lamagni T, Holden MTG, David S et  al. 
Emergence of a new highly successful acapsular group A Strep-

tococcus clade of genotype emm89 in the United Kingdom. mBio 
2015;6:e00622.

 22. Flores AR, Chase McNeil J, Shah B, Van Beneden C, Shelburne SA. 
Capsule- negative emm types are an increasing cause of pediatric 
group A streptococcal infections at a large pediatric hospital in 
Texas. J Pediatric Infect Dis Soc 2019;8:244–250.

 23. Jaggi P, Tanz RR, Beall B, Shulman ST. Age influences the emm 
type distribution of pediatric group A streptococcal pharyngeal 
isolates. Pediatr Infect Dis J 2005;24:1089–1092.

 24. Luca- Harari B, Darenberg J, Neal S, Siljander T, Strakova L et  al. 
Clinical and microbiological characteristics of severe Streptococcus 

pyogenes disease in Europe. J Clin Microbiol 2009;47:1155–1165.

 25. Whitehead BD, Smith HV, Nourse C. Invasive group A strep-
tococcal disease in children in Queensland. Epidemiol Infect 
2011;139:623–628.

 26. Flores AR, Jewell BE, Fittipaldi N, Beres SB, Musser JM. Human 
disease isolates of serotype M4 and M22 group A Streptococcus 
lack genes required for hyaluronic acid capsule biosynthesis. mBio 
2012;3:e00413-12.

 27. Chalker V, Jironkin A, Coelho J, Al- Shahib A, Platt S et al. Genome 
analysis following a national increase in scarlet fever in England 
2014. BMC Genomics 2017;18:224.



13

Remmington et al., Microbial Genomics 2021;7:000482

 28. Silva- Costa C, Carriço JA, Ramirez M, Melo- Cristino J. Scarlet 
fever is caused by a limited number of Streptococcus pyogenes 
lineages and is associated with the exotoxin genes ssa, speA and 
speC. Pediatr Infect Dis J 2014;33:306–310.

 29. Turner CE, Pyzio M, Song B, Lamagni T, Meltzer M et al. Scarlet 
fever upsurge in England and molecular- genetic analysis in North- 
West London, 2014. Emerg Infect Dis 2016;22:1075–1078.

 30. Yan J- J, Liu C- C, Ko W- C, Hsu S- Y, Wu H- M et al. Molecular anal-
ysis of group A streptococcal isolates associated with scarlet 
fever in southern Taiwan between 1993 and 2002. J Clin Microbiol 
2003;41:4858–4861.

 31. Kim S, Lee S, Park H, Kim S. Predominance of emm4 and antibi-
otic resistance of Streptococcus pyogenes in acute pharyngitis in a 
southern region of Korea. J Med Microbiol 2019;68:1053–1058.

 32. Beres SB, Richter EW, Nagiec MJ, Sumby P, Porcella SF et  al. 
Molecular genetic anatomy of inter- and intraserotype variation 
in the human bacterial pathogen group A Streptococcus. Proc Natl 

Acad Sci USA 2006;103:7059–7064.

 33. Galloway- Peña J, Clement ME, Sharma Kuinkel BK, Ruffin F, 
Flores AR et  al. Application of whole- genome sequencing to an 
unusual outbreak of invasive group A streptococcal disease. Open 

Forum Infect Dis 2016;3:ofw042.

 34. Henningham A, Yamaguchi M, Aziz RK, Kuipers K, Buffalo CZ et al. 
Mutual exclusivity of hyaluronan and hyaluronidase in invasive 
group A Streptococcus. J Biol Chem 2014;289:32303–32315.

 35. Jacob KM, Spilker T, LiPuma JJ, Dawid SR, Watson ME. Complete 
genome sequence of emm4 Streptococcus pyogenes MEW427, a 
throat isolate from a child meeting clinical criteria for pediatric 
autoimmune neuropsychiatric disorders associated with strepto-
coccus (PANDAS). Genome Announc 2016;4:e00127-16.

 36. DebRoy S, Li X, Kalia A, Galloway- Pena J, Shah BJ et al. Identifica-
tion of a chimeric emm gene and novel emm pattern in currently 
circulating strains of emm4 group A Streptococcus. Microb Genom 
2018;4:e000235.

 37. Turner CE, Holden MTG, Blane B, Horner C, Peacock SJ et al. The 
emergence of successful Streptococcus pyogenes lineages through 
convergent pathways of capsule loss and recombination directing 
high toxin expression. mBio 2019;10:e02521-19.

 38. Croucher NJ, Page AJ, Connor TR, Delaney AJ, Keane JA et  al. 
Rapid phylogenetic analysis of large samples of recombinant 
bacterial whole genome sequences using Gubbins. Nucleic Acids 

Res 2015;43:e15.

 39. Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M et  al. 
SPAdes: a new genome assembly algorithm and its applications to 
single- cell sequencing. J Comput Biol 2012;19:455–477.

 40. Carver T, Harris SR, Berriman M, Parkhill J, McQuillan JA. Artemis: 
an integrated platform for visualization and analysis of high- 
throughput sequence- based experimental data. Bioinformatics 
2012;28:464–469.

 41. Page AJ, Cummins CA, Hunt M, Wong VK, Reuter S et  al. Roary: 
rapid large- scale prokaryote pan genome analysis. Bioinformatics 
2015;31:3691–3693.

 42. Wick RR, Judd LM, Gorrie CL, Holt KE. Unicycler: resolving bacte-
rial genome assemblies from short and long sequencing reads. 
PLoS Comput Biol 2017;13:e1005595.

 43. Arndt D, Grant JR, Marcu A, Sajed T, Pon A et al. PHASTER: a better, 
faster version of the PHAST phage search tool. Nucleic Acids Res 
2016;44:W16–W21.

 44. Chochua S, Metcalf BJ, Li Z, Rivers J, Mathis S et al. Population and 
whole genome sequence based characterization of invasive group 
A streptococci recovered in the United States during 2015. mBio 
2017;8:e01422-17.

 45. Athey TBT, Teatero S, Li A, Marchand- Austin A, Beall BW 
et  al. Deriving group A Streptococcus typing information from 
short- read whole- genome sequencing data. J Clin Microbiol 
2014;52:1871–1876.

 46. Athey TBT, Teatero S, Sieswerda LE, Gubbay JB, Marchand- 

Austin A et  al. High incidence of invasive group A Streptococcus 

disease caused by strains of uncommon emm types in Thunder 
Bay, Ontario, Canada. J Clin Microbiol 2016;54:83–92.

 47. Kapatai G, Coelho J, Platt S, Chalker VJ. Whole genome sequencing 
of group A Streptococcus: development and evaluation of an auto-
mated pipeline for emm gene typing. PeerJ 2017;5:e3226.

 48. Turner CE, Bedford L, Brown NM, Judge K, Török ME et al. Commu-
nity outbreaks of group A Streptococcus revealed by genome 
sequencing. Sci Rep 2017;7:8554.

 49. Page AJ, Taylor B, Delaney AJ, Soares J, Seemann T et al. SNP- 
sites: rapid efficient extraction of SNPs from multi- FASTA align-
ments. Microb Genom 2016;2:e000056.

 50. Stamatakis A. RAxML version 8: a tool for phylogenetic anal-
ysis and post- analysis of large phylogenies. Bioinformatics 
2014;30:1312–1313.

 51. Sullivan MJ, Petty NK, Beatson SA. Easyfig: a genome comparison 
visualizer. Bioinformatics 2011;27:1009–1010.

 52. Pospiech A, Neumann B. A versatile quick- prep of genomic DNA 
from gram- positive bacteria. Trends Genet 1995;11:217–218.

 53. Beres SB, Musser JM. Contribution of exogenous genetic elements 
to the group A Streptococcus metagenome. PLoS One 2007;2:e800.

 54. Canchaya C, Proux C, Fournous G, Bruttin A, Brüssow H. Prophage 
genomics. Microbiol Mol Biol Rev 2003;67:238–276.

 55. Desiere F, McShan WM, van Sinderen D, Ferretti JJ, Brüssow H. 
Comparative genomics reveals close genetic relationships between 
phages from dairy bacteria and pathogenic streptococci: evolu-
tionary implications for prophage- host interactions. Virology 
2001;288:325–341.

 56. Ramisetty BCM, Sudhakari PA. Bacterial 'grounded' prophages: 
hotspots for genetic renovation and innovation. Front Genet 
2019;10:65.

 57. Maiques E, Ubeda C, Campoy S, Salvador N, Lasa I et al. β-Lactam anti-
biotics induce the SOS response and horizontal transfer of virulence 
factors in Staphylococcus aureus. J Bacteriol 2006;188:2726–2729.

 58. Zhang X, McDaniel AD, Wolf LE, Keusch GT, Waldor MK et  al. 
Quinolone antibiotics induce Shiga toxin- encoding bacteriophages, 
toxin production, and death in mice. J Infect Dis 2000;181:664–670.

 59. Banks DJ, Lei B, Musser JM. Prophage induction and expression 
of prophage- encoded virulence factors in group A Streptococcus 
serotype M3 strain MGAS315. Infect Immun 2003;71:7079–7086.

 60. Broudy TB, Pancholi V, Fischetti VA. Induction of lysogenic bacte-
riophage and phage- associated toxin from group A streptococci 
during coculture with human pharyngeal cells. Infect Immun 
2001;69:1440–1443.

 61. Broudy TB, Pancholi V, Fischetti VA. The in vitro interaction of Strep-

tococcus pyogenes with human pharyngeal cells induces a phage- 
encoded extracellular DNase. Infect Immun 2002;70:2805–2811.

 62. Broudy TB, Fischetti VA. In vivo lysogenic conversion of Tox(-) 
Streptococcus pyogenes to Tox(+) with lysogenic streptococci or 
free phage. Infect Immun 2003;71:3782–3786.

 63. Ingrey KT, Ren J, Prescott JF. A fluoroquinolone induces a novel 
mitogen- encoding bacteriophage in Streptococcus canis. Infect 

Immun 2003;71:3028–3033.

 64. Balasubramanian S, Osburne MS, BrinJones H, Tai AK, 
Leong JM. Prophage induction, but not production of phage parti-
cles, is required for lethal disease in a microbiome- replete 
murine model of enterohemorrhagic E. coli infection. PLoS Pathog 
2019;15:e1007494.

 65. Frost HR, Davies MR, Delforge V, Lakhloufi D, Sanderson- 

Smith M et al. Analysis of global collection of group A Streptococcus 
genomes reveals that the majority encode a trio of M and M- like 
proteins. mSphere 2020;5:e00806-19.

 66. Wang X, Kim Y, Ma Q, Hong SH, Pokusaeva K et  al. Cryptic 
prophages help bacteria cope with adverse environments. Nat 

Commun 2010;1:147.

 67. Selva L, Viana D, Regev- Yochay G, Trzcinski K, Corpa JM et  al. 
Killing niche competitors by remote- control bacteriophage induc-
tion. Proc Natl Acad Sci USA 2009;106:1234–1238.



14

Remmington et al., Microbial Genomics 2021;7:000482

 68. Mashburn- Warren L, Goodman SD, Federle MJ, 
Prehna G. The conserved mosaic prophage protein paratox inhibits 
the natural competence regulator ComR in Streptococcus. Sci Rep 
2018;8:16535.

 69. Nakagawa I, Kurokawa K, Yamashita A, Nakata M, Tomiyasu Y et al. 
Genome sequence of an M3 strain of Streptococcus pyogenes reveals 
a large- scale genomic rearrangement in invasive strains and new 
insights into phage evolution. Genome Res 2003;13:1042–1055.

Five reasons to publish your next article with a Microbiology Society journal

1.  The Microbiology Society is a not-for-profit organization.

2.  We offer fast and rigorous peer review – average time to first decision is 4–6 weeks.

3.   Our journals have a global readership with subscriptions held in research institutions around  

the world.

4.  80% of our authors rate our submission process as ‘excellent’ or ‘very good’.

5.  Your article will be published on an interactive journal platform with advanced metrics.

Find out more and submit your article at microbiologyresearch.org.


	Cryptic prophages within a ﻿Streptococcus pyogenes﻿ genotype ﻿emm﻿4 lineage
	Abstract
	Data Summary﻿﻿
	Introduction
	Methods
	Genome sequence analysis of British Society for Antimicrobial Chemotherapy (BSAC) isolates
	Prophage/SpyCI gene content
	Nanopore sequencing
	Genome sequence analysis of international ﻿emm﻿4 isolates
	Figure annotation
	Prophage induction
	RNA extraction and transcription detection

	Results
	Gene loss within each of three prophage regions
	Prophage excision potential is abolished in isolates with degraded prophage
	Gene loss within the SpyCI element
	Other prophages within the BSAC isolate genomes
	Prophage-associated gene loss is found in other international ﻿emm﻿4 isolates

	Discussion
	References


