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ABSTRACT The bacteriophages of Streptococcus pyogenes
(group A streptococcus) play a key role in population shaping,
genetic transfer, and virulence of this bacterial pathogen. Lytic
phages like A25 can alter population distributions through
elimination of susceptible serotypes but also serve as key
mediators for genetic transfer of virulence genes and antibiotic
resistance via generalized transduction. The sequencing of
multiple S. pyogenes genomes has uncovered a large and diverse
population of endogenous prophages that are vectors for toxins
and other virulence factors and occupy multiple attachment sites
in the bacterial genomes. Some of these sites for integration appear
to have the potential to alter the bacterial phenotype through gene
disruption. Remarkably, the phage-like chromosomal islands
(SpyCI), which share many characteristics with endogenous
prophages, have evolved tomediate a growth-dependentmutator
phenotype while acting as global transcriptional regulators. The
diverse population of prophages appears to share a large pool
of genetic modules that promotes novel combinations that may
help disseminate virulence factors to different subpopulations
of S. pyogenes. The study of the bacteriophages of this pathogen,
both lytic and lysogenic, will continue to be an important
endeavor for our understanding of how S. pyogenes continues
to be a significant cause of human disease.

OVERVIEW
The year 2015 was the centenary of the discovery of
bacteriophages (phages) by Frederick Twort (1), and the
first associations of phages with Streptococcus pyogenes
(group A streptococcus) were made by Cantacuzene and
Boncieu in 1926 (2) and by Frobisher and Brown in
1927 (3), both groups showing that the “scarlatina
toxin” (erythrogenic toxin, pyrogenic exotoxin A) could
be passed to a new strain after exposure to a sterile fil-
trate from a toxigenic isolate. Additional studies by Evans
in the 1930s and 1940s documented the prevalence of

group A streptococcal phages, linked them with viru-
lence, and provided early additional evidence for lysogeny
(4–8). More studies followed of both lysogenic and lytic
streptococcal phages (9–15), but the link between lysog-
eny and the transmission of the erythrogenic toxin was
not made until the landmark study by Zabriskie in 1964
(16); the phage-encoded toxin structural gene (speA) was
subsequently identified by Weeks and Ferretti (17, 18)
and independently by Johnson and Schlievert (19). The
history and contributions of these and other early work-
ers to our knowledge of the bacteriophages of S. pyogenes
are covered elsewhere (20). Following these studies, a
significant body of research has shown that phages con-
tribute to the success and virulence of their host strepto-
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cocci by acting as vectors for genes encoding virulence
factors and through their ability to disseminate strepto-
coccal genes from one cell to another through transduc-
tion. Since group A streptococci are not thought to be
normally competent for transformation, except possibly
under certain conditions (21), and since Hfr-type conju-
gal transfer of chromosomal genes has not been observed,
it is easy to argue that the bacteriophages of S. pyogenes
play a major role in the genetics and molecular biology of
this pathogen.

LYTIC PHAGESOFGROUPASTREPTOCOCCI
Biology and Distribution of Lytic Phages
Bacteriophages typically may be grouped by their life cycle
into two categories: lytic phages and lysogenic (temper-
ate) phages. Lytic phages infect their host cell and begin
the viral replicative cycle within a short time frame. At
the end of replication and assembly, the host bacterial
cell typically lyses and releases the newly formed bacte-
riophage particles. The five decades following the dis-
covery of phages saw numerous investigations of lytic
phages of S. pyogenes, which included studies of their
host range, their basic biology, and their ability to me-
diate general transduction. In contrast to lysogenic phages,
lytic phages do not alter the phenotype of the host strep-
tococcal cell by a long-term genetic relationship, but they
can shape the host population by eliminating susceptible
cells in a population or by facilitating genetic exchange by
transduction.

Bacteriophage A25
The best-studied lytic phage of S. pyogenes is bacterio-
phage A25, which was originally isolated in the early
1950s from Paris sewage (11, 12) and was found to
mediate generalized transduction in S. pyogenes (22).
Phage A25 is also referred to in the literature as phage
12204, its designation by the American Type Culture
Collection (ATCC 12204). The genome sequence of A25
has been determined to be 33,900 bp with a GC content
of 38.44%, very close to the predicted size (23) and GC
content (24) reported previously. The sequence is avail-
able from GenBank (accession no. KT388093.1). Elec-
tron microscopy shows that it belongs to the Siphoviridae
with an isometric, octahedral head measuring 58 to 60
nm across and a long flexible tail that measures 180 to
190 nm in length and 10 nm in diameter (25, 26). The tail
of this phage is composed of 8-nm circular subunits and
terminates in a transverse plate with a single projecting
spike that is about 20 nm long (26, 27). In contrast to
many lysogenic phages, the genome sequence shows that

A25 does not encode a hyaluronidase (hyaluronate lyase)
as part of its tail fiber. It does, however, encode a lysin
that has activity against groups A, C, G, and H strepto-
cocci (28).

One-step growth experiments showed that phage A25
has an average burst size that may vary depending upon
the host strain, with reported average burst sizes of 30
PFU/cell when propagated with strain K56 (29) and 12
CFU/cell using strain T253 (30). Peptidoglycan is the
cell receptor for A25, and treatment of the cells with the
group C streptococcus phage C1 lysin (PlyC) destroyed
the receptor binding (31). Phage A25 has a broad host
range, being adaptable to group G streptococci after pas-
sage (31). This broad host range is reflected by the mo-
saic nature of the A25 genome, which contains genetic
modules shared with bacteriophages from S. pyogenes,
Streptococcus pneumoniae, Streptococcus suis, Strep-
tococcus dysgalactiae subsp. equisimilis, Streptococcus
iniae, and Streptococcus equi subsp. zooepidemicus (32).
Wannamaker and coworkers showed that A25 also could
infect 48% of group C strains tested (33). Other S. pyo-
genes lytic phages in the same study could also infect
group C strains at frequencies ranging from 34 to 47%.
The possibility that A25 and other lytic S. pyogenes
phages can infect multiple species of streptococci may
contribute to horizontal transfer of both host and pro-
phage genes via transduction. Phylogenetic analysis of
the terminase suggests that A25 uses pac style packaging
of its genome (32), and low-stringency pac site recog-
nition has been associated with high-frequency trans-
duction in phages (34). The efficiency of transduction by
A25, discussed below, suggests that its packaging of
DNA sequences is not highly stringent.

The genome sequence of A25 revealed that, remark-
ably, this bacteriophage was very likely an escaped lyso-
gen containing a remnant lysogeny module that retained
a cro-like antirepressor and operator sequence but no
longer contained a cI-like repressor or integrase (32). The
genome has a modular genetic arrangement similar to
many S. pyogenes genome prophages (Fig. 1) with regions
associated with regulation, DNA replication, endonucle-
olytic cleavage, DNA packaging, head and head mor-
phogenesis genes, tail genes, and lysis. In contrast to most
genome prophages, however, no identifiable virulence
genes were found. An extended region of high DNA ho-
mology with the lysogeny module of a number of genome
prophages is present (shaded gray in Fig. 1), and the
shared operator sequence between these prophages and
A25 appears to be a mechanism of A25 resistance for
these prophages, allowing their Lambda-like repressor
proteins to silence A25 expression and abort its rep-
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lication. The key role of this repressor was confirmed
by transferring a plasmid-encoded copy of this gene into
susceptible strains of S. pyogenes, leading to high-level
resistance to A25 infection (32). The remainder of the
A25 genome shows little homology to known S. pyo-
genes prophages, instead having regions of homology
to phages from other streptococcal species as described
above. Streptococcal phage Str01, sequenced after A25,
showed near identical homology to the A25 genome
except for the presence of a cI-like repressor and inte-
grase gene. Interestingly, homology to this portion of the
Str01 genome was found to prophages from group G
streptococci. This suggests that lysogenic escape was a
more distant event then rescued by the acquisition of
integrase and cI-like repressor from a group G strepto-
coccal phage, further implicating multispecies genetic
transfer within streptococci and streptococcal phages.

Transduction in S. pyogenes
Transformation, conjugation, and transduction are com-
mon means of genetic exchange in bacteria. In S. pyo-
genes, natural transformation may occur when the cells

live in a biofilm (35), but such exchange has not been seen
under typical laboratory conditions. Conjugative trans-
posons are frequent elements in S. pyogenes, but they are
not associated with transfer events seen with the F plas-
mid of E. coli. Generalized transduction, by contrast,
occurs in S. pyogenes and is mediated by both lytic and
lysogenic phages.

Transduction in S. pyogenes was first reported in
1968, detailing how five phages, three lytic and two ly-
sogenic, were able to transduce streptomycin resistance
(22). Of this group of phages, phage A25 (phage 12204)
was able to transduce antibiotic resistance at the high-
est frequency (1 × 10–6 transductants per PFU). Transfer
was DNase resistant but sensitive to antiphage serum,
supporting generalized transduction as the mechanism
of genetic exchange. The capsule of S. pyogenes is com-
posed of hyaluronic acid, which was found to be a bar-
rier to A25 infection (11). Lysogenic phages often encode
a hyaluronidase, but phage A25 lacks such a gene since
this enzymatic activity has not been associated with nor
was a gene identified by genome sequencing (32). The
state of S. pyogenes encapsulation can vary during the

FIGURE 1 The genome of bacteriophage A25 reveals an escape from lysogeny. The
33,900-bp generalized transducing phage A25 is shown. The portion of the chromosome
included in the shaded box is the high homology region that contains the remnant lysogeny
module and other genes that A25 shares with prophages from genome strains MGAS10270
(M2), MGAS315 (M3), MGAS10570 (M4), and STAB902 (M4). Unlike these complete lysogens,
A25 only has the operator and antirepressor from the lysogeny module (shown in expanded
view below the map), apparently having lost the integrase and repressor for lysogeny some
time in the past. This A25 expanded region is compared to the homologous region from
genome prophage MGAS10270.2, which contains these elements as well as the upstream
genes including the cI-like repressor. Promoters are shown as directional arrows. Intro-
duction of the MGAS10270.2 repressor into an A25-sensitive S. pyogenes strain results in its
conversion to a high level of A25 resistance (32). The genome follows a typical modular
arrangement, with the predicted function for A25 genes indicated by color: regulation, dark
red; DNA replication, pink; encode endonucleases, dark blue; genome packaging, light blue;
structural, green; and lysis, yellow. The figure is redrawn from McCullor et al. (32).
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growth phase (36), and some strains, such as the recently
described M4 isolate from Australia (37), do not express
capsule at all. Therefore, the susceptibility of cells to
phage-mediated transduction probably varies by growth
state and genetic background, both of which could in-
fluence horizontal transfer.

A number of strategies have been used to improve
transduction frequencies. Malke showed that transduc-
tion frequencies could be improved by using specific A25
antiserum to block unabsorbed or progeny phages from
infecting transductants resulting from the initial adsorp-
tion (38). In theory, this phenomenon leading to higher
transduction frequencies can occur in nature, particularly
with infections of strains containing resident prophages
with high homology to A25 within the lambda-type reg-
ulatory region. As discussed above, superinfection immu-
nity represses A25 gene expression but does not impede
initial phage adsorption and injection of DNA material.
This mechanism protects the infected cell from lysis by
A25 infection and allows for survival of transduced cells.
Increased levels could also be obtained by the use of
temperature-sensitive mutants of phage A25 (29), as could
UV irradiation of transducing lysates prior to adsorption
to the host streptococci (38–40).

Lysogenic bacteriophages of S. pyogenes are capable
of mediating transfer of antibiotic resistance by trans-
duction. Strains with bacteriophage T12-like prophages
can produce transducing lysates capable of transferring
resistance to tetracycline, chloramphenicol, macrolides,
lincomycin, and clindamycin following lysogen induction.
Generalized transduction transfer of erythromycin and
streptomycin resistance following mitomycin C treatment
of endogenous prophages has also been observed (41).

Transduction may play a role in the dissemination of
genes among related streptococcal species. Some bacte-
riophages isolated from groups A and G streptococci can
infect serotype A, C, G, H, and L strains; some were
capable of infecting multiple serotypes (42). The same
study showed that phage A25 could transduce strepto-
mycin resistance to a group G strain. Wannamaker and
coworkers further showed that streptomycin resistance
could be transferred to S. pyogenes strains by a tem-
perate transducing phage isolated from group C strep-
tococcus (33). The wealth of S. pyogenes genome data
supports the idea that horizontal gene transfer has been
important in the evolution of this pathogen (43), and
transduction is assumed to play an important role in
this process. However, the molecular mechanisms that
would drive this process are little understood. The ma-
jority of the studies into streptococcal transduction were
done before the advent of modern techniques of molec-

ular biology and genomics, and therefore this may be an
opportune time to reexamine this phenomenon. A better
understanding of streptococcal transduction may prove
key to understanding the flow of genetic information in
natural populations of S. pyogenes and the horizontal
transfer of information from other genera. In addition,
better understanding of gene transfer mediated by phage
transduction could translate to better molecular tools for
manipulation of S. pyogenes genomes, which currently
remains a more challenging feat compared to other strep-
tococcal species. More efficient genetic manipulation, in
turn, could further our understanding of gene function
within S. pyogenes.

LYSOGENIC PHAGES OF GROUP
A STREPTOCOCCI
Genome Prophages, their Distribution,
and Attachment Sites
Lysogenic bacteriophages are defined by their ability to
integrate their DNA into the host bacterium’s chromo-
some via site-specific recombination, becoming a stable
genetic element that can be passed to daughter cells fol-
lowing cell division. Studies from the pregenomics era
suggested that lysogeny was common in S. pyogenes (9,
10, 44–47), but it was genome sequencing, starting with
the first sequence completed and confirmed by almost
every subsequent sequenced genome, that demonstrated
that toxin-carrying prophages were not only common
but prominent genetic features that shaped the funda-
mental biology of this bacterial pathogen (Table 1). The
number of lambdoid prophages or phage-like chromo-
somal islands found in a given genome strain has ranged
from a low of one (MGAS15252) to as many as eight
(MGAS10394), with three to four elements being com-
mon. These prophages are found integrated into multi-
ple sites on the S. pyogenes genome, being found in each
quadrant (Fig. 2 and Table 2). The majority of the ge-
nome prophages (72%) are found integrated into genes
encoded on the lagging strand (relative to oriC). No
prophages have been found to target genes in the hyper-
variable regions that include the M-protein (emm) or the
streptococcal pilus. Some sites are frequent targets for
prophage integration; the genes for DNA binding protein
HU, transfer messenger RNA (tmRNA), and DNA mis-
match repair (MMR) protein MutL are commonly occu-
pied by a prophage or prophage-like chromosomal island.

Integration of prophages occurs via homologous ex-
change between sequences shared between the phage
and host chromosomes (attP and attB, respectively); this
process is mediated by a phage-encoded integrase. These
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duplications between the phage and host DNA can be as
little as a few nucleotides to over 100 bp, often includ-
ing coding regions of the bacterial genome (48–50). In
S. pyogenes, the identifiable duplications between attB
and attP range from 12 bp (MGAS10394.1) to 96 bp
(T12). An extensive survey of bacterial genome prophages
found that prophages usually integrate into a gene open
reading frame (ORF) (69% of identified prophages),
while integration into an intragenic region, such as seen in
coliphage Lambda, is less common, accounting for only
31% of prophages (50). Gene targets included tRNA
genes (33%), tmRNA (8%), and various other genes
(28%). Examples of each target site are observed in the
S. pyogenes genome prophages (Table 2). Most com-
monly, the duplication occurs between the phage and the
3′ end of the host gene, and integration leaves the ORF
intact via the duplicated sequence (50, 51). In S. pyo-
genes, however, the 5′ ends of genes are frequently tar-
geted for integration, which potentially could lead to
altered expression of the host gene (Table 2). The best-
characterized system of altered host gene expression is
the control of MMR in strain SF370 by S. pyogenes
chromosomal island, serotypeM1 (SpyCIM1), where the
expression of genes forMMR,multidrug efflux, Holliday
junction resolution, and base excision repair are con-
trolled by this phage-like chromosomal island in response
to growth (51–54). Similarly, the phage-like transposon
MGAS10394.4 (also known as Tn1207.3 [55]) sepa-
rates the DNA translocation machinery channel protein

ComEC operon proteins 2 and 3, potentially creating
a polar mutation that silences protein 3. A number of
other streptococcal genes are targeted at their 5′ ends by
prophages, including genes encoding the recombination
protein RecX, a HAD-like hydrolase, and DNA-binding
protein HU (Table 2). Other prophages integrate into
the promoter region preceding the ORF in dipeptidase
Spy-713, yesN, and a gamma-glutamyl kinase. In the
case of dipeptidase Spy0713 that is targeted by members
of the SF370.1 family, integration separates the ORF
from the predicted native promoter and may replace it
with a phage-encoded promoter found immediately up-
stream of the coding region following integration (Fig. 3).
This phage-encoded promoter is preceded by a canonical
CinA box (56), suggesting that this putative alternative
promoter may also change the transcriptional program
of the gene. In another example, two serotype M3 pro-
phages were found integrated into a clustered regularly
interspaced short palindromic repeat (CRISPR) type II
system direct repeat; remarkably, this event may have led
to the loss of CRISPR function in these cells. In all of
these examples, the integration of a phage or phage-like
element into the 5′ end of a gene has the potential to alter
streptococcal gene expression by blocking transcription
or providing an alternative promoter, and the frequency
of such transcription-altering prophages may be an im-
portant regulatory strategy in S. pyogenes.

Not all S. pyogenes prophages inactivate host genes
following integration. Those that integrate into the 3′

TABLE 1 Assembled and annotated genomes of S. pyogenes that are hosts to prophages

Strain M type Prophages (CI)a Origin Diseaseb Genome size (bp) Accession no. Reference

SF370 M1 3 (1) USA Wound 1,852,441 NC_002737 113
MGAS5005 M1 3 Canada Invasive (CSF) 1,838,554 NC_007297 114
M1 476 M1 3 Japan STSS 1,831,128 NC_020540.2 115
A20 M1 3 Taiwan Necrotizing fasciitis 1,837,281 NC_018936.1 116
MGAS10270 M2 4 (1) USA Pharyngitis 1,928,252 NC_008022 117
MGAS315 M3 6 USA STSS 1,900,521 NC_004070 118
SSI-1 M3 6 Japan STSS 1,894,275 NC_004606 119
MGAS10750 M4 3 (1) USA Pharyngitis 1,937,111 NC_008024 117
Manfredo M5 4 (1) USA ARF 1,841,271 NC_009332 120
MGAS10394 M6 7 (1) USA Pharyngitis 1,899,877 NC_006086 118
MGAS2096 M12 2 Trinidad AGN 1,860,355 NC_008023 117
MGAS9429 M12 3 USA Pharyngitis 1,836,467 NC_008021 117
HKU16 M12 3 Hong Kong Scarlet fever 1,908,100 AFRY00000001 121
HSC5 M14 3 USA Not known 1,818,351 NC_021807.1 122
MGAS8232 M18 5 USA ARF 1,895,017 NC_003485 123
M23ND M23 4 USA Invasive 1,846,477 CP008695 109
MGAS6180 M28 2 (2) USA Puerperal sepsis 1,897,573 NC_007296 124
NZ131 M49 3 New Zealand AGN 1,815,785 NC_011375 125
Alab49 M53 3 (1) USA Impetigo 1,827,308 NC_017596 126
MGAS15252 M59 0 (1) Canada SSTI 1,750,832 NC_017040 127
MGAS1882 M59 1 (1) USA AGN, pyoderma 1,781,029 NC_017053 127

aNumber of lambdoid prophages (number of phage-like chromosomal islands [CIs]).
bAGN, acute glomerulonephritis; ARF, acute rheumatic fever; CSF, cerebrospinal fluid; SSTI, skin or soft tissue infection; STSS, streptococcal toxic shock syndrome.
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FIGURE 2 Prophage attachment sites in the S. pyogenes genome. The locations of the
genome prophages are shown as a generalized chromosome backbone based on the
SF370 M1 genome; each diamond represents a genome prophage identified at that site.
The M type of the host for each prophage is indicated by the number within the diamond,
and the circled letter is the identifier linked to Table 2 for attB gene identification, the
integration target within that gene (5′ or 3′), and associated prophage virulence genes. The
rRNA operons are indicated as green blocks, and the hypervariable regions containing
virulence genes associated with emm or prtF are hatched. The origin of replication is
indicated (OriC).
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ends of genes typically preserve gene function through
the shared DNA sequence between the DNA molecules,
and a number of examples are found in the genome
prophages (Table 2). Bacteriophage T12 integrates by
site-specific recombination into what was initially iden-
tified as a gene for a serine tRNA (57) but was correctly
identified as a tmRNA gene after the completion of ge-
nome sequencing. Genes encoding tmRNA are frequently
used as bacterial attachment sites (attB) for prophages
that infect a range of bacterial species, including Esche-
richia coli, Vibrio cholerae, and Dichelobacter nodosus
(50, 58). Besides the tmRNA gene, other 3′ gene targets
used by genome prophages include the histone-like pro-
tein HU, dTDP-glucose-4,6-dehydratase, a putative SNF
family helicase, and recombination protein recO.

Morphology and Genome Organization
Tailed phages with double-stranded DNA genomes
(Caudovirales) are abundant in the biosphere, perhaps
being the most frequent form of life on Earth (59). Of
the Caudovirales, the phage subset Siphoviridae (icosa-
hedral heads with long, noncontractile tails) make up
about 60% of the total (60) order. A bacteriophage sur-
vey from the pregenomics era found that 92% of phages
of the genus Streptococcus were Siphoviridae by the
current classification (61), and the few early electron
micrographs published reflect this prevalence (13, 25, 26,
38). Figure 4 shows the typical Siphoviridae morphol-
ogy of two well-studied S. pyogenes phages, SF370.1
and T12. The tail fibers of SF370.1, which contain the
hyaluronidase (hyaluronate lyase) used for capsule pen-
etration during phage infection (62), are seen in the
micrograph. The lytic transducing phage A25 also has
typical Siphoviridae morphology (25, 38). While lyso-
genic phages may be found to be mostly members of
the Siphoviridae, given their probable common pool of
genetic modules (see below), other phage morphotypes
may be found in the lytic phages, such as the Podo-
viridae C1 phage of the related group C streptococci
(63). The coliphage Lambda has been the prototype for
lysogenic prophages, and the genetic organization of most
group A streptococcal genome prophages follows a sim-
ilar general plan (64, 65), having identifiable genetic
modules for integration and lysogeny, replication, reg-
ulation, head morphogenesis, head-tail joining, tail and
tail fiber genes, lysis, and virulence (Fig. 5).

Lysogeny module
Temperate phages are defined by their carriage of genes
that establish and maintain a stable condition within a
host cell, usually via site-specific integration. Minimally,

lysogeny requires genes encoding an integrase (recom-
binase) and excisionase to mediate prophage DNA inte-
gration and excision as well as genes encoding repressor
and antirepressor proteins to direct and control this pro-
cess following the pattern seen in coliphage Lambda (66).
Phage integrases typically mediate a recombination event
between an identical sequence shared between the cir-
cular form of the prophage genome (attP) and the bac-
terial chromosome (attB), and the recognition of these
DNA sequences is inherent in a given integrase protein
(49, 67, 68). Most lambdoid phages usually have inte-
grases that belong to the tyrosine integrase family, and
the integrases of genome S. pyogenes prophages belong
to this group. The excisionase gene in Lambda and many
other Gram-negative host phages is positioned upstream
of integrase, but in the lactic acid bacteria and other
Gram-positive bacteria its genome location is variable (69,
70). Indeed, since excisionase proteins often show little
conservation (71), the identification of the correct ORF in
a given prophage is often difficult. Some excisionase genes
may be provisionally identified in the S. pyogenes genome
prophages by homology to other phages (64); however,
to date, none have been confirmed experimentally.

DNA replication and modification
Following the lysogeny module is a region that shows
considerable diversity between individual prophages and
that encodes genes involving DNA replication and mod-
ification. Homologs of DNA polymerases, replisome or-
ganizer, restriction-modification systems, and primase
genes are present in these regions as well as potential
sequences that may function as origins of phage DNA
replication (64, 65). Inspection of the genome annota-
tions of these regions also shows that while many genes
are unique to group A streptococcal phages, others have
close homologs in phages from other streptococcal spe-
cies such as Streptococcus thermophilus or S. equi, sug-
gesting that a pool of genetic material is shared by a
diverse group of phages (discussed below).

DNA packaging, capsid structural genes,
and host lysis genes
The next region of prophage genomes is typically dedi-
cated to the genes encoding the proteins for the assembly
of phage heads and tails as well as the proteins needed
to package the phage DNA into the heads and join this
complex to the tails. The function of many of these genes
has been inferred by homology to known phage pro-
teins or sequences or by presumption of function due to
their relative order in the chromosome. However, with
the exception of the hyaluronate lyase (hyaluronidase)
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TABLE 2 Prophages of S. pyogenes and their integration sites and associated virulence genes

Target gene (attB)
Gene target for
integration (attB) Associated phages (virulence genesa) Identifierb

Single-stranded DNA binding protein recO 3′ MGAS10394.1 (sdn) A
RNA helicase snf 3′ MGAS8232.1 (speA1) B
Promoter of hypothetical Spy49_0371 5′ NZ131.1 (none identified) C
Dipeptidase 5′ SF370.1 (speC-spd1)

MGAS10270.1 (speC-spd1)
MGAS10750.1 (speC-spd1)
Man.4 (speC-spd1)
MGAS2096.1 (speC-spd1)
MGAS9429.1 (speC-spd1)
MGAS8232.2 (speC-spd1)
ND23.1 (speC-spd1)

D

tRNAarg 3′ MGAS10394.2(speA4) E
dTDP-glucose-4,6-dehydratase 3′ SF370.2 (speH-speI)

MGAS10270.2 (spd3)
MGAS10750.2 (spd3)
Man.3 (speH-speI)
MGAS9429.2 (speH-speI)
HKU16.3 (speH-speI)
ND23.3 (ssa)
NZ131.2 (speH)

F

CRISPR type II system direct repeat sequence 5′ MGAS315.1 (none identified)
SPsP6 (none identified)

G

tmRNA 3′ T12 (speA)
MGAS5005.1 (speA2)
A20.1 (speA2)
M1 476.1 (speA2)
HSC5.1 (speL-speM)
MGAS315.2 (ssa)
SpsP5 (ssa)
MGAS10394.3 (speK-slaA)
MGAS8232.3 (speL-speM)
ND23.4 (spd3)
MGAS6180.1 (speC-spd1)
Alab49.1 (speL-speM)

H

trmA 3′ m46.1 (mefA) I
comE NDc MGAS10394.4 (mefA) J
DNA-binding protein HU 5′ SF370.3 (spd3)

MGAS5005.2 (spd3)
A20.2 (spd3)
M1 476.2 (spd3)
MGAS315.3 (spd4)
SPsP4 (ssa)
MGAS10750.3 (ssa)
Man.2 (spd4)
MGAS10394.5 (speC-spd1)
MGAS8232.4 (spd3)
ND23.2 (speI)
HSC5.2 (spd3)
Alab49.2 (speC-spd1)
MGAS1882.1 (speK-slaA)

K

Promoter of yesN 5′ MGAS10270.3 (speK-sla)
MGAS315.4 (speK-sla)
SPsP3 (speK-sla)
MGAS6180.2 (speK-slaA)

L

Regulatory protein recX 5′ MGAS315.5 (speA3)
SPsP2 (speA3)
Man.1 (spd1)
MGAS10394.6 (sda)
Alab49.3 (spd3)

M

Putative gamma-glutamyl kinase 5′ MGAS315.6 (sdn)
SPsP1 (sdn)

N

(continued)
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gene found in some S. pyogenes phage tail fibers (45, 62,
72), most of these genes have not been characterized
experimentally, and these function assignments remain
provisional. Following the capsid genes are the typical
holin-lysin genes that are employed at the end of the lytic
phase to lyse the infected bacterial cell and release the
newly formed phage particles.

Virulence genes
Finally, at the distal end of the phage chromosome are
the genes for host conversion that encode a range of
virulence factors; prominent are exotoxins that are often
superantigens and DNases such as streptodornase (Table
2). The origin of phage-encoded toxins remains unclear,
but the fact that these toxin genes play no known role in
the replication of the phage suggests that such genes were
acquired at some point late in the phage’s evolutionary
history. It has been proposed that virulence factors may
be acquired by phages by imprecise excision events (73),
but finding known phage-associated virulence genes in-
dependently on the bacterial chromosome has not oc-
curred. Some superantigen genes are not associated with
prophages (74, 75), but whether these genes are a gene-
tic source of prophage superantigens is unclear. Lateral

gene capture of virulence genes has undoubtedly been
important in their dissemination (76), and such exo-
toxins may have evolved de novo as elements to increase
bacterial host cell fitness (77). Decayed prophage rem-
nants with superantigen domains may be seen in the S.
pyogenes genome (65), and these regions may serve as a
genetic reservoir for virulence genes. Similarly, host-
range variants of phages from different bacterial species
or even genera are another potential reservoir for toxin
genes; for example, the speA gene of S. pyogenes and the
enterotoxins B and C1 of Staphylococcus aureus show a
significant degree of homology and thus may share a
common origin (18).

Diversity of Lysogenic Phages
Structural genes dominate phylogenic relations
Botstein, in a seminal 1980 paper, proposed that the
product of bacteriophage evolution is not the individual
virus but a pool of interchangeable genetic modules, each
of which carries out a biological function in the phage
lifecycle; natural selection therefore acts at the level of
these individual modules (functional units) (78). Phylo-
genetic analysis of the Lambdoid S. pyogenes prophages
predicts that several prominent groups exist (Fig. 6).

TABLE 2 Prophages of S. pyogenes and their integration sites and associated virulence genes (continued)

Target gene (attB)
Gene target for
integration (attB) Associated phages (virulence genesa) Identifierb

tRNAser 3′ MGAS5005.3 (sda)
A20.3 (sdaD2)
M1 476.3 (sdaD2)
HKU16.2 (sdaD2)
MGAS2096.2 (sdaD2)
MGAS9429.3 (sda)

O

HAD-like hydrolase 5′ MGAS8232.5 (sda) P
Excinuclease subunit uvrA 5′ HSC5.3 (spd3)

HKU16.1 (ssa speC)
MGAS10394.7 (spd3)

Q

Conserved hypothetical protein Spy49_1532 5′ NZ131.3 (spd3) R
DNA MMR protein mutL 5′ SpyCIM1 (SF370.4)

SpyCIM2 (MGAS10270.4)
SpyCIM4 (MGAS10750.4)
SpyCIM5 (man.5)
SpyCIM6 (MGAS10394.8)
SpyCIM25
SpyCIM28 (MGAS6180.3)
SpyCIM53 (Alab49.4)
SpyCIM59 (MGAS15252.1)
SpyCIM59.1 (MGAS1882.1)

S

SSU ribosomal protein S4P 3′’ MGAS10270.5 (none identified)
MGAS6180.4 (none identified)
MGAS15252.2 (none identified)

T

aProphage associated genes: superantigens: speA, speC, speH, speI, speK, speL, speM, ssa, and their alleles; DNases (streptodornases): sda, spn, spd, and their alleles;
phospholipase: sla and alleles; macrolide efflux pump: mefA.

bIdentifier for the phylogenetic tree in Fig. 5.
cND, not determined.
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Within each branch, considerable group diversity may
exist in terms of targeted bacterial attachment site and
encoded virulence factors (Table 2). Inspection of each
group shows that phylogeny is driven by large shared
blocks of genes encoding proteins for DNA packaging,
heads and tails, and host lysis (Table 3); for example, see
the analysis of the group of prophages containing phage
T12, where all members of the group minimally share
these structural genes (Fig. 7). However, others, such as
the SF370.1 group, are much more clonal, all sharing the
same virulence and lysogeny modules. Therefore, the
phylogeny of individual functional modules (such as
toxin genes) may be unrelated to other regions of the
genome (such as the lysogeny module or capsid genes).
The apparent shuffling of the individual modules may be
driven by both homologous and nonhomologous recom-
bination (64, 79–82). The actual driving force behind
this engine of prophage diversity in S. pyogenes remains
poorly understood, but some clues have emerged. In a
survey of 21 toxin-carrying S. pyogenes strains, 18 were
found to carry a highly conserved ORF adjacent to the
toxin genes (83). This ORF, which was named paratox,
may help promote homologous recombination between

phages so that toxin genes may be exchanged, leading to
phage diversity. Some genome phages or phage-like ele-
ments do not readily fall into any group: MGAS10394.2,
HKU16.1, NZ131.1, m46.1, and MGAS10394.4 are
phylogenetic outliers that have little commonality with
other prophages. When the prophages are clustered by
the M type of their host cell, some patterns do emerge
(Figure 8). There appears to be a pool of phages shared
by M1 and M12 S. pyogenes strains, for example. M3
strains have some phages that appear more frequently
within this serotype, but the current sample size is too
small to draw any definite conclusions. Indeed, more ge-
nomic data will be required to get a clearer picture of
prophage distribution by serotype.

Prophage hyaluronidase (hyaluronate lyase)
A subset of genome prophages encode a hyaluroni-
dase (hyaluronate lyase, hyaluronoglucosaminidase) gene
(Table 3). Two alleles (hylP and hylP2) of this gene were
originally identified (45, 72), and subsequent studies show
that this gene exists inmultiple alleles mainly distinguished
by single nucleotide polymorphisms and by collagen-like
domain indels in some variants (84, 85). The phage

FIGURE 3 Integration of prophage SF370.1 may provide an alternative promoter for di-
peptidase Spy0713. In strains lacking an integrated prophage at this site, the native pro-
moter for dipeptidase Spy0713 is downstream of the uncharacterized gene Spy0654; the
predicted sequence is shown above. Integration of phage SF370.1 into Spy0713 separates
this gene from that of the native promoter, and a predicted promoter encoded by the
prophage is now positioned in front of the dipeptidaseORF. This phage-encoded promoter
is preceded also by a canonical CinA box (56), which is not part of the native promoter.
Transcription of prophage virulence genes speC and spd1 is from the opposite strand and
should not influence transcription of Spy0713. Promoter predictions were done using the
online tool at http://www.fruitfly.org/seq_tools/promoter.html (110).
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hyaluronidase gene found in the genome sequences also
shows considerable diversity that may have resulted from
recombination (45, 72, 84, 85). It had been suggested that
phage hyaluronidase was a potential virulence factor, but
the crystallization and structural analysis of HylP1 from
phage SF370.1 suggested that the function of this enzyme
is to introduce widely spaced cuts in the bacterial hyal-
uronic acid to cause a local reduction in capsule viscos-
ity and aid phage invasion during infection (62). Similar
structural properties were observed in the hyaluronidase
proteins encoded by prophages SF370.2 and SF370.3
(86).

Horizontal transfer of genes from other species
One observation to come from extensive genome se-
quencing is that the lysogenic phages of S. pyogenes share
a gene pool with other streptococcal species, including
those that are closely related (e.g., S. equi) as well as those
more distantly related (S. pneumoniae). These shared
genes include ones essential to the basic phage life cycle,
such as capsid proteins, and virulence genes such as exo-
toxins and superantigens. For example, S. equi prophages
share many superantigens or virulence genes with S. pyo-
genes phages, including slaA, speL, speM, speH, and speI

(87). This study found that phage Seq.4 from S. equi
strain Se4047 was very closely related at the DNA level
to S. pyogenes Manfredo phage Man.3, including the
two phage-encoded exotoxins. Similarly, Streptococcus
agalactiae phage JX01, isolated in milk from cattle with
mastitis, shares extensive homology with S. pyogenes
prophage MGAS315.2 in the modules controlling DNA
replication, tail, head-tail connector, head capsid, and
DNA packaging, with over 97% amino acid identity be-
tween their terminase subunits; however, no virulence-
associated genes were identified in this phage (88). The
temperate phage MM1 of S. pneumoniae also draws
from a common pool of structural genes, sharing the DNA
packaging, the head-to-tail joining, and the tail genes with
phage SF370.1 (89). Further, this phage and MGAS315.4
share tail and tape measure genes. Some of the oral strep-
tococci also have phages that contribute to this common
pool. The portal, terminase, major capsid protein, major
tail protein, and tape measure protein of Streptococcus
mitis phage SM1 share homology with prophage SF370.3
and a number of other phages of low-GC Gram-positive
hosts (90). While acquisition of these phage structural
genes from other streptococcal species may not directly
impact virulence the same way that a novel exotoxin

FIGURE 4 Morphology of streptococcal lysogenic phages. Prophages SF370.1 (A) and T12
(B) release typical Siphoviridae virions following induction. The SF370.1 head is about 55 nm
across and the tail is 168 nm in length in this micrograph. In this image, the tail fibers that
contain hyaluronate lyase (hyaluronidase) are visible. The T12 capsid has similar dimensions,
with the head being about 66 nm and the tail length 196 nm. Electron micrographs pro-
vided by W.M. McShan and S.V. Nguyen.
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FIGURE 5 The genetic structure of streptococcal prophages and phage-like chromosomal islands. The prophages found
in the genomes of S. pyogenes follow a typical lambdoid pattern in their organization with genetic modules for lysogeny,
DNA replication, regulation, head morphogenesis, head-tail joining, tails and tail fibers, lysis, and virulence.
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FIGURE 6 Phylogenetic relationships of S. pyogenes prophages. An unrooted phylogenetic tree was created by DNA alignment
of the genome prophages. Prophages MGAS10394.2, HKU16.1, NZ131.1, m46.1, and MGAS10394.4 were so dissimilar from the
other prophages that each occupied an independent branch; consequently, for clarity, they are not shown on the tree. The
alignment organized the remaining prophages into six major branches, and the encircled letter identifier by each prophage refers
to its associated attachment site (attB) described in Table 2; each identifier is colored to facilitate viewing. The groups are defined
by shared modules for structural genes (Table 3). The tree was created using the software packages Clustal-omega and
TreeGraph 2 (111, 112).
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would, these capsid genes may help to expand the host
range within the group A organisms. The dairy species
Lactococcus lactis also is included in this pool of shared
phage genes since prophage SF370.3 closely resembles
the cos-site temperate phage r1t of L. lactis (64, 91).

S. PYOGENES PROPHAGES AND THE HOST
PHENOTYPE
Prophages as Vectors for Virulence Genes
As described above, the link between bacteriophages
and virulence in S. pyogenesmay be traced to the earliest
days of bacteriophage research. A considerable range
of virulence-associated genes are carried by these pro-
phages and prophage-like elements, including superan-
tigens (speA, speC, speG, speH, speI, speJ, speK, speL,
SSA, and variants), DNases (spd1, MF2, MF3, and
MF4), phospholipase A2 (sla), and macrolide resistance
(mefA). It is quite common for a given prophage to carry
more than one virulence gene, such as phage SF370.1,
which contains both speC and spd1. The number and
diversity of prophage-associated virulence genes in S. pyo-
genes argues that these frequently play an important role
in pathogenesis.

The expression of phage-encoded virulence genes, ra-
ther than an autonomous event, may be linked to the host
streptococcal cell genetic background (92) or physiolog-
ical state (93). For example, the reception of signals from
cocultured human cells influences S. pyogenes prophage
virulence gene expression. Human pharyngeal cells re-
lease a soluble factor that stimulates expression of pyro-
genic exotoxin C (SpeC) and phage DNase Spd1 as well as
induction and release of phages by S. pyogenes grown in
coculture (94, 95). Similar results were observed indepen-

dently where the expression of prophage-encoded toxins
SpeK and Sla was enhanced by coculture with pharyngeal
cells (96). Eukaryotic cells also provide an environment
that promotes the transfer of toxin-producing phages
from a lysogen to a new host; this phenomenon can occur
in either in vitro culture or a mousemodel (97). However,
the genetic background of the streptococcus influences
whether the acquisition of a new prophage expressing
DNase results in enhanced pathogenic potential of the
resulting lysogen (92). Some of these bacterium-phage
interactions appear to be linked to the cellular regulatory
networks; for example, the S. pyogenes global regula-
tor Rgg can control the expression of the phage-encoded
DNase Spd3 by interacting with phage promoters of that
gene (93). Alteration of streptococcal gene expression
may also impact the levels of phage toxins released during
an infection. Employing a murine subcutaneous chamber
model, Aziz and coworkers showed that the expression
of S. pyogenes protease SpeB diminished after extended
colonization in the mouse; this loss of protease activ-
ity occurred with simultaneous enhancement of phage-
encoded exotoxin SpeA and streptodornase expression
(98). Interestingly, these altered expression patterns were
independent events.

Phage-Like Elements that Carry Antimicrobial
Resistance Genes
S. pyogenes harbors a number of genetic elements that
appear to have phage sequences combined with sequences
from transposons or plasmids and are vectors for anti-
biotic resistance. One example is Φm46.1, the main S.
pyogenes element carrying themefA and tetO genes (99).
The chromosome integration site of Φm46.1 is a 23S
rRNA uracil methyltransferase gene, and this phage has

TABLE 3 S. pyogenes prophages grouped by shared structural modules

T12 group
SF370.1
group

SF370.2
group

SF370.3
group

MGAS315.1
group

MGAS315.2
group

MGAS315.6
group

MGAS6180.4
group

MGAS5005.1 SF370.1a SF370.2a SF370.3a MGAS315.1* MGAS10270.1a MGAS5005.3 MGAS10270.5
M1 476.1 MGAS10270.3a MGAS10394.7a MGAS5005.2 SPsP5* MGAS315.2a M1 476.3 MGAS6180.4
A20.1 MGAS315.4a MGAS9429.2a M1 476.2 MGAS8232.1* SpsP6a A20.3 MGAS15252.2
MGAS10270.2 SPsP3a HKU16.3 A20.2 MGAS10750.1a MGAS315.6a

MGAS315.5 Man.1a HSC5.1a MGAS315.3a Man.4a SPsP1a

SPsP2 MGAS10394.6a MGAS8232.3a SPsP4a MGAS10394.3a Man.3a

MGAS10750.2 MGAS2096.1a MGAS6180.1 MGAS10750.3a MGAS9429.1a MGAS10394.1a

T12 HSC5.3a Alab49.1a Man.2a MGAS8232.2a MGAS2096.2a

MGAS8232.5a MGAS10394.5a MGAS1882.1a MGAS9429.3a

MGAS6180.2a HKU16.1a HKU16.2
Alab49.3a HSC5.2a NZ131.2a

MGAS8232.4a

NZ131.3a

Alab49.2a

aContains a hyaluronate lyase (hyaluronidase) as a component of the tail fiber.
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high levels of amino acid sequence similarity toΦ10394.4
of S. pyogenes strain MGAS10394.4 and λSa04 of S.
agalactiae A909 (100, 101). The antibiotic resistance
cassette of the PhiM46.1 family may be a recent acqui-
sition: the lysogeny module appears split due to the in-
sertion of a segment containing tetO and mefA into the
phage DNA (99). Phage Φm46.1, besides being found
frequently in S. pyogenes, has a broad host range that
allows it to transduce antibiotic resistance to strains of
S. agalactiae, Streptococcus gordonii, and S. suis (102).
All of these species share a highly conserved attB site,
which undoubtedly facilitates dissemination of this phage.
Further, within GAS, Φm46.1 appears to be able to infect
a wide range of M types (103). The ability of this phage
family to mediate transfer of antibiotic resistance shows
again how frequently S. pyogenes prophages modify the
phenotypes of their host to improve fitness.

Prophages, Phage-Like Elements, and
Regulation of Host Gene Expression
The impact of prophages on the host phenotype extends
beyond toxigenic conversion. One early report noted the
possible control of M protein and serum opacity factor
expression by a prophage or other extrachromosomal
element that could be cured upon passage. In light of our
current understanding of global transcriptional regula-
tors, such a change suggests that the identified prophage
could be interacting with or substituting for a regulator
to mediate the changes reported in the older literature.
The regulator Rgg has been shown to interact with sev-
eral prophage-encoded genes. In addition to the DNase
Spd3 mentioned above (93), Rgg has been shown to bind
prophage-encoded promoters controlling genes for an
integrase and a surface antigen (104). Recent studies sug-
gest that the two-component regulatory system CovRS
may also be influenced by prophage carriage. Many inva-
sive strains of S. pyogenes often have mutations in covRS,
and a subset of these invasive strains produce no detectable
capsule at 37°C but produce capsule at sub-body tempe-
ratures. Brown and coworkers reported that the presence
of prophage PhiHSC5.3 could rescue capsule production
independent of temperature in a covR-defective strain but
that this spontaneous capsule production was eliminated
by curing of this prophage (105). Thus, in this case a pro-
phage appears to act as a thermoregulator, possibly re-
pressing capsule production at 37°C.

A mobile element frequently found in S. pyogenes
genomes is the phage-like SpyCI, which integrates into
the 5′ end of the MMR gene mutL (Fig. 9A) (52–54).
The SpyCIs share integrase modules with related phage-
like chromosomal islands from Streptococcus anginosus,
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FIGURE 8 Identity matrix of genome prophages grouped by M type. The identity matrix presents the Clustal-omega DNA alignment from Fig. 5 as the percentage
identity between genome prophages, which are grouped by the M type of their host streptococcus. The numbers within each cell represent the identity rounded
to the nearest whole number, and the cell colors show the range into which each identity falls by increasing percentages of 10.
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FIGURE 9 (A) SpyCIM1 regulation of the MMR operon through dynamic site-specific excision and integration. The MMR operon
of S. pyogenes groups the genes encoding DNAMMR (mutS andmutL), multidrug efflux (lmrP), Holliday-junction resolvase (ruvA),
and base excision repair glycosylase (tag). The orientation of this chromosomal region is shown here from the lagging strand to
emphasize the MMR operon transcription. During exponential phase, SpyCIM1 excises from the chromosome, circularizes, and
replicates as an episome, restoring transcription of the entire DNA MMR operon (WT). Excision and mobilization occur early in
logarithmic growth in response to as yet unknown cellular signals (insert; adapted from Scott et al. [53]). As logarithmic growth
continues, SpyCIM1 reintegrates into mutL at attB, and by the time the culture reaches the stationary phase, the integration
process has completed, again blocking transcription of the MMR operon. WT, wild-type phenotype associated with unimpeded
expression of the MMR operon. Reproduced from Frontiers in Microbiology (52) under the Creative Commons Attribution License
(CC-BY 4.0). (B) The phylogenetic tree of the SpyCI DNA sequences is presented. The tree was created with TreeGraph 2 (111)
using previously analyzed data (52).
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Streptococcus canis, S. dysgalactiae subsp. equisimilis,
Streptococcus intermedius, and Streptococcus parauberis
(Fig. 9B) (52). The DNA replication module is even more
widespread among other species, and in addition to the
ones named above, is found in related chromosomal
islands found in S. agalactiae, S. mitis, S. pneumoniae,
Streptococcus pseudopneumoniae, S. suis, and S. ther-
mophilus (52). The remarkable defining characteristic of
SpyCIs is how they regulate MMR and the other genes in
the operon (major facilitator family efflux pump lmrP,
Holliday junction resolvase ruvA, and base excision re-
pair glycosylase tag). The best-studied member of this
family, SpyCIM1 from strain SF370, is a dynamic ele-
ment that excises from the bacterial chromosome dur-
ing early logarithmic growth and replicates as a circular
episome (54). As the bacterial population reaches the end
of the logarithmic phase and enters the stationary phase,
SpyCIM1 reintegrates into the unique attachment site at
the beginning of mutL ORF (Fig. 9A, insert). The result
of this cycle is that SpyCIM1 acts as a growth-dependent
molecular switch to control the expression of MMR,
causing SF370 to alternate between a mutator and wild-
type phenotype in response to growth: during rapid cell
division and DNA replication, the integrity of the ge-
nome is maintained by an active MMR system, while
during periods of infrequent cell division, mutations may
accumulate at a higher rate (53, 54). Preliminary studies
suggest that the SpyCIs, which lack identifiable structural
genes, may employ a helper prophage for packaging and
dissemination in a fashion similar to the well-characterized
S. aureus pathogenicity islands (106).

More recent studies have shown that SpyCIM1 and
related phage-like chromosomal islands also act as global
regulators for host genes. The elimination of SpyCIM1
shifted the expression of over 100 bacterial genes in-
volved in virulence and metabolism (107). These shifts in
global expression occurred at both the logarithmic and
stationary phases, upregulating some genes while re-
pressing the expression of others. Some of the virulence
genes with increased expression included the antipha-
gocytic M protein (emm1), streptolysin O (slo), capsule
operon (hasABC), and streptococcal pyrogenic exotoxin
(speB) (107). Other genes, such as the regulator ropB,
arginine deiminase, and l-lactate oxidase, were depressed
in expression in either early or late logarithmic growth
or both. Several uncharacterized SpyCIM1 genes are pre-
dicted to encode proteins with helix-turn-helix domains,
which could possibly act as DNA regulatory elements
to control host genes. Further work will be needed to
understand the molecular mechanism of SpyCIM1 as
a regulator. Thus, phage-like chromosomal islands in

S. pyogenes appear not only to mediate a growth-
dependent mutator phenotype but also to be global reg-
ulators. This remarkable evolutionary adaption may help
promote survival of S. pyogenes when faced with chang-
ing environments.

Prophages as Agents of Genome Plasticity
Our understanding of the role of prophages in shap-
ing the biology of S. pyogenes continues to evolve. In
S. pyogenes and many other bacterial species, symmetric
genome rearrangements have been observed, and often
these genome rearrangements from S. pyogenes patient
isolates are associated with invasive infections. A hyper-
virulent M23 serotype strain, M23ND, was found to
have a unique and extensive asymmetric rearrangement
in its genome, these rearrangements being mediated by
competence genes (rRNA-comX), transposons (IS1239),
and conserved prophage genes (hylP) (108, 109). While
these rearrangements did not affect genome integrity,
some rearrangements did recluster a broad set of CovRS
regulated genes to the same leading strands, suggesting
a potential selective advantage to S. pyogenes by clus-
tering genes for virulence, growth, and/or survival. An
approximately 400,000-bp inversion was found to have
occurred through shared hyaluronidase genes (hylP) be-
tween two different genome prophages; this inversionwas
predicted to prevent normal excision of either prophage
due to the spatial disruption of the attachment site se-
quences. Remarkably, induction with mitomycin C led to
reversal of the large inversion, allowing induction of these
prophages to the lytic cycle. A subpopulation of survival
cells was generated following induction that no longer
had the large-scale inversion (108). Thus, genome pro-
phages appear not only to improve the fitness of their host
cell through the carriage of virulence genes, but also to
play a role in genome plasticity.

CONCLUSIONS
The association of S. pyogenes with its bacteriophages is
a major factor in the biology of this human pathogen,
influencing the distribution of virulence genes, the spread
of antibiotic resistance, the horizontal transfer of host
genes, and the population distribution of cells. These
relationships can range from simple predator-prey mod-
els to complex symbiotic associations and genome plas-
ticity that promote the evolutionary success of both cell
and phage. Further, in prophages the choice of integra-
tion site into the bacterial chromosome may alter the
streptococcal genotype through either gene inactivation
or replacement of normal promoter elements with phage-

18 ASMscience.org/MicrobiolSpectrum

McShan et al.

http://www.ASMscience.org/MicrobiolSpectrum


encoded ones. The similarity that prophages have to
pathogenicity islands can hardly be overlooked, and the
range of prophage-mediated characteristics that add to
host survival or virulence can be easily predicted to in-
crease as new investigations are reported. Genome se-
quencing has contributed greatly to our understanding of
prophage distribution and genetic composition, and this
bank of knowledge has been and will be an important
foundation for future biological studies of the interactions
of S. pyogenes and its phages that will be certain to reveal
many novel and perhaps surprising relationships.
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